Advanced Organic
Chemistry EbiTioN

Part B: Reactions and Synthesis



Advanced Organic Chemistry

PART A: Structure and Mechanisms
PART B: Reactions and Synthesis




Advanced Organic

FIFTH

ChemiStr Y EDITION

Part B: Reactions and Synthesis

FRANCIS A. CAREY
and RICHARD ]. SUNDBERG

University of Virginia
Charlottesville, Virginia

@ Springer



Francis A. Carey Richard J. Sundberg

Department of Chemistry Department of Chemistry
University of Virginia University of Virginia
Charlottesville, VA 22904 Charlottesville, VA 22904

Library of Congress Control Number: 2006939782

ISBN-13: 978-0-387-68350-8 (hard cover) e-ISBN-13: 978-0-387-44899-2
ISBN-13: 978-0-387-68354-6 (soft cover)

Printed on acid-free paper.

©2007 Springer Science+Business Media, LLC

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer software, or
by similar or dissimilar methodology now know or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject
to proprietary rights.

987654321

springer.com



Preface

The methods of organic synthesis have continued to advance rapidly and we have made
an effort to reflect those advances in this Fifth Edition. Among the broad areas that have
seen major developments are enantioselective reactions and transition metal catalysis.
Computational chemistry is having an expanding impact on synthetic chemistry by
evaluating the energy profiles of mechanisms and providing structural representation
of unobservable intermediates and transition states.

The organization of Part B is similar to that in the earlier editions, but a few
changes have been made. The section on introduction and removal of protecting groups
has been moved forward to Chapter 3 to facilitate consideration of protecting groups
throughout the remainder of the text. Enolate conjugate addition has been moved
from Chapter 1 to Chapter 2, where it follows the discussion of the generalized aldol
reaction. Several new sections have been added, including one on hydroalumination,
carboalumination, and hydrozirconation in Chapter 4, another on the olefin metathesis
reactions in Chapter 8, and an expanded discussion of the carbonyl-ene reaction in
Chapter 10.

Chapters 1 and 2 focus on enolates and other carbon nucleophiles in synthesis.
Chapter 1 discusses enolate formation and alkylation. Chapter 2 broadens the discussion
to other carbon nucleophiles in the context of the generalized aldol reaction, which
includes the Wittig, Peterson, and Julia olefination reactions. The chapter and considers
the stereochemistry of the aldol reaction in some detail, including the use of chiral
auxiliaries and enantioselective catalysts.

Chapters 3 to 5 focus on some fundamental functional group modification
reactions. Chapter 3 discusses common functional group interconversions, including
nucleophilic substitution, ester and amide formation, and protecting group manipula-
tions. Chapter 4 deals with electrophilic additions to double bonds, including the use
of hydroboration to introduce functional groups. Chapter 5 considers reductions by
hydrogenation, hydride donors, hydrogen atom donors, and metals and metal ions.

Chapter 6 looks at concerted pericyclic reactions, including the Diels-Alder
reaction, 1,3-dipolar cycloaddition, [3,3]- and [2,3]-sigmatropic rearrangements, and
thermal elimination reactions. The carbon-carbon bond-forming reactions are empha-
sized and the stereoselectivity of the reactions is discussed in detail.
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Chapters 7 to 9 deal with organometallic reagents and catalysts. Chapter 7
considers Grignard and organolithium reagents. The discussion of organozinc reagents
emphasizes their potential for enantioselective addition to aldehydes. Chapter 8
discusses reactions involving transition metals, with emphasis on copper- and
palladium-mediated reactions. Chapter 9 considers the use of boranes, silanes, and
stannanes in carbon-carbon bond formation. These three chapters focus on reactions
such as nucleophilic addition to carbonyl groups, the Heck reaction, palladium-
catalyzed cross-coupling, olefin metathesis, and allyl- boration, silation, and stanny-
lation. These organometallic reactions currently are among the more important for
construction of complex carbon structures.

Chapter 10 considers the role of reactive intermediates—carbocations, carbenes,
and radicals—in synthesis. The carbocation reactions covered include the carbonyl-ene
reaction, polyolefin cyclization, and carbocation rearrangements. In the carbene section,
addition (cyclopropanation) and insertion reactions are emphasized. Recent devel-
opment of catalysts that provide both selectivity and enantioselectivity are discussed,
and both intermolecular and intramolecular (cyclization) addition reactions of radicals
are dealt with. The use of atom transfer steps and tandem sequences in synthesis is
also illustrated.

Chapter 11 focuses on aromatic substitution, including electrophilic aromatic
substitution, reactions of diazonium ions, and palladium-catalyzed nucleophilic
aromatic substitution. Chapter 12 discusses oxidation reactions and is organized on
the basis of functional group transformations. Oxidants are subdivided as transition
metals, oxygen and peroxides, and other oxidants.

Chapter 13 illustrates applications of synthetic methodology by multistep synthesis
and perhaps provides some sense of the evolution of synthetic capabilities. Several
syntheses of two relatively simple molecules, juvabione and longifolene, illustrate
some classic methods for ring formation and functional group transformations and,
in the case of longifolene, also illustrate the potential for identification of relatively
simple starting materials by retrosynthetic analysis. The syntheses of Prelog-Djerassi
lactone highlight the methods for control of multiple stereocenters, and those of the
Taxol precursor Baccatin III show how synthesis of that densely functionalized tricyclic
structure has been accomplished. The synthesis of epothilone A illustrates both control
of acyclic stereochemistry and macrocyclization methods, including olefin metathesis.
The syntheses of (4)-discodermolide have been added, illustrating several methods
for acyclic stereoselectivity and demonstrating the virtues of convergency. The chapter
ends with a discussion of solid phase synthesis and its application to syntheses of
polypeptides and oligonucleotides, as well as in combinatorial synthesis.

There is increased emphasis throughout Part B on the representation of transition
structures to clarify stereoselectivity, including representation by computational
models. The current practice of organic synthesis requires a thorough knowledge of
molecular architecture and an understanding of how the components of a structure
can be assembled. Structures of enantioselective reagents and catalysts are provided
to help students appreciate the three-dimensional aspects of the interactions that occur
in reactions.

A new feature of this edition is a brief section of commentary on the reactions
in most of the schemes, which may point out a specific methodology or application.
Instructors who want to emphasize the broad aspects of reactions, as opposed to
specific examples, may wish to advise students to concentrate on the main flow of the
text, reserving the schemes and commentary for future reference. As mentioned in the



Acknowledgment and Personal Statement, the selection of material in the examples
and schemes does not reflect priority, importance, or generality. It was beyond our
capacity to systematically survey the many examples that exist for most reaction types,
and the examples included are those that came to our attention through literature
searches and reviews.

Several computational studies have been abstracted and manipulable three-
dimensional images of reactants, transition structures, intermediates, and products
provided. This material provides the opportunity for detailed consideration of these
representations and illustrates how computational chemistry can be applied to the
mechanistic and structural interpretation of reactivity. This material is available in the
Digital Resource at springer.com/carey-sundberg.

As in previous editions, the problems are drawn from the literature and references
are given. In this addition, brief answers to each problem have been provided and are
available at the publishers website.
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The revision and updating of Advanced Organic Chemistry that appears as the Fifth
Edition spanned the period September 2002 through December 2006. Each chapter
was reworked and updated and some reorganization was done, as described in the
Prefaces to Parts A and B. This period began at the point of conversion of library
resources to electronic form. Our university library terminated paper subscriptions to
the journals of the American Chemical Society and other journals that are available
electronically as of the end of 2002. Shortly thereafter, an excavation mishp in an
adjacent construction project led to structural damage and closure of our departmental
library. It remained closed through June 2007, but thanks to the efforts of Carol Hunter,
Beth Blanton-Kent, Christine Wiedman, Robert Burnett, and Wynne Stuart, I was able
to maintain access to a few key print journals including the Journal of the American
Chemical Society, Journal of Organic Chemistry, Organic Letters, Tetrahedron, and
Tetrahedron Letters. These circumstances largely completed an evolution in the source
for specific examples and data. In the earlier editions, these were primarily the result
of direct print encounter or search of printed Chemical Abstracts indices. The current
edition relies mainly on electronic keyword and structure searches. Neither the former
nor the latter method is entirely systematic or comprehensive, so there is a considerable
element of circumstance in the inclusion of specific material. There is no intent that
specific examples reflect either priority of discovery or relative importance. Rather,
they are interesting examples that illustrate the point in question.

Several reviewers provided many helpful corrections and suggestions, collated
by Kenneth Howell and the editorial staff of Springer. Several colleagues provided
invaluable contributions. Carl Trindle offered suggestions and material from his course
on computational chemistry. Jim Marshall reviewed and provided helpful comments
on several sections. Michal Sabat, director of the Molecular Structure Laboratory,
provided a number of the graphic images. My co-author, Francis A. Carey, retired
in 2000 to devote his full attention to his text, Organic Chemistry, but continued to
provide valuable comments and insights during the preparation of this edition. Various
users of prior editions have provided error lists, and, hopefully, these corrections have
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to instructors through the publishers website.
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to develop a knowledge and appreciation of structure, mechanism, reactions, and
synthesis in organic chemistry. It is gratifying to know that some 200,000 students
have used earlier editions, hopefully to their benefit.
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Introduction

The focus of Part B is on the closely interrelated topics of reactions and synthesis. In
each of the first twelve chapters, we consider a group of related reactions that have
been chosen for discussion primarily on the basis of their usefulness in synthesis. For
each reaction we present an outline of the mechanism, its regio- and stereochemical
characteristics, and information on typical reaction conditions. For the more commonly
used reactions, the schemes contain several examples, which may include examples of
the reaction in relatively simple molecules and in more complex structures. The goal of
these chapters is to develop a fundamental base of knowledge about organic reactions
in the context of synthesis. We want to be able to answer questions such as: What
transformation does a reaction achieve? What is the mechanism of the reaction? What
reagents and reaction conditions are typically used? What substances can catalyze
the reaction? How sensitive is the reaction to other functional groups and the steric
environment? What factors control the stereoselectivity of the reaction? Under what
conditions is the reaction enantioselective?

Synthesis is the application of one or more reactions to the preparation of a
particular target compound, and can pertain to a single-step transformation or to a
number of sequential steps. The selection of a reaction or series of reactions for a
synthesis involves making a judgment about the most effective possibility among
the available options. There may be a number of possibilities for the synthesis of a
particular compound. For example, in the course of learning about the reactions in
Chapter 1 to 12, we will encounter a number of ways of making ketones, as outlined
in the scheme that follows.
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The focus of Chapters 1 and 2 is enolates and related carbon nucleophiles such
as silyl enol ethers, enamines, and imine anions, which can be referred to as enolate
equivalents.

o _SiR"3 AR R
RN Q N N
R R R
\)\R' \)\R. R\/\R,
enolate silyl enol ether enamine imine anion

Chapter 1 deals with alkylation of carbon nucleophiles by alkyl halides and tosylates.
We discuss the major factors affecting stereoselectivity in both cyclic and acyclic
compounds and consider intramolecular alkylation and the use of chiral auxiliaries.

Aldol addition and related reactions of enolates and enolate equivalents are the
subject of the first part of Chapter 2. These reactions provide powerful methods
for controlling the stereochemistry in reactions that form hydroxyl- and methyl-
substituted structures, such as those found in many antibiotics. We will see how the
choice of the nucleophile, the other reagents (such as Lewis acids), and adjustment
of reaction conditions can be used to control stereochemistry. We discuss the role
of open, cyclic, and chelated transition structures in determining stereochemistry, and
will also see how chiral auxiliaries and chiral catalysts can control the enantiose-
lectivity of these reactions. Intramolecular aldol reactions, including the Robinson
annulation are discussed. Other reactions included in Chapter 2 include Mannich,
carbon acylation, and olefination reactions. The reactivity of other carbon nucleophiles
including phosphonium ylides, phosphonate carbanions, sulfone anions, sulfonium
ylides, and sulfoxonium ylides are also considered.
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Among the olefination reactions, those of phosphonium ylides, phosphonate anions,
silylmethyl anions, and sulfone anions are discussed. This chapter also includes a
section on conjugate addition of carbon nucleophiles to o, 3-unsaturated carbonyl
compounds. The reactions in this chapter are among the most important and general
of the carbon-carbon bond-forming reactions.

Chapters 3 to 5 deal mainly with introduction and interconversion of functional
groups. In Chapter 3, the conversion of alcohols to halides and sulfonates and their
subsequent reactions with nucleophiles are considered. Such reactions can be used to
introduce functional groups, invert configuration, or cleave ethers. The main methods
of interconversion of carboxylic acid derivatives, including acyl halides, anhydrides,
esters, and amides, are reviewed. Chapter 4 discusses electrophilic additions to alkenes,
including reactions with protic acids, oxymercuration, halogenation, sulfenylation,
and selenylation. In addition to introducing functional groups, these reagents can
be used to effect cyclization reactions, such as iodolactonization. The chapter also
includes the fundamental hydroboration reactions and their use in the synthesis of
alcohols, aldehydes, ketones, carboxylic acids, amines, and halides. Chapter 5 discusses
reduction reactions at carbon-carbon multiple bonds, carbonyl groups, and certain other
functional groups. The introduction of hydrogen by hydrogenation frequently estab-
lishes important stereochemical relationships. Both heterogeneous and homogeneous
catalysts are discussed, including examples of enantioselective catalysts. The reduction
of carbonyl groups also often has important stereochemical consequences because
a new stereocenter is generated. The fundamental hydride transfer reagents NaBH,
and LiAIH, and their derivatives are considered. Examples of both enantioselective
reagents and catalysts are discussed, as well as synthetic applications of several other
kinds of reducing agents, including hydrogen atom donors and metals.

In Chapter 6 the focus returns to carbon-carbon bond formation through cycload-
ditions and sigmatropic rearrangements. The Diels-Alder reaction and 1,3-dipolar
cycloaddition are the most important of the former group. The predictable regiochem-
istry and stereochemistry of these reactions make them very valuable for ring formation.
Intramolecular versions of these cycloadditions can create at least two new rings, often
with excellent stereochemical control. Although not as broad in scope, [2+ 2] cycload-
ditions, such as the reactions of ketenes and photocycloaddition reactions of enones,
also have important synthetic applications. The [3,3]- and [2,3]-sigmatropic rearrange-
ments also proceed through cyclic transition structures and usually provide predictable
stereochemical control. Examples of [3,3]-sigmatropic rearrangements include the
Cope rearrangement of 1,5-dienes, the Claisen rearrangement of allyl vinyl ethers, and
the corresponding reactions of ester enolate equivalents.
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Synthetically valuable [2,3]-sigmatropic rearrangements include those of allyl
sulfonium and ammonium ylides and o’-carbanions of allyl vinyl ethers.
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This chapter also discusses several 3-elimination reactions that proceed through cyclic
transition structures.

In Chapters 7, 8, and 9, the focus is on organometallic reagents. Chapter 7
considers the Group I and II metals, emphasizing organolithium, -magnesium, and -zinc
reagents, which can deliver saturated, unsaturated, and aromatic groups as nucleophiles.
Carbonyl compounds are the most common co-reactants, but imines and nitriles are also
reactive. Important features of the zinc reagents are their adaptability to enantioselective
catalysis and their compatibility with many functional groups. Chapter 8 discusses
the role of transition metals in organic synthesis, with the emphasis on copper and
palladium. The former provides powerful nucleophiles that can react by displacement,
epoxide ring opening, and conjugate addition, while organopalladium compounds are
usually involved in catalytic processes. Among the important applications are allylic
substitution, coupling of aryl and vinyl halides with alkenes (Heck reaction), and cross
coupling with various organometallic reagents including magnesium, zinc, tin, and
boron derivatives. Palladium catalysts can also effect addition of organic groups to
carbon monoxide (carbonylation) to give ketones, esters, or amides. Olefin metathesis
reactions, also discussed in this chapter, involve ruthenium or molybdenum catalysts



and both intermolecular and ring-closing metathesis have recently found applications
in synthesis.
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Chapter 9 discusses carbon-carbon bond-forming reactions of boranes, silanes, and
stannanes. The borane reactions usually involve B — C migrations and can be used
to synthesize alcohols, aldehydes, ketones, carboxylic acids, and amines. There are
also stereoselective alkene syntheses based on organoborane intermediates. Allylic
boranes and boronates provide stereospecific and enantioselective addition reactions of
allylic groups to aldehydes. These reactions proceed through cyclic transition structures
and provide a valuable complement to the aldol reaction for stereochemical control
of acyclic systems. The most important reactions of silanes and stannanes involve
vinyl and allyl derivatives. These reagents are subject to electrophilic attack, which
is usually followed by demetallation, resulting in net substitution by the electrophile,
with double-bond transposition in the allylic case. Both these reactions are under the
regiochemical control of the B-carbocation—stabilizing ability of the silyl and stannyl
groups.

E
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In Chapter 10, the emphasis is on synthetic application of carbocations, carbenes,
and radicals in synthesis. These intermediates generally have high reactivity and
short lifetimes, and successful application in synthesis requires taking this factor into
account. Examples of reactions involving carbocations are the carbonyl-ene reaction,
polyene cyclization, and directed rearrangements and fragmentations. The unique
divalent character of the carbenes and related intermediates called carbenoids can be
exploited in synthesis. Both addition (cyclopropanation) and insertion are characteristic
reactions. Several zinc-based reagents are excellent for cyclopropanation, and rhodium
catalysts have been developed that offer a degree of selectivity between addition and
insertion reactions.

R'\ R' z
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R R c R R
carbene addition (cyclopropanation)
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H
carbene insertion
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Radical reactions used in synthesis include additions to double bonds, ring closure, and
atom transfer reactions. Several sequences of tandem reactions have been developed
that can close a series of rings, followed by introduction of a substituent. Allylic
stannanes are prominent in reactions of this type.

Chapter 11 reviews aromatic substitution reactions including electrophilic
aromatic substitution, substitution via diazonium ions, and metal-catalyzed nucleophilic
substitution. The scope of the latter reactions has been greatly expanded in recent years
by the development of various copper and palladium catalysts. Chapter 12 discusses
oxidation reactions. For the most part, these reactions are used for functional group
transformations. A wide variety of reagents are available and we classify them as
based on metals, oxygen and peroxides, and other oxidants. Epoxidation reactions
have special significance in synthesis. The introduction of the epoxide ring can set the
stage for subsequent nucleophilic ring opening to introduce a new group or extend the
carbon chain. The epoxidation of allylic alcohols can be done enantioselectively, so
epoxidation followed by ring opening can control the configuration of three contiguous
stereocenters.

OH

OH o NU: OH Nu
le\/ARs 1/kp\ 3 ' ?
R R

Rl RS
OH

The methods available for synthesis have advanced dramatically in the past
half-century. Improvements have been made in selectivity of conditions, versatility
of transformations, stereochemical control, and the efficiency of synthetic processes.
The range of available reagents has expanded. Many reactions involve compounds
of boron, silicon, sulfur, selenium, phosphorus, and tin. Catalysis, particularly by
transition metal complexes, has also become a key part of organic synthesis. The
mechanisms of catalytic reactions are characterized by catalytic cycles and require
an understanding not only of the ultimate bond-forming and bond-breaking steps, but
also of the mechanism for regeneration of the active catalytic species and the effect of
products, by-products, and other reaction components in the catalytic cycle.

Over the past decade enantioselectivity has become a key concern in reactivity
and synthesis. Use of chiral auxiliaries and/or enantioselective catalysts to control
configuration is often a crucial part of synthesis. The analysis and interpretation
of enantioselectivity depend on consideration of diastereomeric intermediates and
transition structures on the reaction pathway. Often the differences in free energy of
competing reaction pathways are on the order of 1kcal, reflecting small and subtle
differences in structure. We provide a number of examples of the structural basis for
enantioselectivity, but a good deal of unpredictability remains concerning the degree
of enantioselectivity. Small changes in solvent, additives, catalyst structure, etc., can
make large differences in the observed enantioselectivity.

Mechanistic insight is a key to both discovery of new reactions and to their
successful utilization in specific applications. Use of reactions in a synthetic context
often entails optimization of reaction conditions based on mechanistic interpretations.
Part A of this text provides fundamental information about the reactions discussed
here. Although these mechanistic concepts may be recapitulated briefly in Part B,
the details may not be included; where appropriate, reference is made to relevant
sections in Part A. In addition to experimental mechanistic studies, many reactions of



synthetic interest are now within the range of computational analysis. Intermediates
and transition structures on competing or alternative reaction pathways can be modeled
and compared on the basis of MO and/or DFT calculations. Such computations can
provide intricate structural details and may lead to mechanistic insight. A number of
such studies are discussed in the course of the text.

A key skill in the practice of organic synthesis is the ability to recognize important
aspects of molecular structure. Recognition of all aspects of stereochemistry, including
conformation, ring geometry, and configuration are crucial to understanding reactivity
and applying reactions to synthesis. We consider the stereochemical aspects of each
reaction. For most reactions, good information is available on the structure of key
intermediates and the transition structure. Students should make a particular effort to
understand the consequences of intermediates and transition structures for reactivity.

Applying the range of reactions to synthesis involves planning and foreseeing the
outcome of a particular sequence of reactions. Planning is best done on the basis of
retrosynthetic analysis, the identification of key subunits of the target molecule that
can be assembled by feasible reactions. The structure of the molecule is studied to
identify bonds that are amenable to formation. For example, a molecule containing
a carbon-carbon double bond might be disconnected at that bond, since there are
numerous ways to form a double bond from two separate components. [3-Hydroxy
carbonyl units suggest the application of the aldol addition reaction, which assembles
this functionality from two separate carbonyl compounds.

o} N R2
I base or N
RICH=0 + R2CH,CR® : RX R3
acid \(

electrophilic nucleophilic OH O
reactant reactant

The construction of the overall molecular skeleton, that is, the carbon-carbon and
other bonds that constitute the framework of the molecule, is the primary challenge.
Molecules also typically contain a number of functional groups and they must be
compatible with the projected reactivity at each step in the synthesis. This means that
it may be necessary to modify or protect functional groups at certain points. Generally
speaking, the protection and interconversion of functional groups is a less fundamental
challenge than construction of the molecular framework because there are numerous
methods for functional group interconversion.

As the reactions discussed in Chapters 1 to 12 illustrate, the methodology of
organic synthesis is highly developed. There are many possible means for introduction
and interconversion of functional groups and for carbon-carbon bond formation, but
putting them together in a multistep synthesis requires more than knowledge of the
reactions. A plan that orchestrates the sequence of reactions toward the final goal is
necessary.

In Chapter 13, we discuss some of the generalizations of multistep synthesis.
Retrosynthetic analysis identifies bonds that can be broken and key intermediates.
Various methods of stereochemical control, including intramolecular interactions.
Chiral auxiliaries, and enantioselective catalysts, can be used. Protective groups can
be utilized to prevent functional group interferences. Ingenuity in synthetic planning
can lead to efficient construction of molecules. We take a retrospective look at the
synthesis of six molecules of differing complexity. Juvabione is an oxidized terpene
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with one ring and two stereocenters. Successful syntheses date from the late 1960s to
the present. Longifolene is a tricyclic sesquiterpene and its synthesis poses the problem
of ring construction. The Prelog-Djerassi lactone, the lactone of (2R,3S,4R,6R)-
3-hydroxy-2,4,6-trimethylheptanedioic acid, is a degradation product isolated from
various antibiotics. Its alternating methyl and hydroxy groups are typical of structural
features found in many antibiotics and other natural substances biosynthetically derived
from polypropionate units. Its synthesis illustrates methods of acyclic stereochemical
control.

erythro-Juvabione

R 7 OH
— HOZCMCOZH
9 b 2
L / En, CHy CHz CHg
12 Prelog-Djerassi Lactone
Longifolene

Synthetic methodology is applied to molecules with important biological activity
such as the prostaglandins and steroids. Generally speaking, the stereochemistry of
these molecules can be controlled by relationships to the ring structure.

prostaglandin E; cortisone

A somewhat more complex molecule, both in terms of the nature of the rings and
the density of functionality is Baccatin III, a precursor of the antitumor agent Taxol®.
We summarize syntheses of Baccatin III that involve sequences of 40-50 reactions.
Baccatin IIT is a highly oxygenated diterpene and these syntheses provide examples
of ring construction and functional group manipulations. Despite its complexity, the
syntheses of Baccatin III, for the most part, also depend on achieving formation of
rings and use of the ring structure to control stereochemistry.
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Macrocyclic antibiotics such as the erythronolide present an additional challenge.

erythronolide

These molecules contain many stereogenic centers and they are generally
constructed from acyclic segments, so the ability to control configuration in acyclic
systems is necessary. Solutions to this problem developed beginning in the 1960s
are based on analysis of transition structures and the concepts of cyclic transition
structure and facial selectivity. The effect of nearby stereogenic centers has been
studied carefully and resulted in concepts such as the Felkin model for carbonyl
addition reactions and Cram’s model of chelation control. In Chapter 13, several
syntheses of epothilone A, a 16-membered lactone that has antitumor activity, are
summarized. The syntheses illustrate methods for both acyclic stereochemical control
and macrocyclization, including the application of the olefin metathesis reaction.

O OH O
Epothilone A

We also discuss the synthesis of (4)-discodermolide, a potent antitumor agent
isolated from a deep-water sponge in the Caribbean Sea. The first synthesis was
reported in the mid-1990s, and synthetic activity is ongoing. Discodermolide is
a good example of the capability of current synthetic methodology to produce
complex molecules. The molecule contains a 24-carbon chain with a single lactone
ring connecting C(1) and C(5). There are eight methyl substituents and six oxygen
substituents, one of which is carbamoylated. The chain ends with a diene unit. By
combining and refining elements of several earlier syntheses, it was possible to carry

Xix

Introduction



XX

Introduction

out a 39-step synthesis. The early stages were done on a kilogram scale and the entire
effort provided 60 grams of the final product for preliminary clinical evaluation.

OH (+)-Discodermolide

There is no synthetic path that is uniquely “correct,” but there may be factors
that recommend particular pathways. The design of a synthesis involves applying
one’s knowledge about reactions. Is the reaction applicable to the particular steric
and electronic environment under consideration? Is the reaction compatible with other
functional groups and structures that are present elsewhere in the molecule? Will the
reaction meet the regio- and stereochemical requirements that apply? Chemists rely
on mechanistic considerations and the precedent of related reactions to make these
judgments. Other considerations may come into play as well, such as availability and/or
cost of starting materials, and safety and environmental issues might make one reaction
preferable to another. These are critical concerns in synthesis on a production scale.

Certain types of molecules, especially polypeptides and polynucleotides, lend
themselves to synthesis on solid supports. In such syntheses, the starting material is
attached to a small particle (bead) or a surface and the molecule remains attached
during the course of the synthetic sequence. Solid phase synthesis also plays a key role
in creation of combinatorial libraries, that is, collections of many molecules synthesized
by a sequence of reactions in which the subunits are systematically varied to create a
range of structures (molecular diversity).

There is a vast amount of knowledge about reactions and how to use them in
synthesis. The primary source for this information is the published chemical liter-
ature that is available in numerous journals, and additional information can be found
in patents, theses and dissertations, and technical reports of industrial and govern-
mental organizations. There are several means of gaining access to information about
specific reactions. The series Organic Syntheses provides examples of specific trans-
formations with detailed experimental procedures. Another series, Organic Reactions,
provides fundamental information about the scope and mechanism as well as compre-
hensive literature references to many examples of a specific reaction type. Various
review journals, including Accounts of Chemical Research and Chemical Reviews,
provide overviews of particular reactions. A traditional system of organization is based
on named reactions. Many important reactions bear well-recognized names of the
chemists involved in their discovery or development. Other names such as dehydration,
epoxidation, enolate alkylation, etc., are succinct descriptions of the structural changes
associated with the reaction. This vocabulary is an important tool for accessing infor-
mation about organic reactions. There are large computerized databases of organic
reactions, most notably those of Chemical Abstracts and Beilstein. Chemical structures
can be uniquely described and these databases can be searched for complete or partial
structures. Systematic ways of searching for reactions are also incorporated into the
databases. Another database, Science Citation Index, allows search for subsequent
citations of published work.



A major purpose of organic synthesis at the current time is the discovery, under-
standing, and application of biological activity. Pharmaceutical laboratories, research
foundations, and government and academic institutions throughout the world are
engaged in this research. Many new compounds are synthesized to discover useful
biological activity, and when activity is discovered, related compounds are synthe-
sized to improve it. Syntheses suitable for production of drug candidate molecules are
developed. Other compounds are synthesized to explore the mechanisms of biological
processes. The ultimate goal is to apply this knowledge about biological activity for
treatment and prevention of disease. Another major application of synthesis is in
agriculture for control of insects and weeds. Organic synthesis also plays a part in the
development of many consumer products, such as fragrances.

The unique power of synthesis is the ability to create new molecules and materials
with valuable properties. This capacity can be used to interact with the natural world,
as in the treatment of disease or the production of food, but it can also produce
compounds and materials beyond the capacity of living systems. Our present world
uses vast amounts of synthetic polymers, mainly derived from petroleum by synthesis.
The development of nanotechnology, which envisions the application of properties
at the molecular level to catalysis, energy transfer, and information management has
focused attention on multimolecular arrays and systems capable of self-assembly. We
can expect that in the future synthesis will bring into existence new substances with
unique properties that will have impacts as profound as those resulting from syntheses
of therapeutics and polymeric materials.
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Alkylation of Enolates

and Other Carbon
Nucleophiles

Introduction

Carbon-carbon bond formation is the basis for the construction of the molecular
framework of organic molecules by synthesis. One of the fundamental processes for
carbon-carbon bond formation is a reaction between a nucleophilic and an electrophilic
carbon. The focus in this chapter is on enolates, imine anions, and enamines, which
are carbon nucleophiles, and their reactions with alkylating agents. Mechanistically,
these are usually S, 2 reactions in which the carbon nucleophile displaces a halide or
other leaving group with inversion of configuration at the alkylating group. Efficient
carbon-carbon bond formation requires that the S,2 alkylation be the dominant
reaction. The crucial factors that must be considered include: (1) the conditions
for generation of the carbon nucleophile; (2) the effect of the reaction conditions
on the structure and reactivity of the nucleophile; and (3) the regio- and stereo-
selectivity of the alkylation reaction. The reaction can be applied to various carbonyl
compounds, including ketones, esters, and amides.

(on o
H | TN
2)\( + R'CH,—X ZJ\(: R
R R
Z=R, RO, R;N enolate alkylation

These reactions introduce a new substituent « to the carbonyl group and constitute an
important method for this transformation. In the retrosynthetic sense, the disconnection
is between the a-carbon and a potential alkylating agent.
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o o
N = + R'CH,—X
R R

There are similar reactions involving nitrogen analogs called imine anions. The
alkylated imines can be hydrolyzed to the corresponding ketone, and this reaction is
discussed in Section 1.3.

R—N- R'—N o

Rl/\ + RCH,—X —= Rl)H/CHZR 2, Rl/\/CHzR

R? R2 R?

Either enolate or imine anions can be used to introduce alkyl a-substituents to a
carbonyl group. Because the reaction involves a nucleophilic substitution, primary
groups are the best alkylating agents, with methyl, allyl, and benzyl compounds being
particularly reactive. Secondary groups are less reactive and are likely to give lower
yields because of competing elimination. Tertiary and aryl groups cannot be introduced
by an S,2 mechanism.

1.1. Generation and Properties of Enolates and Other
Stabilized Carbanions

1.1.1. Generation of Enolates by Deprotonation

The fundamental aspects of the structure and stability of carbanions were discussed
in Chapter 6 of Part A. In the present chapter we relate the properties and reactivity
of carbanions stabilized by carbonyl and other EWG substituents to their application
as nucleophiles in synthesis. As discussed in Section 6.3 of Part A, there is a funda-
mental relationship between the stabilizing functional group and the acidity of the C—H
groups, as illustrated by the pK data summarized in Table 6.7 in Part A. These pK data
provide a basis for assessing the stability and reactivity of carbanions. The acidity of
the reactant determines which bases can be used for generation of the anion. Another
crucial factor is the distinction between kinetic or thermodynamic control of enolate
Sformation by deprotonation (Part A, Section 6.3), which determines the enolate compo-
sition. Fundamental mechanisms of S, 2 alkylation reactions of carbanions are discussed
in Section 6.5 of Part A. A review of this material may prove helpful.

A primary consideration in the generation of an enolate or other stabilized
carbanion by deprotonation is the choice of base. In general, reactions can be carried
out under conditions in which the enolate is in equilibrium with its conjugate acid
or under which the reactant is completely converted to its conjugate base. The key
determinant is the amount and strength of the base. For complete conversion, the base
must be derived from a substantially weaker acid than the reactant. Stated another
way, the reagent must be a stronger base than the anion of the reactant. Most current
procedures for alkylation of enolates and other carbanions involve complete conversion
to the anion. Such procedures are generally more amenable to both regiochemical
and stereochemical control than those in which there is only a small equilibrium
concentration of the enolate. The solvent and other coordinating or chelating additives
also have strong effects on the structure and reactivity of carbanions formed by



deprotonation. The nature of the solvent determines the degree of ion pairing and
aggregation, which in turn affect reactivity.

Table 1.1 gives approximate pK data for various functional groups and some
of the commonly used bases. The strongest acids appear at the top of the table
and the strongest bases at the bottom. The values listed as pKyqy are referenced to
water and are appropriate for hydroxylic solvents. Also included in the table are pK
values determined in dimethyl sulfoxide (pKpyso). The range of acidities that can
be measured directly in DMSO is greater than that in protic media, thereby allowing
direct comparisons between weakly acidic compounds to be made more confidently.
The pK values in DMSO are normally larger than in water because water stabilizes
anions more effectively, by hydrogen bonding, than does DMSO. Stated another way,
many anions are more strongly basic in DMSO than in water. This relationship is
particularly apparent for the oxy anion bases, such as acetate, hydroxide, and the
alkoxides, which are much more basic in DMSO than in protic solvents. At the present
time, the pKpygo Scale includes the widest variety of structural types of synthetic
interest.! The pK values collected in Table 1.1 provide an ordering of some important

Table 1.1. Approximate pK Values from Some Compounds with Carbanion Stabilizing
Groups and Some Common Bases®

Compound PKron PKpmso Base PKron PKpwmso
0O,NCH,NO, 3.6 CH;CO; 4.2 11.6
CH;COCH,NO, 5.1
CH;CH,NO, 8.6 16.7 HCO3 6.5
CH;COCH,COCH; 9
PhCOCH,COCH; 9.6 PhO™ 9.9 16.4
CH;NO, 10.2 17.2
CH;COCH,CO,C,H;s 10.7 14.2 CO32’ 10.2
NCCH,CN 11.2 11.0 (C,H;5)5N 10.7
PhCH,NO, 12.3 (CH;CH,),NH 11
CH,(SO,CH;), 12.2 14.4
CH, (CO,C,Hs), 12.7 16.4
Cyclopentadiene 15 CH;0~ 15.5 29.0
PhSCH,COCH; 18.7 HO™ 15.7 31.4
CH,CH,CH(CO,C,Hs), 15 C,H;0~ 15.9 29.8
PhSCH,CN 20.8 (CH;),CHO™ 30.3
(PhCH,),SO, 23.9 (CH;);CO~ 19 32.2
PhCOCH;4 15.8 24.7
PhCH,COCH; 19.9
CH;COCH; 20 26.5
CH;CH,COCH,CH; 27.1
Fluorene 20.5 22.6
PhSO,CH; 29.0
PhCH,SOCH; 29.0 [(CH;);Si],N~ 30°
CH;CN 25 31.3
Ph,CH, 32.2
Ph;CH 33 30.6 NH; 35 41
CH;SOCH; 35 35.1
(CH;CH,),N~ 36

PhCH; 43

CH, 56

a. From F. G. Bordwell, Acc. Chem. Res., 21, 456 (1988).
b. In THF; R. R. Fraser and T. S. Mansour, J. Org. Chem., 49, 3442 (1984).

' F. G. Bordwell, Acc. Chem. Res., 21, 456 (1988).
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substituents with respect to their ability to stabilize carbanions. The order indicated
is NO, > COR > CN ~ CO,R > SO,R > SOR > Ph ~ SR > H > R. Familiarity with
the relative acidity and approximate pK values is important for an understanding of
the reactions discussed in this chapter.

There is something of an historical division in synthetic procedures involving
carbanions as nucleophiles in alkylation reactions.? As can be seen from Table 1.1, -
diketones, [3-ketoesters, malonates, and other compounds with two stabilizing groups
have pK values slightly below ethanol and the other common alcohols. As a result, these
compounds can be converted completely to enolates by sodium or potassium alkoxides.
These compounds were the usual reactants in carbanion alkylation reactions until about
1960. Often, the second EWG is extraneous to the overall purpose of the synthesis and its
removal requires an extra step. After 1960, procedures using aprotic solvents, especially
THF, and amide bases, such as lithium di-isopropylamide (LDA) were developed. The
dialkylamines have a pK around 35. These conditions permit the conversion of monofunc-
tional compounds with pK > 20, especially ketones, esters, and amides, completely to
their enolates. Other bases that are commonly used are the anions of hexaalkyldisilyl-
amines, especially hexamethyldisilazane.® The lithium, sodium, and potassium salts are
abbreviated LIHMDS, NaHMDS, and KHMDS. The disilylamines have a pK around
30.* The basicity of both dialkylamides and hexaalkyldisilylamides tends to increase
with branching in the alkyl groups. The more branched amides also exhibit greater
steric discrimination. An example is lithium tetramethylpiperidide, LiTMP, which is
sometimes used as a base for deprotonation.’ Other strong bases, such as amide anion
("NH,), the conjugate base of DMSO (sometimes referred to as the “dimsyl” anion),®
and triphenylmethyl anion, are capable of effecting essentially complete conversion
of a ketone to its enolate. Sodium hydride and potassium hydride can also be used to
prepare enolates from ketones, although the reactivity of the metal hydrides is somewhat
dependent on the means of preparation and purification of the hydride.”

By comparing the approximate pK values of the bases with those of the carbon
acid of interest, it is possible to estimate the position of the acid-base equilibrium for
a given reactant-base combination. For a carbon acid C—H and a base B—H,

[CTI[H"] [B™[H"]

— d —

dew  [C—H] ‘e [B—H]
at equilibrium
K,.,I[C-H] K,  [B—H]

c1 B

for the reaction
C-H+B =B-H+C™

2- D. Seebach, Angew. Chem. Int. Ed. Engl., 27, 1624 (1988).

3 E. H. Amonoco-Neizer, R. A. Shaw, D. O. Skovlin, and B. C. Smith, J. Chem. Soc., 2997 (1965);
C. R. Kruger and E. G. Rochow, J. Organomet. Chem., 1, 476 (1964).

4 R.R. Fraser and T. S. Mansour, J. Org. Chem., 49, 3442 (1984).

5~ M. W. Rathke and R. Kow, J. Am. Chem. Soc., 94, 6854 (1972); R. A. Olofson and C. M. Dougherty,
J. Am. Chem. Soc., 95, 581, 582 (1973).

6 E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc., 87, 1345 (1965).

7- C. A. Brown, J. Org. Chem., 39, 1324 (1974); R. Pi, T. Friedl, P. v. R. Schleyer, P. Klusener, and
L. Brandsma, J. Org. Chem., 52, 4299 (1987); T. L. Macdonald, K. J. Natalie, Jr., G. Prasad, and
J. S. Sawyer, J. Org. Chem., 51, 1124 (1986).



dc-n

K =

K
a3
(BH)
If we consider the case of a simple alkyl ketone in a protic solvent, for example,

we see that hydroxide ion or primary alkoxide ions will convert only a fraction of a
ketone to its anion.

o
[I |
RCCH3; + RCH,0~ == RC=CH, + RCH,OH K<1

The slightly more basic tertiary alkoxides are comparable to the enolates in basicity,
and a more favorable equilibrium will be established with such bases.

o
[| |
RCCHg + RsCO~ == RC=CH, + RgCOH K-~1

Note also that dialkyl ketones such as acetone and 3-pentanone are slightly more acidic
than the simple alcohols in DMSO. Use of alkoxide bases in DMSO favors enolate
formation. For the amide bases, K, _;) << K,c_n), and complete formation of the
enolate occurs.

i T
RCCH3 + R2N_ _— RC=CH2 + RzNH K>>1

It is important to keep the position of the equilibria in mind as we consider reactions of
carbanions. The base and solvent used determine the extent of deprotonation. Another
important physical characteristic that has to be kept in mind is the degree of aggregation
of the carbanion. Both the solvent and the cation influence the state of aggregation.
This topic is discussed further in Section 1.1.3.

1.1.2. Regioselectivity and Stereoselectivity in Enolate Formation
from Ketones and Esters

Deprotonation of the corresponding carbonyl compound is a fundamental method
for the generation of enolates, and we discuss it here for ketones and esters. An
unsymmetrical dialkyl ketone can form two regioisomeric enolates on deprotonation.

I i ¢
R,CHCCH,R B.  R,C=CCH,R' or R,CHC—=CHR'

Full exploitation of the synthetic potential of enolates requires control over the regio-
selectivity of their formation. Although it may not be possible to direct deprotonation so
as to form one enolate to the exclusion of the other, experimental conditions can often
be chosen to favor one of the regioisomers. The composition of an enolate mixture
can be governed by kinetic or thermodynamic factors. The enolate ratio is governed
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by kinetic control when the product composition is determined by the relative rates of
the competing proton abstraction reactions.

Cl)_
. RC=CCH-R
V A
A] k
R,CHCCH,R' + B~ {B—} =k—:
kb\\ ?_
R,CHC=CHR'
B

Kinetic control of isomeric enolate composition

By adjusting the conditions of enolate formation, it is possible to establish
either kinetic or thermodynamic control. Conditions for kinetic control of enolate
formation are those in which deprotonation is rapid, quantitative, and irreversible.®
This requirement is met experimentally by using a very strong base such as LDA
or LiHMDS in an aprotic solvent in the absence of excess ketone. Lithium is a
better counterion than sodium or potassium for regioselective generation of the kinetic
enolate, as it maintains a tighter coordination at oxygen and reduces the rate of
proton exchange. Use of an aprotic solvent is essential because protic solvents permit
enolate equilibration by reversible protonation-deprotonation, which gives rise to the
thermodynamically controlled enolate composition. Excess ketone also catalyzes the
equilibration by proton exchange.

Scheme 1.1 shows data for the regioselectivity of enolate formation for several
ketones under various reaction conditions. A consistent relationship is found in these
and related data. Conditions of kinetic control usually favor formation of the less-
substituted enolate, especially for methyl ketones. The main reason for this result is
that removal of a less hindered hydrogen is faster, for steric reasons, than removal
of a more hindered hydrogen. Steric factors in ketone deprotonation are accent-
vated by using bulky bases. The most widely used bases are LDA, LiHMDS, and
NaHMDS. Still more hindered disilylamides such as hexaethyldisilylamide® and bis-
(dimethylphenylsilyl)amide'” may be useful for specific cases.

The equilibrium ratios of enolates for several ketone-enolate systems are also
shown in Scheme 1.1. Equilibrium among the various enolates of a ketone can be
established by the presence of an excess of ketone, which permits reversible proton
transfer. Equilibration is also favored by the presence of dissociating additives such as
HMPA. The composition of the equilibrium enolate mixture is usually more closely
balanced than for kinetically controlled conditions. In general, the more highly substi-
tuted enolate is the preferred isomer, but if the alkyl groups are sufficiently branched as
to interfere with solvation, there can be exceptions. This factor, along with CH,/CH,4
steric repulsion, presumably accounts for the stability of the less-substituted enolate
from 3-methyl-2-butanone (Entry 3).

8- For reviews, see J. d’Angelo, Tetrahedron, 32, 2979 (1976); C. H. Heathcock, Modern Synthetic
Methods, 6, 1 (1992).

% S. Masamune, J. W. Ellingboe, and W. Choy, J. Am. Chem. Soc., 104, 5526 (1982).

10-°S_ R. Angle, J. M. Fevig, S. D. Knight, R. W. Marquis, Jr., and L. E. Overman, J. Am. Chem. Soc.,
115, 3966 (1993).



Scheme 1.1. Composition of Enolate Mixtures Formed under Kinetic and Thermodynamic

7
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Thermodynamic
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E CH3 z CHs
Kinetic
LDA 40% 60% 0%
LTMP 32% 68% 0%
LHMDS 2% 98% 0%
LINHCgH,Cl3 2% 98% 0%
5 ﬁ on o
PhCH
PhCHoCCHs PhCHgACHz :(CHa
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Thermodynamic
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7
O (o on
CH(CHy), CH(CHjz), CH(CHy),
Kinetic
(Ph3CLi) 100% 0%
Thermodynamic
(Ph3CK) 35% 65%
8 o o on
CHs CHs CHs
Kinetic
(PhsCLi) 82% 18%
Thermodynamic
(Ph3CK) 52% 48%
9 O o (on
Kinetic
(LDA) 98% 2%
Thermodynamic
(NaH) 50% 50%

a. Selected from a more complete compilation by D. Caine, in Carbon-Carbon Bond Formation, R. L. Augustine, ed.,
Marcel Dekker, New York, 1979.

b. C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem., 45, 1066
(1980); L. Xie, K. Vanlandeghem, K. M. Isenberger, and C. Bernier, J. Org. Chem. 68, 641 (2003).

-0 CH -
N 3 O
7 - TN
(CHg),CH CHs3 CHs3
88% 12%

The acidifying effect of an adjacent phenyl group outweighs steric effects in the
case of 1-phenyl-2-propanone, and as a result the conjugated enolate is favored by
both kinetic and thermodynamic conditions (Entry 5).

-0

\ O
C=CH, = PhCH=

/ CHg

PhCH;

For cyclic ketones conformational factors also come into play in determining
enolate composition. 2-Substituted cyclohexanones are kinetically deprotonated at the
C(6) methylene group, whereas the more-substituted C(2) enolate is slightly favored



at equilibrium (Entries 6 and 7). A 3-methyl group has a significant effect on the
regiochemistry of kinetic deprotonation but very little effect on the thermodynamic
stability of the isomeric enolates (Entry 8).

Many enolates can exist as both E- and Z-isomers.'! The synthetic importance
of LDA and HMDS deprotonation has led to studies of enolate stereochemistry
under various conditions. In particular, the stereochemistry of some enolate reactions
depends on whether the E- or Z-isomer is involved. Deprotonation of 2-pentanone
was examined with LDA in THF, with and without HMPA. C(1) deprotonation is
favored under both conditions, but the Z:F ratio for C(3) deprotonation is sensitive to
the presence of HMPA.!2 More Z-enolate is formed when HMPA is present.

/\jl\ /\/c])\_ CH3
. Pz Z
CH CH CH cHy & cH /\)\o-
3 3 3 3
Z-enolate E-enolate

Ratio C(1):C(3) deprotonation ~ Ratio Z:E for C(3) deprotonation

0° C, THF alone 7.9 0.20
—60° C, THF alone 7.1 0.15
0° C, THF-HMPA 8.0 1.0
—60° C, THF-HMPA 5.6 3.1

These and other related enolate ratios are interpreted in terms of a tight, reactant-
like cyclic TS in THF and a looser TS in the presence of HMPA. The cylic TS favors
the E-enolate, whereas the open TS favors the Z-enolate. The effect of the HMPA is
to solvate the Li* ion, reducing the importance of Li* coordination with the carbonyl
oxygen.!?

. R’ R
T or N
H OLi* N : .
= H™ G H R Ol
R CHs; - ! v I l . >_ <
-0 CHSA@;O H  CH,
R H NG
Erenolate CH, 4 Z-enolate
cyclic TS ||| open TS
R
Heoo L
CIINT
R group prefers R /--7--- 5
pseudoequatorial Il?

position CHj3

- The enolate oxygen is always taken as a high-priority substituent in assigning the E- or Z-configuration.

12 L. Xie and W. H. Saunders, Jr., J. Am. Chem. Soc., 113, 3123 (1991).

13- R. E. Ireland and A. K. Willard, Tetrahedron Lett., 3975 (1975); R. E. Ireland, R. H. Mueller, and
A. K. Willard, J. Am. Chem. Soc., 98, 2868 (1972); R. E. Ireland, P. Wipf, and J. Armstrong, III, J. Org.

Chem., 56, 650 (1991).
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In contrast to LDA, LIHMDS favors the Z-enolate.'* Certain other bases show a
preference for formation of the Z-enolate. For example, lithium 2,4,6-trichloroanilide,
lithium diphenylamide, and lithium trimethylsilylanilide show nearly complete Z-
selectivity with 2-methyl-3-pentanone."

R
0 I . OLi
; OLi
CH LiNAr
Nk \_CH, . (CHyoH M
(CH3),CH 3
CHjy H CHs;
E -enolate
Z-enolate
LiNH(CgH,Cl3) 98% 2%
LiNPh, 100% 0%
LiN(Ph)Si(CHa)4 95% 5%

The Z-selectivity seems to be associated primarily with reduced basicity of the amide
anion. It is postulated that the shift to Z-stereoselectivity is the result of a looser TS,
in which the steric effects of the chair TS are reduced.

Strong effects owing to the presence of lithium halides have been noted. With
3-pentanone, the E:Z ratio can be improved from 10:1 to 60:1 by addition of one
equivalent of LiBr in deprotonation by LiTMP.!® (Note a similar effect for 2-methyl-
3-pentanone in Table 1.2) NMR studies show that the addition of the halides leads
to formation of mixed 1:1 aggregates, but precisely how this leads to the change in
stereoselectivity has not been unraveled. A crystal structure has been determined for
a 2:1:4:1 complex of the enolate of methyl z-butyl ketone, with an HMDS anion, four
lithium cations, and one bromide.!” This structure, reproduced in Figure 1.1, shows
that the lithium ions are clustered around the single bromide, with the enolate oxygens
bridging between two lithium ions. The amide base also bridges between lithium ions.

Very significant acceleration in the rate of deprotonation of 2-methylcyclohexanone
was observed when triethylamine was included in enolate-forming reactions in toluene.
The rate enhancement is attributed to a TS containing LiIHMDS dimer and triethyl-
amine. Steric effects in the amine are crucial in selective stabilization of the TS and
the extent of acceleration that is observed. '8

\SI,
I
N \Sli/
—si—N----Li. T
.' "N—Si—
' N
H o L.
, N(CoHs)s
=
CHs3

14 C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem.,
45, 1066 (1980).

13- L. Xie, K. M. Isenberger, G. Held, and L. M. Dahl, J. Org. Chem., 62, 7516 (1997); L. Xie,
K. Vanlandeghem, K. M. Isenberger, and C. Bernier, J. Org. Chem., 68, 641 (2003).

16- P, L. Hall, J. H. Gilchrist, and D. B. Collum, J. Am. Chem. Soc., 113, 9571 (1991); P. L. Hall,
J. H. Gilchrist, A. T. Harrison, D. J. Fuller, and D. B. Collum, 113, 9575 (1991).

17- K. W. Henderson, A. E. Dorigo, P. G. W. Williard, and P. R. Bernstein, Angew. Chem. Int. Ed. Engl.,
35, 1322 (1996).

18- P. Zhao and D. B. Collum, J. Am. Chem. Soc., 125, 4008, 14411 (2003).



Fig. 1.1. Crystal structure of lithium enolate of methyl 7-butyl ketone in a
structure containing four Li*, two enolates, and one HMDA anions, one
bromide ion, and two TMEDA ligands. Reproduced from Angew. Chem.
Int. Ed. Engl., 35, 1322 (1996), by permission of Wiley-VCH.

These effects of LiBr and triethylamine indicate that there is still much to be learned
about deprotonation and that there is potential for further improvement in regio- and
stereoselectivity.

Some data on the stereoselectivity of enolate formation from both esters and
ketones is given in Table 1.2. The switch from E to Z in the presence of HMPA
is particularly prominent for ester enolates. There are several important factors in
determining regio- and stereoselectivity in enolate formation, including the strength
of the base, the identity of the cation, and the nature of the solvent and additives. In
favorable cases such as 2-methyl-3-pentanone and ethyl propanoate, good selectivity is
possible for both stereoisomers. In other cases, such as 2,2-dimethyl-3-pentanone, the
inherent stability difference between the enolates favors a single enolate, regardless of
conditions.

(on ¢
CHy L > %\C(CHS)S
C(CHa)s -

Chelation affects the stereochemistry of enolate formation. For example, the
formation of the enolates from a-siloxyesters is Z for LIHMDS, but E for LiTMP."

19 K. Hattori and H. Yamamoto, J. Org. Chem., 58, 5301 (1993); K. Hattori and H. Yamamoto, Tetra-
hedron, 50, 3099 (1994).
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Table 1.2. Stereoselectivity of Enolate Formation®

Reactant Base THF (hexane) (Z:E) THF (23% HMPA) (Z:E)
Ketones
CH,CH,COCH,CH,"*¢ LDA 30:70 92:8
CH,CH,COCH,CH," LiTMP 20:80
CH;CH,COCH,CH," LiHMDS 34:66
CH,CH,COCH(CH;),®  LDA 56:44
CH;CH,COCH(CH;),®  LiHMDS >98:2
CH,CH,COCH(CH;),Y  LiNPh, 100:0
CH,CH,COCH(CH;),*  LiTMP.LiBr 4:96
CH,CH,COC(CHj,),* LDA <2:98
CH;CH,COPh® LDA >97:3
Esters
CH,CH,CO,CH,CH," LDA 6:94 88:15
CH;CO0,C(CH,),8 LDA 5:95 77:23
CH,(CH,);CO,CH;¢ LDA 9:91 84:16
PhCH,CO,CH;" LDA 19:81 91:9
Amides
CH;CH,CON(C,Hs),’ LDA! >97:3
CH,;CH,CON(CH,),! LDA >97:3

. From a more extensive compilation given by C. H. Heathcock, Modern Synthetic Methods, 6, 1 (1992).

. C. H. Heathcock, C. T. Buse, W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem., 45,
1066 (1980).

. Z. A. Fataftah, I. E. Kopka, and M. W. Rathke, J. Am. Chem. Soc., 102, 3959 (1980).

. L. Xie, K. Vanlandeghem, K. M. Isenberger, and C. Bernier, J. Org. Chem., 68, 641 (2003).

. P. L. Hall, J. H. Gilchrist, and D. B. Collum, J. Am. Chem. Soc., 113, 9571 (1991).
R. E. Ireland, P. Wipf, and J. D. Armstrong, IIL, J. Org. Chem., 56, 650 (1991).

. R. E. Ireland, R. H. Mueller, and A. K. Willard, J. Am. Chem. Soc., 98, 2868 (1976).

. F. Tanaka and K. Fuji, Tetrahedron Lett., 33, 7885 (1992).
J. M. Takacs, Ph. D. Thesis, California Institute of Technology, 1981.

o

T 0 Ao

It has been suggested that this stereoselectivity might arise from a chelated TS in the
case of the less basic LIHMDS.

H OCH,

H
— H OCH TBDMS—O,,,) OCH,3 TBDMSO OCH
TBDMS—O. o . — ? T >=< :
DN -~ (6]

HoL TBDMSO. O H — W o
Y

N-Li
/ N\ Z-enolate E-enolate
(CHg)sSi Si(CHs)s

Kinetically controlled deprotonation of «,@3-unsaturated ketones usually occurs
preferentially at the o’-carbon adjacent to the carbonyl group. The polar effect of the
carbonyl group is probably responsible for the faster deprotonation at this position.

’,
,
‘"

(@] OLi+
IQNCH(CHS) 2] Lir
CHg THF, 0°C CHj
CHs3 CHs3

only enolate
(only ) Ref. 20

20-R. A. Lee, C. McAndrews, K. M. Patel, and W. Reusch, Tetrahedron Lett., 965 (1973).



Under conditions of thermodynamic control, however, it is the enolate corresponding
to deprotonation of the y-carbon that is present in the greater amount.

o~ H O
$H3 T N, | CHs_ |
C=CHCCH; Nh. CH,=C—CH=CCH, > C=CH—C=CH,
[3 o o 3 Y | o o 7 o
CHg CHs
major enolate 2
(more stable) (less stable)

Ref. 21
These isomeric enolates differ in that 1 is fully conjugated, whereas the 7 system in 2
is cross-conjugated. In isomer 2, the delocalization of the negative charge is restricted
to the oxygen and the a'-carbon, whereas in the conjugated system of 1 the negative
charge is delocalized on oxygen and both the - and y-carbon.

It is also possible to achieve enantioselective enolate formation by using chiral
bases. Enantioselective deprotonation requires discrimination between two enantiotopic
hydrogens, such as in cis-2,6-dimethylcyclohexanone or 4-(z-butyl)cyclohexanone.
Among the bases that have been studied are chiral lithium amides such as A to D.?

CH3 CH3
Ph | < /\/N C(CH3)3
E’
A23 824 C25 D26

Enantioselective enolate formation can also be achieved by kinetic resolution through
preferential reaction of one of the enantiomers of a racemic chiral ketone such as
2-(t-butyl)cyclohexanone (see Section 2.1.8 of Part A to review the principles of
kinetic resolution).

o) us,
C(CHy); R*,NLi (D) C(CHy), C(CHy)

trimethylsilyl
chloride ]
45% yield, 90% e.e. 51% yield, 94% e.e.

Ref. 25a

2l- G. Buchi and H. Wuest, J. Am. Chem. Soc., 96, 7573 (1974).

22. p. O’Brien, J. Chem. Soc., Perkin Trans. 1, 1439 (1998); H. J. Geis, Methods of Organic Chemistry,
Vol. E21a, Houben-Weyl, G. Thieme Stuttgart, 1996, p. 589.

23 P.J. Cox and N. S. Simpkins, Tetrahedron: Asymmetry, 2, 1 (1991); N. S. Simpkin, Pure Appl. Chem.,
68, 691 (1996); B. J. Bunn and N. S. Simpkins, J. Org. Chem., 58, 533 (1993).

24 C. M. Cain, R. P. C. Cousins, G. Coumbarides, and N. S. Simpkins, Tetrahedron, 46, 523 (1990).

25. (a) D. Sato, H. Kawasaki, T. Shimada, Y. Arata, K. Okamura, T. Date, and K. Koga, J. Am. Chem. Soc.,
114, 761 (1992); (b) T. Yamashita, D. Sato, T. Kiyoto, A. Kumar, and K. Koga, Tetrahedron Lett., 37,
8195 (1996); (c) H. Chatani, M. Nakajima, H. Kawasaki, and K. Koga, Heterocycles, 46, 53 (1997);
(d) R. Shirai, D. Sato, K. Aoki, M. Tanaka, H. Kawasaki, and K. Koga, Tetrahedron, 53, 5963 (1997).

26 M. Asami, Bull. Chem. Soc. Jpn., 63, 721 (1996).
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Such enantioselective deprotonations depend upon kinetic selection between prochiral
or enantiomeric hydrogens and the chiral base, resulting from differences in diastere-
omeric TSs.”” For example, transition structure E has been proposed for deproto-
nation of 4-substituted cyclohexanones by base D.?® This structure includes a chloride
generated from trimethylsilyl chloride.

1.1.3. Other Means of Generating Enolates

Reactions other than deprotonation can be used to generate specific enolates under
conditions in which lithium enolates do not equilibrate with regio- and stereoisomers.
Several methods are shown in Scheme 1.2. Cleavage of trimethylsilyl enol ethers or
enol acetates by methyllithium (Entries 1 and 3), depends on the availability of these
materials in high purity. Alkoxides can also be used to cleave silyl enol ethers and
enol acetates.”” When KO-z-Bu is used for the cleavage, subsequent alkylation occurs
at the more-substituted position, regardless of which regioisomeric silyl enol ether is
used.*® Evidently under these conditions, the potassium enolates equilibrate and the
more highly substituted enolate is more reactive.

OTMS O K* O K* OTMS
CHz CHj CHy CHy
KtOBu KtOBuU
PhCH,Br
CH,Ph

Trimethylsilyl enol ethers can also be cleaved by tetraalkylammonium fluoride (Entry 2)
The driving force for this reaction is the formation of the very strong Si—F bond,
which has a bond energy of 142 kcal/mol.3! These conditions, too, lead to enolate
equilibration.

27 A. Corruble, J.-Y. Valnot, J. Maddaluno, Y. Prigent, D. Davoust, and P. Duhamel, J. Am. Chem.
Soc., 119, 10042 (1997); D. Sato, H. Kawasaki, and K. Koga, Chem. Pharm. Bull., 45, 1399 (1997);
K. Sugasawa, M. Shindo, H. Noguchi, and K. Koga, Tetrahedron Lett., 37, 7377 (1996).

28 M. Toriyama, K. Sugasawa, M. Shindo, N. Tokutake, and K. Koga, Tetrahedron Lett., 38, 567 (1997).

2. D. Cahard and P. Duhamel, Eur. J. Org. Chem., 1023 (2001).

30- P, Duhamel, D. Cahard, Y. Quesnel, and J.-M. Poirier, J. Org. Chem., 61, 2232 (1996); Y. Quesnel,

L. Bidois-Sery, J.-M. Poirier, and L. Duhamel, Synlert, 413 (1998).

For reviews of the chemistry of O-silyl enol ethers, see J. K. Rasmussen, Synthesis, 91 (1977);

P. Brownbridge, Synthesis, 1, 85 (1983); 1. Kuwajima and E. Nakamura, Acc. Chem. Res., 18, 181

(1985).

31.



Scheme 1.2. Other Means of Generating Specific Enolates

A. Cleavage of trimethylsilyl ethers

12 OSiMeg oL
. CH(CH,)
CH(CH a2

(CHa)z  CHaLi + (CHy),Si
DME
CH CH
® CH, ° CHg
2b

OSi(CHy)g O~ PhCH,N(CHs)s

.
CHg PhCH,N(CHg)sF~ + (CHy),SIF
THF

B. Cleavage of enol acetates

O
C N .

° phCH=Co('~lCH3 2equiv CHsli phCH=CO™Li* + (CHg)sCOLi

I DME &y

CHy 3
C. Regioselective silylation of ketones by in situ enolate trapping

o . OSi(CHy) OSi(CH3)3
49 | (CHy)SICI PR |
CeH13CCH3 44 DA at CeHi1sC=CH; + CgH;;CH=CCHs
-78°C 95% 5%
OSi(CH3)3 OSi(CHg)3
5e (CHg)3SiOzSCF4 I I
(CHs)zCHCC 3 ——— = ° (CHg),CHC=CH, + (CH3),C=CCH,

20°C, (CoHs)sN 84% 16%

D. Reduction of a,B-unsaturated ketones

NH NH
J/i/:@ L QO : JCO
(0] -0 - *LiO
OSi(i-Pr)3

79 (0]
><O:ij (i- Pr)38|H
O Pt{CH,=CHSi(CHj3),],0 ><

a. G. Stork and P. Hudrlik, J. Am. Chem. Soc., 90, 4464 (1968); H. O. House, L. J. Czuba, M. Gall, and
H. D. Olmstead, J. Org. Chem., 34, 2324 (1969).

b. I. Kuwajima and E. Nakamura, J. Am. Chem. Soc., 97, 3258 (1975).

c. G. Stork and S. R. Dowd, Org. Synth., 55, 46 (1976); see also H. O. House and B. M. Trost, J. Org.
Chem., 30, 2502 (1965).

d. E. J. Corey and A. W. Gross, Tetrahedron Lett., 25, 495 (1984).

e. E. Emde, A. Goetz, K. Hofmann, and G. Simchen, Justus Liebigs Ann. Chem., 1643 (1981).

f. G. Stork, P. Rosen, N. Goldman, R. V. Coombs, and J. Tsuji, J. Am. Chem. Soc., 87, 275 (1965).

g. C. R. Johnson and R. K. Raheja, J. Org. Chem., 59, 2287 (1994).

The composition of the enol ethers trimethylsilyl prepared from an enolate mixture
reflects the enolate composition. If the enolate formation can be done with high regio-
selection, the corresponding trimethylsilyl enol ether can be obtained in high purity. If
not, the silyl enol ether mixture must be separated. Trimethylsilyl enol ethers can be
prepared directly from ketones. One procedure involves reaction with trimethylsilyl
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chloride and a tertiary amine.*? This procedure gives the regioisomers in a ratio favoring
the thermodynamically more stable enol ether. Use of #-butyldimethylsilyl chloride
with potassium hydride as the base also seems to favor the thermodynamic product.*
Trimethylsilyl trifluoromethanesulfonate (TMS-OTf), which is more reactive, gives
primarily the less-substituted trimethylsilyl enol ether.>* Higher ratios of the less-
substituted enol ether are obtained by treating a mixture of ketone and trimethylsilyl
chloride with LDA at —78° C.% Under these conditions the kinetically preferred enolate
is immediately trapped by reaction with trimethylsilyl chloride. Even greater prefer-
ences for the less-substituted silyl enol ether can be obtained by using the more
hindered lithium amide from t-octyl-z-butylamine (LOBA).

(0]

i OoTMS OTMS
CHypsCCH; D LOBA N
2)TMs-Cl  CeHig' CHp  CsHiCH™ “ch,
97.5% 2.5%

Lithium-ammonia reduction of «, 3-unsaturated ketones (Entry 6) provides a
very useful method for generating specific enolates.® The starting enones are often
readily available and the position of the double bond in the enone determines the
structure of the resulting enolate. For acyclic enones, the TMS-Cl trapping of enolates
generated by conjugate reduction gives a silyl enol ether having a composition that
reflects the conformation of the enone.’” (See Section 2.2.1 of Part A to review enone
conformation.)

CH(CH
CH (CHaz 1) L-Selectride CH(CHg),
2 CH3§
2) TMS-CI, Et;N OTMS
CHy(CH)s ) 3
s-trans CH3(CHyp)s

69%; 170:1 Z.E

= 1) Li, NH CHa(CH,)
/T )CH(CHy, )LiNHs_ ST2INy GH(CH
CH3(CHy)g d 2) TMS-CI, Et;N TMS}_ (CHd)2
-Cl

82% 300:1 E:Z

Trimethylsilyl enol ethers can also be prepared by 1,4-reduction of enones using
silanes as reductants. Several effective catalysts have been found,*® of which the most
versatile appears to be a Pt complex of divinyltetramethyldisiloxane.*® This catalyst
gives good yields of substituted silyl enol ethers (e.g., Scheme 1.2, Entry 7).

32. H. 0. House, L. J. Czuba, M. Gall, and H. D. Olmstead, J. Org. Chem., 34, 2324 (1969); R. D. Miller
and D. R. McKean, Synthesis, 730 (1979).

33- 7. Orban, J. V. Turner, and B. Twitchin, Tetrahedron Lett., 25, 5099 (1984).

3% H. Emde, A. Goetz, K. Hofmann, and G. Simchen, Liebigs Ann. Chem., 1643 (1981); see also E. J.
Corey, H. Cho, C. Ruecker, and D. Hua, Tetrahedron Lett., 3455 (1981).

3. E. J. Corey and A. W. Gross, Tetrahedron Lett., 25, 495 (1984).

36 For a review of «, B-enone reduction, see D. Caine, Org. React., 23, 1 (1976).

37 A. R. Chamberlin and S. H. Reich, J. Am. Chem. Soc., 107, 1440 (1985).

38 1. Ojima and T. Kogure, Organometallics, 1, 1390 (1982); T. H. Chan and G. Z. Zheng, Tetrahedron
Lett., 34, 3095 (1993); D. E. Cane and M. Tandon, Tetrahedron Lett., 35, 5351 (1994).

3. C. R. Johnson and R. K Raheja, J. Org. Chem., 59, 2287 (1994).



I SiR's, = Si(Et)s, Si(i-Pr)s, Si(Ph)s, Si(Me),C(Me),

Excellent yields of silyl enol have also been obtained from enones using B(C¢Fs); as
a catalyst.” t-Butyldimethylsilyl, triethylsilyl, and other silyl enol ethers can also be
made under these conditions.

CHa(Ph),Si
o) ~o
ChHs ) B(CeFs)3 CH,
+ CHsSi(Ph),H
CH > §|\\‘c CH2 ﬁ\\“‘
CHy CH,

These and other reductive methods for generating enolates from enones are discussed
more fully in Chapter 5.

Another very important method for specific enolate generation is the conjugate
addition of organometallic reagents to enones. This reaction, which not only generates
a specific enolate, but also adds a carbon substituent, is discussed in Section 8.1.2.3.

. . o
R\/A,O(R + [(RPCur m

1.1.4. Solvent Effects on Enolate Structure and Reactivity

The rate of alkylation of enolate ions is strongly dependent on the solvent in
which the reaction is carried out.*! The relative rates of reaction of the sodium enolate
of diethyl n-butylmalonate with n-butyl bromide are shown in Table 1.3. Dimethyl
sulfoxide (DMSO) and N,N-dimethylformamide (DMF) are particularly effective in
enhancing the reactivity of enolate ions. Both of these are polar aprotic solvents. Other

Table 1.3. Relative Alkylation Rates of Sodium Diethyl
n-Butylmalonate in Various Solvents®

Solvent Dielectric constant € ~ Relative rate
Benzene 2.3 1
Tetrahydrofuran 7.3 14
Dimethoxyethane 6.8 80
N,N-Dimethylformamide 37 970
Dimethyl sulfoxide 47 1420

a. From H. E. Zaugg, J. Am. Chem. Soc., 83, 837 (1961).

40- J. M. Blackwell, D. J. Morrison, and W. E. Piers, Tetrahedron, 58, 8247 (2002).
41- For reviews, see (a) A. J. Parker, Chem. Rev., 69, 1 (1969); (b) L. M. Jackmamn and B. C. Lange,
Tetrahedron, 33, 2737 (1977).
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compounds that are used as cosolvents in reactions between enolates and alkyl halides
include N-methylpyrrolidone (NMP), hexamethylphosphoric triamide (HMPA) and
N,N’-dimethylpropyleneurea (DMPU).** Polar aprotic solvents, as the name indicates,
are materials that have high dielectric constants but lack hydroxy or other hydrogen-
bonding groups. Polar aprotic solvents possess excellent metal cation coordination
ability, so they can solvate and dissociate enolates and other carbanions from ion pairs
and clusters.

o 0 Ok ™

| [ N _N
CHz—S—CH, H—C—N(CHs), | O=PINCHyls  crl T “cH,
* CHg o
dimethyl sulfoxide  N,N-dimethylformamide N-methylpyrrolidone hexamethylphosphoric N,N'-dimethylpropyl-
(DMSO) (DMF) (NMP) triamide (HMPA) eneurea (DMPU)
e=47 e=37 e=32 €=30

The reactivity of alkali metal (Li*, Na*, K*) enolates is very sensitive to the
state of aggregation, which is, in turn, influenced by the reaction medium. The highest
level of reactivity, which can be approached but not achieved in solution, is that of
the “bare” unsolvated enolate anion. For an enolate-metal ion pair in solution, the
maximum reactivity is expected when the cation is strongly solvated and the enolate is
very weakly solvated. Polar aprotic solvents are good cation solvators and poor anion
solvators. Each one has a negatively polarized oxygen available for coordination to the
metal cation. Coordination to the enolate anion is less effective because the positively
polarized atoms of these molecules are not nearly as exposed as the oxygen. Thus,
these solvents provide a medium in which enolate-metal ion aggregates are dissociated
to give a less encumbered, more reactive enolate.

[ O~M*

o
>:< solvent —— >:< + [M(solvent),]*
n

aggregated ions dissociated ions

Polar protic solvents such as water and alcohols also possess a pronounced ability
to separate ion aggregates, but are less favorable as solvents in enolate alkylation
reactions because they can coordinate to both the metal cation and the enolate anion.
Solvation of the enolate anion occurs through hydrogen bonding. The solvated enolate
is relatively less reactive because the hydrogen bonding must be disrupted during
alkylation. Enolates generated in polar protic solvents such as water, alcohols, or
ammonia are therefore less reactive than the same enolate in a polar aprotic solvent
such as DMSO. Of course, hydroxylic solvents also impose limits on the basicity of
enolates that are stable.

oM O (HO-8)p,
>:< + S—OH — )=
+ [M(S—OH),I*

solvated ions

42. T, Mukhopadhyay and D. Seebach, Helv. Chim. Acta, 65, 385 (1982).



Fig. 1.2. Unsolvated hexameric aggregate of
lithium enolate of methyl 7-butyl ketone; the open
circles represent oxygen and the small circles are
lithium. Reproduced from J. Am. Chem. Soc.,
108, 462 (1986), by permission of the American
Chemical Society.

Tetrahydrofuran (THF) and dimethoxyethane (DME) are slightly polar solvents
that are moderately good cation solvators. Coordination to the metal cation involves
the oxygen unshared electron pairs. These solvents, because of their lower dielectric
constants, are less effective at separating ion pairs and higher aggregates than are
the polar aprotic solvents. The structures of the lithium and potassium enolates of
methyl 7-butyl ketone have been determined by X-ray crystallography. The structures
are shown in Figures 1.2 and 1.3.** Whereas these represent the solid state structures,

Fig. 1.3. Potassium enolate of methyl #-butyl ketone; open circles are oxygen and small
circles are potassium. (a) left panel shows only the enolate structures; (b) right panel
shows only the solvating THF molecules. The actual structure is the superposition of
both panels. Reproduced from J. Am. Chem. Soc., 108, 462 (1986), by permission of the
American Chemical Society.

4. P. G. Williard and G. B. Carpenter, J. Am. Chem. Soc., 108, 462 (1986).
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the hexameric clusters are a good indication of the nature of the enolates in relatively
weakly coordinating solvents. In both structures, series of alternating metal cations
and enolate oxygens are assembled in two offset hexagons. The cluster is considerably
tighter with Li* than with K*. The M—O bonds are about 1.9 A for Li* and 2.6 A for
K*. The enolate C—O bond is longer (1.34 A) for Li" than for K* (1.31 A), whereas
the C=C bond is shorter for Li* (1.33 A) than for K* (1.35 A). Thus, the Li* enolate
has somewhat more of oxy-anion character and is expected to be a “harder” than the
potassium enolate.

Despite the somewhat reduced reactivity of aggregated enolates, THF and DME
are the most commonly used solvents for synthetic reactions involving enolate
alkylation. They are the most suitable solvents for kinetic enolate generation and also
have advantages in terms of product workup and purification over the polar aprotic
solvents. Enolate reactivity in these solvents can often be enhanced by adding a reagent
that can bind alkali metal cations more strongly. Popular choices are HMPA, DMPU,
tetramethylethylenediamine (TMEDA), and the crown ethers. TMEDA chelates metal
ions through the electron pairs on nitrogen. The crown ethers encapsulate the metal
ions through coordination with the ether oxygens. The 18-crown-6 structure is of such
a size as to allow sodium or potassium ions to fit in the cavity. The smaller 12-crown-4
binds Li* preferentially. The cation complexing agents lower the degree of aggregation
of the enolate and metal cations, which results in enhanced reactivity.

The effect of HMPA on the reactivity of cyclopentanone enolate has been
examined.* This enolate is primarily a dimer, even in the presence of excess HMPA,
but the reactivity increases by a factor of 7500 for a tenfold excess of HMPA at —50° C.
The kinetics of the reaction with CH;I are consistent with the dimer being the active
nucleophile. It should be kept in mind that the reactivity of regio- and stereoisomeric
enolates may be different and the alkylation product ratio may not reflect the enolate
composition. This issue was studied with 2-heptanone.*’ Although kinetic deproton-
ation in THF favors the 1-enolate, a nearly equal mixture of C(1) and C(3) alkylation
was observed. The inclusion of HMPA improved the C(1) selectivity to 11:1 and also
markedly accelerated the rate of the reaction. These results are presumably due to
increased reactivity and less competition from enolate isomerization in the presence
of HMPA.

o

OLi OLi
PhCH,Br /\/\/U\/\
/\/\/\ — M Sl Ph

HMPA

C(3) alkylation

The effect of chelating polyamines on the rate and yield of benzylation of the
lithium enolate of 1-tetralone was compared with HMPA and DMPU. The triamine

4. M. Suzuki, H. Koyama, and R. Noyori, Bull. Chem. Soc. Jpn., 77, 259 (2004); M. Suzuki, H. Koyama,
and R. Noyori, Tetrahedron, 60, 1571 (2004).
4. C. L. Liotta and T. C. Caruso, Tetrahedron Lett., 26, 1599 (1985).



and tetramine were even more effective than HMPA in promoting reaction.*® These
results, too, are presumably due to disaggregation of the enolate by the polyamines.

OLi le)
PhCH,Br CH,Ph
O‘ 40 min, — 23°C
Additive (3eq) Yield (%)

none 6
HMPA 34
DMPU 3
MezNCHchzNMez
(Me,NCH,CH,),NMe 50
(Me,NCH,CH,NCH5), 72

I

Me
Me,N(CH,CH,N)3CH,CH,NMe, 33

I

Me

The reactivity of enolates is also affected by the metal counterion. For the most
commonly used ions the order of reactivity is Mg*™ < Li* < Na® < K*. The factors
that are responsible for this order are closely related to those described for solvents.
The smaller, harder Mg>" and Li* cations are more tightly associated with the enolate
than are the Na™ and K* ions. The tighter coordination decreases the reactivity of the
enolate and gives rise to more highly associated species.

1.2. Alkylation of Enolates*

1.2.1. Alkylation of Highly Stabilized Enolates

Relatively acidic compounds such as malonate esters and [3-ketoesters were the
first class of compounds for which reliable conditions for carbanion alkylation were
developed. The alkylation of these relatively acidic compounds can be carried out in
alcohols as solvents using metal alkoxides as bases. The presence of two electron-
withdrawing substituents facilitates formation of the resulting enolate. Alkylation
occurs by an S, 2 process, so the alkylating agent must be reactive toward nucleophilic
displacement. Primary halides and sulfonates, especially allylic and benzylic ones,
are the most reactive alkylating agents. Secondary systems react more slowly and
often give only moderate yields because of competing elimination. Tertiary halides
give only elimination products. Methylene groups can be dialkylated if sufficient base
and alkylating agent are used. Dialkylation can be an undesirable side reaction if
the monoalkyl derivative is the desired product. Sequential dialkylation using two
different alkyl groups is possible. Use of dihaloalkanes as alkylating reagents leads
to ring formation. The relative rates of cyclization for w-haloalkyl malonate esters

4. M. Goto, K. Akimoto, K. Aoki, M. Shindo, and K. Koga, Chem. Pharm. Bull., 48, 1529 (2000).

47 For general reviews of enolate alkylation, see D. Caine, in Carbon-Carbon Bond Formation, Vol. 1,
R. L. Augustine, ed., Marcel Dekker, New York, 1979, Chap. 2; C. H. Heathcock, Modern Synthetic
Methods, 6, 1 (1992).
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are 650,000:1:6500:5 for formation of three-, four-, five-, and six-membered rings,
respectively.*® (See Section 4.3 of Part A to review the effect of ring size on S,2
reactions.)

Some examples of alkylation reactions involving relatively acidic carbon acids
are shown in Scheme 1.3. Entries 1 to 4 are typical examples using sodium ethoxide as
the base. Entry 5 is similar, but employs sodium hydride as the base. The synthesis of
diethyl cyclobutanedicarboxylate in Entry 6 illustrates ring formation by intramolecular
alkylation reactions. Additional examples of intramolecular alkylation are considered
in Section 1.2.5. Note also the stereoselectivity in Entry 7, where the existing branched
substituent leads to a frans orientation of the methyl group.

The 2-substituted B-ketoesters (Entries 1, 4, 5, and 7) and malonic ester (Entries
2 and 6) prepared by the methods illustrated in Scheme 1.3 are useful for the synthesis

Scheme 1.3. Alkylation of Enolates Stabilized by Two Functional Groups

NaOEt
12 CH3COCH,CO,C,H5 + CH3(CHy)sBr  —— CH;;CO(EHCOZCZH5

(CHy)3CH3

69 —72%
2P CH,(CO,CoHs)s @ol NaQEt @CHCO2C2HS)2 ’

K,COjq 61%
3° CHaCOCH,COCH; + CHgl ~ —— CH3COC|)HCOCH3

CHs 75-77%

49 CH4COCH,CO,C,Hs + CICH,CO,C,H; 20! CH{COCHCO,C;Hy

CH,CO,C,Hs
o o) 56—62%

i COLCH Rall N\ cocH
2~718 4 BrCH,(CH2)5C0,CoHs DMF CH;CH:)sCOZCZHs

85% on 1-mol scale

CO,C.H

. NaOEt 272 s

6!  CHo(CO,CoHg), + BrCH,CH,CH,Cl —= CO.C,Hs5
53-55%
79
90%

a. C. S. Marvel and F. D. Hager, Org. Synth., I, 248 (1941).
b. R. B. Moffett, Org. Synth., IV, 291 (1963).
c. A. W. Johnson, E. Markham, and R. Price, Org. Synth., 42, 75 (1962).
d. H. Adkins, N. Isbell, and B. Wojcik, Org. Synth., II, 262 (1943).
e. K. F. Bernardy, J. F. Poletto, J. Nocera, P. Miranda, R. E. Schaub, and M. J. Weiss, J. Org. Chem., 45,

4702 (1980).
f. R. P. Mariella and R. Raube, Org. Synth., IV, 288 (1963).
g. D. F. Taber and S. C. Malcom, J. Org. Chem., 66, 944 (2001).

4. A. C. Knipe and C. J. Stirling, J. Chem. Soc. B, 67 (1968); For a discussion of factors that affect
intramolecular alkylation of enolates, see J. Janjatovic and Z. Majerski, J. Org. Chem., 45, 4892 (1980).



of ketones and carboxylic acids. Both 3-keto acids and malonic acids undergo facile 23
decarboxylation.

SECTION 1.2
O/AH\(‘O OH o) Alkylation of Enolates
y) (|3 =2 cl:\ R— /él:\
X~ e s TR
R™ R ||q| R

B-keto acid: X =alkyl or aryl =ketone
substituted malonic acid: X = OH = substituted acetic acid

Examples of this approach to the synthesis of ketones and carboxylic acids are presented
in Scheme 1.4. In these procedures, an ester group is removed by hydrolysis and decar-
boxylation after the alkylation step. The malonate and acetoacetate carbanions are the
synthetic equivalents of the simpler carbanions that lack the additional ester substituent.
In the preparation of 2-heptanone (Entry 1), for example, ethyl acetoacetate functions

Scheme 1.4. Synthesis by Decarboxylation of Malonates and other [-Dicarbonyl
Compounds

1 -
CH300C|)HCOZCZH5 H:0."OH  ch.cocHeo,” HY cH,Co(CH,),CH,

(CH,)3CH,4 (CH,)3CH,4 52-61%
(prepared as in Scheme 1.3)
b
2 CHY(CO,C,Hg), + CH,gBr NaOBU ¢ L GH(CO,CoHy),
C7H1sCH(CO,C,Hs);  H2O0, "OH H* G H,,CH(CO,H),
A
C,H,sCH(CO,H), —»CgH{;COH + CO,
66 —75%
8 CO,CoHs H20,7OH s COH A
Koo, — LRy — oom + co,
CO,C,H5 CO,H
(prepared as in Scheme 1.3)
49
1) H,0, "OH
NGCH,CO,C,Hs + QCHZCI NaOEt CHZ?HCN o) HY QCHZCHZCN
cl el COLCoHs 3) 4, —cO, cl
59

O [0}

é/coch3 Na é<<3020H3
o)
CO,CH, CH,Ph
&CHQPM Lil — é/ +CHgl + CO, 72-76%

a. J. R. Johnson and F. D. Hager, Org. Synth., I, 351 (1941).
b. E. E. Reid and J. R. Ruhoff, Org. Synth., II, 474 (1943).

c. G. B. Heisig and F. H. Stodola, Org. Synth., 111, 213 (1955).
d. I
e. F.

A. Skorcz and F. E. Kaminski, Org. Synth., 48, 53 (1968).
Elsinger, Org. Synth., V, 76 (1973).
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as the synthetic equivalent of acetone. Entries 2 and 3 show synthesis of carboxylic
acids via the malonate ester route. Entry 4 is an example of a nitrile synthesis, starting
with ethyl cyanoacetate as the carbon nucleophile. The cyano group also facilitates
decarboxylation. Entry 5 illustrates an alternative decarboxylation procedure in which
lithium iodide is used to cleave the (3-ketoester by nucleophilic demethylation.

It is also possible to use the dilithium derivative of acetoacetic acid as the synthetic
equivalent of acetone enolate.* In this case, the hydrolysis step is unnecessary and
decarboxylation can be done directly on the alkylation product.

o-Lu" 0
CHZCCH,CO,H — CHzC=CHCO,Li* ——~ CH3CCH,R
2) H*
(=CO,)

Similarly, the dilithium dianion of monoethyl malonate is easily alkylated and the
product decarboxylates after acidification.>

, 1)25°C, 2h
n-CHoBr  + LICHCO,LI CHg(CH,),CO,H
CO,CH, 2 68°C 18N 80%
(-COy)

1.2.2. Alkylation of Ketone Enolates

The preparation of ketones and ester from (3-dicarbonyl enolates has largely
been supplanted by procedures based on selective enolate formation. These proce-
dures permit direct alkylation of ketone and ester enolates and avoid the hydrolysis
and decarboxylation of keto ester intermediates. The development of conditions for
stoichiometric formation of both kinetically and thermodynamically controlled enolates
has permitted the extensive use of enolate alkylation reactions in multistep synthesis of
complex molecules. One aspect of the alkylation reaction that is crucial in many cases
is the stereoselectivity. The alkylation has a stereoelectronic preference for approach
of the electrophile perpendicular to the plane of the enolate, because the  electrons
are involved in bond formation. A major factor in determining the stereoselectivity
of ketone enolate alkylations is the difference in steric hindrance on the two faces
of the enolate. The electrophile approaches from the less hindered of the two faces
and the degree of stereoselectivity depends on the steric differentiation. Numerous
examples of such effects have been observed.’® In ketone and ester enolates that are
exocyclic to a conformationally biased cyclohexane ring there is a small preference for

4. R. A. Kjonaas and D. D. Patel, Tetrahedron Lett., 25, 5467 (1984).

30- J. E. McMurry and J. H. Musser, J. Org. Chem., 40, 2556 (1975).

S For reviews, see D. A. Evans, in Asymmetric Synthesis, Vol. 3, J. D. Morrison, ed., Academic Press,
New York, 1984, Chap. 1; D. Caine, in Carbon-Carbon Bond Formation, R. L. Augustine, ed., Marcel
Dekker, New York, 1979, Chap. 2.



the electrophile to approach from the equatorial direction.>? If the axial face is further 25
hindered by addition of a substituent, the selectivity is increased.

SECTION 1.2

axial Alkylation of Enolates
less R
favorable

e

favorable
equatorial

For simple, conformationally biased cyclohexanone enolates such as that from
4-t-butylcyclohexanone, there is little steric differentiation. The alkylation product is
a nearly 1:1 mixture of the cis and trans isomers.

Y e ST °

(CHg)sC g o (CHg)sC L+ (CHyC Lon,
Et,0*BF,~ CoHe :

Ref. 53

The cis product must be formed through a TS with a twistlike conformation to adhere to
the requirements of stereoelectronic control. The fact that this pathway is not disfavored
is consistent with other evidence that the TS in enolate alkylations occurs early and
reflects primarily the structural features of the reactant, not the product. A late TS
would disfavor the formation of the cis isomer because of the strain associated with
the nonchair conformation of the product.

CaHs

X
/90"
_/' (CH4)4C Y/ I . R . O
0 . (CHI:C Crse LT o,
(CH3)3C 4 O oHs
~ o o
(CH3)3C@@;§ S (oHa)ac%H

2H5

Qi

X

The introduction of an alkyl substituent at the a-carbon in the enolate enhances
stereoselectivity somewhat. This is attributed to a steric effect in the enolate. To
minimize steric interaction with the solvated oxygen, the alkyl group is distorted
somewhat from coplanarity, which biases the enolate toward attack from the axial
direction. The alternate approach from the upper face increases the steric interaction
by forcing the alkyl group to become eclipsed with the enolate oxygen.>*

TG i
(CHy):C ,Cgs >

3

O""
o....

83% D8

17%

A. P. Krapcho and E. A. Dundulis, J. Org. Chem., 45, 3236 (1980); H. O. House and T. M. Bare,
J. Org. Chem., 33, 943 (1968).

3 H. 0. House, B. A. Terfertiller, and H. D. Olmstead, J. Org. Chem., 33, 935 (1968).

% H. 0. House and M. J. Umen, J. Org. Chem., 38, 1000 (1973).



26

CHAPTER 1

Alkylation of Enolates

and Other Carbon
Nucleophiles

When an additional methyl substituent is placed at C(3), there is a strong preference
for alkylation anti to the 3-methyl group. This is attributed to the conformation of the
enolate, which places the C(3) methyl in a pseudoaxial orientation because of allylic
strain (see Part A, Section 2.2.1). The axial C(3) methyl then shields the lower face
of the enolate.>

o R'
LT, — A,
CH,

: CH (on
CH; [ CH; @

disfavored favored

The enolates of 1- and 2-decalone derivatives provide further insight into
the factors governing stereoselectivity in enolate alkylations. The 1(9)-enolate of
1-decalone shows a preference for alkylation to give the cis ring juncture, and this
is believed to be due primarily a steric effect. The upper face of the enolate presents
three hydrogens in a 1,3-diaxial relationship to the approaching electrophile. The
corresponding hydrogens on the lower face are equatorial.*®

I
O.
>'<
I--; < ‘

The 2(1)-enolate of trans-2-decalone is preferentially alkylated by an axial approach

of the electrophile.
: :L R'—> R O

The stereoselectivity is enhanced if there is an alkyl substituent at C(1). The factors
operating in this case are similar to those described for 4-z-butylcyclohexanone. The
trans-decalone framework is conformationally rigid. Axial attack from the lower face
leads directly to the chair conformation of the product. The 1-alkyl group enhances this
stereoselectivity because a steric interaction with the solvated enolate oxygen distorts
the enolate to favor the axial attack.’” The placement of an axial methyl group at C(10)
in a 2(1)-decalone enolate introduces a 1,3-diaxial interaction with the approaching
electrophile. The preferred alkylation product results from approach on the opposite
side of the enolate.

T
I--

3. R. K. Boeckman, Jr., J. Org. Chem., 38, 4450 (1973).

- H. 0. House and B. M. Trost, J. Org. Chem., 30, 2502 (1965).

7. R. S. Mathews, S. S. Grigenti, and E. A. Folkers, J. Chem. Soc., Chem. Commun., 708 (1970);
P. Lansbury and G. E. DuBois, Tetrahedron Lett., 3305 (1972).



The prediction and interpretation of alkylation stereochemistry requires consid-
eration of conformational effects in the enolate. The decalone enolate 3 was found to
have a strong preference for alkylation to give the cis ring junction, with alkylation
occurring cis to the ¢-butyl substituent.*®

o O cH,
CHjl

C(CH3)3 . C(CH3)3

According to molecular mechanics (MM) calculations, the minimum energy confor-
mation of the enolate is a twist-boat (because the chair leads to an axial orientation of
the 7-butyl group). The enolate is convex in shape with the second ring shielding the
bottom face of the enolate, so alkylation occurs from the top.

-0 -o\ H o. CHs

HocHy)s — jf\ﬁ)_c(w )C_Hﬁ' \]\::@«C(CHs)s
3/3

Houk and co-workers examined the role of torsional effects in the stereo-
selectivity of enolate alkylation in five-membered rings, and their interpretation can
explain the preference for C(5) alkylation syn to the 2-methyl group in trans-2,3-
dimethylcyclopentanone.>

T

T

CH3 CH3 CH3

} 2 CHyl
cHy [ CHg CH; H "CHy

o o

favored

The syn TS is favored by about 1kcal/mol, owing to reduced eclipsing, as illus-
trated in Figure 1.4. An experimental study using the kinetic enolate of 3-(z-butyl)-
2-methylcyclopentanone in an alkylation reaction with benzyl iodide gave an 85:15
preference for the predicted cis-2,5-dimethyl derivative.

In acyclic systems, the enolate conformation comes into play. 3,8-Disubstituted
enolates prefer a conformation with the hydrogen eclipsed with the enolate double
bond. In unfunctionalized enolates, alkylation usually takes place anti to the larger
substituent, but with very modest stereoselectivity.

8- H. O. House, W. V. Phillips, and D. Van Derveer, J. Org. Chem., 44, 2400 (1979).
% K. Ando, N. S. Green, Y. Li, and K. N. Houk, J. Am. Chem. Soc., 121, 5334 (1999).
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J R

%

anti - attack
AE =+1.0 kcal/mol

Fig. 1.4. Transition structures for syn and anti attack on the Kkinetic enolate of trans-2,3-
dimethylcyclopentanone showing the staggered versus eclipsed nature of the newly forming bond. Repro-
duced from J. Am. Chem. Soc., 121, 5334 (1999), by permission of the American Chemical Society.

L ° o CHal
N e, :

CH, O L S0
g +
\ACHS WCHs
A ) H
M H\\ H M

L
M

major minor
major If If
major:minor
- _ . CH CHs
L=Ph, M=CHj4 60:40 78 L
L CH3 CH3
L=i-Pr, M=CHjy 75:25 H H
M © M O

Ref. 60

These examples illustrate the issues that must be considered in analyzing the
stereoselectivity of enolate alkylation. The major factors are the conformation of
the enolate, the stereoelectronic requirement for an approximately perpendicular
trajectory, the steric preference for the least hindered path of approach, and
minimization of torsional strain. In cyclic systems the ring geometry and positioning
of substituents are often the dominant factors. For acyclic enolates, the conformation
and the degree of steric discrimination govern the stereoselectivity.

For enolates with additional functional groups, chelation may influence stereo-
selectivity. Chelation-controlled alkylation has been examined in the context of the
synthesis of a polyol lactone (-)-discodermolide. The lithium enolate 4 reacts with
the allylic iodide 5 in a hexane:THF solvent mixture to give a 6:1 ratio favoring the
desired stereoisomer. Use of the sodium enolate gives the opposite stereoselectivity,
presumably because of the loss of chelation.®! The solvent seems to be quite important
in promoting chelation control.

- 1. Fleming and J. J. Lewis, J. Chem. Soc., Perkin Trans. 1, 3257 (1992).
6l-'S. S. Harried, G. Yang, M. A. Strawn, and D. C. Myles, J. Org. Chem., 62, 6098 (1997).
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chelated enolate transition structure 6:1 S:R in 55:45 hexane-THF

Previous studies with related enolates having different protecting groups also gave
products with the opposite C(16)-R configuration.®?

Scheme 1.5 gives some examples of alkylation of ketone enolates. Entries 1 and 2
involve formation of the enolates by deprotonation with LDA. In Entry 2, equilibration

Scheme 1.5. Alkylation of Ketone Enolates

oLi*

\© PhCH,Br cH, CH,Ph
42-45%

o)
2° LDA
vy mean S B s
THF, -78°C
/ 79%
TMSO
C
3 CH(CHa)z 1) Meli @»CH(CHQZ
2) CHgl CH
CHg ) CHy 3 80%
CHy
49 OTMS
CHj OMeli CH,CH= CCH3
2) ICH,CH= CCH3 Cozc(CHs)s
90%
Co2 (CHa)s
TMSO o
5 1)RN'F, THF  PhCH, CH,
CHy ———~
2) PhCH,Br 70%
3:1trans:cis
Gf
1) R,;N'F™
2) CH,=CHCH,Br
CH,=CHCH,*"

(Continued)

%2. D. T. Hung, J. B. Nerenberg, and S. L. Schreiber, J. Am. Chem. Soc., 118, 11054 (1996); D. L. Clark
and C. H. Heathcock, J. Org. Chem., 58, 5878 (1993).
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Scheme 1.5. (Continued)

79
| Y “0,0CH
I 1)LDA -78°C CH3 CH, 2778 CHg
(CHg),CHCCH ¢ "0,CCH,
Fa  CHy 419,
.
o) 0 |CH O o, oH
8" ij/CHs Li, NHg 3 CHyl CHs ‘@‘CHs
60% 0,

-
‘ 0 ou OH,— CHOH,B wCHCH=CH,
© QL @ o

CHj CH 45%  OHs

s trans/cis~20/1

o 3Liro

(CHz)SCHs 43%

P
o

a. M. Gall and H. O. House, Org. Synth., 52, 39 (1972).

b. S. C. Welch and S. Chayabunjonglerd, J. Am. Chem. Soc., 101, 6768 (1979).

c. G. Stork and P. F. Hudrlik, J. Am. Chem. Soc., 90, 4464 (1968).

d. P. L. Stotter and K. A. Hill, J. Am. Chem. Soc., 96, 6524 (1974).

e. I. Kuwajima, E. Nakamura, and M. Shimizu, J. Am. Chem. Soc., 104, 1025 (1982).

f. A. B. Smith, III, and R. Mewshaw, J. Org. Chem., 49, 3685 (1984).

g. Y. L. Li, C. Huang, W. Li, and Y. Li, Synth. Commun., 27, 4341 (1997).

h. H. A. Smith, B. J. L. Huff, W. J. Powers, III, and D. Caine, J. Org. Chem., 32, 2851 (1967).

i Caine, S. T. Chao, and H. A. Smith, Org. Synth., 56, 52 (1977).

j- Stork, P. Rosen, N. Goldman, R. V. Coombs, and J. Tsujii, J. Am. Chem. Soc., 87, 275 (1965).

i. D.

G.
to the more-substituted enolate precedes alkylation. Entries 3 and 4 show regiospecific
generation of enolates by reaction of silyl enol ethers with methyllithium. Alkylation
can also be carried out using silyl enol ethers by generating the enolate by fluoride
ion.®* Anhydrous tetraalkylammonium fluoride salts in anhydrous are normally the
fluoride ion source.** Entries 5 and 6 illustrate this method. Entry 7 shows the kinetic
deprotonation of 3-methylbutanone, followed by alkylation with a functionalized allylic
iodide. Entries 8, 9, and 10 are examples of alkylation of enolates generated by
reduction of enones. Entry 10 illustrates the preference for axial alkylation of the
2-(1)-decalone enolate.

In enolates formed by proton abstraction from «,@3-unsaturated ketones, there
are three potential sites for attack by electrophiles: the oxygen, the a-carbon, and
the y-carbon. The kinetically preferred site for both protonation and alkylation is the
a-carbon.%

0. L. Kuwajima, E. Nakamura, and M. Shimizu, J. Am. Chem. Soc., 104, 1025 (1982).

% A. B. Smith, III, and R. Mewshaw, J. Org. Chem., 49, 3685 (1984).

9. R. A. Lee, C. McAndrews, K. M. Patel, and W. Reusch, Tetrahedron Lett., 965 (1973);
J. A. Katzenellenbogen and A. L. Crumrine, J. Am. Chem. Soc., 96, 5662 (1974).



The selectivity for electrophilic attack at the a-carbon presumably reflects a greater
negative charge, as compared with the y-carbon.

CHy o o}
\ NaNH, o
/C=CHCCH3+ HZC=CH(|3=CHCHzBr o CH2=CH(|3=CHCH2—(|3HCCH3
o 3
CHs CH CH c 88%
3 3 N °
Y CHy~ CHp
B Y

Protonation of the enolate provides a method for converting o,3-unsaturated ketones
and esters to the less stable [3,y-unsaturated isomers.

(major)

(minor)
Ref. 66

1.2.3. Alkylation of Aldehydes, Esters, Carboxylic Acids, Amides, and Nitriles

Among the compounds capable of forming enolates, the alkylation of ketones
has been most widely studied and applied synthetically. Similar reactions of esters,
amides, and nitriles have also been developed. Alkylation of aldehyde enolates is not
very common. One reason is that aldehydes are rapidly converted to aldol addition
products by base. (See Chapter 2 for a discussion of this reaction.) Only when the
enolate can be rapidly and quantitatively formed is aldol formation avoided. Success
has been reported using potassium amide in liquid ammonia® and potassium hydride in
tetrahydrofuran.®® Alkylation via enamines or enamine anions provides a more general
method for alkylation of aldehydes. These reactions are discussed in Section 1.3.

1) KH, THF

(CHg),CHCH=0 (CH3),CCH,CH=C(CH3),
2) BrCH,CH=C(CHj),
CH=0 88%

Ref. 68
Ester enolates are somewhat less stable than ketone enolates because of the
potential for elimination of alkoxide. The sodium and potassium enolates are rather
unstable, but Rathke and co-workers found that the lithium enolates can be generated
at —78°C.%° Alkylations of simple esters require a strong base because relatively
weak bases such as alkoxides promote condensation reactions (see Section 2.3.1).
The successful formation of ester enolates typically involves an amide base, usually
LDA or LiHDMS, at low temperature.” The resulting enolates can be successfully
alkylated with alkyl bromides or iodides. HMPA is sometimes added to accelerate
the alkylation reaction.

6. Y, J. Ringold and S. K. Malhotra, Tetrahedron Lett., 669 (1962); S. K. Malhotra and H. J. Ringold,
J. Am. Chem. Soc., 85, 1538 (1963).

67-'S. A. G. De Graaf, P. E. R. Oosterhof, and A. van der Gen, Tetrahedron Lett., 1653 (1974).

8. p. Groenewegen, H. Kallenberg, and A. van der Gen, Tetrahedron Lett., 491 (1978).

- M. W. Rathke, J. Am. Chem. Soc., 92, 3222 (1970); M. W. Rathke and D. F. Sullivan, J. Am. Chem.
Soc., 95, 3050 (1973).

70- (a) M. W. Rathke and A. Lindert, J. Am. Chem. Soc., 93,2318 (1971); (b) R. J. Cregge, J. L. Herrmann,
C. S. Lee, J. E. Richman, and R. H. Schlessinger, Tetrahedron Lett., 2425 (1973); (c) J. L. Herrmann
and R. H. Schlessinger, J. Chem. Soc., Chem. Commun., 711 (1973).
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In acyclic systems, the stereochemistry of alkylation depends on steric factors.
Stereoselectivity is low for small substituents.”!

CHj 1) LDA CHj CH,
— _CO,CH 3 H
Ph CO,CH3 2) CHyl Ph/\._:/ VMg 4 Ph CO,CH3
CHg 45%  CHj
55%

When a larger substituent is present, the reaction becomes much more selective. For

example, a B-dimethylphenylsilyl substituent leads to more than 95:5 anti alkylation
in ester enolates.”

OMPS 1)LHMDS  DMPS DMPS
— " CO,CH : H
Ph>\/COZCH3 2) CHyl Ph/\/ L S
CHj CHj
97% 3%

This stereoselectivity is the result of the conformation of the enolate and steric shielding
by the silyl substituent.

X
R
A
~ R
ro
H
- .
CHS//SI\Ph
CH,

This directive effect has been employed in stereoselective synthesis.

DMPS DMPS
1) LDA _ CO,CH,Ph
Cy1H23CH=CHCHCH,CO,CH,Ph CyyHypsCH=CH
2) NCgHy, Cobra
Ref. 73
[\ o .
O_ 0 Si(CHy),Ph 1) LIHMP o/ \o Si(CHy),Ph
_ ,CO,CHj S CO,CH,

Coltio 2) PhCH,Br  CeHro

CHoPh 88% 93:7 anti:syn

A careful study of the alkylation of several enolates of dialkyl malate esters has
been reported.”* These esters form dianions resulting from deprotonation of the hydroxy

71 R. A. N. C. Crump, 1. Fleming, J. H. M. Hill, D. Parker, N. L. Reddy, and D. Waterson, J. Chem. Soc.,

Perkin Trans. 1, 3277 (1992).
- 1. Fleming and N. J. Lawrence, J. Chem. Soc., Perkin Trans. 1, 2679 (1998).
- R. Verma and S.K. Ghosh, J. Chem. Soc., Perkin Trans. 2, 265(1999).
- M. Sefkow, A. Koch, and E. Kleinpeter, Helv. Chim. Acta, 85, 4216 (2002).

72

74
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Fig. 1.5. Minimum energy structure of dili-
thium derivative of di-iso-propyl malate.
Reproduced from Helv. Chim. Acta, 85, 4216
(2002), by permission of Wiley-VCH.

group as well as the C(3). HF/6-31G* computations indicate that tricoordinate structures
are formed, such as that shown for the di-iso-propyl ester in Figure 1.5. Curiously, the
highest diastereoselectivity (19:1) is seen with the di-iso-propyl ester. For the dimethyl,
diethyl, and di-#-butyl esters, the ratios are about 8:1. The diastereoselectivity is even
higher (40:1) with the mixed z-butyl-iso-propyl ester. This result can be understood
by considering the differences in the si and re faces of the enolates. In the di-z-butyl
ester, both faces are hindered and selectivity is low. The di-iso-propyl ester has more
hindrance to the re face, and this is accentuated in the mixed ester.

favored by 19:1 favored by 7:1 favored by 4.5:1 favored by 40:1
) ; Me Li _ Me )
,LLI ~ H Me |__L/0 @ - fo LiJ H Me
Li- O§ % o™ T 2 1T S

. 5 ., Li- “” 4
/Z\/).O Me ‘/z\)~o Me I\‘\ ?Z\/)’O Me Lir —j.Z\/)\o ’Me

‘y _ = O I‘ _
0™ 0" % Q o

N—H Me"')_H O.
Me* Me Me"

Me Me e
e \

M Me \
increased hindrance increased hindrance increased hindrance
at both faces at si face atre face

Alkylations of this type also proved to be sensitive to the cation. Good stereo-
selectivity (15:1) was observed for the lithium enolate, but the sodium and potassium
enolates were much less selective.” This probably reflects the weaker coordination of
the latter metals.

HO HO
k/coch(CHs)2 2eq. base )\/COQCH(CHs)Q
(CH3),CHO,C (CH3),CHO,C™ Y
e 2 ArCH,Br vz 2 B OCH
base yield anti:syn 3
LiIHMDS 80 15:1
OCH,Ph
NaHMDS 45 1:2
KHMDS 20 1:1

Carboxylic acids can be directly alkylated by conversion to dianions with two
equivalents of LDA. The dianions are alkylated at the a-carbon, as would be expected,
because the enolate carbon is a more strongly nucleophilic than the carboxylate anion.”®

75+ M. Sefkow, J. Org. Chem., 66, 2343 (2001).
76- P. L. Creger, J. Org. Chem., 37, 1907 (1972); P. L. Creger, J. Am. Chem. Soc., 89, 2500 (1967);
P. L. Creger, Org. Synth., 50, 58 (1970).
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CHs
" CH3(CH2)3C|)COZH
R 2
CH, O7Li ) CH,

2LDA CHj; O Lit 1) CH3(CH,)3Br

(CH3),CHCO,H

80%

Nitriles can also be converted to anions and alkylated. Acetonitrile (pKppso = 31.3)
can be deprotonated, provided a strong nonnucleophilic base such as LDA is used.

1)?

2) (CHg),4SiCl

CHsC=N P2 |icH,c=N
THF

(CHg)3SIOCH,CH,CH,C =N
78%
Ref. 77
Phenylacetonitrile (pKpyso = 21.9) is considerably more acidic than acetonitrile.

Dialkylation has been used in the synthesis of meperidine, an analgesic substance.”®

steps
®CH2C;N + CHgN(CH,CH,Cl), N2 ©7<:/\NCH3 =22 ©7CNCH3
CN

CO,CH,CHj4
meperidine

We will see in Section 1.2.6 that the enolates of imides are very useful in synthesis.
Particularly important are the enolates of chiral N-acyloxazolidinones.

Scheme 1.6 gives some examples of alkylation of esters, amides, and nitriles.
Entries 1 and 2 are representative ester alkylations involving low-temperature

Scheme 1.6. Alkylation of Esters, Amides, and Nitriles

1@ 1) LDA, THF, -70°C CO,CHy
CO,CHs
(CH,)¢CH3

2) CHg(CHy)gl, HMPA, 25°C

~90%
2b
CHy(CHy)400,CyHy 1) ) ~NOH(CHy), Li*, 78°C OHy(CHJCHCO,Cot;
2) CHyCH,CH,CH,Br CH,CH,CH,CHj,
75%
H
1)LDA,DME ~ CHs : 0
0 0
2) CHo=CH(CH,),Br £ 1""(CH,)sCH=CH,
3) LDA, DME HyC CH,
' 86%
4) CHyl
1) LDA
2) CHgl, HMPA

(Continued)

77-S. Murata and 1. Matsuda, Synthesis, 221 (1978).
8- 0. Eisleb, Ber., 74, 1433 (1941); cited in H. Kagi and K. Miescher, Helv. Chim. Acta, 32, 2489 (1949).



Scheme 1.6. (Continued)

se HO, CH40,

] 1) 2 LDA, THF, -78°C
o o]
CHj

o) 2) 2 CHsl, HMPA, —45°C

OH OH

CHs 1) 2eq.LDA  CHs wCHy

CHy" 0" O 2) CHy HMPA cHy  O7 O

79 6]
L2577 v vomos ool
CH3(CHy)1o ' > N CHy

2) ICH,CH=CH(CH,),CHz  CH4(CHy)1o

gh (0] O (CH,)4CH=C(CHs3),

1) LDA
PhCH,—N PhCH, —N
2) (CHg),C = CH(CH,),04SAr
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83%
9 CHs,, CHSI,,
CH, CN 1) LDA, THF, HMPA CHs (CH,),0TMS
“CN
CHj H 2) Br(CH,),0TMS CHs o 83%
10 H
[O CH,CH,
Sl T Joremes o o
CH,Br j & \)
O CN O
CN O 83%
a. T. R. Williams and L. M. Sirvio, J. Org. Chem., 45, 5082 (1980).
b. M. W. Rathke and A. Lindert, J. Am. Chem. Soc., 93, 2320 (1971).
c. S. C. Welch, A. S. C. Prakasa Rao, G. G. Gibbs, and R. Y. Wong, J. Org. Chem., 45, 4077 (1980).
d. W. H. Pirkle and P. E. Adams, J. Org. Chem., 45, 4111 (1980).
e. H.-M. Shieh and G. D. Prestwich, J. Org. Chem., 46, 4319 (1981).
f. J. Tholander and E. M. Carriera, Helv. Chim. Acta, 84, 613 (2001).
g. P. J. Parsons and J. K. Cowell, Synlert, 107 (2000).
h. D. Kim, H. S. Kim, and J. Y. Yoo, Tetrahedron Lett., 32, 1577 (1991).
i.

L. A. Paquette, M. E. Okazaki, and J.-C. Caille, J. Org. Chem., 53, 477 (1988).
j- G. Stork, J. O. Gardner, R. K. Boeckman, Jr., and K. A. Parker, J. Am. Chem. Soc., 95, 2014 (1973).

deprotonation by hindered lithium amides. Entries 3 to 7 are lactone alkylations. Entry
3 involves two successive alkylation steps, with the second group being added from
the more open face of the enolate. Entry 4 also illustrates stereoselectivity based on a
steric effect. Entry 5 shows alkylation at both the enolate and a hydroxy group. Entry
6 is a step in the synthesis of the C(33)-C(37) fragment of the antibiotic amphotericin
B. Note that in this case although the hydroxy group is deprotonated it is not methyl-
ated under the reaction conditions being used. Entry 7 is a challenging alkylation of
a sensitive (3-lactone. Although the corresponding saturated halide was not reactive
enough, the allylic iodide gave a workable yield. Entry 8 is an alkylation of a lactam.

Entries 9 and 10 are nitrile alkylations, the latter being intramolecular.

Alkylation of Enolates
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1.2.4. Generation and Alkylation of Dianions

In the presence of a very strong base, such as an alkyllithium, sodium or potassium
hydride, sodium or potassium amide, or LDA, 1,3-dicarbonyl compounds can be
converted to their dianions by two sequential deprotonations.” For example, reaction of
benzoylacetone with sodium amide leads first to the enolate generated by deprotonation
at the more acidic methylene group between the two carbonyl groups. A second
equivalent of base deprotonates the benzyl methylene group to give a dienediolate.

Li*o- o-Lit  PhCHCHs o
| 2 NaNH, I Cl |
PhCH,CCH,CCH, PhCH=C—CH=C—CHj PhCHCCH,CCHj
PhCHCH,4

Ref. 80
Alkylation of dianions occurs at the more basic carbon. This technique permits
alkylation of 1,3-dicarbonyl compounds to be carried out cleanly at the less acidic
position. Since, as discussed earlier, alkylation of the monoanion occurs at the carbon
between the two carbonyl groups, the site of monoalkylation can be controlled by
choice of the amount and nature of the base. A few examples of the formation and
alkylation of dianions are collected in Scheme 1.7. In each case, alkylation occurs
at the less stabilized anionic carbon. In Entry 3, the a-formyl substituent, which is
removed after the alkylation, serves to direct the alkylation to the methyl-substituted
carbon. Entry 6 is a step in the synthesis of artemisinin, an antimalarial component
of a Chinese herbal medicine. The sulfoxide serves as an anion-stabilizing group and
the dianion is alkylated at the less acidic a-position. Note that this reaction is also
stereoselective for the trans isomer. The phenylsulfinyl group is removed reductively
by aluminum. (See Section 5.6.2 for a discussion of this reaction.)

1.2.5. Intramolecular Alkylation of Enolates

There are many examples of formation of three- through seven-membered rings by
intramolecular enolate alkylation. The reactions depend on attainment of a TS having an
approximately linear arrangement of the nucleophilic carbon, the electrophilic carbon,
and the leaving group. Since the HOMO of the enolate ({s,) is involved, the approach
must be approximately perpendicular to the enolate.’' In intramolecular alkylation,
these stereoelectronic restrictions on the direction of approach of the electrophile
to the enolate become important. Baldwin has summarized the general principles
that govern the energetics of intramolecular ring-closure reactions.®” Analysis of the
stereochemistry of intramolecular enolate alkylation requires consideration of both the
direction of approach and enolate conformation. The intramolecular alkylation reaction
of 7 gives exclusively 8, having the cis ring juncture.®® The alkylation probably occurs
through a TS like F. The TS geometry permits the 7 electrons of the enolate to achieve
an approximately colinear alignment with the sulfonate leaving group. The TS G for

- For reviews, see (a) T. M. Harris and C. M. Harris, Org. React., 17, 155 (1969); E. M. Kaiser, J. D. Petty,
and P. L. A. Knutson, Synthesis, 509 (1977); C. M. Thompson and D. L. C. Green, Tetrahedron, 47,
4223 (1991); C. M. Thompson, Dianion Chemistry in Organic Synthesis, CRC Press, Boca Raton, FL,
1994.

80. D. M. von Schriltz, K. G. Hampton, and C. R. Hauser, J. Org. Chem., 34, 2509 (1969).

81. J. E. Baldwin and L. L. Kruse, J. Chem. Soc., Chem. Commun., 233 (1977).

82. J. E. Baldwin, R. C. Thomas, L. I. Kruse, and L. Silberman, J. Org. Chem., 42, 3846 (1977).

83. J. M. Conia and F. Rouessac, Tetrahedron, 16, 45 (1961).
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a. T. M. Harris, S. Boatman, and C. R. Hauser, J. Am. Chem. Soc., 85, 3273 (1963); S. Boatman, T. M. Harris, and
C. R. Hauser, J. Am. Chem. Soc., 87, 82 (1965); K. G. Hampton, T. M. Harris, and C. R. Hauser, J. Org. Chem., 28,
1946 (1963).

. K. G. Hampton, T. M. Harris, and C. R. Hauser, Org. Synth., 47, 92 (1967).

. S. Boatman, T. M. Harris, and C. R. Hauser, Org. Synth., 48, 40 (1968).

. S. N Huckin and L. Weiler, J. Am. Chem. Soc., 96,1082 (1974).

. F. W. Sum and L. Weiler, J. Am. Chem. Soc., 101, 4401 (1979).

M. A. Avery, W. K. M. Chong, and C. Jennings-White, J. Am. Chem. Soc., 114, 974 (1992).
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formation of the frans ring junction would be more strained because of the necessity
to span the distance to the opposite face of the enolate 7 system.
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Geometric factors in the TS are also responsible for differences in the case of
cyclization of enolates 9 and 10.3

Ho H
0

(CHs)sCﬁﬁCH THF reflux or - (CHg),C o

B 2 4eqHMPAIn H

9 CHchzBr ether, 25°C 81+5%
° CH, 4eqHMPAin O
. 2 ether, 25°C

(CH3)sC ,_;H

£ this cyclization is slower than for
z the cis isomer and there is some
H,CH,B CH,3)3C
10 CH,CH,Br (CHy)s H competitive epimerization.

A number of examples of good stereoselectivity based on substituent control of
reactant conformation have been identified. For example, 11 gives more than 96%
stereoselectivity for the isomer in which the methyl and 2-propenyl groups are cis.5

OTs

KHDMS
THF
-78°C

11 CH,

Similar cis stereoselectivity was observed in formation of four- and five-membered
rings.®® The origin of this stereoselectivity was probed systematically by a study in
which a methyl substituent was placed at the C(3), C(4), C(5), and C(6) positions of
ethyl 7-bromoheptanoate. Good (>93%) stereoselectivity was noted for all but the
C(5) derivative.®” These results are consistent with a chairlike TS with the enolate in
an equatorial-like position. In each case the additional methyl group can occupy an
equatorial position. The reduced selectivity of the 5-methyl isomer may be due to the
fact that the methyl group is farther from the reaction site than in the other cases.
Br

9 ,/'%CHS

C,H50
CHj

An intramolecular alkylation following this stereochemical pattern was used in the
synthesis of (-)-fumagillol, with the alkadienyl substituent exerting the dominant
conformational effect.®®

OTs
OCH,Ph PhCHO (To_ OCH,Ph

CO,CH; KHMDS TsQ
A —45°C :
H il
CHs 101 ppcH,0 OCH,

CO,CH,
PhCH,O OCHs

8. H. O. House and W. V. Phillips, J. Org. Chem., 43, 3851 (1978).

8. D. Kim and H. S. Kim, J. Org. Chem., 52, 4633 (1987).

8. D, Kim, Y. M. Jang, L. O. Kim, and S. W. Park, J. Chem. Soc., Chem. Commun., 760 (1988).
87- T, Tokoroyama and H. Kusaka, Can. J. Chem., 74, 2487 (1996).

8. D. Kim, S. K. Ahn, H. Bae, W. J. Choi, and H. S. Kim, Tetrahedron Lett., 38, 4437 (1997).



Scheme 1.8 shows some intramolecular enolate alkylations. The reactions in
Section A involve alkylation of ketone enolates. Entry 1 is a case of a-alkylation of
a conjugated dienolate. In this case, the a-alkylation is also favored by ring strain
effects because <y-alkylation would lead to a four-membered ring. The intramolecular
alkylation in Entry 2 was used in the synthesis of the terpene seychellene.

Scheme 1.8. Intramolecular Enolate Alkylation
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Br
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4
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i
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OTs
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SNT1 CH,
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s stereoisomer)
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Hs .
\(/\%\ LIHMDS
CH,Br b
THF
CHg CH, 86%
Gf
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CHy NcH, CHs  THF-HMPA N CH3 0%
CHs Nop,

(Continued)
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Scheme 1.8. (Continued)
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A. Srikrishna, G. V. R. Sharma, S. Danieldoss, and P. Hemamalini, J. Chem. Soc., Perkin Trans. 1, 1305 (1996).
E. Piers, W. de Waal, and R. W. Britton, J. Am. Chem. Soc., 93, 5113 (1971).

D. Kim, S. Kim, J.-J. Lee, and H. S. Kim, Tetrahedron Lett., 31, 4027 (1990).

J. Lee and J. Hong, J. Org. Chem., 69, 6433 (2004).

D. Kim, J. I. Lim, K. J. Shin, and H. S. Kim, Tetrahedron Lett., 34, 6557 (1993).

F.-D. Boyer and P.-H. Ducrot, Eur. J. Org. Chem., 1201 (1999).

S. Danishefsky, K. Vaughan, R. C. Gadwood, and K. Tsuzuki, J. Am. Chem. Soc., 102, 4262 (1980).

Z.J. Song, M. Zhao, R. Desmond, P. Devine, D. M. Tschaen, R. Tillyer, L.Frey, R. Heid, F. Xu;, B. Foster, J. Li,
R. Reamer, R. Volante, E. J. Grabowski, U. H. Dolling, P. J. Reider, S. Okada, Y. Kato and E. Mano, J. Org. Chem.,
64, 9658 (1999).

50 e s o

Entries 3 to 6 are examples of ester enolate alkylations. These reactions show
stereoselectivity consistent with cyclic TSs in which the hydrogen is eclipsed with the
enolate and the larger substituent is pseudoequatorial. Entries 4 and 5 involve S,2’
substitutions of allylic halides. The formation of the six- and five-membered rings,
respectively, is the result of ring size preferences with 5 > 7 and 6 > 8. In Entry 4,
reaction occurs through a chairlike TS with the tertiary C(5) substituent controlling
the conformation. The cyclic TS results in a trans relationship between the ester and
vinylic substituents.

CasO,C
CHs G,

Entry 6 results in the formation of a four-membered ring and shows good stereo-
selectivity. Entry 7 is a step in the synthesis of a tetracyclic lactone, quadrone, that
is isolated from a microorganism. Entry 8 is a step in a multikilo synthesis of an
endothelin receptor antagonist called cyclopentapyridine I. The phosphate group was
chosen as a leaving group because sulfonates were too reactive at the diaryl carbinol
site. The reaction was shown to go with inversion of configuration.



1.2.6. Control of Enantioselectivity in Alkylation Reactions

The alkylation of an enolate creates a new stereogenic center when the o-
substituents are nonidentical. In enantioselective synthesis, it is necessary to control
the direction of approach and thus the configuration of the new stereocenter.

(O (0] O
RZ \\RZ \\CHzR
R/\/ + RCH,—X — R S CH,R or R S aRZ
RE
RE RE

Enantioselective enolate alkylation can be done using chiral auxiliaries. (See
Section 2.6 of Part A to review the role of chiral auxiliaries in control of reaction stereo-
chemistry.) The most frequently used are the N-acyloxazolidinones.®’ The 4-isopropyl
and 4-benzyl derivatives, which can be obtained from valine and phenylalanine, respec-
tively, and the cis-4-methyl-5-phenyl derivatives are readily available. Another useful
auxiliary is the 4-phenyl derivative.”

o o o) o)
I I I I
0" °NH 0" °NH 0" "NH 0" °NH
= < N .
CH(CHg), CH,Ph Ph  CH, Ph

Several other oxazolidinones have been developed for use as chiral auxiliaries. The
4-isopropyl-5,5-dimethyl derivative gives excellent enantioselectivity.’! 5,5-Diaryl
derivatives are also quite promising.”

o o)
0 I 1
oSN Q" 'NH 0" NH
Naph
CH Ph
® CH, CH(CH), Ph CH(CHa)2  Naph  'CH(CHa),

The reactants are usually N-acyl derivatives. The lithium enolates form chelate
structures with Z-stereochemistry at the double bond. The ring substituents then govern
the preferred direction of approach.
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P e RXpn Teh,
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8. D. A. Evans, M. D. Ennis, and D. J. Mathre, J. Am. Chem. Soc., 104, 1737 (1982); D.J. Ager, 1. Prakash,
and D. R. Schaad, Chem. Rev., 96, 835 (1996); D. J. Ager, 1. Prakash, and D. R. Schaad, Aldrichimica
Acta, 30, 3 (1997).

9. E. Nicolas, K. C. Russell, and V. J. Hruby, J. Org. Chem., 58, 766 (1993).

91 S. D. Bull, S. G. Davies, S. Jones, and H. J. Sanganee, J. Chem. Soc., Perkin Trans. 1, 387 (1999);
S. G. Davies and H. J. Sangaee, Tetrahedron: Asymmetry, 6, 671 (1995); S. D. Bull, S. G. Davies,
R. L. Nicholson, H. J. Sanganee, and A. D. Smith, Org. Biomed. Chem., 1, 2886 (2003).

2. T. Hintermann and D. Seebach, Helv. Chim. Acta, 81, 2093 (1998); C. L. Gibson, K. Gillon, and
S. Cook, Tetrahedron Lett., 39, 6733 (1998).
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In 12 the upper face is shielded by the isopropyl group, whereas in 13 the lower face is
shielded by the methyl and phenyl groups. As a result, alkylation of the two derivatives
gives products of the opposite configuration. The initial alkylation product ratios are
typically 95:5 in favor of the major isomer. Since these products are diastereomeric
mixtures, they can be separated and purified. Subsequent hydrolysis or alcoholysis
provides acids or esters in enantiomerically enriched form. Alternatively, the acyl
imides can be reduced to alcohols or aldehydes. The final products can often be
obtained in greater than 99% enantiomeric purity.

A number of other types of chiral auxiliaries have been employed in enolate
alkylation. Excellent results are obtained using amides of pseudoephedrine. Alkylation
occurs anti to the a-oxybenzyl group.®® The reactions involve the Z-enolate and there
is likely bridging between the two lithium cations, perhaps by di-(isopropyl)amine.”

OLi
H 'do
X
cHy N YR
CHy Hw /
7N
X
CHs OLi 1) LDA, CH. O
: UM Lo 7
’I\l [I\] CHj
OLi CH, 2) n-Bul OH CHg CH,

Both enantiomers of the auxiliary are available, so either enantiomeric product
can be obtained. This methodology has been applied to a number of enantioselective
syntheses.” For example, the glycine derivative 14 can be used to prepare a-amino
acid analogs.”

o 1) LiHMDS,
LiCl (3.2 eq. o}
v >N N
H \ 2) %CHzl FO 79%
14 OH  CH, OH  CH, 91:9 dr

Enolates of phenylglycinol amides also exhibit good diastereoselectivity.”” A chelating
interaction with the deprotonated hydroxy group is probably involved here as well.

1)s-Buli, Ph o
4 jv MO ho S )K(CH
HO_ CH s
\/\rl\l 3 \/\ll\]
2) PhCH,Br CH,Ph
CH, ) 2 CHj CH2

The trans-2-naphthyl cyclohexyl sulfone 15 can be prepared readily in either
enantiomeric form. The corresponding ester enolates can be alkylated in good yield
and diastereoselectivity.”® In this case, the steric shielding is provided by the naphthyl

%A G. Myers, B. H. Yang, H. Chen, L. McKinstry, D. J. Kopecky, and J. L. Gleason, J. Am. Chem.
Soc., 119, 6496 (1997); A. G. Myers, M. Siu, and F. Ren, J. Am. Chem. Soc., 124, 4230 (2002).

- J. L. Vicario, D. Badia, E. Dominguez, and L. Carrillo, J. Org. Chem., 64, 4610 (1999).

95-'S. Karlsson and E. Hedenstrom, Acta Chem. Scand., 53, 620 (1999).

% A.G. Mpyers, P. S. Schnider, S. Kwon, and D. W. Kung, J. Org. Chem., 64, 3322 (1999).

7- V. Jullian, J.-C. Quirion, and H.-P. Husson, Synthesis, 1091 (1997).

98- G. Sarakinos and E. J. Corey, Org. Lett., 1, 1741 (1999).



group and there is probably also a m — 7 interaction between the naphthalene ring and
the enolate.
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As with the acyl oxazolidinone auxiliaries, each of these systems permits hydrolytic
removal and recovery of the chiral auxiliary

Scheme 1.9 gives some examples of diastereoselective enolate alkylations.
Entries 1 to 6 show the use of various N-acyloxazolidinones and demonstrate the

Scheme 1.9. Diastereoselective Enolate Alkylation Using Chiral Auxiliaries
O o )(i o
12 O)kNJ\/

1) LDA o N)H/
\ 2) PhCH,Br i
PR “CHy

\\*. “y CHZPh
PR™ CHs 78%, dr 98:2

0o o OO OCHg 0 o OCHj,
L 1) NaHMDS I OO

2 q N chy 9 N X
\’y \’$/CH3 74%, dr = 94:6

1) NaHVDS .
3¢ \_/ 2) BrCH,CO,C(CHg), /'
CH,Ph

Hy)sCO,C CH2Ph

77%, ds>95%

(CHa) zcu Jk ) LDA, -78°C

(CHg)CH § i
4 N P 2/CHa._ CO,CH,Ph NP
z PhCH,0,C CH, 79%, >98:2dr
CHoPh OSO0,CF, CHzPh
9 o
O o
50 o N g ILDA K
\ 2) BICH,CO,C(CHy);  (CHa,CH | N0
CH,Ph B
(CHICOL Gy p
74% yield, >95%dr

(Continued)
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Scheme 1.9. (Continued)
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CH, ‘ CHILHYoH Sr':'zph 94%
CHsCH,Ph 32
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a. D. A. Evans, M. D. Ennis, and D. J. Mathre, J. Am. Chem. Soc., 104, 1737 (1982).
b. A. Fadel, Synlett, 48 (1992).
c. J. L. Charlton and G-L. Chee, Can. J. Chem., 75, 1076 (1997).
d. C. P. Decicco, D. J. Nelson, B. L. Corbett, and J. C. Dreabit, J. Org. Chem., 60, 4782 (1995).
e. R. P. Beckett, M. J. Crimmin, M. H. Davis, and Z. Spavold, Synlett, 137 (1993).
f. D. A. Evans, D. J. Mathre, and W. L. Scott, J. Org. Chem., 50, 1830 (1985).
g. S. D. Bull, S. G. Davies, R. L. Nicholson, H. J. Sanganee, and A. D. Smith, Organic and Biomolec. Chem., 1,
2886 (2003).
h. J. D. White, C.-S. Lee and Q. Xu, Chem. Commun. 2012 (2003).

stereochemical control by the auxiliary ring substituent. Entry 2 demonstrated the feasi-
bility of enantioselective synthesis of a-aryl acetic acids such as the structure found
in naproxen. Entries 3 to 6 include ester groups in the alkylating agent. In the case
of Entry 4, it was shown that inversion occurs in the alkylating reagent. Entry 7 is
an example of the use of one of the more highly substituted oxazolidinone deriva-
tives. Entries 8 and 9 are from the synthesis of a neurotoxin isolated from a saltwater
bacterium. The pseudoephedrine auxiliary shown in Entry 8 was used early in the
synthesis and the 4-phenyloxazolidinone auxiliary was used later, as shown in Entry 9.
The facial selectivity of a number of more specialized enolates has also been
explored, sometimes with surprising results. Schultz and co-workers compared the
cyclic enolate H with 1.” Enolate H presents a fairly straightforward picture. Groups
such as methyl, allyl, and benzyl all give selective B-alkylation, and this is attributed
to steric factors. Enolate I can give either a- or (-alkylation, depending on the
conditions. The presence of NH; or use of LDA favors a-alkylation, whereas the use

% A. G. Schultz, M. Macielag, P. Sudararaman, A. G. Taveras, and M. Welch, J. Am. Chem. Soc., 110,
7828 (1988).



of n-butyllithium as the base favors 3-alkylation. Other changes in conditions also
affect the stereoselectivity. This is believed to be due to alternative aggregated forms

of the enolate.
preferred alkylation
\ N OCH,4

Zon

OCH,

The compact bicyclic lactams 15 and 16 are examples of chiral systems that show
high facial selectivity. Interestingly, 15 is alkylated from the convex face. When two
successive alkylations are done, both groups are added from the endo face, so the
configuration of the newly formed quaternary center can be controlled. The closely
related 16 shows exo stereoselectivity. '

(0]
Rg;é 1)s-BuLi RS—N

2)R1x

R = Ph, i-Pr, t-Bu
1) s-BuLi RLN
2) R'X

Crystal structure determination and computational studies indicate substantial pyra-
midalization of both enolates with the higher HOMO density being on the endo face for
both 15 and 16. However, the TS energy [MP3/6-31G+(d)] correlates with experiment,
favoring the endo TS for 15 (by 1.3kcal/mol) and exo for 16 (by 0.9 kcal/mol).
A B3LYP/6-31G(d) computational study has also addressed the stereoselectivity of
16."°! As with the ab intitio calculation, the Li* is found in the endo position with
an association with the heterocyclic oxygen. The exo TS is favored but the energy
difference is very sensitive to the solvent model. The differences between the two
systems seems to be due to the endo C(4) hydrogen that is present in 16 but not in 15.

CHj,

1)s-BulLi R&
H 2)RrR2x

) W

O\;H N_/

o

100-° A I. Meyers, M. A. Seefeld, B. A. Lefker, J. F. Blake, and P. G. Williard, J. Am. Chem. Soc., 120,
7429 (1998).
101y Tkuta and S. Tomoda, Org. Lett., 6, 189 (2004).
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1.3. The Nitrogen Analogs of Enols and Enolates: Enamines
and Imine Anions

The nitrogen analogs of ketones and aldehydes are called imines, azomethines,
or Schiff bases, but imine is the preferred name and we use it here. These compounds
can be prepared by condensation of primary amines with ketones or aldehydes.'”> The
equilibrium constants are unfavorable, so the reaction is usually driven forward by
removal of water.

i
R—C—R + H,NR® ——= R—C—R + H,0

When secondary amines are heated with ketones or aldehydes in the presence of an
acidic catalyst, a related reaction occurs, and the product is a substituted vinylamine
or enamine.

(0] NR'2
R')I\CHzR + HNR", — /g + H,0

There are other methods for preparing enamines from ketones that utilize strong
chemical dehydrating reagents. For example, mixing carbonyl compounds and
secondary amines followed by addition of titanium tetrachloride rapidly gives
enamines. This method is especially applicable to hindered amines.'®® Triethoxysilane
can also be used.!® Another procedure involves converting the secondary amine to
its N-trimethylsilyl derivative. Owing to the higher affinity of silicon for oxygen than
nitrogen, enamine formation is favored and takes place under mild conditions.!®

88%

The B-carbon atom of an enamine is a nucleophilic site because of conjugation
with the nitrogen atom. Protonation of enamines takes place at the (3-carbon, giving
an iminium ion.

+

+ _ H +
R'ZN—(|:=CR2 - R‘2N=(|Z—CR2 — R'2N=(|3—CHR2
R R R

102. For general reviews of imines and enamines, see P. Y. Sollenberger and R. B. Martin, in Chemistry of
the Amino Group, S. Patai, ed., Interscience, New York, 1968, Chap. 7; G. Pitacco and E. Valentin, in
Chemistry of Amino, Nitroso and Nitro Groups and Their Derivatives, Part 1, S. Patai, ed., Interscience,
New York, 1982, Chap. 15; P. W. Hickmott, Tetrahedron, 38, 3363 (1982); A. G. Cook, ed., Enamines,
Synthesis, Structure and Reactions, Marcel Dekker, New York, 1988.

103 'W. A. White and H. Weingarten, J. Org. Chem., 32, 213 (1967); R. Carlson, R. Phan-Tan-Luu,
D. Mathieu, F. S. Ahounde, A. Babadjamian, and J. Metzger, Acta Chem. Scand., B32, 335 (1978);
R. Carlson, A. Nilsson, and M. Stromqvist, Acta Chem. Scand., B37,7 (1983); R. Carlson and A. Nilsson,
Acta Chem. Scand., B38, 49 (1984); S. Schubert, P. Renaud, P.-A. Carrupt, and K. Schenk, Helv. Chim.
Acta, 76, 2473 (1993).

104. B, E. Love and J. Ren, J. Org. Chem., 58, 5556 (1993).

105. R, Comi, R. W. Franck, M. Reitano, and S. M. Weinreb, Tetrahedron Lett., 3107 (1973).



The nucleophilicity of the 3-carbon atoms permits enamines to be used synthetically
for alkylation reactions.

. o 9F
Y . H,
R'ZN—C|I=/C\R2 clefx —RaN =C—C—CHR" - R—C—C—CHR"
|

R R" R R R

The enamines derived from cyclohexanones are of particular interest. The pyrrol-
idine enamine is most frequently used for synthetic applications. The enamine mixture
formed from pyrrolidine and 2-methylcyclohexanone is predominantly isomer 17.1% A
steric effect is responsible for this preference. Conjugation between the nitrogen atom
and the m orbitals of the double bond favors coplanarity of the bonds that are darkened
in the structures. In isomer 17 the methyl group adopts a quasi-axial conformation to
avoid steric interaction with the amine substituents.!”” A serious nonbonded repulsion
(A'3 strain) in 18 destabilizes this isomer.

steric
H> <H H> <H /repulsion
H N H HONT Ty H
SO L

7, AN
‘C—H
N H

H
17 18

Owing to the predominance of the less-substituted enamine, alkylations occur primarily
at the less-substituted «-carbon. Synthetic advantage can be taken of this selec-
tivity to prepare 2,6-disubstituted cyclohexanones. The iminium ions resulting from
C-alkylation are hydrolyzed in the workup procedure.

() ) .

H

CHy +ICHOH=CCHg . CHg N CHECH=COHy  —— CHg 9 CHaCH=CCHg

© CO,C(CHg)s ﬁj CO,C(CHa)s jij CO,H
5%

Ref. 108

Alkylation of enamines requires relatively reactive alkylating agents for good
results. Methyl iodide, allyl and benzyl halides, a-halo esters, a-halo ethers, and a-halo
ketones are the most successful alkylating agents. The use of enamines for selective
alkylation has largely been supplanted by the methods for kinetic enolate formation
described in Section 1.2.

Some enamine alkylation reactions are shown in Scheme 1.10. Entries 1 and 2 are
typical alkylations using reactive halides. In Entries 3 and 4, the halides are secondary
with a-carbonyl substituents. Entry 5 involves an unactivated primary bromide and
the yield is modest. The reaction in Entry 6 involves introduction of two groups. This

106- W. D. Gurowitz and M. A. Joseph, J. Org. Chem., 32, 3289 (1967).

107- F., Johnson, L. G. Duquette, A. Whitehead, and L. C. Dorman, Tetrahedron, 30, 3241 (1974); K. Muller,
F. Previdoli, and H. Desilvestro, Helv. Chim. Acta, 64, 2497 (1981); J. E. Anderson, D. Casarini, and
L. Lunazzi, Tetrahedron Lett., 25, 3141 (1988).

108 p_ 1. Stotter and K. A. Hill, J. Am. Chem. Soc., 96, 6524 (1974).
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48 Scheme 1.10. Alkylation of Enamines

CHAPTER 1 17 0 o
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. G. Stork and S. D. Darling, J. Am. Chem. Soc., 86, 1761 (1964).

. D. M. Locke and S. W. Pelletier, J. Am. Chem. Soc., 80, 2588 (1958).

. K. Sisido, S. Kurozumi, and K. Utimoto, J. Org. Chem., 34, 2661 (1969).

J. Borowitz, G. J. Williams, L. Gross, and R. Rapp, J. Org. Chem., 33, 2013 (1968).

A. Marshall and D. A. Flynn, J. Org. Chem., 44, 1391 (1979).
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was done by carrying out the reaction in the presence of an amine, which deprotonates
the iminium ion and permits the second alkylation to occur.

NR', N*R', NR',
e R " Ho
Re RN R"X

Imines can be deprotonated at the a-carbon by strong bases to give the nitrogen
analogs of enolates. Originally, Grignard reagents were used for deprotonation but
lithium amides are now usually employed. These anions, referred to as imine anions




Fig. 1.6. Crystal structure of dimer of lithium salt of
N-phenylimine of methyl #-butyl ketone. Two molecules of
diethyl ether are present. Reproduced from J. Am. Chem. Soc., 108,
2462 (1986), by permission of the American Chemical Society.

or metalloenamines,'” are isoelectronic and structurally analogous to both enolates

and allyl anions; they can also be called azaallyl anions.

NR' NR' “NR'
[ base |l |
RC—CHR"; —» RC—C™R", <= RC=CR",

Spectroscopic investigations of the lithium derivatives of cyclohexanone
N-phenylimine indicate that it exists as a dimer in toluene and that as a better donor
solvent, THF, is added, equilibrium with a monomeric structure is established. The
monomer is favored at high THF concentrations.'!® A crystal structure determination
was done on the lithiated N-phenylimine of methyl 7-butyl ketone, and it was found to
be a dimeric structure with the lithium cation positioned above the nitrogen and closer
to the phenyl ring than to the B-carbon of the imine anion.!!! The structure, which
indicates substantial ionic character, is shown in Figure 1.6.

Just as enamines are more nucleophilic than enol ethers, imine anions are more
nucleophilic than enolates and react efficiently with alkyl halides. One application of
imine anions is for the alkylation of aldehydes.

109- For a general review of imine anions, see J. K. Whitesell and M. A. Whitesell, Synthesis, 517 (1983).

110- N Kallman and D. B. Collum, J. Am. Chem. Soc., 109, 7466 (1987).

L H. Dietrich, W. Mahdi, and R. Knorr, J. Am. Chem. Soc., 108, 2462 (1986); P. Knorr, H. Dietrich, and
W. Mahdi, Chem. Ber., 124, 2057 (1991).
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MgBr
(CH3),CHCH=NC(CHs), MBF(CH3)ZC=CH—N/ ’ PhCH,Cl(CH,),C —CH=NC(CHj),
C(CHs)s Hy0 (|:H2Ph
l HyO"
(CHZ),CCH=0
(|3H2Ph
80% overall yield

Ref. 112
CHgCH=C—CH=0
e 1) LDA
2o XK
ICH,CHy”\_ & "CHs CHy"\_ “CH,
3) H,0
Ref. 113

Ketone imine anions can also be alkylated. The prediction of the regioselectivity
of lithioenamine formation is somewhat more complex than for the case of kinetic
ketone enolate formation. One of the complicating factors is that there are two imine
stereoisomers, each of which can give rise to two regioisomeric imine anions. The
isomers in which the nitrogen substituent R’ is syn to the double bond are the more
stable.!*

R! R
\ s
N N
[ — Il
CHg” “CH,R CHy” “CH,R
l |
R' ! R' '
o AN N A
Li l}l or N-Li+! N~Li or LN
¢ ' ¢ '

77N c 77N C
He” oHR - CHY NeH HCH)/ CHA  CHy' NCH
H

For methyl ketimines good regiochemical control in favor of methyl deproton-
ation, regardless of imine stereochemistry, is observed using LDA at —78°C. With
larger N-substituents, deprotonation at 25° C occurs anti to the nitrogen substituent.!!?

R R' R R'
g N / N
Il\ll N™Li* N Li*™N

LDA I | LDA |
RCH,CCHj T RCH,C=CH,  RCH,CCHR" — = RCH=CCHR'

112 G. Stork and S. R. Dowd, J. Am. Chem. Soc., 85, 2178 (1963).

13- T, Kametani, Y. Suzuki, H. Furuyama, and T. Honda, J. Org. Chem., 48, 31 (1983).

114 K. N. Houk, R. W. Stozier, N. G. Rondan, R. R. Frazier, and N. Chauqui-Ottermans, J. Am. Chem.
Soc., 102, 1426 (1980).

- J. K. Smith, M. Newcomb, D. E. Bergbreiter, D. R. Williams, and A. I. Meyer, Tetrahedron Lett., 24,
3559 (1983); J. K. Smith, D. E. Bergbreiter, and M. Newcomb, J. Am. Chem. Soc., 105, 4396 (1983);
A. Hosomi, Y. Araki, and H. Sakurai, J. Am. Chem. Soc., 104, 2081 (1982).

115



The thermodynamic composition is established by allowing the lithiated ketimines to
come to room temperature. The most stable structures are those shown below, and
each case represents the less-substituted isomer.

/R R\ /Rl
LN R ) e Li*-N
N-Li
H , CH H
N B NN . (CHCHC
> 9 CH,CHs ¢ CHCH ¢
CH, CH, CH,

The complete interpretation of regiochemistry and stereochemistry of imine depro-
tonation also requires consideration of the state of aggregation and solvation of the
base.!°

A thorough study of the factors affecting the rates of formation of lithiated imines
from cyclohexanone imines has been carried out.'!” Lithiation occurs preferentially
anti to the N-substituent and with a preference for abstraction of an axial hydrogen.

preferred
/ hydrogen
H
N//
A
R

If the amine carries a chelating substituent, as for 2-methoxyethylamine, the rate of
deprotonation is accelerated. For any specific imine, ring substituents also influence
the imine conformation and rate of deprotonation. These relationships reflect steric,
stereoelectronic, and chelation influences, and sorting out each contribution can be
challenging.

One of the potentially most useful aspects of the imine anions is that they can
be prepared from enantiomerically pure amines. When imines derived from chiral
amines are alkylated, the new carbon-carbon bond is formed with a bias for one of
the two possible stereochemical configurations. Hydrolysis of the imine then leads
to enantiomerically enriched ketone. Table 1.4 lists some examples that have been
reported.'3

The interpretation and prediction of the relationship between the configuration of
the newly formed chiral center and the configuration of the amine is usually based on
steric differentiation of the two faces of the imine anion. Most imine anions that show
high stereoselectivity incorporate a substituent that can engage the metal cation in a

116- M. P. Bernstein and D. B. Collum, J. Am. Chem. Soc., 115, 8008 (1993).

1178, Liao and D. B. Collum, J. Am. Chem. Soc., 125, 15114 (2003).

8. For a review, see D. E. Bergbreiter and M. Newcomb, in Asymmetric Synthesis, Vol. 2, J. D. Morrison,
ed., Academic Press, New York, 1983, Chap. 9.
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Table 1.4. Enantioselective Alkylation of Ketimines

Amine Ketone Alkyl group Yield% e.e.
a CHa)sCo
1 (CH3)sCu s Cyclohexanone  CH,=CHCH,Br 75 84
(CH3)3C0O,C NH,
ob  PhCH,
H=—CH,OCH;  Cyclohexanone  CH,=CHCH,Br 80  >99
HoN
3C :H
(CHg)sCH 2-Carbomethoxy- oy | 57 >99
(CH3)3COLC NH; cyclohexanone 8
d
4 CN —NH,
y 3-pentanone CH3CH,CH,l 57 97
CH,OCH,4
e
5 PhCH,
H7_'— CH,OCH,4 5-Nonanone CH,=CHCH,Br 80 94
HoN
a. S. Hashimoto and K. Koga, Tetrahedron Lett., 573 (1978).
b. A. I. Meyers, D. R. Williams, G. W. Erickson, S. White, and M. Druelinger, J. Am. Chem. Soc., 103,

3081 (1981).
. K. Tomioka, K. Ando, Y. Takemasa, and K. Koga, J. Am. Chem. Soc., 106, 1718 (1984).
. D. Enders, H. Kipphardt, and P. Fey, Org. Synth., 65, 183 (1987).
. A. 1. Meyers, D. R. Williams, S. White, and G. W. Erickson, J. Am. Chem. Soc., 103, 3088 (1981).

o o0

compact TS by chelation. In the case of Entry 2 in Table 1.4, for example, the TS J
rationalizes the observed enantioselectivity.

prevented by
steric shielding

N R
CH3O“|_i‘/JZ© CH30CH, N@
\ N “H ) A

X.-c LitX~

The important features of this transition structure are: (1) the chelation of the methoxy
group with the lithium ion, which establishes a rigid structure; (2) the interaction of
the lithium ion with the bromide leaving group, and (3) the steric effect of the benzyl
group, which makes the underside the preferred direction of approach for the alkylating
agent.

Hydrazones can also be deprotonated to give lithium salts that are reactive toward
alkylation at the [3-carbon. Hydrazones are more stable than alkylimines and therefore
have some advantages in synthesis.'!* The N,N-dimethylhydrazones of methyl ketones
are kinetically deprotonated at the methyl group. This regioselectivity is independent

119D, Enders, in Asymmetric Synthesis, J. D. Morrison, ed., Academic Press, Orlando, FL, 1984.



of the stereochemistry of the hydrazone.'”® Two successive alkylations of the N,N-
dimethylhydrazone of acetone provides unsymmetrical ketones.

NCHY, NCHIz 0
N 1) n-BuLi, 0°C N 1) n-BuLi, -5°C

I
I I CHg(CH,)sCCH,CH,CH=CH,
CHaCCH;  2) CsHygl  CHyg(CH,)sCCHy 2) BrCH,CH=CH,

3) H*, H,0

Ref. 121
The anion of cyclohexanone N,N-dimethylhydrazone shows a strong preference
for axial alkylation.'?? 2-Methylcyclohexanone N,N-dimethylhydrazone is alkylated
by methyl iodide to give cis-2,6-dimethylcyclohexanone. The 2-methyl group in the
hydrazone occupies a pseudoaxial orientation. Alkylation apparently occurs anti to the
lithium cation, which is on the face opposite the 2-methyl substituent.

N_ N N CHj
% NCHg), LPA /=77 iy, S % N(CHy), 20

C B z O
CHS CH3 H3C (_:H3 CH3

The N,N-dimethylhydrazones of o,B3-unsaturated aldehydes give a-alkylation,
similarly to the enolates of enones.'?

1) LDA

CHiCH=CHCH=NN(CH)2 5\ Gpy_(CHr),CH,Br

CH3(CH2)5C|:HCH == NN(CH3)2

CH=CH2 69%

Chiral hydrazones have also been developed for enantioselective alkylation
of ketones. The hydrazones are converted to the lithium salt, alkylated, and then
hydrolyzed to give alkylated ketone in good chemical yield and with high diastereo-
selective'* (see Table 1.4, Entry 4). Several procedures have been developed for
conversion of the hydrazones back to ketones.'” Mild conditions are necessary
to maintain the configuration at the enolizable position adjacent to the carbonyl
group. The most frequently used hydrazones are those derived from N-amino-2-
methoxymethypyrrolidine, known as SAMP. The (R)-enantiomer is called RAMP. The
crystal structure of the lithium anion of the SAMP hydrazone from 2-acetylnaphthalene
has been determined'?® (Figure 1.7). The lithium cation is chelated by the exocyclic
nitrogen and the methoxy group.

120- D E. Bergbreiter and M. Newcomb, Tetrahedron Lett., 4145 (1979); M. E. Jung, T. J. Shaw, R. R. Fraser,
J. Banville, and K. Taymaz, Tetrahedron Lett., 4149 (1979).

121 M. Yamashita, K. Matsumiya, M. Tanabe, and R. Suetmitsu, Bull. Chem. Soc. Jpn., 58, 407 (1985).

122- D. B. Collum, D. Kahne, S. A. Gut, R. T. DePue, F. Mohamadi, R. A. Wanat, J. Clardy, and G. Van
Duyne, J. Am. Chem. Soc., 106, 4865 (1984); R. A. Wanat and D. B. Collum, J. Am. Chem. Soc., 107,
2078 (1985).

123- M. Yamashita, K. Matsumiya, and K. Nakano, Bull. Chem. Soc. Jpn., 60, 1759 (1993).

124 D. Enders, H. Eichenauer, U. Baus, H. Schubert, and K. A. M. Kremer, Tetrahedron, 40, 1345 (1984);
D. Enders, H. Kipphardt, and P. Fey, Org. Synth., 65, 183 (1987); D. Enders and M. Klatt, Synthesis,
1403 (1996).

125 D. Enders, L. Wortmann, and R. Peters, Acc. Chem. Res., 33, 157 (2000).

126. D Enders, G. Bachstadtler, K. A. M. Kremer, M. Marsch, K. Hans, and G. Boche, Angew. Chem. Int.
Ed. Engl., 27, 1522 (1988).
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Scheme 1.11. Alkylation of Imine and Hydrazone Anions

CHAPTER 1

Alkylation of Enolates

and Other Carbon
Nucleophiles

1a ,C(CHa)s _C(CHy)s _C(CHa)
N N 1) LDA, 0°C N
P 1) 1.05 LDA, 0°C | |
CH H CHWH H
: 2NN o 2) Ci(CHp)gBr Mo [
CHj r 3 62% 3 cl
CH,
80%
2b ,CH(CH), _CH(CHy),
N 1) 1.2LDA, 0°C N
CHB\ACH3 | cH,
2)CH3/YBr CHa cl
c CH, CHyCHy 979,
5 _N(CHy),
1) 2LDA, THF o} N CH,4
HMPA, -78°C :
o} CHg
2) CHs _
BrWCHs CH3SCH™ Ty,
CHg CO,H
83%
N w
% 1) t-Buli
H'\ll\ CH,OCH, ) )J\ \/‘\
0__0 /\/‘\ CHs Hg 94%
CH
3 CHs 3) o3
5e O\ 1) LDA, THF /Y\(CH=O
N"“CH,0CH; ohyl O
| cH Y CHy CH,
7 :
CHyCH,CH” 3 0, CHs 92:8dr
¢ O‘CH OCH
O\ 1) LDA, THF N 2-Ts
N~ YCH,OCH, | s
| ) s N — s )—cHs
N X (D et N N (A NN
CH,CH I(CH,)g N N H Y TBDMSO
TBDMSO CHs,

82%

a. C. Stevens and N. De Kimpe, J. Org. Chem., 58, 132 (1993).

b. N. De Kimpe and W. Aelterman, Tetrahedron, 52, 12815 (1996).

c. M. A. Avery, S. Mehrotra, J. D. Bonk, J. A. Vroman, D. K. Goins, and R. Miller, J. Med. Chem., 39, 2900 (1996).

d. M. Majewski and P. Nowak, Tetrahedron Asymmetry, 9, 2611 (1998).

e. K. C. Nicolaou, E. W. Yue, S. LaGreca, A. Nadin, Z. Yang, J. E. Leresche, T. Tsuri, Y. Naniwa, and F. De Riccardis,
Chem. Eur. J., 1, 467 (1995).

f. K. C. Nicolaou, F. Sarabia, S. Ninkovic, M. Ray, V. Finlay, and C. N. C. Body, Angew. Chem. Int. Ed. Engl., 37, 81
(1998).

Scheme 1.11 provides some examples of alkylation of imine and hydrazone
anions. Entries 1 and 2 involve alkylation of anions derived from N-alkylimines. In
Entry 1, two successive alkyl groups are added. In Entry 2, complete regioselectivity



Fig. 1.7. Crystal structure of lithium salt of SAMP hydrazone of 2-
acetylnaphthalene. Two molecules of THF are present. Reproduced
from Angew. Chem. Int. Ed. Engl., 27, 1522 (1988), by permission of
Wiley-VCH.

for the chloro-substituted group is observed. This reaction was used in the synthesis
of an ant alarm pheromone called (S)-manicone. Entry 3 is an alkylation of a methyl
group in an N,N-dimethylhydrazone. This reaction was used to synthesize analogs of
the antimalarial substance arteminsinin. Entries 4 to 6 take advantage of the SAMP
group to achieve enantioselective alkylations in the synthesis of natural products. Note
that in Entries 4 and 5 the hydrazone was cleaved by ozonolysis. The reaction in
Entry 6 was done in the course of synthesis of epothilone analogs. (See Section 13.2.5.
for several epothilone syntheses.) In this case, the hydrazone was first converted to
a nitrile by reaction with magnesium monoperoxyphthalate and then reduced to the
aldehyde using DiBAIH.'?

General References

D. E. Bergbreiter and M. Newcomb, in Asymmetric Synthesis, J. D. Morrison, ed., Academic Press,
New York, 1983, Chap. 9.

D. Caine, in Carbon-Carbon Bond Formation, Vol. 1, R. L. Augustine, ed., Marcel Dekker, New York,
1979, Chap. 2.

A. G. Cook, ed., Enamines: Synthesis, Structure and Reactions, 2d Edition, Marcel Dekker, New York,
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C. H. Heathcock, Modern Synthetic Methods, 6, 1 (1992).

V. Snieckus, ed., Advances in Carbanion Chemistry, Vol. 1, JAI Press, Greenwich, CT, 1992.
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CHAPTER 1

Alkylation of Enolates

and Other Carbon
Nucleophiles

Problems

(References for these problems will be found on page 1271.)

1.1. Arrange each series of compounds in order of decreasing acidity.

[
(@) CHZCH,NO,, (CH5),CHCPh, CHZCH,LCN, CHL(CN),

(b)  [(CH3)2CHIoNH, (CH3),CHOH, (CH3),CH,, (CH3),CHPh

(6]
© I [T I I
CHzCCH,CO,CHj, CHyCCH,CCHg, CH;OCCH,Ph, CHZCOCH,Ph

(d) Il [l Il Il
PhCCH,Ph, (CH3)3CCCHj, (CH3)3CCCH(CHa),, PRCCH,CH,CH,

1.2. Write the structures of all possible enolates for each ketone. Indicate which
you expect to be favored in a kinetically controlled deprotonation. Indicate
which you would expect to be the most stable enolate.

(8) CH, ) © o d) CHs
o % .. ;QL
U\ (CH3),CHCCH,CH
CH
CHj LQ/

CH,
CH,

CoHsO  OC,Hs

1.3. Suggest reagents and reaction conditions that would be suitable for effecting
each of the following conversions.

(b) o o
CH,Ph CH, CHy
to CH,
CH, CH,
()
0 CH,CN
i Ph; éCHzPh :

3

CHCN
\
CH,Ph CH2Ph
(e) ) ®
(I? (|)s|(<:|43)3 o}
CHZCCH=CH, to  CH,=C—CH=CH, Q/CCH3 to %
CH,CH,CH,Br

o}
I
Q/CCH3 to : :

CH,CH,CH,Br



1.4. Intramolecular alkylation of enolates can be used to synthesize bi- and tricyclic

L.5.

1.6.

1.7.

compounds. Identify all the bonds in the following compounds that could be
formed by intramolecular enolate alkylation. Select the one that you think is
most likely to succeed and suggest reasonable reactants and reaction conditions

for cyclization.

(a) ; (© CO,CHs ()  CHy
O

CHy~cp, d

CO,CHj ) CHs CH,

CH30,C 0

Predict the major product of each of the following reactions:

(a) PhCltHCOZEt (1) 1 equiv LiNH,/NH,
CH,CO,Et (2) CHyl

(b) Ph?HcozE‘ (1) 2 equiv LiNH,/NHg

CH,CO,EL (2) CHgl

(c) Ph(|3H002H (1) 2 equiv LINH,/NH,4
CH,CO,Et (2) CHgl

Treatment of 2,3,3-triphenylpropanonitrile with one equivalent of KNH, in
liquid ammonia, followed by addition of benzyl chloride, gives 2-benzyl-
2,3,3-triphenylpropanonitrile in 97% yield. Use of two equivalents of KNH,
gives an 80% yield of 2,3,3,4-tetraphenylbutanonitrile under the same reaction

conditions. Explain.

Suggest readily available starting materials and reaction conditions suitable for
obtaining each of the following compounds by a procedure involving alkylation

of a carbon nucleophile.
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CHAPTER 1 CN
Alkylation of Enolates O
and Other Carbon Il
Nucleophiles (b)  (CH3),C=CHCH,CH,CCH,CO,CH3
(c) (0]
CHg
CH, CH,CO,H
(0]

(d)  CHzCH=CHCHCHCH,CH,CO,H
(e) 2,2,3-triphenylpropanonitrile

(f) 2,6-diallylcyclohexanone

CH30 o
CHsCH; "CH,CH=CH,
(h) CN
H20=CHCH2(|3Ph
clzNH2
g

(i) CH2=CH?HCHZCECH
CO,CH,CH,4

1.8. Perform a retrosynthetic dissection of each of the following compounds to
the suggested starting material using reactions that involve alkylation of an
enolate or an enolate equivalent. Then suggest a sequence of reactions that
you think would succeed in converting the suggested starting material to the
desired product.

(0] (0]
é/ CH3 6/00202*_{5
=

(a)
(b)

H,c CCHa




I |
(CH30),PCH,C(CH,),CH; = (CH30),PCH,CCH,4

() PhCHgCHzcl)HCOZCZH5 = PhCH,CO,CyHs

Ph
() O
CHs{:io = CHyCH=CHCO,CHs
o)
(9) CHg
QCN = NCCH,CO,C,Hs
o]
(h) OCH,CH=CH, OH
o) HO
o< =
o HO
(i) CHs CHs
D<|C|:CHZCH2C|:=CH2 = MﬁCchochzc:Hs
o} CHj o]

1.9. The carbon skeleton in structure 9-B is found in certain natural substances,
such as 9-C. Outline a strategy to synthesize 9-B from 9-A.

1.10. Analyze the factors that you expect to control the stereochemistry of the
following reactions:

(a)

CHj
CHQCH=CCH3 1) KHMDS 1) NaH
25°C
c|| 2) CHyl
(o] 2) CHyl
CH, ° (|3H3
R = CH,CH,OCH—
© (d) CO,CH
CH;0,C N H.C PAARK]
30z j: N )LDA | 3 co,cH, N
HaC o) 2) BrCH,CH=CH, J 2) BrCH2(|3=CH2
i OH
H CHg
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CHAPTER 1

(e) N=C

Alkylation of Enolates
and Other Carbon
Nucleophiles

(

(e)

(0]

PhyCOCH, o

()
(CH3)3CO,C

o)

a.  CHaCH,CO,H

|
b. CHz(CH,)C(CH,),CH3

(@)

Img 7
I
@

x4
CHgl [
: 0" "NCCH,CH, 1) NaHMDS
LiNH, \—/ 2) CH,= CHCHy|
Ph CH,4
Ph  CH
1) LDA/CHyl (h) 8 1) LDA/HMPA
2) LDA/CH,= CHCH,Br g © 2) CoHl
CHls 1) LIHMDS
=CH, 1)LHMDS Q !
2 CHeﬁoi)Vo\/cozcsz o
2) CH,l : 8
Ar

Ar = 4-methoxyphenyl

that high enantioselectivity could be achieved.

_. CHs coH
Ph o
CH3/\)H/\CH3

CHj3

CH30H=?CH=O

ICH,~__CHg H,C.__ CHy
O><O - o><O
CH%HB CH%HB
i I
(b)  CH3CCH,CO,H — CHZCCH,CH,CH=CH,
i i
(€)  (CHg)oCHCH,CH,CCH,CO,CHy —»  (CH3);CHCH,CHCCH,CO,CHg
CH4CH,CH,
9 o o
HaC\_ g H:C g
o) o) -
CH, CHy CHg
CH ©
s e — CHS
°:®<<CH2>SCI CH,=CCH,

HsC

1.11. Suggest methodology for carrying out the following transformations in a way

1.12. Indicate reagents and approximate reaction conditions that could be used to
effect the following transformations. More than one step may be required.



1.13. The observed stereoselectivity of each of the following reactions is somewhat
enigmatic. Discuss factors that could contribute to stereoselectivity in these
reactions.

o

)&CHZBr
(@) N

s/ 0
1) 2 LDA CH3
CH3);CO,C
(CH3)3CO,C CO,H (CH3)3C0, CO,H
(@) (0]
syn:anti = 5:1
CHg
i
Ph._N_ Ph
YT

(b) CHSOWO 1) CHyCH, CH;0 Q < )—0si(C,He)s
H
E}O 2) (C,Hs),SiCl QO high e.e.

1) LiCl, THF
Li*
(] H |

H
Q 2) PhN_Ph o]
d o CHaCH, ><:o OSi(C,Hs)3
H

3) (C,H5)5SiCl

(d)
0.0
@ 1) LIHMDS — —

o
= 2) n—C4Hgl (CHp);CHy *
= 56% = 505 (CH2)sCH3
© 1) 2 LiNEt, OH
CH3CH(CH,)3CO,C(CHa)3 )\/\(COZC(CH3)3
| 2) CHgX  CHj
OH CH,
CH3X HMPA  syn anti
CHgl no 56 44
CHgl yes 87 13

(CH;0),S0, yes 90 10

1.14. One of the compounds shown below undergoes intramolecular cyclization to
give a tricyclic ketone on being treated with NaHMDS, but the other does
not cyclize. Indicate which compound will cyclize more readily and offer and
explanation.

)

o
CH,CH,CH,0Ts CH,CH,CH,0Ts

1.15. The alkylation of the enolate of 3-methyl-2-cyclohexenone with several
different dibromides led to the products shown below. Discuss the course
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62 of each reaction and offer an explanation for the dependence of the product
structure on the chain length of the dihalide.

CHAPTER 1
Alkylation of Enolates CH 1) NaNH2 CHS CH2
and Other Carbon : + + starting material
Nucleophiles
2) Br(CH,),Br 42%
o} 31% C 25%
n=2
CH,
55%
n=3
o}
CH,
42%
n=4
o

1.16. Treatment of ethyl 2-azidobutanoate with a catalytic amount of lithium
ethoxide in THF leads to evolution of nitrogen. Quenching the resulting
solution with 3 N HCI gives ethyl 2-oxobutanoate in 86% yield. Suggest a
mechanism for this process.

CH{CH,CHCO,CH;CHy ”MFCHSCHZy)COZCHZCHg

2) H,0*
N3 )M 86%



Reactions of Carbon
Nucleophiles with Carbonyl
Compounds

Introduction

The reactions described in this chapter include some of the most useful methods
for carbon-carbon bond formation: the aldol reaction, the Robinson annulation, the
Claisen condensation and other carbon acylation methods, and the Wittig reaction and
other olefination methods. All of these reactions begin with the addition of a stabilized
carbon nucleophile to a carbonyl group. The product that is isolated depends on the
nature of the stabilizing substituent (Z) on the carbon nucleophile, the substituents
(A and B) at the carbonyl group, and the ways in which A, B, and Z interact to
complete the reaction pathway from the addition intermediate to the product. Four
fundamental processes are outlined below. Aldol addition and condensation lead to
B-hydroxyalkyl or a-alkylidene derivatives of the carbon nucleophile (Pathway A).
The acylation reactions follow Pathway B, in which a group leaves from the carbonyl
electrophile. In the Wittig and related olefination reactions, the oxygen in the adduct
reacts with the group Z to give an elimination product (Pathway C). Finally, if the
enolate has an a-substituent that is a leaving group, cyclization can occur, as in
Pathway D. This is observed, for example, with enolates of a-haloesters. The funda-
mental mechanistic concepts underlying these reactions were introduced in Chapter 7
of Part A. Here we emphasize the scope, stereochemistry, and synthetic utility of these
reactions.
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Z OH
CHAPTER 2 N z A
—C+C—B or ==
Reactions of Carbon A | ' | >_I_<B
Nucleophiles with aldol A
Carbonyl Compounds 7 O Zz O° B % //O
Il [ —CrC
\ C i v
e o —- _—Cc—C—B acylation [N
/ A B ] c A
lectrophili A 2
nucleophilic ~ electropnilic D i ati >:‘
lefination !
component component Cyclizatiok\ olefinatio _<B
i 2.9
Z= XC— ;N=C— ; O,N— ; RO,S— )@IL<A
' B

I
PhyP*— ; (RO),P —; (CH3),S"—

A second important reaction type considered in this chapter is conjugate addition,
which involves addition of nucleophiles to electrophilic double or triple bonds.
A crucial requirement for this reaction is an electron-withdrawing group (EWG) that
can stabilize the negative charge on the intermediate. We focus on reactions between
enolates and o,3-unsaturated carbonyl compounds and other electrophilic alkenes such
as nitroalkenes.

_ 0] o
O + Il
ewe H A EWG
Y&(H + CH,=CH—EWG \'% - .Y |
z L

R R

enolate conjugate addition

The retrosynthetic dissection is at a bond that is « to a carbonyl and [ to an anion-
stabilizing group.
(0]

o .
Y)K(:/\/EWG — Y)J\ + CH,=CH—EWG

R R

2.1. Aldol Addition and Condensation Reactions

2.1.1. The General Mechanism

The general mechanistic features of the aldol addition and condensation reactions
of aldehydes and ketones were discussed in Section 7.7 of Part A, where these
general mechanisms can be reviewed. That mechanistic discussion pertains to reactions
occurring in hydroxylic solvents and under thermodynamic control. These conditions
are useful for the preparation of aldehyde dimers (aldols) and certain o,3-unsaturated
aldehydes and ketones. For example, the mixed condensation of aromatic aldehydes
with aliphatic aldehydes and ketones is often done under these conditions. The conju-
gation in the (-aryl enones provides a driving force for the elimination step.

i i
ArCH=0 + RCszlR’ ArCH=(|3CR'
R




The aldol reaction is also important in the synthesis of more complex molecules and
in these cases control of both regiochemistry and stereochemistry is required. In most
cases, this is accomplished under conditions of kinetic control. In the sections that
follow, we discuss how variations of the basic mechanism and selection of specific
reagents and reaction conditions can be used to control product structure and stereo-
chemistry.

The addition reaction of enolates and enols with carbonyl compounds is of broad
scope and of great synthetic importance. Essentially all of the stabilized carbanions
mentioned in Section 1.1 are capable of adding to carbonyl groups, in what is known as
the generalized aldol reaction. Enolates of aldehydes, ketones, esters, and amides, the
carbanions of nitriles and nitro compounds, as well as phosphorus- and sulfur-stabilized
carbanions and ylides undergo this reaction. In the next section we emphasize the
fundamental regiochemical and stereochemical aspects of the reactions of ketones and
aldehydes.

2.1.2. Control of Regio- and Stereoselectivity of Aldol Reactions
of Aldehydes and Ketones

The synthetic utility of the aldol reaction depends on both the versatility of
the reactants and the control of the regio- and stereochemistry. The term directed
aldol addition is applied to reactions that are designed to achieve specific regio-
and stereochemical outcomes.! Control of product structure requires that one reactant
act exclusively as the nucleophile and the other exclusively as the electrophile. This
requirement can be met by preforming the nucleophilic enolate by deprotonation, as
described in Section 1.1. The enolate that is to serve as the nucleophile is generated
stoichiometrically, usually with lithium as the counterion in an aprotic solvent at low
temperature. Under these conditions, the kinetic enolate does not equilibrate with
the other regio- or stereoisomeric enolates that can be formed from the ketone. The
enolate gives a specific adduct, provided that the addition step is fast relative to proton
exchange between the nucleophilic and electrophilic reactants. The reaction is under
kinetic control, at both the stage of formation of the enolate and the addition step.

Under other reaction conditions, the product can result from thermodynamic
control. Aldol reactions can be effected for many compounds using less than a
stoichiometric amount of base. In these circumstances, the aldol reaction is reversible
and the product ratio is determined by the relative stability of the various possible
products. Thermodynamic conditions also permit equilibration among the enolates
of the nucleophile. The conditions that lead to equilibration include higher reaction
temperatures, protic or polar dissociating solvents, and the use of weakly coordinating
cations. Thermodynamic conditions can be used to enrich the composition in the most
stable of the isomeric products.

Reaction conditions that involve other enolate derivatives as nucleophiles have
been developed, including boron enolates and enolates with titanium, tin, or zirconium
as the metal. These systems are discussed in detail in the sections that follow, and
in Section 2.1.2.5, we discuss reactions that involve covalent enolate equivalents,
particularly silyl enol ethers. Scheme 2.1 illustrates some of the procedures that have
been developed. A variety of carbon nucleophiles are represented in Scheme 2.1,
including lithium and boron enolates, as well as titanium and tin derivatives, but in

I T. Mukaiyama, Org. React., 28, 203 (1982).
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66 Scheme 2.1. Examples of Directed Aldol Reactions

CHAPTER 2 A. Lithium enolates
O HO
Reactions' of Ca'rbon a ﬁ LDA 1) CH3CH,CH,CH=0 |
Zuv;éeupﬁzlces with y 1 CH3CH,CH,CCH3 TS:C 15 min, —78°C ~ CH3CH,CH,CCH,CHCH,CH,CH;
arbonyl Compounds X 2) CHACOLH H(|) 65%
2° O
CHCH3 O=CHCHCH,OCH,Ph —~ CH3CHCHCHCH,OCH,Ph

CH, C=O0CHj
3.6:1 anti:syn 79%

o OH O
i 1) (CH3),CHCH=0 I
3¢ LDA C.
CH3CH,CC(CHz), —_= (CHa3),CH C(CHs),
[ —78°C 2) NH,CI 619
d fo) OTMS CHS OTMS 1%
4 I Lpa 1) CHsCH,CH=0 OH O CHy
CHaCC(CHy), PA" ™ "1 5, Lo
| g0 CH3CH,CHCH,C —COTMS
OTMS 2 el (ltH 68%
B. Boron enolates 3 °
R,BO;SCF, 1) PNCH=0 O HO
5% PhCH,CH,CCH ~78°C,5h h, |
2T e utidine PhCH,CH,CCH,CHPh
_78°C, 3h 2) H202,pH7 88%
OTBDMS
6" CoHs (CsH11)2BO3SCF3  CH3CH,CH=O0 CHz OTBDMS
- CaHs
o) EtN(i-Pr), 70%
79 o CH, oH ©
I 1) (CgH11)2BI, EtsN o
CH3CH,CN(CHg), CON(CH3),
2) PhCH=0
_78°C OH 93%
>97:3 syn
C. Titanium, tin and zirconium enolates
O o OH
& (CHs) CH(llCH ch, D TCh BN
e 2 2) (CHa),CHCH=0 (CHz)CH CH(CHa);
CHz 9404, 92:8 syn:anti
o}
g i Sn(0T;, O OH
CH3CH,CCH,CH3 + CH3CH,CH,CH=0 CH3
N-ethyl- CHs
piperidine CH3
—78°C
; 86% >91:9 syn:anti
10 0Zr(Cp),Cl o OH
+ PhCH=O
CHy ] "CHa CHy 7, Ph
CH3 C2H5 CH3

56% 91:9 ds

a. G. Stork, G. A. Kraus, and G. A. Garcia, J. Org. Chem., 39, 3459 (1974).

b. S. Masamune, J. W. Ellingboe, and W. Choy, J. Am. Chem. Soc., 104, 5526 (1982).

c. R. Bal, C. T. Buse, K. Smith, and C. Heathcock, Org. Synth., 63, 89 (1984).

d. P. J. Jerris and A. B. Smith, III, J. Org. Chem., 46, 577 (1981).

e. T. Inoue, T. Uchimaru, and T. Mukaiyama, Chem. Lett., 153 (1977).

f. S. Masamune, W. Choy, F. A. J. Kerdesky, and B. Imperiali, J. Am. Chem. Soc., 103, 1566 (1981).
g. K. Ganesan and H. C. Brown, J. Org. Chem., 59, 7346 (1994).

h. D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991).

i. T. Mukaiyama, N. Iwasawa, R. W. Stevens, and T. Hagu, Tetrahedron, 40, 1381 (1984).

j. S. Yamago, D. Machii, and E. Nakamura, J. Org. Chem., 56, 2098 (1991).



each case the electrophile is an aldehyde. Pay particular attention to the retrosynthetic
relationship between the products and the reactants, which corresponds in each case to
Path A (p. 64). We see that the aldol addition reaction provides 3-hydroxy carbonyl
compounds or, more generally, adducts with a hydroxy group f3 to the stabilizing group
Z of the carbon nucleophile.

Z OH z

[ | o}
—C—C—R! — —C +

| ||?2 | R R2

Note also the stereochemistry. In some cases, two new stereogenic centers are
formed. The hydroxyl group and any C(2) substituent on the enolate can be in a syn
or anti relationship. For many aldol addition reactions, the stereochemical outcome of
the reaction can be predicted and analyzed on the basis of the detailed mechanism of
the reaction. Entry 1 is a mixed ketone-aldehyde aldol addition carried out by kinetic
formation of the less-substituted ketone enolate. Entries 2 to 4 are similar reactions but
with more highly substituted reactants. Entries 5 and 6 involve boron enolates, which
are discussed in Section 2.1.2.2. Entry 7 shows the formation of a boron enolate of
an amide; reactions of this type are considered in Section 2.1.3. Entries 8 to 10 show
titanium, tin, and zirconium enolates and are discussed in Section 2.1.2.3.

2.1.2.1. Aldol Reactions of Lithium Enolates. Entries 1 to 4 in Scheme 2.1 represent
cases in which the nucleophilic component is a lithium enolate formed by kinetically
controlled deprotonation, as discussed in Section 1.1. Lithium enolates are usually
highly reactive toward aldehydes and addition occurs rapidly when the aldehyde is
added, even at low temperature. The low temperature ensures kinetic control and
enhances selectivity. When the addition step is complete, the reaction is stopped by
neutralization and the product is isolated.

The fundamental mechanistic concept for diastereoselectivity of aldol reactions of
lithium enolates is based on a cyclic TS in which both the carbonyl and enolate oxygen
are coordinated to the lithium cation.> The Lewis acid character of the lithium ion
promotes reaction by increasing the carbonyl group electrophilicity and by bringing
the reactants together in the TS. Other metal cations and electrophilic atoms can play
the role of the Lewis acid, as we will see when we discuss reactions of boron and other
metal enolates. The fundamental concept is that the aldol addition normally occurs
through a chairlike TS. It is assumed that the structure of the TS is sufficiently similar
to a chair cyclohexane that the conformational concepts developed for cyclohexane
rings can be applied. In the structures that follow, the reacting aldehyde is shown with
R rather than H in the equatorial-like position, which avoids a 1,3-diaxial interaction
with the enolate C(1) substituent. A consequence of this mechanism is that the reaction

2 (a) H. E. Zimmerman and M. D. Traxler, J. Am. Chem. Soc., 79, 1920 (1957); (b) P. Fellman and
J. E. Dubois, Tetrahedron, 34, 1349 (1978); (c) C. H. Heathcock, C. T. Buse, W. A. Kleschick,
M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem., 45, 1066 (1980).
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is stereospecific with respect to the E- or Z-configuration of the enolate. The E-enolate
gives the anti aldol product, whereas the Z-enolate gives the syn-aldol.?

R” R”

OH o
H)\O—'Lﬁ : H/go——Lﬁ o _
R’ >/\ E s = =
70 o ROY R
R © R H
H H R’
E-enolate 2,3-anti product
R//
” OH
HI R o)
H >’§O//L' — H/go_-m =
7/‘ o H / R R
R’ R R 0 ,
R’ R
Z-enolate 2,3-syn product

The preference for chairlike TSs has been confirmed by using deuterium-labeled
enolates prepared from the corresponding silyl enol ethers. The ratio of the location
of the deuterium corresponds closely to the ratio of the stereoisomeric enolates for
several aldehydes.*

OH

6% O"Li*  RcH=0 o (”) I
O S b
\AC(CHB)B RN cehy, R [ CCHas
D 5 D
86% R = Ph, i-Pr, t-Bu 82-88% 6—8%

Provided that the reaction occurs through a chairlike TS, the E — anti/Z — syn
relationship will hold. There are three cases that can lead to departure from this
relationship. These include a nonchair TS, that can involve either an open TS or a
nonchair cyclic TS. Internal chelation of the aldehyde or enolate can also cause a
change in TS structure.

The first element of stereocontrol in aldol addition reactions of ketone enolates is
the enolate structure. Most enolates can exist as two stereoisomers. In Section 1.1.2, we
discussed the factors that influence enolate composition. The enolate formed from 2,2-
dimethyl-3-pentanone under kinetically controlled conditions is the Z-isomer.> When
it reacts with benzaldehyde only the syn aldol is formed.* The product stereochemistry
is correctly predicted if the TS has a conformation with the phenyl substituent in an
equatorial position.

CHs CHs CH,4
(CH3)5C H PhcH=0 (CH3)sC Ph o O ~Li- -0 Ph._ O(l)_'
+L'-o>:<CH 72°C \}/‘H H Y
i 3 O OH H C(CHa)s H C(CHY,

3+ For consistency in designating the relative configuration the carbonyl group is numbered (1). The newly

formed bond is labeled 2,3- and successive carbons are numbered accordingly. The carbons derived
from the enolate are numbered 2',3', etc., starting with the o’-carbon.

4 C. M. Liu, W. J. Smith, III, D. J. Gustin, and W. R. Roush, J. Am. Chem. Soc., 127, 5770 (2005).

> To avoid potential uncertainties in the application of the Cahn-Ingold-Prelog priority rules, by
convention the enolate oxygen is assigned the higher priority.



A similar preference for formation of the syn aldol is found for other Z-enolates derived
from ketones in which one of the carbonyl substituents is bulky. Ketone enolates
with less bulky substituents show a decreasing stereoselectivity in the order z-butyl >
i-propyl > ethyl.® This trend parallels a decreasing preference for stereoselective
formation of the Z-enolate.

CH H R PhcH=0 O OH no
CH3CH2?|:R LDA 3: :R . > PhCH= T, R)H/kph
o H oL* CH; ot R Ph o
E:Z CHj 3
2,3-anti:syn
R= CoHs 70:30 36:64
CH(CH3y), 40:60 18:82
C(CH3)3 2:98 2:98

The enolates derived from cyclic ketones are necessarily E-isomers. The enolate
of cyclohexanone reacts with benzaldehyde to give both possible stereoisomeric
products. The stereoselectivity is about 5:1 in favor of the anti isomer under optimum
conditions.®

o Li*
—78°C

+ PhCH=0—=
THF

84% syn 16%

anti

From these and many related examples the following generalizations can be made
about kinetic stereoselection in aldol additions of lithium enolates. (1) The chair TS
model provides a basis for analyzing the stereoselectivity observed in aldol reactions of
ketone enolates having one bulky substituent. The preference is Z-enolate — syn aldol;
E-enolate — anti aldol. (2) When the enolate has no bulky substituent, stereoselectivity
is low. (3) Z-Enolates are more stereoselective than E-enolates. Table 2.1 gives some
illustrative data.

The requirement that an enolate have at least one bulky substituent restricts the
types of compounds that give highly stereoselective aldol additions via the lithium
enolate method. Furthermore, only the enolate formed by kinetic deprotonation is
directly available. Whereas ketones with one tertiary alkyl substituent give mainly the
Z-enolate, less highly substituted ketones usually give mixtures of E- and Z-enolates.’
(Review the data in Scheme 1.1.) Therefore efforts aimed at increasing the stereo-
selectivity of aldol additions have been directed at two facets of the problem: (1)
better control of enolate stereochemistry, and (2) enhancement of the degree of
stereoselectivity in the addition step, which is discussed in Section 2.1.2.2.

The E:Z ratio can be modified by the precise conditions for formation of the
enolate. For example, the E:Z ratio for 3-pentanone and 2-methyl-3-pentanone can
be increased by use of a 1:1 lithium tetramethylpiperidide(LiTMP)-LiBr mixture for

% M. Majewski and D. M. Gleave, Tetrahedron Lett., 30, 5681 (1989).

7 R.E. Ireland, R. H. Mueller, and A. K. Willard, J. Am. Chem. Soc., 98, 2868 (1976); W. A. Kleschick,
C. T. Buse, and C. H. Heathcock, J. Am. Chem. Soc., 99, 247 (1977); Z. A. Fataftah, 1. E. Kopka, and
M. W. Rathke, J. Am. Chem. Soc., 102, 3959 (1980).
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Table 2.1. Diastereoselectivity of Addition of Lithium Enolates to

Benzaldehyde
OLi OLi
OH O OH O

% + % . PhCH=O0O R

R? R )\(\( + A(l(

Ph R Ph R
Z-enolate E-enolate CHs CHs
2,3-syn 2,3-anti

R! Z:E ratio syn:anti ratio
H 100:0 50:50
H 0:100 65:35
C,H; 30:70 64:36
C,H, 66:34 77:23
(CH,),CH >08:2 90:10
(CH,),CH 0:100 45:55
(CH,),C >08:2 >98:2
1-Adamantyl >98:2 >98:2
C H; >08:2 88:12
Mesityl 8:92 8:92
Mesityl 87:13 88:12

a. From C. H. Heathcock, in Asymmetric Synthesis, Vol. 3, J. D. Morrison, ed., Academic Press,
New York, 1984, Chap. 2.

kinetic enolization.® The precise mechanism of this effect is still a matter of investi-
gation, but it is probably due to an aggregate species containing bromide acting as the
base (see Section 1.1.1).°

E:Z Stereoselectivity

LDA LiTMP LiTMP + LiBr
0
CH3CH,CCH,CH, 3.31 5:1 50:1
O
(CH3),CHCCH,CH; 1.7:1 2:1 21:1
0
(CH3)sCCCH,CH, 1: >50 1:>20 1:>20

Other changes in deprotonation conditions can influence enolate composition.

Relatively weakly basic lithium anilides, specifically lithium 2,4,6-trichloroanilide
and lithium diphenylamide, give high Z:E ratios.!? Lithio 1,1,3,3-tetramethyl-1,3-
diphenyldisilylamide is also reported to favor the Z-enolate.!! On the other hand,
lithium N-trimethylsilyl-iso-propylamide and lithium N-trimethylsilyl-ferz-butylamide
give selectivity for the E-enolate!? (see Scheme 1.1).

8.
9.
10.
11.
12.

L. Hall, J. H. Gilchrist, and D. B. Collum, J. Am. Chem. Soc., 113, 9571 (1991).

S. Mair, W. Clegg, and P. A. O’Neil, J. Am. Chem. Soc., 115, 3388 (1993).

Xie, K. Vanlandeghem, K. M. Isenberger, and C. Bernier, J. Org. Chem., 68, 641 (2003).
Masamune, J. W. Ellingboe, and W. Choy, J. Am. Chem. Soc., 104, 5526 (1982).

Xi

P.
F.
L.
S.
L. Xie, K. M. Isenberger, G. Held, and L. M. Dahl, J. Org. Chem., 62, 7516 (1997).



When aldol addition is carried out under thermodynamic conditions, the product
stereoselectivity is usually not as high as under kinetic conditions. All the regio-
and stereoisomeric enolates can participate as nucleophiles. The adducts can return
to reactants, so the difference in stability of the stereoisomeric anti and syn products
determines the product composition. In the case of lithium enolates, the adducts can
be equilibrated by keeping the reaction mixture at room temperature. This has been
done, for example, with the product from the reaction of the enolate of 2,2-dimethyl-
3-pentanone and benzaldehyde. The greater stability of the anti isomer is attributed
to the pseudoequatorial position of the methyl group in the chairlike product chelate.
With larger substituent groups, the thermodynamic preference for the anti isomer is
still greater.'?

Li+ LiF
L0, CH: ppcH=0 él 0- 25°C )|\/'O\_
/‘ : CH),.C” Y Ph
CHgl M fast (CH3)3C)\‘/'\Ph slow  (CHa)s :
CH,

CH, C(CH5)
C(CHg)3 anti 8’3

syn

For synthetic efficiency, it is useful to add MgBr,, which accelerates the equilibration.

1) LDA CH, T
_ WCH(CHB)Z + CH ﬁ(K/CH(CHQZ
CHS/\(\CH3 2) (CH3),CHCH=0 CHj 3
o) 3) MgBr, O OH O OH

kinetic: ~ 31:69 syn:anti i
thermodynamic (MgBr,) 9:91 syn:anti

Ref. 14

2.1.2.2. Aldol Reactions of Boron Enolates. The matter of increasing stereoselectivity
in the addition step can be addressed by using other reactants. One important version of
the aldol reaction involves the use of boron enolates.'> A cyclic TS similar to that for
lithium enolates is involved, and the same relationship exists between enolate config-
uration and product stereochemistry. In general, the stereoselectivity is higher than for
lithium enolates. The O-B bond distances are shorter than for lithium enolates, and
this leads to a more compact structure for the TS and magnifies the steric interactions
that control stereoselectivity.

13- C. H. Heathcock and J. Lampe, J. Org. Chem., 48, 4330 (1983).

14 K. A. Swiss, W.-B. Choi, D. C. Liotta, A. F. Abdel-Magid, and C. A. Maryanoff, J. Org. Chem., 56,
5978 (1991).

15-C. J. Cowden and 1. A. Paterson, Org. React., 51, 1 (1997); E. Tagliavini, C. Trombini, and
A. Umani-Ronchi, Adv. Carbanion Chem., 2, 111 (1996).
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R1 R? HO o
H
, H,ko-;BRz . o BR, J\)L )
R¥>§ & —_— O/ RY R
UR © YR Ry
E-enolate anti product

R HO o
H H/kO'/:BRz H ko

, —_— O"BRZ —_ R R2
Y=o O
R (@] R

2 . 2R
R Z-enolate R syn product

Boron enolates can be prepared by reaction of the ketone with a dialkylboron
trifluoromethanesulfonate (triflate) and a tertiary amine.'® Use of boron triflates and a
bulky amine favors the Z-enolate. The resulting aldol products are predominantly the
syn stereoisomers.

(n-Bu)ZB\

o) (n'BU)zBO3SCF3 0
CHg\)K/CH:i CHs \)\\/CH3

(i-Pr),NEt
-78°C

Z:E>97:3

The E-boron enolates of some ketones can be preferentially obtained by using dialkyl-
boron chlorides."”

(c-CgH11),BClI O—B(c-CgHy1),

o WCH(CHa)Z _
3 i i-Pr,NEt  CHy  CH(CHy),

The contrasting stereoselectivity of the boron triflates and chlorides has been discussed
in terms of reactant conformation and the stereoelectronic requirement for perpen-
dicular alignment of the hydrogen being removed with the carbonyl group  orbital.'®
With the triflate reagents, the boron is anti to the enolizable group. With the bulkier
dicyclohexylboron chloride, the boron favors a conformation cis to the enolizable
group. A computational study of the reaction also indicates that the size of the boron
ligand and the resulting conformational changes are the dominant factors in deter-
mining stereoselectivity.'” There may also be a distinction between the two types of
borylation reagents in the extent of dissociation of the leaving group. The triflate is
probably an ion pair, whereas with the less reactive chloride, the deprotonation may
be a concerted (E2-like) process.'® The two proposed TSs are shown below.

16- D. A. Evans, E. Vogel, and J. V. Nelson, J. Am. Chem. Soc., 101, 6120 (1979); D. A. Evans, J. V. Nelson,
E. Vogel, and T. R. Taber, J. Am. Chem. Soc., 103, 3099 (1981).

17- H. C. Brown, R. K. Dhar, R. K. Bakshi, P. K. Pandiarajan, and B. Singaram, J. Am. Chem. Soc., 111,
3441 (1989); H. C. Brown, R. K. Dhar, K. Ganesan, and B. Singaram, J. Org. Chem., 57, 499 (1992);
H. C. Brown, R. K. Dhar, K. Ganesan, and B. Singaram, J. Org. Chem., 57, 2716 (1992); H. C. Brown,
K. Ganesan, and R. K. Dhar, J. Org. Chem., 58, 147 (1993); K. Ganesan and H. C. Brown, J. Org.
Chem., 58, 7162 (1993).

- (a) J. M. Goodman and I. Paterson, Tetrahedron Lett., 33, 7223 (1992); (b) E. J. Corey and S. S. Kim,
J. Am. Chem. Soc., 112, 4976 (1990).

- J. Murga, E. Falomir, M. Carda, and J. A. Marco, Tetrahedron, 57, 6239 (2001).

o

©



||3R2 cl R
peed R R>c46:\_ lBE*/; CH, \%\
H—Cl:)/LCHg, . H\%\OBRZ CH3—(|3j—H — S OBR;
R N}I ZCH3 R N:;' E-enolate
3N- -enolate 3

Z-Boron enolates can also be obtained from silyl enol ethers by reaction with
the bromoborane derived from 9-BBN (9-borabicyclo[3.3.1]nonane). This method is
necessary for ketones such as 2,2-dimethyl-3-pentanone, which give E-boron enolates by
other methods. The Z-stereoisomer is formed from either the Z- or E-silyl enol ether.?’

TMSO H 9-BBN-Br (BBN)O  CHs 9-BBN-Br TMSO :CHS

(CHg)C  CHs (CHz),C  H (CHz,c H

The E-boron enolate from cyclohexanone shows a preference for the anti aldol
product. The ratio depends on the boron alkyl groups and is modest (2:1) with di-n-
butylboron but greater than 20:1 for cyclopentyl-n-hexylboron.'®

OBR,

+ RCH=0 —

major minor

The general trend is that boron enolates parallel lithium enolates in their stereose-
lectivity but show enhanced stereoselectivity. There also are some advantages in terms
of access to both stereoisomeric enol derivatives. Another important characteristic of
boron enolates is that they are not subject to internal chelation. The tetracoordinate
dialkylboron in the cyclic TS is not able to accept additional ligands, so there is
no tendency to form a chelated TS when the aldehyde or enolate carries a donor
substituent. Table 2.2 gives some typical data for boron enolates and shows the strong
correspondence between enolate configuration and product stereochemistry.

2.1.2.3. Aldol Reactions of Titanium, Tin, and Zirconium Enolates. Metals such as
Ti, Sn, and Zr give enolates that are intermediate in character between the ionic Lit
enolates and covalent boron enolates. The Ti, Sn, or Zr enolates can accommodate
additional ligands. Tetra-, penta-, and hexacoordinate structures are possible. This
permits the formation of chelated TSs when there are nearby donor groups in the
enolate or electrophile. If the number of anionic ligands exceeds the oxidation state of
the metal, the complex has a formal negative charge on the metal and is called an “ate”
complex. Such structures enhance the nucleophilicity of enolate ligands. Depending
on the nature of the metal ligands, either a cyclic or an acyclic TS can be involved. As
we will see in Section 2.1.3.5, the variability in the degree and nature of coordination
provides an additional factor in analysis and control of stereoselectivity.

20- J. L. Duffy, T. P. Yoon, and D. A. Evans, Tetrahedron Lett., 36, 9245 (1993).
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Table 2.2. Diastereoselectivity of Boron Enolates toward Aldehydes®

o L,BX OBL, s R2CH=0 i : .
CHs \)le RN CH3\%R1 * %\Rl R2 RE+ RZYkR
7 CH; ¢ syn CHa anti CH,
R! L X R? Z:E syn:anti
C,Hs* n-C4Hy OTf Ph >97:3 >97:3
C,Hs" n-C4H, OTf Ph 69:31 72:28
C,Hs* n-C,Hy OTf n-C3H; >97:3 >97:3
C,HsP n-C4H, oTf 1-C4H, >97:3 >97:3
C,H,P n-C4Hy OTf CH,=CHCH;,4 >97:3 92:8
C,Hs" n-C4H, OTf E-C,H, >97:3 93:7
i-CyH,® n-C,Hy OTf Ph 45:55 44:56
i-CyH,® n-C4H, OTf Ph >99:1 >97:3
+-C,Hy? n-C,Hy OTf Ph >99:1 >97:3
n-CsH; ¢ n-C4H, OTf Ph 95:5 94:6
n-CoH, ¢ n-C4Hyg OTf Ph 91:9 91:9
c-CgHy© n-C4H, oTf Ph 95:5 94:6
PhCH,* n-C,Hy OTf Ph 98:2 >99:1
Ph° n-C4H, OTf Ph 96:4 95:5
C,H,¢ c-CeHy, Cl Ph 21:79
i-CyH,¢ c-CgHy, Cl Ph <3:97
c-C¢H ¢ c-CgHyy Cl Ph <1:99
+-C,Hy¢ c-CgH,, Cl Ph <3:97

a. From a more complete compilation, see C. H. Heathcock, in Asymmetric Synthesis, Vol. 3, J. D. Morrison, ed., Academic
Press, New York, 1984, Chap. 3.

b. D. A. Evans, J. V. Nelson, E. Vogel, and T. R. Taber, J. Am. Chem. Soc., 103, 3099 (1981).

c. I. Kuwajima, M. Kato, and A. Mori, Tetrahedron Lett., 21, 4291 (1980).

d. H. C. Brown, R. K. Dhar, R. K. Bakshi, P. K. Pandiarajan, and P. Singaram, J. Am. Chem. Soc., 111, 3441 (1989);
H. C. Brown, K. Ganesan, and R. K. Dhar, J. Org. Chem., 58, 147 (1993).

Titanium enolates can be prepared from lithium enolates by reaction with a trialkoxy-
titanium(IV)chloride,suchastris-(isopropoxy)titaniumchloride.?! Titanium enolates are
usually prepared directly from ketones by reaction with TiCl, and a tertiary amine.?
Under these conditions, the Z-enolate is formed and the aldol adducts have syn stereo-
chemistry. The addition step proceeds through a cyclic TS assembled around titanium.

o OTiCly O OH
CH)@CHS b Ticks CH?’/\VCHS (ChCRen—o CHSM
3
2) i-Pr,NEt CH(CHy),
CHs
\T! R N\ R
17-- :"\NR' —Ti—:l7 ’
i \oﬂirRE / OO;[SERE
R? R?

Z-enolate, RE = H, syn
E-enolate, R = H, anti

Entry 8 in Scheme 2.1 is an example of this method. Titanium enolates are frequently
employed in the synthesis of complex molecules and with other carbonyl derivatives,

2l- C. Siegel and E. R. Thornton, J. Am. Chem. Soc., 111, 5722 (1989).
22 D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991).



such as the N-acyloxazolidinones that serve as chiral auxiliaries (see Section 2.1.3.4).

Mixed aldehyde-aldehyde additions have been carried out using TiCl, and
TMEDA. The reaction gives syn adducts, presumably through a cyclic TS. Treatment
of the syn adducts with 1 mol % Ti(O-i-Pr), leads to equilibration to the more stable
anti isomer.”

TiCl, OH o OH
PhCH=O0 * CH3CH,CH=0 Ti(O-i-Pr), )\/CH_O
TMEDA CH=0 =
30°C Ph 1mol% Ph" ¥
- CH
CHy 3
69% >98:2 syn:anti 7:93 syn:anti

The equilibration in this case is believed to involve oxidation-reduction at the alcohol
center, rather than reversal of the addition. (See Section 5.3.2 for a discussion of
Ti(O-i-Pr), as an oxidation-reduction catalyst.)

Ketone-aldehyde additions have been effected using TiCl, in toluene.?* These
reactions exhibit the same stereoselectivity trends as other titanium-mediated additions.
With unsymmetrical ketones, this procedure gives the product from the more-
substituted enolate.”

o O OH
CH (HZ(CH ).CHs + PhCH=0 Ticl, )J\‘/Q
3 2)4LH3 = —— > CH Ph
toluene 3 87%
(CH)3CH3

72:28 syn:anti

Titanium enolates can also be used under conditions in which the titanium exists
as an “ate” species. Crossed aldehyde-aldehyde additions have been accomplished
starting with trimethylsilyl enol ethers, which are converted to lithium enolates and
then to “ate” species by addition of Ti(O-n-Bu),.?® These conditions show only modest
stereoselectivity.

OH

oTMS 1) CHali RCH=0 CH=0

CgHy7 = R

2) Ti(O-n-Bu), CgHy7

Silyl enol ether R syn:anti
VA C,H; 28:72
VA (CH;),CH 20:80
VA (CH;);C 10:90
VA Ph 54:46
E (CH;),CH 47:53
E (CH;)5C 28:72

Titanium “ate” species have also been used to add aldehyde enolates to ketones.
This reaction is inherently difficult because of the greater reactivity of aldehyde

23- R. Mahrwald, B. Costisella, and B. Gundogan, Synthesis, 262 (1998).

24 R. Mahrwald, Chem. Ber., 128, 919 (1995).

23 R. Mahrwald and B. Gundogan, J. Am. Chem. Soc., 120, 413 (1998).

26- K. Yachi, H. Shinokubo, and K. Oshima, J. Am. Chem. Soc., 121, 9465 (1999).
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carbonyls over ketone carbonyls. The reaction works best with ketones having EWG
substituents such as alkynones and a-haloketones. The reaction is thought to proceed
through a cyclic intermediate that is stable until hydrolysis. This cyclic intermediate
may be necessary to drive the normally unfavorable equilibrium of the addition step.

OB
BuO, OBu
— (BuO),Ti NI o
Rv=—=n-OTMS CHjLi ST, ™S - o H
o . o *o g \o 2 R CH=O0
* I (BuO),Ti RM — R
RCR 4 RI H RMOBU R
R’ R R

Tin enolates are also used in aldol reactions.”” Both the Sn(Il) and Sn(IV)
oxidation states are reactive. Tin(Il) enolates can be generated from ketones and
Sn(I1)(O;SCF;), in the presence of tertiary amines.?® The subsequent aldol addition is
syn selective and independent of enolate configuration.?® This preference arises from
avoidance of gauche interaction of the aldehyde group and the enolate [3-substituent.
The syn stereoselectivity indicates that reaction occurs through an open TS.

RZ
R R 4
Ox Ox o/ R R
R! or ~Sn -
~
H H / oH O
R O/ R R!
/Sn\
o o OH o OH
+ CH
I Sn(0,SCF,), (CHg),CHCH=0 CHs w
CH3CH,CCH,CH, Tz CH(CHy), Y CH(CHy),
N-ethylpiperidine CH, CHs3
syn 68% anti 5%
Even cyclohexanone gives the syn product.
o o OH
Sn(0sSCFz),  PhCH=O0 oh
N-ethylpiperidine 95% syn

Entry 9 of Scheme 2.1 is an example of application of these conditions. Tin(II) enolates
prepared in this way also show good reactivity toward ketones as the electrophilic
component.

O

o OH

[ Sn(03SCF3), é Q
PhCCH,CH;
N-ethylpiperidine Ph

CHs 76%

Ref. 30

?7- T. Mukaiyama and S. Kobayashi, Org. React., 46, 1 (1994).

28- T, Mukaiyama, N. Iwasawa, R. W. Stevens, and T. Haga, Tetrahedron, 40, 1381 (1984); 1. Shibata and
A. Babu, Org. Prep. Proc. Int., 26, 85 (1994).

2. T. Mukaiyama, R. W. Stevens, and N. Iwasawa, Chem. Lett., 353 (1982).

30-R. W. Stevens, N. Iwasawa, and T. Mukaiyama, Chem. Lett., 1459 (1982).



Trialkylstannyl enolates can be prepared from enol acetates by reaction with
trialkyltin alkoxides and are sufficiently reactive to add to aldehydes. Uncatalyzed
addition of trialkylstannyl enolates to benzaldehyde shows anti stereoselectivity.’!

CH, CH,
OSn(C,Hs)s ~78°C : Ph
Ph/\( ¢ PhCH—O Pthh Ph

9:1 anti:syn

Isolated tri-n-butylstannyl enolates react with benzaldehyde under the influence of
metal salts including Pd(O;SCF,),, Zn(O,SCF;),, and Cu(O;SCF;),.* The tri-n-
butylstannyl enol derivative of cyclohexanone gives mainly anti product. The anti:syn
ratio depends on the catalyst, with Pd(O,SCF;), giving the highest ratio.

0Sn(nC4Hg)3 O OH
Pd(O3SCF3), Ph
+ PhCH=O
96:4 anti:syn

Zirconium fetra-t-butoxide is a mildly basic reagent that has occasionally been
used to effect aldol addition.*

O OH

o Zr(OtBu), Yy
O=CH_ N (CH,);0CH,Ph
+ (CH,);0CH,Ph

64%

Zirconium enolates can also prepared by reaction of lithium enolates with (Cp),ZrCl,,
and they act as nucleophiles in aldol addition reactions.**

10 OH 1) OH
CH 0Zr(Cp),Cl CH vIK/L
= 2+ PhCH=0 CHs Ph o+ 3 7~ “Ph
H CH,CHs &H, CH,
syn 67% anti 33%
Ref. 34d
0Zr(Cp),Cl
CH, (::H3 OH
+ PhCH=0 — + Ph
anti 83% syn 17%

Ref. 34d

31-°S.'S. Labadie and J. K. Stille, Tetrahedron, 40, 2329 (1984).

32 A. Yanagisawa, K. Kimura, Y. Nakatsuka, and M. Yamamoto, Synlett, 958 (1998).

3. H. Sasai, Y. Kirio, and M. Shibasaki, J. Org. Chem., 55, 5306 (1990).

3 (a) D. A. Evans and L. R. McGee, Tetrahedron Lett., 21, 3975 (1980); (b) Y. Yamamoto and
K. Maruyama, Tetrahedron Lett., 21, 4607 (1980); (c) M. Braun and H. Sacha, Angew. Chem. Int. Ed.
Engl., 30, 1318 (1991); (d) S. Yamago, D. Machii, and E. Nakamura, J. Org. Chem., 56, 2098 (1991).
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A comparison of the anti:syn diastereoselectivity of the lithium, dibutylboron,
and (Cp),Zr enolates of 3-methyl-2-hexanone with benzaldehyde has been reported.**
The order of stereoselectivity is Bu,B > (Cp),Zr > Li. These results suggest that the
reactions of the zirconium enolates proceed through a cyclic TS.

?M o OH o OH
CHC=CCHLH: 4 prel=0 — on + CHE 7 Vpn
33 0
N CH3 CH,CH
CHa CHs CH,CH;, 3anti h
E-enolate syn:anti Z-enolate syn:anti syn
Li 17:83 Li 45:55
Bu,B 3:97 Bu,B 94:6
(Cp),ZrCl 9:91 (Cp),ZrCl 86:14

2.1.2.4. Summary of the Relationship between Diastereoselectivity and the Transition
Structure. In this section we considered simple diastereoselection in aldol reactions
of ketone enolates. Numerous observations on the reactions of enolates of ketones
and related compounds are consistent with the general concept of a chairlike TS.*
These reactions show a consistent £ — anti : Z — syn relationship. Noncyclic TSs
have more variable diastereoselectivity. The prediction or interpretation of the specific
ratio of syn and anti product from any given reaction requires assessment of several
variables: (1) What is the stereochemical composition of the enolate? (2) Does the
Lewis acid promote tight coordination with both the carbonyl and enolate oxygen
atoms and thereby favor a cyclic TS? (3) Does the TS have a chairlike conformation?
(4) Are there additional Lewis base coordination sites in either reactant that can lead to
reaction through a chelated TS? Another factor comes into play if either the aldehyde
or the enolate, or both, are chiral. In that case, facial selectivity becomes an issue and
this is considered in Section 2.1.5.

2.1.3. Aldol Addition Reactions of Enolates of Esters
and Other Carbonyl Derivatives

The enolates of other carbonyl compounds can be used in mixed aldol reactions.
Extensive use has been made of the enolates of esters, thiol esters, amides, and imides,
including several that serve as chiral auxiliaries. The methods for formation of these
enolates are similar to those for ketones. Lithium, boron, titanium, and tin derivatives
have all been widely used. The silyl ethers of ester enolates, which are called sily/
ketene acetals, show reactivity that is analogous to silyl enol ethers and are covalent
equivalents of ester enolates. The silyl thioketene acetal derivatives of thiol esters are
also useful. The reactions of these enolate equivalents are discussed in Section 2.1.4.

Because of their usefulness in aldol additions and other synthetic methods (see
especially Section 6.4.2.3), there has been a good deal of interest in the factors that

35. C. H. Heathcock, Modern Synthetic Methods, 6, 1 (1992); C. H. Heathcock, in Asymmetric Syntheses,
Vol. 3, J. D. Morrison, ed., 1984, Chap. 2, Academic Press; C. H. Heathcock, in Comprehensive
Carbanion Chemistry, Part B, E. Buncel and T. Durst, ed., Elsevier, Amsterdam, 1984, Chap. 4;
D. A. Evans, J. V. Nelson, and T. R. Taber, Top. Stereochem., 13, 1 (1982); A. T. Nielsen and
W. J. Houlihan, Org. React., 16, 1 (1968); R. Mahrwald, ed., Modern Aldol Reactions, Wiley-VCH
(2004).



control the stereoselectivity of enolate formation from esters. For simple esters such
as ethyl propanoate, the E-enolate is preferred under kinetic conditions using a strong
base such as LDA in THF solution. Inclusion of a strong cation-solvating cosolvent,
such as HMPA or DMPU, favors the Z-enolate.’® These enolates can be trapped and
analyzed as the corresponding silyl ketene acetals. The relationships are similar to
those discussed for formation of ketone enolates in Section 1.1.2.

LDA T™MSCI H OSi(CH3)53

CH3CH,COLCoHs — E-silyl ketene acetal
CH;  OCoHs
CH i
LDA 3 OSI(CH )
CH3CH,CO,C,Hs T™MSC _ % Z-silyl ketene acetal
THF, HMPA H OC,Hs

These observations are explained in terms of a chairlike TS for the LDA/THF condi-
tions and a more open TS in the presence of an aprotic dipolar solvent.

i O\?R/OR ° R : ©

- — OR’ :

RoN< H/i_ O@/fow - R OR
H

E-enolate H* B™ Z-enolate

Despite the ability to control ester enolate geometry, the aldol addition reactions
of unhindered ester enolate are not very stereoselective.’’

OH

o) o
A eH,  DIPA - ROCUA -+ ROL S

RO 2) RCH=0 R \‘/\R
CH, CHs

R R’ syn:anti

CHs (CH),CH 45355

CH, Ph 45:55

(CHy):C  Ph 49:51

This stereoselectivity can be improved by use of a very bulky group. 2,6-
Dimethylphenyl esters give E-enolates and anti aldol adducts.*

3. R. E. Ireland and A. K. Willard, Tetrahedron Lett., 3975 (1975); R. E. Ireland, R. H. Mueller, and
A. K. Willard, J. Am. Chem. Soc., 98, 2868 (1976); R. E. Ireland, P. Wipf, and J. D. Armstrong, III,
J. Org. Chem., 56, 650 (1991).

37 A. 1. Meyers and P. J. Reider, J. Am. Chem. Soc., 101, 2501 (1979); C. H. Heathcock, C. T. Buse,
W. A. Kleschick, M. C. Pirrung, J. E. Sohn, and J. Lampe, J. Org. Chem., 45, 1066 (1980).

3. M. C. Pirrung and C. H. Heathcock, J. Org. Chem., 45, 1728 (1980).
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CHy CHj
OLi AR
0/\ + RCH=0 ArOZC/\(
CH, CH, R anti:syn OH
n-Bu 86:14
i-Pr >08:2
t-Bu >98:2
Ph 88:12

The lithium enolates of a-alkoxy esters exhibit high stereoselectivity, which is
consistent with involvement of a chelated enolate.’’*3° The chelated ester enolate is
approached by the aldehyde in such a manner that the aldehyde R group avoids being
between the a-alkoxy and methyl groups in the ester enolate. A syn product is favored
for most ester groups, but this shifts to anti with extremely bulky groups.

Chs;  OR H CH3R1 CHs OR?
H >:< R1 o
RO Q oo~ RO CO,R =— CO;R
L on o
+ favored for most syn

ester groups

C|;|3 H OR Rl CH, CH; OR2
i e — X
rR0. 0 o R%0 co,R = Y COR

Ny or o
+ favored for very anti
large ester groups

RO syn:anti
Methyl 70:30
2,6-Dimethylphenyl 83:17
2,6-Di-(i-propyl)phenyl 33:67
2,6-Di-(z-butyl)-4-methylphenyl <397

Boron enolates can be obtained from esters*>*' and amides*? by methods that

are similar to those used for ketones. Various combinations of borylating reagents
and amines have been used and the E:Z ratios are dependent on the reagents and
conditions. In most cases esters give Z-enolates, which lead to syn adducts, but there
are exceptions. Use of branched-chain alcohols increases the amount of anti enolate,
and with 7-butyl esters the product ratio is higher than 97:3.

3. C. H. Heathcock, M. C. Pirrung, S. D. Young, J. P. Hagen, E. T. Jarvi, U. Badertscher, H.-P. Marki,
and S. H. Montgomery, J. Am. Chem. Soc., 106, 8161 (1984).

40- K. Ganesan and H. C. Brown, J. Org. Chem., 59, 2336 (1994).

41 A. Abiko, J.-F. Liu, and S. Masamune, J. Org. Chem., 61, 2590 (1996); T. Inoue, J.-F. Liu, D. C. Buske,
and A. Abiko, J. Org. Chem., 67, 5250 (2002).

42- K. Ganesan and H. C. Brown, J. Org. Chem., 59, 7346 (1994).
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1) Bu,BOSO,CF,

iPr,NEt CO-CHs SECTION 2.1

CH3CH,CO,CHy ———» (CH3),CH _
2) (CHs),CHCH=O0 CH 85 % yield, Aldol Addition and
3/2 - 3 >97:3 Syn:anti Condensation Reactions

1) (CgH11),BOSO,CF, OH
Et3N CO,C(CH3)3
CH3CH,CO,C(CH3)3 —— (CH2),CH

Qun

Hsy 69 % yield,
>97:3 anti:syn
Ref. 41

Branched-chain esters also give mainly anti adducts when the enolates are formed
using dicyclohexyliodoborane.

1) (CeH11)2BI

EtzN I CO,C,H CO,C,H
2~2t15 2~2'15
RCH,CO,C,Hs 2—.) - Ph/\( or Ph

R R
anti favored for R = i-Pr, t-Bu, Ph  syn favored for R = Me, Et
Ref. 40

Phenyl and phenylthio esters have proven to be advantageous in TiCl,-mediated
additions, perhaps because they are slightly more acidic than the alkyl analogs. The
reactions show syn diastereoselectivity, indicating that Z-enolates are formed.*’

H OH

llfe}

OH
TiCl, CO,Ph
PhCH=0 + CH3CH,CO,Ph ——» 2 0
3L EtN Ph 80%
CHj3
82:18 syn:anti
OH
TiCl, COSPh
PhCH,CH,CH=0 + CH3CH,COSPh ——— 99%
BuzN
CHs3

83:17 syn:anti

Among the most useful carbonyl derivatives are N-acyloxazolidinones, and as we
shall see in Section 2.3.4, they provide facial selectivity in aldol addition reactions.
1,3-Thiazoline-2-thiones constitute another useful type of chiral auxiliary, and they can
be used in conjunction with Bu,BO;SCF;,* Sn(0,;SCF;),,* or TiCl,* for generation
of enolates. The stereoselectivity of the reactions is consistent with formation of a
Z-enolate and reaction through a cyclic TS.

Sn2+

S o S/ N S o OH
SNn(03SCFy), o o M
S)kNJ\/CH3 e s)kNJ\/CH?’ RCH=0  g” -
/ N-Ethylpiperidine -/ — CHs
>97:3 syn:anti
Ref. 47

43- Y. Tanabe, N. Matsumoto, S. Funakoshi, and N. Manta, Synlett, 1959 (2001).

4. C.-N. Hsiao, L. Liu, and M. J. Miller, J. Org. Chem., 52, 2201 (1987).

4. Y. Nagao, Y. Hagiwara, T. Kumagai, M. Ochiai, T. Inoue, K. Hashimoto, and E. Fujita, J. Org. Chem.,
51, 2391 (1986); Y. Nagao, Y. Nagase, T. Kumagai, H. Matsunaga, T. Abe, O. Shimada, T. Hayashi,
and Y. Inoue, J. Org. Chem., 57, 4243 (1992).

4. D. A. Evans, S. J. Miller, M. D. Ennis, and P. L. Ornstein, J. Org. Chem., 57, 1067 (1992).

47- T. Mukaiyama and N. Isawa, Chem. Lett., 1903 (1982); N. Isawa, H. Huang, and T. Mukaiyama, Chermn.
Lett., 1045 (1985).
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CHAPTER 2 The Mukaiyama aldol reaction refers to Lewis acid—catalyzed aldol addition
Reactions of Carbon reactions of silyl enol ethers, silyl ketene acetals, and similar enolate equivalents.*
Nucleophiles with Silyl enol ethers are not sufficiently nucleophilic to react directly with aldehydes or

Carbonyl Compounds i K . . .
ketones. However, Lewis acids cause reaction to occur by coordination at the carbonyl

oxygen, activating the carbonyl group to nucleophilic attack.

LA
/ o OH

T™MSO H 0
\C_C/ + | — R
/ - \ /C\

Rl R2 R H R?

Lewis acids such as TiCl, and SnCl, induce addition of both silyl enol ethers and
ketene silyl acetals to aldehydes.*

OSi(CHy); TiCly o OH

£ b
Ph CH, sncl, Ph)J\)\CH(CHs)z

+ O=CHCH(CHy),

If there is no other interaction, the reaction proceeds through an acyclic TS and steric
factors determine the amount of syn versus anti addition. This is the case with BF;,
where the tetracoordinate boron-aldehyde adduct does not offer any free coordination
sites for formation of a cyclic TS. Stereoselectivity increases with the steric bulk of
the silyl enol ether substituent R!.5

— F B* - —

o BF 3 o - _BF; F3B\o+
H/\@iCH:i H;dz];iCH;; I-|/\d§:CH3 ] H\ /CH3
— Syn anti — syn anti ——

Ph JJ\ H H J]\ Ph Ph J‘L H H J]\ Ph
Rt~ "OTMS Z-enol ether rl” OTMS TMsO™ "R E-enol ether TMSO~ “R!

Z-silyl enol ether E-silyl enol ether
R! syn:anti syn:anti
Et 60:40 57:43
i-Pr 56:44 35:65
t-Bu <5:95 -
Ph 47:53 30:70

Quite a number of other Lewis acids can catalyze the Mukaiyama aldol reaction,
including Bu,Sn(0;SCF;),,>! Bu;SnClO,,>> Sn(0,SCF;),,” Zn(0,SCF;),,** and

4. R. Mahrwald, Chem. Rev., 99, 1095 (1999).

49- T. Mukaiyama, K. Banno, and K. Narasaka, J. Am. Chem. Soc., 96, 7503 (1974).

50. C. H. Heathcock, K. T. Hug, and L. A. Flippin, Tetrahedron Lett., 25, 5973 (1984).

ST, Sato, J. Otera, and H. Nozaki, J. Am. Chem. Soc., 112, 901 (1990).

32- J. Otera and J. Chen, Synlett, 321 (1996).

3. T. Oriyama, K. Iwanami, Y. Miyauchi, and G. Koga, Bull. Chem. Soc. Jpn., 63, 3716 (1990).

3% M. Chini, P. Crotti, C. Gardelli, F. Minutolo, and M. Pineschi, Gazz. Chim. Ital., 123, 673 (1993).



LiClO4.55 Cerium, samarium, and other lanthanide halides promote addition of silyl
ketene acetals to aldehydes.’® Triaryl perchlorate salts are also very active catalysts.>’
In general terms, there are at least three possible mechanisms for catalysis. One is
through Lewis acid activation of the electrophilic carbonyl component, similar to that
discussed for BF;, TiCl,, and SnCl,. Another is by exchange with the enolate equiv-
alent to generate a more nucleophilic species. A third is activation of a catalytic cycle
that generates trimethylsilyl cation as the active catalysts.

Aldol additions of silyl enol ethers and silyl ketene acetals can be catalyzed by
(Cp),Zr*" species including [(Cp),ZrO-t-Bu]* and (Cp),Zr(0;SCF;),.*®

o) (Cp)2Zr(O3SCF3),  OCH; OTMS
TMSO i 5 mol % M eHg
C=CH, + CH3CCH,CHj, Ph
Ph

The catalytic cycle involves transfer of the silyl group to the adduct.

Zr— Zr TMS
+07 N\ N /? / |
g OTMS O O'TMS o O .
+ CH,=<( _— —
R R 2 Ph Rj\)J\Ph Rj\)Lph I

Trialkylsilyl cations may play a key role in other Lewis acid—catalyzed reactions.>
For example, trimethylsilyl triflate can be formed by intermolecular transfer of the
silyl group. When this occurs, the trimethylsilyl triflate can initiate a catalytic cycle
that does not directly involve the Lewis acid.

|'A\ BN O'TMS  CF,SO. AN
+ OTMS 0 3503 (0] .
)OL ;= , - . /\)L _ /U +  (CHy),SiOSO,CF,
H R R R R R R
™S
o Nor
J +  (CHy)sSIOSO,CFy Iy + CF,S0;
H 'R H R <
TMS. T™MS
™S
Nor OTMS No  0TMs No O
it /\ I /K)J\ +  (CH,);SiOSO,CF,
H R R R R R R

35 M. T. Reetz and D. N. A. Fox, Tetrahedron Lett., 34, 1119 (1993).

56- P. Van de Weghe and J. Colin, Tetrahedron Lett., 34, 3881 (1993); A. E. Vougioukas and H. B. Kagan,
Tetrahedron Lett., 28, 5513 (1987).

57- T, Mukaiyama, S. Kobayashi, and M. Murakami, Chem. Lett., 447 (1985); T. Mukaiyama, S. Kobayashi,
and M. Murakami, Chem. Lett., 1759 (1984); S. E. Denmark and C.-T. Chen, Tetrahedron Lett., 35,
4327 (1994).

3. (a) T. K. Hollis, N. P. Robinson, and B. Bosnich, Tetrahedron Lett., 33, 6423 (1992); (b) Y. Hong,
D. J. Norris, and S. Collins, J. Org. Chem., 58, 3591 (1993).

- E. M. Carreira and R. A. Singer, Tetrahedron Lett., 35, 4323 (1994); T. K. Hollis and B. Bosnich,
J. Am. Chem. Soc., 117, 4570 (1995).
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Hindered bis-phenoxyaluminum derivatives are powerful cocatalysts for reactions
mediated by TMS triflate and are believed to act by promoting formation of
trimethylsilyl cations by sequestering the triflate anion.*

0 OH
OTMS  (CH3)3SiOSO,CF3 Ph
* o}
0,
Ph MABR 5 mol % 90%
MABR = bis-(4-bromo-2,6-di-tert-butylphenoxy)methylaluminum

The lanthanide salts are unique among Lewis acids in that they can be effective
as catalysts in aqueous solution.®’ Silyl enol ethers react with formaldehyde and
benzaldehyde in water-THF mixtures using lanthanide triflates such as Yb(O5;SCF;)s;.
The catalysis reflects the strong affinity of lanthanides for carbonyl oxygen, even in
aqueous solution.

OTMS  Yb(O3SCF3), OH O

10 mol %

PhCH=0 + Ph

91% yield, 73:27 syn:anti

Ref. 62
Certain other metal ions also exhibit catalysis in aqueous solution. Two important
criteria are rate of ligand exchange and the acidity of the metal hydrate. Metal hydrates
that are too acidic lead to hydrolysis of the silyl enol ether, whereas slow exchange
limits the ability of catalysis to compete with other processes. Indium(III) chloride
is a borderline catalysts by these criteria, but nevertheless is effective. The optimum
solvent is 95:5 isopropanol-water. Under these conditions, the reaction is syn selective,
suggesting a cyclic TS.%

O OH
oTMS InCl,
Ph)\/CHs + PhCH=0 Ph Ph

i-ProH-H,0 CHy g3

96:4 syn:anti

In addition to aldehydes, acetals can serve as electrophiles in Mukaiyama
aldol reactions.** Effective catalysts include TiCl,,*> SnCl,,% (CHj;);Si0,SCF;,*” and

- M. Oishi, S. Aratake, and H. Yamamoto, J. Am. Chem. Soc., 120, 8271 (1998).

61- S, Kobayashi and K. Manabe, Acc. Chem. Res., 35, 209 (2002).

2. S. Kobayashi and 1. Hachiya, J. Org. Chem., 59, 3590 (1994).

93- 0. Munoz-Muniz, M. Quintanar-Audelo, and E. Juaristi, J. Org. Chem., 68, 1622 (2003).

%Y. Yamamoto, H. Yatagai, Y. Naruta, and K. Maruyama, J. Am. Chem. Soc., 102, 7107 (1980);
T. Mukaiyama and M. Murakami, Synthesis, 1043 (1987).

5. T. Mukaiyama and M. Hayashi, Chem. Lett., 15 (1974).

. R. C. Cambie, D. S. Larsen, C. E. F. Rickard, P. S. Rutledge, and P. D. Woodgate, Austr. J. Chem., 39,
487 (1986).

7-'S. Murata, M. Suzuki, and R. Noyori, Tetrahedron, 44, 4259 (1988).



Bu,Sn(0;SCF;),.%® The Lewis acids promote ionization of the acetal to an oxonium
ion that acts as the electrophile. The products are [3-alkoxy ketones.

RCH(OR"), + MX, — RCH=O0'R" + [ROMX,]~
o}
RCH=O0'R’ + RZCH=CR® — RCHCHgR3
éTMS R'O R?

In some cases, the enolate can be formed directly in the presence of the acetal with
the Lewis acid also activating the acetal.®’

o) o Ticl, o) 0/\>
CHa M cH; + CH3O~<] CHsN\o

9] Et;N
CH,4

83%

Dibutylboron triflate promotes both enol borinate formation and addition.”

o O  Pnh
o] Bu,BOTf

:> 2 O/\/\OH
(6]

+ Ph

(i-Pr),NEt 78%

Reactions with acetals can serve to introduce 3-alkoxy groups into complex molecules,
as in the following reaction.”!

TBDMSO O
TBDMSO, CHs Ticl, TBDMSO 0O OCH;
OPMB
CH, _ TBDMSO__ A Y
(i-P),NEt
(CHsO)CH . opvB CHs CH, CHa
+ J 52%
CHs

It has been proposed that there may be a single electron transfer mechanism
for the Mukaiyama reaction under certain conditions.””> For example, photolysis of
benzaldehyde dimethylacetal and 1-trimethylsilyloxycyclohexene in the presence of a

% T. Sato, J. Otera, and H. Nozaki, J. Am. Chem. Soc., 112, 901 (1990).

% D. A. Evans, F. Urpi, T. C. Somers, J. S. Clark, and M. T. Bilodeau, J. Am. Chem. Soc., 112, 8215
(1990).

70- L.-S. Li, S. Das, and S. C. Sinha, Org. Lett., 6, 127 (2004).

71 G. E. Keck, C. A. Wager, T. T. Wager, K. A. Savin, J. A. Covel, M. D. McLaws, D. Krishnamurthy,
and V. J. Cee, Angew. Chem. Int. Ed. Engl., 40, 231 (2001).

72. T. Miura and Y. Masaki, J. Chem. Soc., Perkin Trans. 1, 1659 (1994); T. Miura and Y. Masaki, J.
Chem. Soc., Perkin Trans. 1, 2155 (1995); J. Otera, Y. Fujita, N. Sakuta, M. Fujita, and S. Fukuzumi,
J. Org. Chem., 61, 2951 (1996).
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typical photoelectron acceptor, triphenylpyrylium cation, gives an excellent yield of
the addition product.

CHO O
OTMS hv
—  Ph
PhCH(OMe), + Ph
ol
s 94% yield, 66:34 syn:anti
Ph” Y0 “Ph oy Y

Ref. 73
These reactions may operate by providing a source of trimethylsilyl cations, which
serve as the active catalyst by a cycle similar to that for Lewis acids.

The Mukaiyama aldol reaction can provide access to a variety of [3-hydroxy
carbonyl compounds and use of acetals as reactants can provide (3-alkoxy derivatives.
The issues of stereoselectivity are the same as those in the aldol addition reaction, but
the tendency toward acyclic rather than cyclic TSs reduces the influence of the E- or
Z-configuration of the enolate equivalent on the stereoselectivity.

Scheme 2.2 illustrates several examples of the Mukaiyama aldol reaction. Entries
1 to 3 are cases of addition reactions with silyl enol ethers as the nucleophile and TiCl,
as the Lewis acid. Entry 2 demonstrates steric approach control with respect to the
silyl enol ether, but in this case the relative configuration of the hydroxyl group was
not assigned. Entry 4 shows a fully substituted silyl enol ether. The favored product
places the larger C(2) substituent syn to the hydroxy group. Entry 5 uses a silyl ketene
thioacetal. This reaction proceeds through an open TS and favors the anti product.

Entries 6 to 9 involve reactions conducted under catalytic conditions. Entry 6
uses a lanthanide catalyst that is active in aqueous solution. Entries 7 and 8§ are
examples of the use of (Cp),Ti(O;SCF;), as a Lewis acid. Entry 9 illustrates the TMS
triflate-MABR catalytic combination.

Entries 10 to 14 show reactions involving acetals. Interestingly, Entry 10 shows
much-reduced stereoselectivity compared to the corresponding reaction of the aldehyde
(The BF;-catalyzed reaction of the aldehyde is reported to be 24:1 in favor of the
anti product; ref. 80, p. 91). There are no stereochemical issues in Entries 11 or 12.
Entry 13, involving two cyclic reactants, gave a 2:1 mixture of stereoisomers. Entry 14 is
a step in a synthesis directed toward the taxane group of diterpenes. Four stereoisomeric
products were produced, including the Z:E isomers at the new enone double bond.

2.1.5. Control of Facial Selectivity in Aldol and Mukaiyama Aldol Reactions

In the discussion of the stereochemistry of aldol and Mukaiyama reactions,
the most important factors in determining the syn or anti diastereoselectivity were
identified as the nature of the TS (cyclic, open, or chelated) and the configuration
(E or Z) of the enolate. If either the aldehyde or enolate is chiral, an additional factor
enters the picture. The aldehyde or enolate then has two nonidentical faces and the
stereochemical outcome will depend on facial selectivity. In principle, this applies to
any stereocenter in the molecule, but the strongest and most studied effects are those
of a- and B-substituents. If the aldehyde is chiral, particularly when the stereogenic
center is adjacent to the carbonyl group, the competition between the two diastereotopic
faces of the carbonyl group determines the stereochemical outcome of the reaction.

73 M. Kamata, S. Nagai, M. Kato, and E. Hasegawa, Tetrahedron Lett., 37, 7779 (1996).



Scheme 2.2. The Mukaiyama Aldol Reaction

A. Reactions of silyl end ethers with aldehydes and ketones

a OTMS O
1 o con Ticl, o
+ =
\/\Ph _78°C Ph
94%
1:1 syn:anti
2b °
TMSO Ticl,  cH,
CH;CH=0 * — 96%
-78°C H
OH
O HO
i Ticl, o M1
PhC=CH, + (CH;),C=0 4 PhCCH,C(CHy),
| 0°C 0
OTMS 70-74%
H
4 oTms BF, o 9 o ©OH
X + PhCH=O CH )%Ph * cH ) Ph
CH CHy 3 < i L
3 CH, CaHs CHy C,Hg5 CHj
84:16 89%
TMSO  CH, BF, CH,
5¢ — -
(CHpos w - PheREo (CHs)aCSC)\fPh
3/3 I oH 96%
19:1 anti:syn
B. Catalytic Mukaiyama Reactions
6f
Y(OTf),
oTMs ohen—o  omil% Q OH
CH x_CH + - 3
3 3 THF-H,0 Ph
CHs 89%
63:37 syn:anti
79
o)
/ S(c ), Ti(OSCF) I
(CH3),CHCH=0 + H2C=C\ P)2 11Oz 032 (CH3)2CH(|ZHCHZCPh
Ph 0.5 mol % TMSO
8h
OTMs CH;
CH3CH,CH=0 + CH,CH=C (Cp),Ti(O5SCF3), CHgMCOZCHg
OCH; 5 mol %; -78°C OH
1% yield, 1:1.4 anti
TMSOTY 91% yield, syn:anti
gi
MABR OH
Q OTMS  5mol % Ph
+ H2C=C _78°C m
Sph O 90%

MABR = bis(4-bromo-2,6-di-tert butylphenoxy) methyl aluminum
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C. Reactions with acetals

CH
(|3H3 OTMS CH, ’
. I Ticl C(CHy);
10' PhCHCH(OCH,), + CH,=CC(CHs); —=  Ph C(CHg)3 + Ph™ Y X
—78°C o) OCH;3
OCH;
84% yield, 2.5:1 syn:anti
11 oTM™MS
(CH,);Si0,SCF, O OCHg
+ (CH,),C(OCHy),  5mol% C(CHa),
87%
12'
OCH, CH; O

OTMS  Bu,Sn(O5SCF,),

CH3(CHICOM; &, =Co(CHyy —M2%  CHy(CH,)iCCH,CC(CHa)

| -78°C I

OCHg OCHj 100%

13™

CH, CH, g

TMSO CH, D\ PhcClo, O CH,
OCH,
—78°C
80%
C(CHy), C(CHg),

n
14" cH, coch3 CO,CHy

3
| cH, CH3
+ TIC|4 /CH3
—50°
OTMS 90%
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Similarly, there will be a degree of selectivity between the two faces of the enolate if
it contains a stereocenter.

The stereogenic centers may be integral parts of the reactants, but chiral auxiliaries
can also be used to impart facial diastereoselectivity and permit eventual isolation
of enantiomerically enriched product. Alternatively, use of chiral Lewis acids as
catalysts can also achieve facial selectivity. Although the general principles of control
of the stereochemistry of aldol addition reactions have been well developed for simple
molecules, the application of the principles to more complex molecules and the



selection of the optimum enolate system requires analyses of the individual cases.”

Often, one of the available reactant systems proves to be superior.”” Sometimes a
remote structural feature strongly influences the stereoselectivity.”® The issues that
have to be addressed in specific cases include the structure of the reactants, including its
configuration and potential sites for chelation; the organization of the TS (cyclic, open,
or chelated); and the steric, electronic, and polar factors affecting the facial selectivity.

2.1.5.1. Stereochemical Control by the Aldehyde. A chiral center in an aldehyde can
influence the direction of approach by an enolate or other nucleophile. This facial
selectivity is in addition to the simple syn, anti diastereoselectivity so that if either
the aldehyde or enolate contains a stereocenter, four stereoisomers are possible. There
are four possible chairlike TSs, of which two lead to syn product from the Z-enolate
and two to anti product from the E-enolate. The two members of each pair differ
in the facial approach to the aldehyde and give products of opposite configuration
at both of the newly formed stereocenters. If the substituted aldehyde is racemic, the
enantiomeric products will be formed, making a total of eight stereoisomers possible.

X R2 X R? X R?
1 1
)\(H + W — R R!
R R R Y
© o on © on ©

o-Substituent in

2,3-anti;3,4-anti
aldehyde

X R? X R2
Rl : Rt
R R Y
O =

OH oH ©
2,3-anti;3,4-syn 2,3-syn;3,4-anti

2,3-syn;3,4-syn

R2 R?

H &
Y R w R RMRl
o
X o] x OH O

B-Substituent in
aldehyde

Q
X
0
T

2,3-syn;3,5-syn 2,3-anti;3,5-anti

RZ
o ad
O X OH O

2,3-anti;3,5-syn 2,3-syn;3,5-anti

74 (a) W. R. Roush, J. Org. Chem., 56, 4151 (1991); (b) C. Gennari, S. Vieth, A. Comotti, A. Vulpetti,
J. M. Goodman, and I. Paterson, Tetrahedron, 48, 4439 (1992); (c) D. A. Evans, M. J. Dart, J. L. Duffy,
and M. G. Yang, J. Am. Chem. Soc., 118, 4322 (1996); (d) A. S. Franklin and 1. Paterson, Contemp.
Org. Synth., 1, 317 (1994).

5. E.J. Corey, G. A. Reichard, and R. Kania, Tetrahedron Lett., 34, 6977 (1993).

76- A. Balog, C. Harris, K. Savin, X.-G. Zhang, T. C. Chou, and S. J. Danishefsky, Angew. Chem. Int. Ed.
Engl., 37, 2675 (1998).
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If the substituents are nonpolar, such as an alkyl or aryl group, the control is
exerted mainly by steric effects. In particular, for a-substituted aldehydes, the Felkin
TS model can be taken as the starting point for analysis, in combination with the
cyclic TS. (See Section 2.4.1.3, Part A to review the Felkin model.) The analysis and
prediction of the direction of the preferred reaction depends on the same principles
as for simple diastereoselectivity and are done by consideration of the attractive and
repulsive interactions in the presumed TS. In the Felkin model for nucleophilic addition
to carbonyl centers the larger a-substituent is aligned anti to the approaching enolate
and yields the 3,4-syn product. If reaction occurs by an alternative approach, the
stereochemistry is reversed, and this is called an anti-Felkin approach.

HX X
H OH
H ‘CQ(()),,M — C\OO v = R\‘/k/u\
” - X
<em < L
3

CH, CH; R
3,4-syn (Felkin)

OH O
M= RNX
o CH,

3,4-anti  (anti-Felkin)

CHs..

A study of the lithium enolate of pinacolone with several a-phenyl aldehydes
gave results generally consistent with the Felkin model. Steric, rather than electronic,
effects determine the conformational equilibria.”” If the alkyl group is branched, it
occupies the “large” position. Thus, the ¢-butyl group occupies the “large” position,
not the phenyl.

. Ph Ph
r . /OC' o MC(CHa)a )ﬁ/\'(C(CHm
Y + R
R” “CH=0 C(CHg), R iy O 1o
3,4-anti 3,4-syn
R 3,4-anti:syn ratio
CH;, 3.64:1
CaHs 6.05:1
(CH3),CH 2.25:1
(CH3)sC 1:1.7

The situation encounters another factor with enolates having a C(2) substituent.
The case of steric control has been examined carefully. The stereoselectivity depends
on the orientation of the stereocenter relative to the remainder of the TS. The Felkin TS
is A. TS B represents a non-Felkin conformer, but with the same facial approach as A.
The preferred TS for the Z-enolate is believed to be structure C. This TS is preferred
to A because of the interaction between the RM group and the R? group of the enolate

77 E. P. Lodge and C. H. Heathcock, J. Am. Chem. Soc., 109, 3353 (1987).



in A.7® This double-gauche interaction is analogous to the 1,3-diaxial relationship in
chair cyclohexane. TS C results in the anti-Felkin approach. The relative energy of TS
B and TS C depends on the size of R, with larger R groups favoring TS C because
of an increased R?/RY interaction.

Rl
H ,
J,\O:;BRZ RM :RL Rl BR’
‘ - - =02
o Hol d
R- ]
A HR2 c
re-face
RV R2 RV R2 RM R
N ? - B - 1
RLWRl RLWRl RLWR
OH O OH O OH O

2,3-syn-3,4-syn-product 2,3-syn-3,4-syn-product  2,3-syn-3,4-anti-product

For E-enolates the Felkin TS is preferred, the enolate approaches opposite the
largest aldehyde substituent, and the preferred product is 2,3-anti-3,4-syn. TS D is
preferred for E-enolates because of the gauche interaction between R? and R in TS E.

Rl
H o BR OH o RM Rl OH O
R2 /\0 2 . H. s _-BR, RL A
Ny 0 R R RZ\{\/"\:;‘:& [ — R!
! R : o)
H = L
RM D RM Ry Ry E R" R,
E-enolate 2,3-anti-3,4-syn product E-enolate 2,3-anti-3,4-anti product

si-face re-face

The qualitative application of these models depends on evaluating the magnitude
of the steric interactions among the various groups. In this regard, phenyl and vinyl
groups seem to be smaller than alkyl groups, perhaps because of their ability to
rotate into conformations in which the 7 dimension minimizes steric repulsions. These
concepts have been quantitatively explored using force field models. For nonpolar
substituents, steric interactions are the controlling factor in the stereoselectivity, but
there is considerable flexibility for adjustment of the TS geometry in response to the
specific interactions.”

Mukaiyama reactions of a-methyl aldehydes proceed through an open TS and
show a preference for the 3,4-syn stereoisomer, which is consistent with a Felkin TS.%

H R
‘o, o O
H% NOTBDMS cn by CHy
CH CH 2 3 2
3\ __H BF; 3\ H = R, 1 R
e -
| FyBO™ [ 'H oH O
R R

R=Ph; R"=t-Bu:24:1syn:anti

78- W. R. Roush, J. Org. Chem., 56, 4151 (1991).

79 C. Gennari, S. Vieth, A. Comotti, A. Vulpetti, J. M. Goodman, and I. Paterson, Tetrahedron, 48, 4439
(1992).

80. C. H. Heathcock and L. A. Flippin, J. Am. Chem. Soc., 105, 1667 (1983); D. A. Evans and J. R. Gage,
Tetrahedron Lett., 31, 6129 (1990).
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The stereoselectivity of aldol addition is also affected by chelation.®! - and

B-Alkoxy aldehydes can react through chelated structures with Li* and other Lewis
acids that can accommodate two donor groups.

R
1 -
/O R //
N j: M R
N o—
/g H H
o—alkoxy aldehyde B-alkoxy aldehyde

The potential for coordination depends on the oxy substituents.?> Alkoxy substituents
are usually chelated, whereas highly hindered silyloxy groups usually do not chelate.
Trimethylsiloxy groups are intermediate in chelating ability. The extent of chelation
also depends on the Lewis acid. Studies with a-alkoxy and (3-alkoxy aldehydes with
lithium enolates found only modest diastereoselectivity.®®

PhCHZO/\/CH=O + CH3ﬁ2\Ph . PhCHZONPh
H CH,
66:34 anti:syn
Ref. 84
OCH.Ph OLi PhCH, O CH CH
2 CH, CHs : B 8 PhCHZO
+ 7 CHs
CH; CH=O0 CHsy B OTMS Hs OTMS
OTMS oy O
2:1 mixture
Ref. 83b

Several a-methyl-B3-alkoxyaldehydes show a preference for 2,3-syn-3,4-anti products
on reaction with Z-enolates. A chelated TS can account for the observed stereo-
chemistry.®> The chelated aldehyde is most easily approached from the face opposite

the methyl and R’ substituents.

Hs
Rt
"cH=0 + \/\O -
R

R =CH,OCH,Ph, R’=H, Et, PhCH,

Mile)

O

2,3-syn-3,4-anti

Dialkylboron enolates cannot accommodate an additional aldehyde ligand group
and chelated TSs are not expected. When BF; is used as the Lewis acid, chelation is

81. M. T. Reetz, Angew. Chem. Int. Ed. Engl., 23, 556 (1984); R. Mahrwald, Chem. Rev., 99, 105 (1999).

82 X. Chen, E. R. Hortelano, E. L. Eliel, and S. V. Frye, J. Am. Chem. Soc., 114, 1778 (1992).

83. (a) C. H. Heathcock, S. D. Young, J. P. Hagen, M. C. Pirrung, C. T. White, and D. Van Derveer, J. Org.
Chem., 45, 3846 (1980); (b) C. H. Heathcok, M. C. Pirrung, J. Lampe, C. T. Buse, and S. D. Young,
J. Org. Chem., 46, 2290 (1981).

8. M. T. Reetz, K. Kesseler, and A. Jung, Tetrahedron, 40, 4327 (1984).

85- S. Masamune, J. W. Ellingboe, and W. Choy, J. Am. Chem. Soc., 104, 5526 (1982).



also precluded in Mukaiyama reactions. Chelation control does occur in the Mukaiyama
reaction using other Lewis acids. Both «- and (3-alkoxy aldehydes give chelation-
controlled products with SnCl, and TiCl,, but not with BF,.% If there is an additional
substituent on the aldehyde, the chelate establishes a facial preference for the approach
of the nucleophile.?’

Ph Ph

R O>—:I-i/_ Ph>| R7\O>
\A\o : Ph R7\O—_/_TI\_ - Ph\’(b_/OH
\n//>\o [ :
o)

In each instance, the silyl enol ether approaches anti to the methyl substituent on the
chelate. This results in a 3,4-syn relationship between the hydroxy and alkoxy groups
for a-alkoxy aldehydes and a 3,5-anti relationship for 3-alkoxy aldehydes with the
main chain in the extended conformation.

OH ¢
PhCHz% . CHg _ OTMS  Ticl, CHs
CH/_CHzo th Ph
3
PhCH,O CHs 97 % 2,3-syn-3,4-syn
3 % 2,3-anti-3,4-anti
Ref. 88
CH ) PhCH,O
“cH=o0 OTMS  Ticl, 2y OH o
z + CH2=/\ _— A
PhCH,0 Ph CH Ph
3

92:8 3,5-anti:syn
Ref. 84
A crystal structure is available for the SnCl, complex of 2-benzyloxy-3-
pentanone.®® The steric shielding by the methyl group with respect to the C=0 is
evident in this structure (Figure 2.1). NMR studies indicate that the reaction involves

Fig. 2.1. Structure of the SnCl, complex of 2-benzyloxy-3-pentanone. Reproduced
from Acc. Chem. Res., 26, 462 (1993) by permission of the American Chemical
Society.

86. C. H. Heathcock, S. K. Davidsen, K. T. Hug, and L. A. Flippin, J. Org. Chem., 51, 3027 (1986).

87 M. T. Reetz and A. Jung, J. Am. Chem. Soc., 105, 4833 (1983); C. H. Heathcock, S. Kiyooka, and
T. A. Blumenkopf, J. Org. Chem., 51, 4214 (1984).

8. M. T. Reetz, K. Kesseler, S. Schmidtberger, B. Wenderoth, and P. Steinbach, Angew. Chem. Int. Ed.
Engl., 22, 989 (1983).

8. M. T. Reetz, K. Harms, and W. Reif, Tetrahedron Lett., 29, 5881 (1988).
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formation of trimethylsilyl chloride from the chelated intermediate. This step is
followed by conversion to the more stable aldol chelate.*

CI CI al cl cl ¢
\' \[_cl \/_cl
i i
PhCHZ\ — PhCH,— RN PhCH,0 o
p,mo SI(CH) ~q o — b
H 2 cHal N CH,
R H CH,CC(CH,), C(CHy);
H

With - and B-benzyloxyaldehydes, the z-butylthio ketene acetals also gave
chelation-controlled addition.”!

CHs OTMS Ticl, CH,
PhCH,O A + CH2=< ——» PhCH,O :
CH=0 SC(CHy)s VYCOSC(CH3)3
80% OH

> 97:3 3,4-anti:syn

This reaction occurs through a TS in which the aldehyde is chelated, but the silyl
thioketene acetal is not coordinated to the Ti (open TS).

~Ti— OH
PhCHZ\O,’ o H H
H H PhCH,0CH, H
—_ W
H H COSC(CHa)s

Chy CH,

& >oTteDMS

|

C(CHg)3

The choice of Lewis acid can determine if a chelated or open TS is involved.
For example, all four possible stereoisomers of 1 were obtained by variation of the
Lewis acid and the stereochemistry in the reactant.”> The BF;-catalyzed reactions
occur through an open TS, whereas the TiCl, reactions are chelation controlled.

OH
CH,0 OH CHO ¢
3 CO,C,Hs WCOZCZHS
CH3 CH3 \
CH30 steric  3,4-syn-4,5-syn 3,4-syn-4,5-anti  steric CH30
CH=0 control only isomer only isomer control CH:O
Ph
chelate ! chelate
control CH,0 W
TiCl, )WCOZCZ COzC2H5 TiCl
CHjy CH )
3,4-anti-4,5-syn 3,4-anti-4, 5 anti
11:1 ds 7:1ds

9. M. T. Reetz, B. Raguse, C. F. Marth, H. M. Hiigel, T. Bach, and D. N. A. Fox, Tetrahedron, 48, 5731

(1992); M. T. Reetz, Acc. Chem. Res., 26, 462 (1993).
°l- C. Gennari and P. G. Cozzi, Tetrahedron, 44, 5965 (1988).
92.°S. Kiyooka, M. Shiinoki, K. Nakata, and F. Goto, Tetrahedron Lett., 43, 5377 (2002).



In the reaction of a-methylthiobutanal, where the methylthio group has the potential
for chelation, BF; gave 100% of anti product, whereas TiCl, gave a 5:1 syn:anti ratio.”*

SCHy Bh

CH3 \)\ + CHZ:/\

CH=O0 OTMS

SCH;
CHs Ph

OH O
BF3 100% anti
TiCl, 51 syn

Chelation-controlled product is formed from reaction of a-benzyloxypropanal
and the TBDMS silyl ketene acetal derived from ethyl acetate using 3% LiClO, as

catalyst.”*
OCH,Ph OTBDMS 3% LiCIO, OCH,Ph
AN + CH - . 8
CHy” “cH=0 2:<OCH3 crcl oy Y coscH,
—30°C OTBDMS

92:8 3,4-syn:anti

Recently, (CH;),AlCI and CH;AICl, have been shown to have excellent chelation
capacity. These catalysts effect chelation control with both 3-benzyloxy- and 3-(t-
butyldimethylsilyoxy)-2-methylpropanal, whereas BF; leads to mainly syn product.®’
The reaction is believed to occur through a cationic complex, with the chloride ion
associated with a second aluminum as [(CH;),AICL,]". Interestingly, although TiCl,
induced chelation control with the benzyloxy group, it did not do so with the TBDMS

group.

_ HoO © 0
RO CH=O  OTBDMS tewisacd _ "V I /VHO\/U\
it c(CHY RO™™ C(CH3); * RO C(CHg)3
8 ¥ CHj (_:H3
anti syn
TBDMSO
7 RI
(CH3)sC oML
H s
CH, ™
chelated transition
structure
Lewis acid R = CH,Ph R = OTBDMS
anti:syn anti:syn
BF; 26:74 9:91
SnCl, 50:50 7:93
TiCl, 97:3 7:93
(CH,),AlICI 90:10 97:3
CH,AICI, 78:22 77:23

93- R. Annuziata, M. Cinquini, F. Cozzi, P. G. Cozzi, and E. Consolandi, J. Org. Chem., 57, 456 (1992).

% M. T. Reetz and D. N. A. Fox, Tetrahedron Lett., 34, 1119 (1993).

% D.A.Evans, B.D. Allison, and M. G. Yang, Tetrahedron Lett., 40,4457 (1999); D. A. Evans, B. D. Allison,
M. G. Yang, and C. E. Masse, J. Am. Chem. Soc., 123, 10840 (2001).
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Heteroatom substituents also introduce polar effects. In the case of a-alkoxy
aldehydes the preferred TS appears to be F and G for the E- and Z-enolates, respec-
tively. These differ from the normal Felkin TS for nucleophilic addition. The reactant
conformation is believed to be determined by minimization of dipolar repulsion
between the alkoxy substituent and the carbonyl group.’® This model predicts higher
3,4-anti ratios for Z-enolates, and this is observed.

RH R? R R? OH o
RO_! OH o RO/ . <
RZ\[:/"\ o~ BR2 R i HW/N ‘o /,BRz R
=6 — R! 0 /OR!
H H .
H F RO R, RZ G RO R

E-enolate 2,3-anti-3,4-syn product Z-enolate 2,3-syn-3,4-anti product
Dipole-dipole interactions may also be important in determining the stereoselec-
tivity of Mukaiyama aldol reactions proceeding through an open TS. A BF;-catalyzed
reaction was found to be 3,5-anti selective for several 3-substituted 5-phenylpentanals.
This result can be rationalized by a TS that avoids an unfavorable alignment of the

C=0 and C-X dipoles.”’

TMSO X O OH
(CHyCH Ph 5" ph (CHy,ch 37 0 Ph
(CHy),CH V2
CH,CH,Ph X 3,5-anti:syn
CH,CH,Ph
H 2H (2: OTMS H H PMBO 81:19
2 — X OTBDMS  73:27
—
CH(CH,) H .
H 17X 2 Ho” TCH,CCH(CHy),  OAc 43:57
e gl al 83:17
[ o
BF,

The same stereoselectivity was observed with a more complex pair of reactants in
which the B-substituent is a cyclic siloxy oxygen.”

Thus we see that steric effects, chelation, and the polar effects of a- and
[B-substituents can influence the facial selectivity in aldol additions to aldehydes. These
relationships provide a starting point for prediction and analysis of stereoselectivity

% D. A. Evans, S. J. Siska, and V. J. Cee, Angew. Chem. Int. Ed. Engl., 42, 1761 (2003).
- D. A. Evans, M. J. Dart, J. L. Duffy, and M. G. Yang, J. Am. Chem. Soc., 118, 4322 (1996).
8- 1. Paterson, R. A. Ward, J. D. Smith, J. G. Cumming, and K.-S. Yeung, Tetrahedron, 51, 9437 (1995).



Table 2.3. Summary of Stereoselectivity for Aldol Addition Reactions

YB H RZ oM YP OH O
+ = _— 42
R)\(&O RE ol RW Rl
X X RZ RE
Aldehyde Steric Aldehyde Chelate Aldehyde Polar
(Felkin) Control TS Substituent Control
Cyclic TS
- X®*=alkox
3,4-syn for X*=medium X*=alkoxy 3,4-syn y

Y# = alkoxy 3,5-anti E-enolate 2,3-anti, 3,4-weak

E-enolate 2,3-anti, 3,4-syn Z-enolate 2,3-syn,3,4-anti
Z-enolate 2,3-syn, 3,4-anti YB = alkoxy 3,5-anti
Open TS

3,4-syn for X*=medium

based on structural effects in the reactant aldehyde. These general principles have
been applied to the synthesis of a number of more complex molecules. Table 2.3
summarizes the relationships discussed in this section.

Scheme 2.3 shows reactions of several substituted aldehydes of varying
complexity that illustrate aldehyde facial diastereoselectivity in the aldol and
Mukaiyama reactions. The stereoselectivity of the new bond formation depends on the
effect that reactant substituents have on the detailed structure of the TS. The 3,4-syn
stereoselectivity of Entry 1 derives from a Felkin-type acyclic TS.

CH3\ O'BF3~ CH,  O'BFg” o OH
A Ph
Ph—— CH,CCH =
TBDMSO x ¢ %] Z&Ph CH3)W
>=CH, H O H H CHs

CHs;

Entry 2 shows an E-enolate of a hindered ester reacting with an aldehyde
having both an a-methyl and B-methoxy group. The reaction shows a 13:1 preference
for the Felkin approach product (3,4-syn) and is controlled by the steric effect of
the a-methyl substituent. Another example of steric control with an ester enolate
is found in a step in the synthesis of (+)-discodermolide.”” The E-enolate of a
hindered aryl ester was generated using LiTMP and LiBr. Reaction through a Felkin
TS resulted in syn diastereoselectivity for the hydroxy and ester groups at the
new bond.

9. 1. Paterson, G. J. Florence, K. Gerlach, J. P. Scott, and N. Sereinig, J. Am. Chem. Soc., 123, 9535
(2001).
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Scheme 2.3. Examples of Aldol and Mukaiyama Reactions with Stereoselectivity Based
on Aldehyde Structure

A. Steric Contol

. o CH,
1 3 OTBDMS H
| / BF. CHs
PhCHCH=0 + CH,=C 2 Ph/\é/\ff
A\ -78°C OH O 75%
CH,
10:1 3,4-syn:anti
X oLi CH; CHs cHy CH; CH,
2 Ar H OBOM ; OBOM
oS + Ar0,C
CHj O  orBDMS OH OTBDMS 92%

13:1 2,3-anti:syn-3,4-syn

Ar =2,6-dimethylphenyl BOM = benzyloxymethyl

3° CH, SC(CHa:  BF, §Hs oy
/L + — “_-SC(CHg);
Ph CH=0 CHj; OTBDMS Ph 5
OH
13:1 2,3-anti:syn-3,4-syn
d
4 (:_:H3 CH, OTMS  BF, o Cl-: on
PN A+ — - -3 €
TBDPSO~ “CH=O0 PhSe> <OMe /\)(COZCH3 6%
TBDPSO  :
B. Chelation Control OH 3,4-syn
CHg-_CH,
CH CH OTMS | <o
5e 8 3 LiCIO, CHg CHgq
079  + (CHy,C=C 0.3¢q
\—( \OCH3 25°C CO,CHj4
CH=0 TMSO
>98% 3,4-syn
f oTBDMS LiClO, ~ OCHzPh
6 OCHPN | hc=C 3 mol % CO,CH;,
= 2~
CH;” “CH=0 OcH,  —30°C OH
92:8 3,4-syn:anti
7 OCH,Ph OTMS PhCH,0
oHy cH=0 * e=c ™ S s
Cc(CHg), ~78C OH O >97%syn
8° PhCH,__
OCH,Ph SC(CHy)s g, O CHs
PN — - . ~_~__SC(CH,)
CH” 'CH=0 cH, OTBDMS CH; T 3
OH ©
gd 2,3-syn-3,4-syn
Et,BOTF CH
OCH,Ph 4+  CHy _ OTMS =2 CHj | SePh
CHy SCH=0 Phse OMe PhCH,0 COCHs gags
1o OH >20:1 3,4-anti
CH
OCH,Ph  H,C N PCHO  CHs ch,
: 2 2! WOCHZPh TiCI4 :
CH N~y CH OCH,Ph
3 CH=O0O + OTMS N (0]
—78°C OH 97% yield
99:1 3,4-syn

(Continued)



Scheme 2.3. (Continued)

C. Polar Control

11!
N CH=0 ,
PMBO 7%
12 TBDMS
TIPSO J ocH,
CHj =
— CH=0 CHjy CHg -78°C
CH,
13k 8:1 3,5-anti:syn
* aomso TeDMsQ &1 4
OTMS BF :
ey 0 T e T (CHgsch Y OO
_78°C 3)2 z
1 3)2 (_:H3 OC(CHy)3 CH, > 95:5 dr 75%
CH
CHy 7 CHy SHachy,
CH : %
3/,,WCH=O OTBDMS BF, CH3,,' SC(CHs)3
CHj, 5
= . 92%
~; PMBO . /kSC(CH3)3 _78°C : PMBO HO O °
OCH C
3 OCHs 5.1 35.6yn
CH,Br
157 oTMS CH B ~pOCH-Ph

M\VOCHZPh OCH,Ph O OHoO

CH

*cH, “cH, + O=CH\/Q/OCH 5" "oCH,
8 CH3 CH3 OCH,Ph

64% 2,3-anti-3,5-anti
21% 2,3-anti-3,5-syn
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CH; Co,ArCHs CMs

Ar =2,6-dimethylphenyl ds>97%

Entries 3 and 8 show additions of a silyl thioketene acetal to a-substituted
aldehydes. Entry 3 is under steric control and gives an 13:1 2,3-anti-syn ratio. The
reaction proceeds through an open TS with respect to the nucleophile and both the
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E- and Z-silyl thioketene acetals give the 2,3-anti product. The 3,4-syn ratio is
50:1, and is consistent with the Felkin model. When this nucleophile reacts with
2-benzyloxypropanal (Entry 8), a chelation product results. The facial selectivity with
respect to the methyl group is now reversed. Both isomers of the silyl thioketene acetal
give mainly the 2,3-syn-3,4-syn product. The ratio is higher than 30:1 for the Z-enolate
but only 3:1 for the E-enolate.

Entries 4 and 9 are closely related structures that illustrate the ability to control
stereochemistry by choice of the Lewis acid. In Entry 4, the Lewis acid is BF; and
the B-oxygen is protected as a z-butyldiphenylsilyl derivative. This leads to reaction
through an open TS, and the reaction is under steric control, resulting in the 3,4-syn
product. In Entry 9, the enolate is formed using di-n-butylboron triflate (1.2 equiv.),
which permits the aldehyde to form a chelate. The chelated aldehyde then reacts via
an open TS with respect to the silyl ketene acetal, and the 3,4-anti isomer dominates
by more than 20:1.

CoHs  CoHs
B
PhCH, 2
O A

O

CH CHs
3 OTMS
TMSO
-~ = __ CHa //&) \
H OTBDPS

CH PhS OCH
8 4 HThee 3 CH;O  'sepPh

TS for chelate control TS for steric control

Entry 5 is an example of LiClO, catalysis and results in very high stereoselectivity,
consistent with a chelated structure for the aldehyde.

CHs cp, CHs ch,

X oL O><O——L“i

? P o
\’k O /~ CHg

£ N CHs 1f—~CO,CH;
H S I OTMS  H  CH,
CH;
OCH,

Entries 6 and 7 are examples of reactions of a-benzyloxypropanal. In both cases, the
product stereochemistry is consistent with a chelated TS.
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CH,

OTMS
Y

OCH;

Entry 10 is an example of the application of chelate-controlled stereoselectivity using
TiCl,. Entry 11 also involves stereodirection by a 3-(p-methoxybenzyloxy) substituent.
In this case, the BF;-catalyzed reaction should proceed through an open TS and the
B-polar effect described on p. 96 prevails, resulting in the anti-3,5-isomer.

OTMS O OH OPMB
.0 o : -
Al RREN Ar CH,
H
PMBO
H

The B-methoxy group in Entry 12 has a similar effect. The aldehydes in Entries 13
and 14 also have a-methyl-3-oxy substitution and the reactions in these cases are with
a silyl ketene acetal and silyl thioketene acetal, respectively, resulting in a 3,4-syn
relationship between the newly formed hydroxyl and a-methyl substituents.

Entry 15 involves a benzyloxy group at C(2) and is consistent with control by a
[3-oxy substituent, which in this instance is part of a ring. The anti relationship between
the C(2) and the C(3) groups results from steric control by the branched substituent in
the silyl enol ether. The stereogenic center in the ring has only a modest effect.

TMSO ¢y Rr! O CHR O on
. OCH,Ph RsC OCHPh :
s Q ” R3C CHyR’
s B OH
H | OB H o H CH,OCH,Ph

2.1.5.2. Stereochemical Control by the Enolate or Enolate Equivalent. The facial
selectivity of aldol addition reactions can also be controlled by stereogenic centers in
the nucleophile. A stereocenter can be located at any of the adjacent positions on an
enolate or enolate equivalent. The configuration of the substituent can influence the
direction of approach of the aldehyde.

R; H R
X o > z H
\</\ X\%<//oz
74 oz —
stereocenter in stereocenter in stereocenter in
the 1-substituent the E-substituent the Z-substituent

When there is a nonchelating stereocenter at the 1-position of the enolate, the
two new stereocenters usually adopt a 2,2'-syn relationship to the M substituent. This
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result is consistent with a cyclic TS having a conformation of the chiral group with the
hydrogen pointed toward the boron and the approach to the aldehyde from the smaller
of the other two substituents as in TS H.'

H RM CH; RM

1 . )

ST R
OBR, OH O

This stereoselectivity, for example, was noted with enolate 2.'°!

CH
3 CHs CHg CHy CH3 CH,
CH,
%CH:O NS
OTBDMS
: /O on © oOTBDMS
BBN
2 2,2’-syn
The same effects are operative with titanium enolates.!*%
TBDMS TBDMS
AN 1 AN
o o 1) TiCly O O OH
i-ProNEt
(CHg),CH %CW 2) (CHg),CHCH=0  (CH3),CH WCH(CH?,)Z
CH, CH3z CHy 82%

95:5 2,2’-syn

Little steric differentiation is observed with either the lithium or boron enolates of
2-methyl-2-pentanone.'*

CHs CH,
CHs CH, CH
+ CH3CH3CH=O 3 CH3
oM O OH
M=Li 57:43 2’,3-anti:syn

M=BBu, 64:36 2’,3-anti:syn

a-Oxygenated enolates show a strong dependency on the nature of the oxygenated
substituent. TBDMS derivatives are highly selective for 2, 2'-syn-2,3-syn product, but
benzyloxy substituents are much less selective. This is attributed to involvement of
two competing chelated TSs in the case of benzyloxy, but of a nonchelated TS for the
siloxy substituent.!”® The contrast between the oxy substituents is consistent with the
tendency for alkoxy groups to be better donors toward Ti(IV) than siloxy groups.

100 (a) D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991);
(b) A. Bernardi, A. M. Capelli, A. Comotti, C. Gennari, M. Gardner, J. M. Goodman, and I. Paterson,
Tetrahedron, 47, 3471 (1991).

101 1, Paterson and A. N. Hulme, J. Org. Chem., 60, 3288 (1995).

102. D, Seebach, V. Ehrig, and M. Teschner, Liebigs Ann. Chem., 1357 (1976); D. A. Evans, J. V. Nelson,
E. Vogel, and T. R. Taber, J. Am. Chem. Soc., 103, 3099 (1981).

103-°S. Figueras, R. Martin, P. Romea, F. Urpi, and J. Vilarrasa, Tetrahedron Lett., 38, 1637 (1997).



Oxy substituent R 2,2 -syn-2,3-syn:2,2'-anti-2,3-syn
TBDMS CH; 30:1
TBDMS PhCH, 35:1
TBDMS (CH;),CH >95:1
PhCH, CH;4 5:1
PhCH, PhCH, 4:1
PhCH, (CH;),CH 1:1
O OH

CH(CHy),

TBDMSO CHs

R oF

iPr =0 7“\ -
¢
CHs
2,2’-syn-2,3-syn 2,2 ’syn-2,3-syn 2,2 ’-anti-2,3-syn
favored non-chelated competing chelated
transition structure transition structure
for TBDMS for benzyloxy

The stereoselectivity of this reaction also depends on the titanium reagent used to
prepare the enolate.'®* When the substituent is benzyloxy, the 2, 2'-anti-2,3-syn product
is preferred when (i-PrO)TiCl; is used as the reagent, as would be expected for a
chelated TS. However, when TiCl, is used, the 2, 2'-syn-2,3-syn product is formed.
A detailed explanation for this observation has not been established, but it is expected
that the benzyloxy derivative would still react through a chelated TS. The reversal on
use of TiCl, indicates that the identity of the titanium ligands is also an important
factor.

High facial selectivity attributable to chelation was observed with the TMS silyl
ethers of 3-acyloxy-2-butanone.'%

oTMS oH © . 0 iy
CcH Ticl : CH, R/ -0O< Si—
(CHg,CHCH=0  +  CH; ¢ = (CHy),CH M i A
3/2 H \
O.CPh 0,CPh Phco; \"CHs
H

Several enolates of 4,4-dimethyl-3-(trimethylsiloxy)-2-pentanone have been
investigated.'” The lithium enolate reacts through a chelated TS with high 2,2'-anti
stereoselectivity, based on the steric differentiation by the ¢-butyl group.

104-J. G. Solsona, P. Romea, F. Urpi, and J. Villarrasa, Org. Lett., 5, 519 (2003).

105- B, M. Trost and H. Urabe, J. Org. Chem., 55, 3982 (1990).

106 C, H. Heathcock and S. Arseniyadis, Tetrahedron Lett., 26, 6009 (1985) and Erratum Tetrahedron Lett.,
27, 770 (1986); N. A. Van Draanen, S. Arseniyadis, M. T. Crimmins, and C. H. Heathcock, J. Org.
Chem., 56, 2499 (1991).
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104 (CH3)3% /TMS

OLi Hae O O OH
CHAPTER 2 R H
(CHZ),C ~-CHs , RcH—O H BT _ (CHyC _~R
Reactions of Carbon L o/ H
Nucleophiles with OTMS CH; k K TBSO CHs;
Carbonyl Compounds R O’ major
R 2,2’-anti:syn
i-Pr >95:5
t-Bu >95:5
Ph >95:5

PhCH,OCH,  >95:5

The corresponding di-n-butylboron enolate gives the 2,2'-syn adduct. The nonchelating
boron is thought to react through a TS in which the conformation of the substituent is
controlled by a dipolar effect.

The E-titanium enolate was prepared by deprotonation with TMP-MgBr, followed
by reaction with (i-PrO),TiCl in the presence of HMPA. The TS for addition is also
dominated by a polar effect and gives and 2,2'-anti product.

H
1) TMPMEBr 1ppyg0 ~ &
o 2) HMPA C(CH3)3 o OH
(CHLC ch, _ PrOTICl, ./ Ti(Oi-Pr); (CHo),C R
3)RCH=0  CH, o

OTBDMS o TBDMSO  CH,

An indication of the relative effectiveness of oxygen substituent in promoting
chelation of lithium enolates is found in the enolates 3a—d. The order of preference
for the chelation-controlled product is CH;OCH,O > TMSO > PhCH,O > TBDMSO,
with the nonchelation product favored for TBDMSO. !

OR CH3 OR CH3 oR
1) LDA (CH3),CH__A (CH3),CH
CHs TMEDA :
o 2) (CH3),CHCH=0  ©H O OH O
2’,3-anti 2’,3-syn
chelation-control
R
— A
»_CH(CH
oo, S CH,OCH, 937
g b PhCH, 75:25
0 c TMS 88:12
R d TBDMS 24:76
chelated TS

107.C. Siegel and E. R. Thornton, Tetrahedron Lett., 27, 457 (1986); A Choudhury and E. R. Thornton,
Tetrahedron Lett., 34, 2221 (1993).



Tin(II) enolates having 3'-benzyloxy substituents are subject to chelation control.
The enolate from 2-(benzyloxymethyl)-3-pentanone gave mainly 2,2'-syn-2,3-syn
product, a result that is consistent with a chelated TS.!%

CH,
CHs H CH3 CHs CH, CH,
A_OCH,ph SnOT, CH N RCH=O g 2 ocuen |, R __OCH,Ph
CHM ELN { o 0 :

o

oH ©
2,2’-anti-2,3-syn

_CH,Ph

Polar effects appear to be important for 3’-alkoxy substituents in enolates.
3-Benzyloxy groups enhance the facial selectivity of E-boron enolates, and this is
attributed to a TS I in which the benzyloxy group faces toward the approaching
aldehyde. This structure is thought to be preferable to an alternate conformation J,
which may be destabilized by electron pair repulsions between the benzyloxy oxygen
and the enolate oxygen.'"”

Q- CHPh
C7|
SichH, Phoro S
B 0
‘o RzB\‘O R
o Oy CH;
0 [

H

This effect is seen in the case of ketone 4, where the stereoselectivity of the benzyloxy
derivative is much higher than the compound lacking the benzyloxy group.!!'’

CH,
0 O(c-CeH1y), ~ o ¢H
¢-CgHy,),BCl =
PhCH,0 CHy (C-CaHuoBCl by 6 N O=CH PhCH,0 A cH,
Et;N CH B
CH, 4 CHy =73 CH, CH,

The same B-alkoxy effect appears to be operative in a 2’-methoxy substituted system.'!!

O=CH
o ¥ O OTBDPS
CH, £
OCH, (c-CqH11),BCI ® CHy
PhCHZO/\E)K/ 3 - PhCH,0” ™ " OTBDPS
= 3 H
CH, CH, OCH,CHs ¢,

108- 1, Paterson and R. D. Tillyer, Tetrahedron Lett., 33, 4233 (1992).

109-° A Bernardi, C. Gennari, J. M. Goodman, and 1. Paterson, Tetrahedron: Asymmetry, 6, 2613 (1995).
110- 1, Paterson, J. M. Goodman, and M. Isaka, Tetrahedron Lett., 30, 7121 (1989).

L1, Paterson and R. D. Tillyer, J. Org. Chem., 58, 4182 (1993).
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A 3'-benzyloxy ketone gives preferential 2,2'-syn stereochemistry through a
chelated TS for several titanium enolates. The best results were obtained using
isopropoxytitanium trichloride.!'? The corresponding E-boron enolate gives the 2,2’-
anti-2,3-anti isomer as the main product through a nonchelated TS.'°

o 1) i-PrOTiCl, o OH o OH
CH,  (FPrNEt :
PhCHzO% 2)RCH—0 PhCHZOWR PhCHZOWR
CH; CH; CH; CHs CHj
2,2'-syn-2,3-syn 2,2’-anti-2,3-syn
R ratio
C,Hs 93:7
(CHa),CH 97:3
(CH),CHCH, 94:6
CHs Ph 94:6

In summary, the same factors that operate in the electrophile, namely steric,
chelation, and polar effects, govern facial selectivity for enolates. The choice of the
Lewis acid can determine if the enolate reacts via a chelate. The final outcome depends
upon the relative importance of these factors within the particular TS.

Scheme 2.4 provides some specific examples of facial selectivity of enolates.
Entry 1 is a case of steric control with Felkin-like TS with approach anti to the

cyclohexyl group.

..... nnOSi(CH3)3

Entry 2 is an example of the polar 3-oxy directing effect. Entries 3 and 4 involve
formation of E-enolates using dicyclohexylboron chloride. The stereoselectivity is
consistent with a cyclic TS in which a polar effect orients the benzyloxy group away
from the enolate oxygen.

12 J. G. Solsona, J. Nebot, P. Romea, and F. Urpi, J. Org. Chem., 70, 6533 (2005).



Scheme 2.4. Examples of Facial Selectivity in Aldol and Mukaiyama Reactions Based on

Enolate Structure
o 1) R,BOTf
CH, Et N
2) PhCH=0
TBDMSO

TBDMSO  CH;  >9g:2ds
b PMBO OH
2> omBO o 1) Bu,OTf o ¢
i-Pr,NEt 2
CH, —78°C Ph Ph
Ph _
2) O==CH(CH,),Ph CHy 83% 94:6 1,2-anti
3 o 1) (CeHyy).BCI O (E)H
ch,  EIN s
PhCH,O I 2)O=CH PhCH,0” ¥
CH, — CH, CH, CH,
CH CH, 82% 97%ds
3
49 o 1) (CeH,,),BCI o ¢H
CH3 Et3N
PMBO PMBO Y OCH,Ph 84 %
2) O=CH =
CH, ) 0=CH._/™0OCH,Ph CH, CH, 5973 ds
5e TBDMS /N
PMBQ o Yo 9 OCH,
1) LIHMDS
2 2) opme  (CH3)CH
(CHy),cH’ ~CH=0
(_3H3
6 2) TBDMSO
\\CH3 OTBDMS 1) Ticl,, O=—CH = - /
* iPr,NEt B
S CH; CH
C,H:0,C CH, _-78°C cH, 75 s
OTBDMS
Hy HO TBDMSO
C,H:0,C | N
H H N Gh. CHs CH
CH3H : CH; CH;, CH; = ®
70% dr>96:4
a. D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991).
b. D. A. Evans, P. J. Coleman, and B. Cote, J. Org. Chem., 62, 788 (1997).
c. L. Paterson and M. V. Perkins, Tetrahedron, 52, 1811 (1996)
d. L Paterson and L. Lyothier, J. Org. Chem., 70, 5454 (2005).
e. W. R. Roush, T. D. Bannister, M. D. Wendt, J. A. Jablonsowki, and K. A. Scheidt, J. Org. Chem., 67, 4275 (2002).
f. M. Defosseux, N. Blanchard, C. Meyer, and J. Cossy, J. Org. Chem., 69, 4626 (2004).

Entry 5, where the same stereochemical issues are involved was used in the synthesis
of (4)-discodermolide. (See Section 13.5.6 for a more detailed discussion of this
synthesis.) There is a suggestion that this entry involves a chelated lithium enolate and
there are two stereogenic centers in the aldehyde. In the next section, we discuss how
the presence of stereogenic centers in both reactants affects stereoselectivity.
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Entry 6 involves a titanium enolate of an ethyl ketone. The aldehyde has no
nearby stereocenters. Systems with this substitution pattern have been shown to
lead to a 2,2'-syn relationship between the methyl groups flanking the ketone,
and in this case, the [-siloxy substituent has little effect on the stereoselectivity.
The configuration (Z) and conformation of the enolate determines the 2,3-syn
stereochemistry.'"

Il
Pl

2.1.5.3. Complementary/Competitive Control: Double Stereodifferentiation. If both
the aldehyde and the enolate in an aldol addition are chiral, mutual combinations
of stereoselectivity come into play. The chirality in the aldehyde and enolate each
impose a bias toward one absolute configuration. The structure of the chairlike
TS imposes a bias toward the relative configuration (syn or anti) of the newly
formed stereocenters as described in Section 2.1.2. One combination of configurations,
e.g., (R)-aldehyde/(S)-enolate, provides complementary, reinforcing stereoselection,
whereas the alternative combination results in opposing preferences and leads to dimin-
ished overall stereoselectivity. The combined interaction of stereocenters in both the
aldehyde and the enolate component is called double stereodifferentiation.''* The
reinforcing combination is called matched and the opposing combination is called
mismatched.

f d favored

R-enolate favoreg R-aldehyde R-enolate <~—— S-aldehyde
and or and

S-enolate Tavored S-aldehyde ‘ S-enolate Tavored R-aldehyde

13- D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991).
114.°S, Masamune, W. Choy, J. S. Petersen, and L. R. Sita, Angew. Chem. Int. Ed. Engl., 24, 1 (1985).



For example the aldol addition of (§)-2-cyclohexylpropanal is more stereoselective
with the enolate (S5)-5 than with the enantiomer (R)-5. The stereoselectivity of these
cases derives from relative steric interactions in the matched and mismatched cases.

CHy +
H
Ph & H3/ CH; + HC -
T™MSO . (”) comp[er_nentary
O7Li S selectivity
S-5 ratio = 9:1
CH,
CH, Ph i +
& Vi CH3 + H(ﬁ —
TMSO . opposed
RS oL Og selectivity
. ratio = 1.3:1
Ref. 115

Chelation can also be involved in double stereodifferentiation. The lithium
enolate of the ketone 7 reacts selectively with the chiral aldehyde 6 to give a single
stereoisomer.''® The enolate is thought to be chelated, blocking one face and leading
to the observed product.

CoHs £Hs 0
WCH=O + CH3\)}VC(CH3)3 _—
o_ O :
~ OTMS
6 7

There can be more than two stereocenters, in which case there are additional
combinations. For example with three stereocenters, there will be one fully matched
set, one fully mismatched set, and two partially matched sets. In the latter two, one
of the factors may dominate the others. For example, the ketone 8 and the four
stereoisomers of the aldehyde 9 have been examined.!'"” Both the E-boron and the
Z-titanium enolates were studied. The results are shown below.

115 S, Masamune, S. A. Ali, D. L. Snitman, and D. S. Garvey, Angew. Chem. Int. Ed. Engl., 19, 557 (1980).

6. C. H. Heathcock, M. C. Pirrung, C. T. Buse, J. P. Hagen, S. D. Young, and J. E. Sohn, J. Am. Chem.
Soc., 101, 7077 (1979).

17-D. A. Evans, M. J. Dart, J. L. Duffy, and D. L. Rieger, J. Am. Chem. Soc., 117, 9073 (1995).
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_~B(CeHi)>  TBDMSO TiCl

TBDMSO o 0 TBSDMSO o
CH, CH,
N (CH,),CH A
(CHg),CH (CH,),CH
CH 8 CH,
CH, 3 CH,
o OPMB
TBSDMSQ o ©OH OPMB M TBSDMSOQ OH OPMB
H H Y\ TCH(CHy),
(CH3)2cH)\ru\r.v'\CH(c:HS)2 z (CH,),CH CH(CHy),
H CH
CH, CH, CH, : CH, CH, CH,

A fully matched; >99:1 85% 9a E partially matched; both syn 87:13 81%
TBSDMSO o OH OPMB OPMB TBSDMSO OH OPMB
(CH),CH v~ “CH(CHy), JK/\CH(CHS)Z (CHg),CH Y CH(CHs)z

CH, CH, CH, h H, CH; CH, _H3
B partially matched; >99:1 85% 9b F  fully matched;89:11; both syn 86%
o OPMB
TBSDMSO o OH OPMB TBSDMSO OH OPMB
CH(CH,)
H 3/2
(CH),CH CH(CH,), (CHy),CH CH(CHy),
CH
CH, CH, CH, 3 Hy Hy CH,
. . o
C partially matched: 81:19; both anti % G fully mis matched, 37:35:28; two_ma_]or 79%
stereoisomers both syn plus a third isomer
o 9PmB
TBSDMSO o OH OPMB B
w H CH(CHy), TBSDMSO, OH OPMB
CH(CH,)
H H 3/2
(CHy),C & CH, (CHS)ZCH)\KA\‘J\‘/\CH(CHS)Z
CH; ~3 CH,
CH; CH; CH,
D fully mis-matched; 65:25:10; two major 9d H partially matched; 92:8; both syn 85%

stereoisomers both anti plus a third isomer

The results for the boron enolates show that when the aldehyde and enolate centers
are matched the diastereoselectivity is high (Cases A and B). In Case C, the enolate
is matched with respect to the (-alkoxy group but mismatched with the a-methyl
group. The result is an 81:19 dominance of the anti-Felkin product. For the titanium
enolates, Cases E and F correspond to a matched relationship with the a-stereocenter.
Case G is fully mismatched and shows little selectivity. In Case H, the matched
relationship between the enolate and the [3-alkoxy group overrides the a-methyl effect
and a 2,3-syn (Felkin) product is formed. The corresponding selectivity ratios have
also been determined for the lithium enolates.!'® Comparison with the boron enolates
shows that although the stereoselectivity of the fully matched system is higher with
the boron enolate, in the mismatched cases for the lithium enolate, the aldehyde
bias overrides the enolate bias and gives modest selectivity for the alternative anti
isomer.

In general, BF;-catalyzed Mukaiyama reactions lack a cyclic organization because
of the maximum coordination of four for boron. In these circumstances, the reactions
show a preference for the Felkin type of approach and exhibit a preference for syn
stereoselectivity that is independent of silyl enol ether structure.'"’

18- D. A. Evans, M. G. Yang, M. J. Dart, and J. L. Duffy, Tetrahedron Lett., 37, 1957 (1996).
119 D. A. Evans, M. G. Yang, M. J. Dart, J. L. Duffy, and A. S. Kim, J. Am. Chem. Soc., 117, 9598 (1995).
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OTMS
(CH3)ZCH)\ ~_CH
oy (CH3)ZCH)\/ : SECTION 2.1
3
Aldol Addition and
o) OH  OTBDMS OTBDMS [e) OH QTBDMS Condensation Reactions
(CH,),CH CH(CH;), O=CHrCH(CH3)2 (CH,),CH CH(CH;),
CHs CH, o959 CHs ch, 68%
95:5 syn:anti; CH, 87:13 syn:anti;
> 99:1 Felkin > 99:1 Felkin
OH OTBDMS
OH OTBDMS
Q OTBDMS o
(CH,),CH CH(CHj), _
3/2 (@] CH CH(CH ) (CHB)ZCH CH(CH3)2
CHj CH, 89% 3)2 CH, CH
. At 3 75%
70:30 syn:anti; CH, 91:9 syn:anti;

> 99:1 Felkin 87:13 Felkin-anti-Felkin
When there is also a stereogenic center in the silyl enol ether, it can enhance or
detract from the underlying stereochemical preferences. The two reactions shown
below possess reinforcing structures with regard to the aldehyde a-methyl and the
enolate TBDMSO groups and lead to high stereoselectivity. The stereochemistry of
the B-TBDMSO group in the aldehyde has little effect on the stereoselectivity.

OTBDMS
o 9 TEDMSQ o OH (?)TBDMS
H CH(CHa), o CH(CH,),
TBDMSO OTMS CH 3/2 CH
8 CHs ™3 7206 98:2 syn
+ or —_—
(CHa),CH CH OTBDMS
3 o OTBDMS TBDMSO 0 OH
CH(CH CH(CH3),
H (CHa)2 (CH,),CH
CH, CHz CHs 390 98:2 syn

Scheme 2.5 gives some additional examples of double stereodifferentiation.
Entry 1 combines the steric (Felkin) facial selectivity of the aldehyde with the facial
selectivity of the enolate, which is derived from chelation. In reaction with the racemic
aldehyde, the (R)-enantiomer is preferred.

favored disfavored

Entry 2 involves the use of a sterically biased enol boronate with an a-substituted
aldehyde. The reaction, which gives 40:1 facial selectivity, was used in the synthesis
of 6-deoxyerythronolide B and was one of the early demonstrations of the power of
double diastereoselection in synthesis. In Entry 3, the syn selectivity is the result of a
chelated TS, in which the 3-p-methoxybenzyl substituent interacts with the tin ion.!*

120- 1, Paterson and R. D. Tillyer, Tetrahedron Lett., 33, 4233 (1992).
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Scheme 2.5. Examples of Double Stereodifferentiation in Aldol and Mukaiyama

Reactions
12 9"'3 fo) CH3CH39TMS
A +CH, C(CHy), _LDA :
Ph” "CH=0 Ph C(CHy),
OTMS OH o 54% ;)Onulﬁésomer
CH, CH,
2 I OBBN CH, CH, CH, OTBDMS
NN Ay CH C.H z z
CH,0,C CH=O0 + 3./ - 6' 111 N H :
z CH,0,C
OTBDMS
a° o) Sn(OT), o OH
%CH O=CHW/\CH Et;N :
PMBO” Y 3 H R L 7~ CH,
= + = _7Q0°
Z, CH, CH, 78°C
8 75%
92% ds
49 o)
CH )
N+ 0=CH_cHpn T ¢y
TBDMSO : IPrSNEL Z
0 = 97% only stereoisomer
OTBDPS TBDMSO ~ CH, OTBDPS
5¢ oTMS OCH;
PMBO O=CH_ A BF
CHy—" H - CHy™ CH
3 CH, CH, 3 373 86% single
diastereomer

6
TBDMSO (EJBMPO_I_MS

CH, A\ CH,
e CH, 10 equiv BF,
+ 3,><CH3 _78°C
o 292 o o
H 7Y NJ\O
CH, CH, CH, )
PhCH,
79
OTES
N
‘ \
o

TBDMSO  OBMP o
CH
: z H H NJJ\O
CH; CH; CH, CH, CH, CH, )
PhCH,
83%
>95% ds
PhCH,O
Bu,BOTf OTES

) o)
i-Pr,NEt
OTIPS ——

82%

(Continued)
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CH; Bu,BOTf PhCH,0O
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TBDMS\ CH3><CH3 -locc
o © 0o OPMB
H A NCH(CH,),

. Heathcock, M. C. Pirrung, J. Lampe, C. T. Buse, and S. D. Young, J. Org. Chem., 46, 2290 (1981).
samune, M. Hirama, S. Mori, S. A. Ali, and D. S. Garvey, J. Am. Chem. Soc., 103, 1568 (1981).

. Correa, Jr., and R. A. Pilli, Angew. Chem. Int. Ed. Engl., 42, 3017 (2003).

eve, M. Ferrero, P. Romea, F. Urpi, and J. Vilarrasa, Tetrahedron Lett., 40, 5083 (1999).

. Keck, C. E. Knutson, and S. A. Wiles, Org. Lett., 3, 707 (2001).

. Evans, A. S. Kim, R. Metternich, and V. J. Novack, J. Am. Chem. Soc., 120, 5921 (1998).

. Evans, D. M. Fitch, T. E. Smith, and V. J. Cee, J. Am. Chem. Soc., 122, 10033 (2000).

. Evans, B. Cote, P. J. Coleman, and B. T. Connell, J. Am. Chem. Soc., 125, 10893 (2003).
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The aldehyde a-methyl substituent determines the facial selectivity with respect to the
aldehyde.

Entry 4 has siloxy substituents in both the (titanium) enolate and the aldehyde. The
TBDPSO group in the aldehyde is in the “large” Felkin position, that is, perpendicular
to the carbonyl group.!?! The TBDMS group in the enolate is nonchelated but exerts
a steric effect that governs facial selectivity.!?? In this particular case, the two effects
are matched and a single stereoisomer is observed.

CH, CH,Ph

TBDMSO  CH, OTBDPS

Entry 5 is a case in which the a- and 3-substituents reinforce the stereoselectivity,
as shown below. The largest substituent is perpendicular to the carbonyl, as in the
Felkin model. When this conformation is incorporated into the TS, with the a-methyl

121 C. Esteve, M. Ferrero, P. Romea, F. Urpi, and J. Vilarrasa, Tetrahedron Lett., 40, 5079 (1999).
122.°S. Figueras, R. Martin, P. Romea, F. Urpi, and J. Vilarrasa, Tetrahedron Lett., 38, 1637 (1997).



114 group in the “medium position,” the predicted approach leads to the observed 3,4-syn

stereochemistry.
CHAPTER 2
Reactions'uf Ca'rbon Fe!kin syn — OH
Nucleophiles with trajectory OH H
Carbonyl Compounds A y
CHs o
OCH3
HR
0 OCH
TMSO SLENG o ‘s .y o 2
/ECHZ"" VIR —_— >\f-—CH2 CHIRY —_ RWR,
R H OCH,q R H py OCHs CH
3

H

Entry 6 is an example of the methodology incorporated into a synthesis of
6-deoxyerythronolide.'?® Entries 7 and 8 illustrates the operation of the B-alkoxy
group in cyclic structures. The reaction in Entry 7 was used in the synthesis of
phorboxazole B.

2.1.5.4. Stereochemical Control Through Chiral Auxiliaries. Another approach to
control of stereochemistry is installation of a chiral auxiliary, which can achieve a
high degree of facial selectivity.'** A very useful method for enantioselective aldol
reactions is based on the oxazolidinones 10, 11, and 12. These compounds are available
in enantiomerically pure form and can be used to obtain either enantiomer of the
desired product.

(CHg),CH

H
PhCH,, H CHa N
“_-N . _~N >:O
L0 C=°
o

o o Ph
10 11 12

These oxazolidinones can be acylated and converted to the lithium, boron, tin, or
titanium enolates by the same methods applicable to ketones and esters. For example,
when they are converted to boron enolates using di-n-butylboron triflate and triethyl-
amine, the enolates are the Z-stereoisomers.'>

R
ON—cH,R H
Y 2% L,BOSO,CF,4 N—o,
( N>: _— ( N ,BLZ
R o ke Y=0
~0 R L\c;}_

The substituents direct the approach of the aldehyde. The acyl oxazolidinones can
be solvolyzed in water or alcohols to give the enantiomeric 3-hydroxy acid or ester.
Alternatively, they can be reduced to aldehydes or alcohols.

123 D. A. Evans, A. S. Kim, R. Metternich, and V. J. Novack, J. Am. Chem. Soc., 120, 5921 (1998).

124. M. Braun and H. Sacha, J. Prakt. Chem., 335, 653 (1993); S. G. Nelson, Tetrahedron: Asymmetry, 9,
357 (1998); E. Carreira, in Catalytic Asymmetric Synthesis, 2nd Edition, I. Ojima, ed., Wiley-VCH,
2000, pp. 513-541; F. Velazquez and H. F. Olivo, Curr. Org. Chem., 6, 303 (2002).

125- D. A. Evans, J. Bartoli, and T. L. Shih, J. Am. Chem. Soc., 103, 2127 (1981).
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H/Sf CH(CH3), R?2
N lep— S R2
(CHa),CH, Ong, RCH=0 Rl
[N Bl OWN R! HO,C
> OH
o 0 O on
R2
H Ph CH, R2
V0L, RicH=0 H R? A _R!
CHa N Bl o, N. - Rt —= Hozc/\é/
)=0 YUY OH
Ph o o O OH

The reacting aldehyde displaces the oxazolidinone oxygen at the tetravalent boron in
the reactive TS. The conformation of the addition TS for boron enolates is believed to
have the oxazolidinone ring oriented with opposed dipoles of the ring and the aldehyde
carbonyl groups.

The chiral auxiliary methodology using boron enolates has been successfully applied
to many complex structures (see also Scheme 2.6).

OTBDMS
o o O OH
JL L opme TBOMSQ ocH,Ph ; oerePh
Q N _ R Bu,BOTf O  "N” " cH
,O0=CH ~cH, : H 3
H EtsN z CH
CH ODMB 3
CH,),CH 3 —78°C  (CHg),CH
(CHy), (CHy), 72%
Ref. 126
o o OTES
N : Bu,BOTf
OJ\NJJ\/OPMB O=CH 7 \/ "OTIPS Et;N
+ T
H.z CH _50°
CHZ OC Sock, 50°C

PhCH,

Ref. 127

126. W, R. Roush, T. G. Marron, and L. A. Pfeifer, J. Org. Chem., 62, 474 (1997).
127 T, K. Jones, R. A. Reamer, R. Desmond, and S. G. Mills, J. Am. Chem. Soc., 112, 2998 (1990).
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Titanium enolates also can be prepared from N-acyloxazolidinones. These
Z-enolates, which are chelated with the oxazolidinone carbonyl oxygen,'?® show syn
stereoselectivity, and the oxazolidinone substituent exerts facial selectivity.

Cly
L0 o £ LA
o N)K/ TiCl, O)l\N )\/ (CH3),CHCH=0 O\_{N écH3CH(CH3)2
o iPrNEt, CH,Ph

CHyPh 87% yield, 94:6 syn:anti

The N-acyloxazolidinones give anti products when addition is effected by a
catalytic amount of MgCl, in the presence of a tertiary amine and trimethylsilyl
chloride. Under these conditions the adduct is formed as the trimethylsilyl ether.'?

o O 1) MgCl, o O OH
J R (10 mol %) Py :
O N + PhCH=O0 o N Ph
\_( EtzN, TMSCI H
2) MeOH, TFA ‘ CHs
CH,Ph CH,Ph

91% 32:1dr

Under similar conditions, the corresponding thiazolidinethione derivatives give anti
product of the opposite absolute configuration, at least for cinnamaldehyde.

O
T N §
s N + O=CH _z (20 mol %) )
~pn S N ¥ Ph
Et3N, TMSCI \ ‘ CH,
CHZPh 2) MeOH, TFA
CH,Ph 87% 10:1 dr

The mechanistic basis for the stereoselectivity of these conditions remains to be
determined. The choice of reactant and conditions can be used to exert a substantial
degree of control of the stereoselectivity.

Recently several other molecules have been developed as chiral auxiliaries.
These include derivatives of ephedrine and pseudoephedrine. The N-methylephedrine
[(1R,2S5)-2-dimethyamino-1-phenyl-1-propanol] chiral auxiliary 13 has been examined
with both the (S)- and (R)-enantiomers of 2-benzyloxy-2-methylpropanal.’* The two
enantiomers reacted quite differently. The (R)-enantiomer gave a 60% yield of a pure
enantiomer with a syn configuration at the new bond. The (S)-enantiomer gave a
combined 22% yield of two diastereomeric products in a 1.3:1 ratio. The aldehyde is
known from NMR studies to form a chelated complex with TiCl,,'*! and presumably
reacts through a chelated TS. The TS J from the (R)-enantiomer has the methyl
groups from both the chiral auxiliary and the silyl enol ether in favorable environ-
ments (matched pair). The products from the (S)-enantiomer arise from TS K and

128- D. A. Evans, D. L. Rieger, M. T. Bilodeau, and F. Urpi, J. Am. Chem. Soc., 113, 1047 (1991).
129D, A. Bvans, J. S. Tedrow, J. T. Shaw, and C. W. Downey, J. Am. Chem. Soc., 124, 392 (2002).
130- G, Gennari, L. Colombo, G. Bertolini, and G. Schimperna, J. Org. Chem., 52, 2754 (1987).

Bl G. E. Keck and S. Castellino, J. Am. Chem. Soc., 108, 3847 (1986).



TS L, each of which has one of the methyl groups in an unfavorable environment. 117
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A0 Ph O=CH

~7 Oﬁ/ N(CH3),

(R)enary TiCl, 13 CH;  TiCl,

CHs

(S)-enantiomer

//
PhCH, /
N
OH
CHg",
3 1y
J
CH3CHj g
: X X . o.
Xﬁ/k{\/o\cHzph - CHZPh M CH,Ph
O OH O OH O OH
60% yield 12% yield 10% vield
100% ee 100% ee 65-70% ee
Ph
X = o/:\(N(CH3)2 Y = OSi(CH);
CHj3

Enantioselectivity can also be induced by use of chiral boron enolates. Both
the (+) and (—) enantiomers of diisopinocampheylboron triflate have been used to
generate syn addition through a cyclic TS.!* The enantioselectivity was greater than
80% for most cases that were examined. Z-Boron enolates are formed under these
conditions and the products are 2,3-syn.

1) (Ipc),BOSO,CF, cH,

R i-Pr),NEt ,
T(\CHg (I I')2 RhR
O

O OH

2) RCH=0

R’=Me, n-Pr, i-Pr

Favored Disfavored

132. 1. Paterson, J. M. Goodman, M. A. Lister, R. C. Schumann, C. K. McClure, and R. D. Norcross,
Tetrahedron, 46, 4663 (1990).
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Another promising boron enolate is derived from (—)-menthone.'* It yields E-boron
enolates that give good enantioselectivity in the formation of anti products.'**

CH(CHj),
CHg CHj
CHW/\ (CHz" CH,),BCI )YR R'CH=0 R}H\/R,
R H :
o OB(CH,menth), O OH

EtzN
R = C,Hg, i-C5H,, R’ = CyHs, i-C3H5, ¢-CgHyy, Ph

The boron enolates of a-substituted thiol esters also give excellent facial selectivity.'*

CH(CHa),
H CH,menth
(CH3""<:§<CH2)ZBCI X ISR 2
XCH R RCH=0 R\‘/\COSR R;//‘\O“/_B\
CH,COS Et.N A= O CH,menth
s OH

X = Cl, Br, OCH,Ph

The facial selectivity in these chiral boron enolates has its origin in the steric effects
of the boron substituents.
Several chiral heterocyclic borylating agents have been found useful for enantio-
selective aldol additions. The diazaborolidine 14 is an example.'
Ph, ,Ph

ArSO,N. __NSOAY

I|3r 14
Ar = 3,5-di(trifluoromethyl)phenyl

Ph, ,Ph
TsN_ _NTs O  OH
o] I 7~ “CH(CHy),
chy Lo Br  (CHg),CHCH=0 EHg
i-ProNEt 85% yield, 98:2 syn:anti, 95% e.e.

Derivatives with various substituted sulfonamides have been developed and used
to form enolates from esters and thioesters.'’’ An additional feature of this chiral
auxiliary is the ability to select for syn or anti products, depending upon choice of
reagents and reaction conditions. The reactions proceed through an acyclic TS, and
diastereoselectivity is determined by whether the E- or Z-enolate is formed.'*® #-Butyl
esters give E-enolates and anti adducts, whereas phenylthiol esters give syn adducts.'3

133 C. Gennari, Pure Appl. Chem., 69, 507 (1997).

134. G. Gennari, C. T. Hewkin, F. Molinari, A. Bernardi, A. Comotti, J. M. Goodman, and 1. Paterson, J.
Org. Chem., 57, 5173 (1992).

135 C. Gennari, A. Vulpetti, and G. Pain, Tetrahedron, 53, 5909 (1997).

136. B, J. Corey, R. Imwinkelried, S. Pikul, and Y. B. Xiang, J. Am. Chem. Soc., 111, 5493 (1989).

BT E. I. Corey and S. S. Kim, J. Am. Chem. Soc., 112, 4976 (1990).

138 E. J. Corey and D. H. Lee, Tetrahedron Lett., 34, 1737 (1993).
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ArSOzN\B,NSOZAr OH
é Qw:o mCOZC(CHS)S
r
CH5;CH,CO,C(CH
3CH,CO,C(CH3)3 CH,
Ar = 3,5-di(trifluoromethyl)phenyl 96:4 syn:anti, 75% e.e.
OH
(I? 14 Q

(CH3),CHCH=0 + _—

o2 CH4CH,CSPh (CHy),CH SPh

CHs 2%

97% e.e.

Scheme 2.6 shows some examples of the use of chiral auxiliaries in the aldol and
Mukaiyama reactions. The reaction in Entry 1 involves an achiral aldehyde and the
chiral auxiliary is the only influence on the reaction diastereoselectivity, which is very
high. The Z-boron enolate results in syn diastereoselectivity. Entry 2 has both an a-
methyl and a 3-benzyloxy substituent in the aldehyde reactant. The 2,3-syn relationship
arises from the Z-configuration of the enolate, and the 3,4-anti stereochemistry is
determined by the stereocenters in the aldehyde. The product was isolated as an
ester after methanolysis. Entry 3, which is very similar to Entry 2, was done on a
60-kg scale in a process development investigation for the potential antitumor agent
(4)-discodermolide (see page 1244).

Entries 4 and 5 are cases in which the oxazolidinone substituent is a (3-ketoacyl
group. The a-hydrogen (between the carbonyls) does not react as rapidly as the
v-hydrogen, evidently owing to steric restrictions to optimal alignment. The all-syn
stereochemistry is consistent with a TS in which the exocyclic carbonyl is chelated to
titanium.

O o O OH

— R
\_{ CHj3 C-:H3
CH,Ph

In Entry 5, the aldehyde is also chiral and double stereodifferentiation comes into
play. Entry 6 illustrates the use of an oxazolidinone auxiliary with another highly
substituted aldehyde. Entry 7 employs conditions that were found effective for a-
alkoxyacyl oxazolidinones. Entries 8 and 9 are examples of the application of the
thiazolidine-2-thione auxiliary and provide the 2,3-syn isomers with diastereofacial
control by the chiral auxiliary.

2.1.5.5. Stereochemical Control Through Reaction Conditions. In the early 1990s
it was found that the stereochemistry of reactions of boron enolates of
N-acyloxazolidinones can be altered by using a Lewis acid complex of the aldehyde
or an excess of the Lewis acid. These reactions are considered to take place through
an open TS, with the stereoselectivity dependent on the steric demands of the Lewis
acid. With various aldehydes, TiCl, gave a syn isomer, whereas the reaction was
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120 Scheme 2.6. Control of Stereochemistry of Aldol and Mukaiyama Aldol Reactions Using
Chiral Auxiliaries
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anti selective using (C,Hs),AlCL'* The anti selectivity is proposed to arise as a
result of the greater size requirement for the complexed aldehyde with (C,Hs),AICl.
These reactions both give a different stereoisomer than the reaction done without the
additional Lewis acid. The chiral auxiliary is the source of facial selectivity.

R R R R
NV
\B/ ., B on
/N o o © 7 N H o o
) o R H o O
g CH, J R M CH; J R
N Q N o N JTicL— Q@ N
H Y clm ‘ CH, \—‘ R0 ‘ CH,
H CH(CH,) CH(CH.,)
CH(CH3), AI(C,Hy),Cl ¥2 CH(CHg), 2
(CHy), (CzHs), 2,3-anti 2,3-syn

R = C,H;, (CH3)3CH, (CH,),CHCH,, (CH,);C, Ph

With titanium enolates it was found that use of excess (3 equiv.) of the titanium
reagent reversed facial selectivity of oxazolidinone enolates.'* This was attributed to
generation of a chelated TS in the presence of the excess Lewis acid. The chelation
rotates the oxazolidinone ring and reverses the facial preference, while retaining the
Z-configuration syn diastereoselectivity.

0
H (CHa),CH —(N\i 044,\|_>""CH(CH3)2 o o OH

o o9 , o)
OJLNJJ\:/\R C|4Ti~-off\\g ClsTi-o N )J\ J]\/'\
z \ AN O N ‘ R
CH, o 0/\R L
CH(CH,), CHs CHs CH(CHY),
normal transition structure chelated transition structure

139 M. A. Walker and C. H. Heathcock, J. Org. Chem., 56, 5747 (1991).
140- M. Nerz-Stormes and E. R. Thornton, Tetrahedron Lett., 27, 897 (1986); M. Nerz-Stormes and
E. R. Thornton, J. Org. Chem., 56, 2489 (1991).



122 Crimmins and co-workers have developed N-acyloxazolidinethiones as chiral
auxiliaries. These reagents show excellent 2,3-syn diastereoselectivity and enantio-
selectivity in additions to aldehydes. The titanium enolates are prepared using TiCl,,
Reactions of Carbon with (—)-sparteine being a particularly effective base.'*!

Nucleophiles with
Carbonyl Compounds

CHAPTER 2

s o CH, o OH CH
Ticl /k/c Hs W
O)J\NJ\/ 4 O=CH i H CH3
(-)-sparteine \—‘ CH, CH3 83%
CH,Ph CH,Ph  >098:2

The facial selectivity of these compounds is also dependent on the amount of TiCl,
that is used. With two equivalents, the facial selectivity is reversed. This reversal is
also achieved by adding AgSbF. It was suggested that the excess reagent or the silver
salt removes a C1~ from the titanium coordination sphere and promotes chelation with
the thione sulfur.'** This changes the facial selectivity of the enolate by causing a
reorientation of the oxazolidinethione ring. The greater affinity of titanium for sulfur
over oxygen makes the oxazolidinethiones particularly effective in these circumstances.
The increased tendency for chelation has been observed with other chiral auxiliaries
having thione groups.'*?

o
nQ

0
H PhCHZ'(\i /QNB""CHZPh s OH

S
PN J\/\ NS i
o N OY R CLTI -0 g ClTi- O OJLN .
ﬂ CHs o 0/\ \—‘ "
CH R CH 3
HaPh 3 3 CH,Ph
normal transition structure chelated transition structure

A related effect is noted with a-alkoxyacyl derivatives. These compounds give
mainly the anti adducts when a second equivalent of TiCl, is added prior to the
aldehyde.'** The anti addition is believe to occur through a TS in which the alkoxy
oxygen is chelated. In the absence of excess TiCl,, a nonchelated cyclic TS accounts
for the observed syn selectivity.

1) TiCly, s o OH

)J\ J\/OR (-)-sparteine )J\ A
Qo N R

2) Ticl, OR

CH,Ph 3) RCH=0 CH,Ph

141 M. T. Crimmins and B. W. King, J. Am. Chem. Soc., 120, 9084 (1998); M. T. Crimmins, B. W. King,
E. A. Tabet, and C. Chaudhary, J. Org. Chem., 66, 894 (2001); M. T. Crimmins and J. She, Synlett,
1371 (2004).

142 M. T. Crimmins, B. W. King, and E. A. Tabet, J. Am. Chem. Soc., 119, 7883 (1997).

143 T, H. Yan, C. W. Tan, H. C. Lee, H. C. Lo, and T. Y. Huang, J. Am. Chem. Soc., 115, 2613 (1993).

144 M. T. Crimmins and P. J. McDougall, Org. Lett., 5, 591 (2003).
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Camphor-derived sulfonamide can also permit control of enantioselectivity by
use of additional Lewis acid. These chiral auxiliaries can be used under conditions in
which either cyclic or noncyclic TSs are involved. This frequently allows control of the
syn or anti stereoselectivity.'"* The boron enolates give syn products, but inclusion of
SnCl, or TiCl, gave excellent selectivity for anti products and high enantioselectivity
for a range of aldehydes.!®

o 1) (C,Hs),BOSO,CF, o OH
i-Pr,NEt
N —_— N R
; 2) RCH=0
so, ) SOz CH,
R = Me, Et, i-Pr, Ph Ref. 146
o 1) (C,Hs),BOSO,CF4
J\/ i-Pr,NEt J\/'\
N
/ 2) RCH=0, SO, CH
SO, TiCl, s
R =Me, Et, i-Pr, Ph
Ref. 147

In the case of boron enolates of the camphor sulfonamides, the TiCl,-mediated reaction
is believed to proceed through an open TS, whereas in its absence, the reaction proceeds
through a cyclic TS.

CI4T|
O OH

OH CHy

H CH3 N
- CH3 CaHs

H so \B Cz H™ LR
\ so2 Q

.O B(C2Hs), syn
anti

Scheme 2.7 gives some examples of the control of stereoselectivity by use of
additional Lewis acid and related methods. Entry 1 shows the effect of the use of
excess TiCl,. Entry 2 demonstrates the ability of (C,H;s),AlCl to shift the boron
enolate toward formation of the 2,3-anti diastereomer. Entries 3 and 4 compare the use
of one versus two equivalents of TiCl, with an oxazoldine-2-thione auxiliary. There
is a nearly complete shift of facial selectivity. Entry 5 shows a subsequent application
of this methodology. Entries 6 and 7 show the effect of complexation of the aldehyde

145y -C. Wang, A.-W. Hung, C.-S. Chang, and T.-H. Yan, J. Org. Chem., 61, 2038 (1996).
146 W. Oppolzer, J. Blagg, 1. Rodriguez, and E. Walther, J. Am. Chem. Soc., 112, 2767 (1990).
147 'W. Oppolzer and P. Lienhard, Tetrahedron Lett., 34, 4321 (1993).
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Scheme 2.7. Examples of Control of Stereoselectivity by Use of Additional Lewis Acid

CHAPTER 2

Reactions of Carbon
Nucleophiles with
Carbonyl Compounds
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with TiCl, using the camphor sultam auxiliary. Entry 8 is an example of the use of
excess diethylboron triflate to obtain the anti stereoisomer in a step in the synthesis of
epothilone.

These examples and those in Scheme 2.6 illustrate the key variables that determine
the stereochemical outcome of aldol addition reactions using chiral auxiliaries. The
first element that has to be taken into account is the configuration of the ring system
that is used to establish steric differentiation. Then the nature of the TS, whether it is
acyclic, cyclic, or chelated must be considered. Generally for boron enolates, reaction
proceeds through a cyclic but nonchelated TS. With boron enolates, excess Lewis
acid can favor an acyclic TS by coordination with the carbonyl electrophile. Titanium
enolates appear to be somewhat variable but can be shifted to chelated TSs by use
of excess reagent and by auxiliaries such as oxazolidine-2-thiones that enhance the
tendency to chelation. Ultimately, all of the factors play a role in determining which
TS is favored.

2.1.5.6. Enantioselective Catalysis of the Aldol Addition Reaction. There are also
several catalysts that can effect enantioselective aldol addition. The reactions generally
involve enolate equivalents, such as silyl enol ethers, that are unreactive toward
the carbonyl component alone, but can react when activated by a Lewis acid. The
tryptophan-based oxazaborolidinone 15 has proven to be a useful catalyst.'*3

— (6]
N

H Ts/N\li”/O
15 R

This catalyst induces preferential re facial attack on simple aldehydes, as indicated in
Figure 2.2. The enantioselectivity appears to involve the shielding of the si face by
the indole ring through a m-stacking interaction.

The B-3,5-bis-(trifluoromethyl)phenyl derivative was found to be a very effective
catalyst.'¥

\ O
N .
|LTS/

cH | OHp

s OTMS R :

CH=0 ;

CH + \—{
I\ Ph CHM Ph

R = 35-di(trifluoromethyl)phenyl CHs,

> 99:1syn; >99% e.e.

148 E. J. Corey, C. L. Cywin, and T. D. Roper, Tetrahedron Lett., 33, 6907 (1992); E. J. Corey, T.-P. Loh,
T. D. Roper, M. D. Azimioara, and M. C. Noe, J. Am. Chem. Soc., 114, 8290 (1992); S. G. Nelson,
Tetrahedron: Asymmetry, 9, 357 (1998).

149 K. Ishihara, S. Kondo, and H. Yamamoto, J. Org. Chem., 65, 9125 (2000).
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k\f\g
O

o

Fig. 2.2. Origin of facial selectivity
in indolylmethyloxazaborolidinone
structure. Reproduced from Tetra-
hedron: Asymmetry, 9, 357 (1998),
by permission of Elsevier. (See also
color insert.)

An oxazaborolidinone derived from valine is also an effective catalyst. In one case,

the two enantiomeric catalysts were completely enantioselective for the newly formed
150

center.
(CH3),CH O
TSN\B,O OTBDMS
| —
H CHj v "CO,Ph
CH, CHs  OH
OTBDMS OTMS
s £ oh=0 ] T gy
CH OTBDMS
CH, CMs
CH3/\‘/'\5/_YCOZPh
(CH3aCH 0O CH; CHs  OH
TsN_ .O
B
|
H

Another group of catalysts consist of cyclic borinates derived from tartaric acid.
These compounds give good reactivity and enantioselectivity in Mukaiyama aldol
reactions. Several structural variations such as 16 and 17 have been explored.'>!

150. g, Kiyooka, K. A. Shahid, F. Goto, M. Okazaki, and Y. Shuto, J. Org. Chem., 68, 7967 (2003).
151 K. Ishihara, T. Maruyama, M. Mouri, Q. Gao, K. Furuta, and H. Yamamoto, Bull. Chem. Soc. Jpn., 66,
3483 (1993).



i-PrO O CO,H i-PrO O X
Oi Pr/'\; Oi-Pr o
16 17

These catalysts are believed to function through an acyclic TS. In addition to the
normal steric effects of the open TS, the facial selectivity is probably influenced by
stacking with the aryl ring and possibly hydrogen bonding by the formyl hydrogen.!>?

TSMO H
R R
R
X /
R H O--B\

An interesting example of the use of this type of catalysis is a case in which the
addition reaction of 3-methylcyclohex-2-enone to 5-methyl-2-hexenal was explored
over a range of conditions. The reaction was investigated using both the lithium
enolate and the trimethylsilyl enol ether. The yield and stereoselectivity are given
for several sets of conditions.'® Whereas the lithium enolate and achiral Lewis acids
TiCl, and BF; gave moderate anti diastereoselectivity, the catalyst 17 induces good
syn selectivity, as well as high enantioselectivity.

O
CHs3 j/\/\/[/O CHs3 OoX
X Conditions Yield syn anti e.e.

Li (kinetic) 63 18 82 -
Li (thermo) 66 55 45 -
T™S TiCl, 53 15 85 -
TMS BF; 68 25 75 -
T™S Cat 16 51 42 58 24(R)
T™S Cat 17 94 91 9 99(R)

The lesson from this case is that reactions that are quite unselective under simple
Lewis acid catalysis can become very selective with chiral catalysts. Moreover, as this
particular case also shows, they can be very dependent on the specific structure of the
catalyst.

152 K. Furuta, T. Maruyama, and H. Yamamoto, J. Am. Chem. Soc., 113, 1041 (1991); K. Ishihara, Q. Gao,
and H. Yamamoto, J. Am. Chem. Soc., 115, 10412 (1993).
153 K. Takao, T. Tsujita, M. Hara, and K. Tadano, J. Org. Chem., 67, 6690 (2002).
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Another effective group of catalysts is composed of copper bis-oxazolines.!>* The
chirality is derived from the 4-substituents on the ring.

o<
tBu 4; U \ j
N\Cu’ ~ntBu

oTMS OH
N CH;OHO
CH3CCO,CH,CH;  +  CHp=( CF5S0,0 OSO,CFs %
R CH;0,C R
R = CH,, CeHs

This and similar catalysts are effective with silyl ketene acetals and silyl thioketene
acetals.!™ One of the examples is the tridentate pyridine-BOX-type catalyst 18.
The reactivity of this catalyst has been explored using o«- and [-oxy substi-
tuted aldehydes.'® «-Benzyloxyacetaldehyde was highly enantioselective and the
a-trimethylsilyoxy derivative was weakly so (56% e.e.). Nonchelating aldehydes such
as benzaldehyde and 3-phenylpropanal gave racemic product. 3-Benzyloxypropanal
also gave racemic product, indicating that the 3-oxy aldehydes do not chelate with this
catalyst.

]
NS
N (0]
\ I /
N—Cu—‘N\)
Ph K
OTMS oTf 15 P
PhOCH,CH=0 + H,C=( PhCH,0 CO,CHs
OC,Hs OH

98% e.e.

The Cu-BOX catalysts function as Lewis acids at the carbonyl oxygen. The chiral
ligands promote facial selectivity, as shown in Figure 2.3.

Several catalysts based on Ti(IV) and BINOL have shown excellent enantiose-
lectivity in Mukaiyama aldol reactions.'>® A catalyst prepared from a 1:1 mixture of
BINOL and Ti(O-i-Pr), gives good results with silyl thioketene acetals in ether, but
is very solvent sensitive.'’

BINOL,
o OTMS Ti(OiPr), OH O
wcmo + o 2
SC(CHj3)3 JAMS R SC(CHg3)3

R = alkyl, alkenyl, aryl
70-90% 89 to >98% ee

The structure of the active catalyst and the mechanism of catalysis have not been
completely defined. Several solid state complexes of BINOL and Ti(O-i-Pr), have been
characterized by X-ray crystallography.'*® Figure 2.4 shows the structures of complexes
having the composition (BINOLate)Ti, (O-i-Pr), and (BINOLate)Ti;(O-i-Pr) .

134D, A. Evans, J. A. Murry, and M. C. Kozlowski, J. Am. Chem. Soc., 118, 5814 (1996).

155 D. A. Evans, D. W. C. MacMillan, and K. R. Campos, J. Am. Chem. Soc., 119, 10859 (1997); D. A. Evans,
M. C. Kozlowski, C. S. Burgey, and D. W. C. MacMillan, J. Am. Chem. Soc., 119, 7893 (1997).

136.'S. Matsukawa and K. Mikami, Tetrahedron: Asymmetry, 6, 2571 (1995); H. Matsunaga, Y. Yamada,
T. Ide, T. Ishizuka, and T. Kunieda, Tetrahedron: Asymmetry, 10, 3095 (1999).

157 G. E. Keck and D. Krishnamurthy, J. Am. Chem. Soc., 117, 2363 (1995).

158 T J. Davis, J. Balsells, P. J. Carroll, and P. J. Walsh, Org. Lett., 3, 699 (2001).
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Fig. 2.3. Origin of facial selectivity of bis-
oxazoline catalyst. Reproduced from Tetrahedron:
Asymmetry, 9, 357 (1998), by permission of
Elsevier. (See also color insert.)

Halogenated BINOL derivatives of Zr(O-¢-Bu), such as 19 also give good yields

and enantioselectivity.'>’
|
OH
O-t-Bu =
O._/ CH; OTMS 19 :
Nown PhCH=0 + = PH COCHs
wo OtBu CH, OCH; ProH CH, CHa
v 19 89% 97% e.e.

Fig. 2.4. Left: dinuclear complex of composition (BINOLate)Ti, (O-i-Pr)s. Right: trinuclear complex of
composition (BINOLate)Ti;(O-i-Pr),o. Reproduced from Org. Lett., 3, 699 (2001), by permission of the
American Chemical Society.

139-°S. Kobayashi, H. Ishitani, Y. Yamashita, M. Ueno, and H. Shimizu, Tetrahedron, 57, 861 (2001).
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A titanium catalyst 20 that incorporates binaphthyl chirality along with imine
and phenolic (salen) donors is highly active in addition of silyl ketene acetals to
aldehydes.'®?

OO 7 Br OTMS 20 oTMS
N\ o RCH=O0 + CH2=< - . R/\/COZCH3

o Tli -0 o OCHj
0 95-99% e.e.
R = Alkenyl
20 t-Bu
t-Bu

This catalyst is also active toward the simple enol ether 2-methoxypropene.'®!

= OCH,3 20 OH o
Ph/\/CH © + CH; =

CH, Ph/\/\)]\CH

98% yield, 90% e.e.

3

Entry 6 in Scheme 2.9 is an example of the use of this catalyst in a multistep
synthesis.

The enantioselectivity of Sn(Il) enolate reactions can be controlled by chiral
diamine additives. These reagents are particularly effective for silyl thioketene
acetals.'®? Several diamines derived from proline have been explored and 1-methyl-2-
(1-piperidinomethyl)pyrrolidine 21 is an example. Even higher enantioselectivity can
be achieved by attachment of bicyclic amines to the pyrrolidinomethyl group.!®?

B!

!
CHy 21

These reactions have been applied to a-benzyloxy and «-(z-butyldimethylsiloxy)-
thioacetate esters.'® The benzyloxy derivatives are anti selective, whereas the siloxy
derivatives are syn selective. These differences are attributed to a chelated structure in
the case of the benzyloxy derivative and an open TS for the siloxy system.

160 B, M. Carreira, R. A. Singer, and W. Lee, J. Am. Chem. Soc., 116, 8837 (1994).

161. E, M. Carreira, W. Lee, and R. A. Singer, J. Am. Chem. Soc., 117, 3649 (1995).

162, Kobayashi, H. Uchiro, Y. Fujishita, I. Shiina, and T. Mukaiyama, J. Am. Chem. Soc., 113, 4247
(1991); S. Kobayashi, H. Uchiro, 1. Shiina, and T. Mukaiyama, Tetrahedron, 49, 1761 (1993).

163. 'S, Kobayashi, M. Horibe, and M. Matsumura, Synlett, 675 (1995); S. Kobayashi and M. Horibe, Chem.
Eur. J., 3, 1472 (1997).

164 T, Mukaiyama, 1. Shiina, H. Uchiro, and S. Kobayashi, Bull. Chem. Soc. Jpn., 67, 1708 (1994).
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White and Deerberg explored this reaction system in connection with the synthesis of
a portion of the structure of rapamycin.'® Better yields were observed from benzyloxy
than for a methoxy substituent, and there was a slight enhancement of stereoselectivity
with the addition of ERG substituents to the benzyloxy group.

oTMS o OH
O=CH Sn(OTf), C_
Cszs)\ ’ T eH, Carss” Y \op
OR CHs 21 OR CHy
R syn:anti e.e.

CH3;0 70:30 87
PhCH,O 85:15 93
PMB 90:10 96
2,4-DMB  95:5 92

Scheme 2.8 gives some examples of chiral Lewis acids that have been used to catalyze
aldol and Mukaiyama reactions.

Scheme 2.9 gives some examples of use of enantioselective catalysts. Entries 1 to
4 are cases of the use of the oxazaborolidinone-type of catalyst with silyl enol ethers
and silyl ketene acetals. Entries 5 and 6 are examples of the use of BINOL-titanium
catalysts, and Entry 7 illustrates the use of Sn(OTf), in conjunction with a chiral
amine ligand. The enantioselectivity in each of these cases is determined entirely by
the catalyst because there are no stereocenters adjacent to the reaction sites in the
reactants.

A different type of catalysis is observed using proline as a catalyst.'® Proline
promotes addition of acetone to aromatic aldehydes with 65-77% enantioselectivity.
It has been suggested that the carboxylic acid functions as an intramolecular proton
donor and promotes reaction through an enamine intermediate.

165 J. D. White and J. Deerberg, Chem. Commun., 1919 (1997).
166. B, List, R. A. Lerner, and C. F. Barbas, III, J. Am. Chem. Soc., 122, 2395 (2000); B. List, L. Hoang,
and H. J. Martin, Proc. Natl. Acad. Sci., USA, 101, 5839 (2004).
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Scheme 2.8. Chiral Catalysts for the Mukaiyama Aldol Reactions
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. R. Campos, J. Am. Chem. Soc., 119, 10859 (1997).

. Mitami and S. Matsukawa, J. Am. Chem. Soc., 115, 7039 (1993); K. Mitami and S. Matsukawa, J. Am. Chem. Soc.,
16, 4077 (1994); G. E. Keck and D. Krishnamurthy, J. Am. Chem. Soc., 117, 2363 (1995); G. E. Keck, X.-Y. Li, and
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D. Krishnamurthy, J. Org. Chem., 60, 5998 (1995).
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A DFT study found a corresponding TS to be the lowest energy.!®” This study also
points to the importance of the solvent, DMSO, in stabilizing the charge buildup
that occurs. A further computational study analyzed the stereoselectivity of the
proline-catalyzed aldol addition reactions of cyclohexanone with acetaldehyde, isobu-
tyraldehyde, and benzaldehyde on the basis of a similar TS.'®® Another study, which
explored the role of proline in intramolecular aldol reactions, is discussed in the next
section.'®

167 K. N. Rankin, J. W. Gauld, and R. J. Boyd, J. Phys. Chem. A, 106, 5155 (2002).
168. 'S Bahmanyar, K. N. Houk, H. J. Martin, and B. List, J. Am. Chem. Soc., 125, 2475 (2003).
169.°S. Bahmanyar and K. N. Houk, J. Am. Chem. Soc., 123, 12911 (2001).



Scheme 2.9. Enantioselective Catalysis of Aldol and Mukaiyama Aldol Reactions
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D.
K
Visual models, additional information and exercises on Proline-Catalyzed Aldol

Reactions can be found in the Digital Resource available at: Springer.com/carey-
sundberg.

2.1.5.7. Summary of Facial Stereoselectivity in Aldol and Mukaiyama Reactions. The
examples provided in this section show that there are several approaches to controlling
the facial selectivity of aldol additions and related reactions. The E- or Z-configuration
of the enolate and the open, cyclic, or chelated nature of the TS are the departure
points for prediction and analysis of stereoselectivity. The Lewis acid catalyst and the
donor strength of potentially chelating ligands affect the structure of the TS. Whereas
dialkyl boron enolates and BF; complexes are tetracoordinate, titanium and tin can be
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hexacoordinate. If the reactants are chiral, facial selectivity must be taken into account.
Examples of steric, chelation, and polar effects on TS structure have been described.
Chiral auxiliaries can influence facial selectivity not only by their inherent steric effects,
but also on the basis of the conformation of their Lewis acid complexes. This can be
controlled by the choice of the enolate metal and reaction conditions. Dialkylboron
enolates react through a cyclic TS that cannot accommodate additional coordination.
Titanium and tin enolates of oxazolidinones are chelated under normal conditions, but
the use of excess Lewis acid can modify the TS structure and reverse facial selectivity.
Chiral catalysts require that additional stereochemical features be taken into account,
and the issue becomes the fit of the reactants within the chiral environment. Although
most catalysts rely primarily on steric factors for facial selectivity, hydrogen bonding
and  stacking can also come into play.

2.1.6. Intramolecular Aldol Reactions and the Robinson Annulation

The aldol reaction can be applied to dicarbonyl compounds in which the
two groups are favorably disposed for intramolecular reaction. Kinetic studies on
cyclization of 5-oxohexanal, 2,5-hexanedione, and 2,6-heptanedione indicate that
formation of five-membered rings is thermodynamically somewhat more favorable
than formation of six-membered rings, but that the latter is several thousand times
faster.'”® A catalytic amount of acid or base is frequently satisfactory for formation
of five- and six-membered rings, but with more complex structures, the techniques
required for directed aldol condensations are used.

Scheme 2.10 illustrates intramolecular aldol condensations. Entries 1 and 2
are cases of formation of five-membered rings, with aldehyde groups serving as
the electrophilic center. The regioselectivity in Entry 1 is due to the potential for
dehydration of only one of the cyclic aldol adducts.

o CH=0 CH=0 =e
_ o=CH "7 — @
CH=0 CH(CHy), =~ OH CH(CH,3),

CH(CHy), CH(CHy),

dehydration not
available

In Entry 2, the more reactive aldehyde group serves as the electrophilic component
in preference to the ketone. Entries 3 to 6 are examples of construction of new rings
in preexisting cyclic systems. The structure and stereochemistry of the products of
these reactions are dictated by ring geometry and the proximity of reactive groups.
Entry 5 is interesting in that it results in the formation of a bridgehead double bond.
Entries 7 to 9 are intramolecular Mukaiyama reactions, using acetals as the precursor
of the electrophilic center. Entry 9, which is a key step in the synthesis of jatrophones,
involves formation of an eleven-membered ring. From a retrosynthetic perspective,
bonds between a carbinol (or equivalent) carbon and a carbon that is o to a carbonyl
carbon are candidates for formation by intramolecular aldol additions.

A particularly important example of the intramolecular aldol reaction is the
Robinson annulation, a procedure that constructs a new six-membered ring from a
ketone.!”! The reaction sequence starts with conjugate addition of the enolate to methyl

170- 3. P. Guthrie and J. Guo, J. Am. Chem. Soc., 118, 11472 (1996).



Scheme 2.10. Intramolecular Aldol and Mukaiyama Aldol Reactions
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Scheme 2.10. (Continued)
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vinyl ketone or a similar enone. This is followed by cyclization by an intramolecular
aldol addition. Dehydration usually occurs to give a cyclohexenone derivative.

(6]
| conjugate _CH B
CH3;CCH=CH, addition H,C 2 aldol addition
g — | and
C o dehydration O

=
o~ 07 \
0 CHs

Other a,3-unsaturated enones can be used, but the reaction is somewhat sensitive to
substitution at the 3-carbon and adjustment of the reaction conditions is necessary.!”?
Scheme 2.11 shows some examples of Robinson annulation reactions. Entries 1
and 2 show annulation reactions of relatively acidic dicarbonyl compounds. Entry 3
is an example of use of 4-(trimethylammonio)-2-butanone as a precursor of methyl
vinyl ketone. This compound generates methyl vinyl ketone in situ by B-elimination.
The original conditions developed for the Robinson annulation reaction are such
that the ketone enolate composition is under thermodynamic control. This usually
results in the formation of product from the more stable enolate, as in Entry 3.
The C(1) enolate is preferred because of the conjugation with the aromatic ring. For
monosubstituted cyclohexanones, the cyclization usually occurs at the more-substituted
position in hydroxylic solvents. The alternative regiochemistry can be achieved by
using an enamine. Entry 4 is an example. As discussed in Section 1.9, the less-
substituted enamine is favored, so addition occurs at the less-substituted position.
Conditions for kinetic control of enolate formation can be applied to the Robinson
annulation to control the regiochemistry of the reaction. Entries 5 and 6 of Scheme 2.11
are cases in which the reaction is carried out on a preformed enolate. Kinetic

71 E. D. Bergmann, D. Ginsburg, and R. Pappo, Org. React., 10, 179 (1950); J. W. Cornforth and
R. Robinson, J. Chem. Soc., 1855 (1949); R. Gawley, Synthesis, 777 (1976); M. E. Jung, Tetrahedron,
32, 3 (1976); B. P. Mundy, J. Chem. Ed., 50, 110 (1973).

172.°C. J. V. Scanio and R. M. Starrett, J. Am. Chem. Soc., 93, 1539 (1971).



Scheme 2.11. The Robinson Annulation Reaction
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control is facilitated by use of somewhat more activated enones, such as methyl
1-(trimethylsilyl)vinyl ketone.

o)
i CH3CCHCH2 (CHy)sSI oM.
+ CHyCC=CH, —
-0 | Sl(CHs)

Si(CHg)s +  (CHg)3SiOH

Ref. 173

The role of the trimethylsilyl group is to stabilize the enolate formed in the conjugate
addition. The silyl group is then removed during the dehydration step. Methyl
1-trimethylsilylvinyl ketone can be used under aprotic conditions that are compatible
with regiospecific methods for enolate generation. The direction of annulation of
unsymmetrical ketones can therefore be controlled by the method of enolate formation.

1 Sli(CH3)3
CH,=CCCH
T CHy T
(CH3)3SIO : LiO B 2) KOH
H A o

Ref. 174
Methyl 1-phenylthiovinyl ketones can also be used as enones in kinetically controlled
Robinson annulation reactions, as illustrated by Entry 6. Entry 7 shows a annulation
using silyl enol ether as the enolate equivalent. These reactions are called Mukaiyama-
Michael reactions (see Section 2.6.3).
The Robinson annulation is a valuable method for preparing bicyclic and tricyclic
structures that can serve as starting materials for the preparation of steroids and
terpenes.!” Reaction with 2-methylcyclohexan-1,3-dione gives a compound called the

Wieland-Miescher ketone.
(@] (e}
o] CH; O CH,
CHsy
: L — cH
CH,=CHCCHj,4 3
(0] (0] O
and can be done

A similar reaction occurs with 2-methylcyclopentane-1,3-dione, !
enantioselectively by using the amino acid L-proline to form an enamine intermediate.
The (S)-enantiomer of the product is obtained in high enantiomeric excess.'”’

CHs {7 CO,” -

—_

O

76

VRN
CH3CCH,CH, H  H o
I o] OH

173 G. Stork and B. Ganem, J. Am. Chem. Soc., 95, 6152 (1973); G. Stork and J. Singh, J. Am. Chem. Soc.,
96, 6181 (1974).

174 R. K. Boeckman, Jr., J. Am. Chem. Soc., 96, 6179 (1974).

175 N. Cohen, Acc. Chem. Res., 9, 412 (1976).

176. 7. G. Hajos and D. R. Parrish, J. Org. Chem., 39, 1615 (1974); U. Eder, G. Sauer, and R. Wiechert,
Angew. Chem. Int. Ed. Engl., 10, 496 (1971); Z. G. Hajos and D. R. Parrish, Org. Synth., 63, 26 (1985).

177-"J. Gutzwiller, P. Buchshacher, and A. Furst, Synthesis, 167 (1977); P. Buchshacher and A. Furst, Org.
Synth., 63, 37 (1984); T. Bui and C. F. Barbas, III, Tetrahedron Lett., 41, 6951 (2000).



The detailed mechanism of this enantioselective transformation remains under investi-
gation.'”® It is known that the acidic carboxylic group is crucial, and the cyclization is
believed to occur via the enamine derived from the catalyst and the exocyclic ketone.
A computational study suggested that the proton transfer occurs through a TS very

similar to that described for the proline-catalyzed aldol reaction (see page 132).!7
HC
H;C 0
N | —
ey (n
“c-0- 11 . OH
co,”

Visual models, additional information and exercises on Proline-Catalyzed Aldol
Reactions can be found in the Digital Resource available at: Springer.com/carey-
sundberg.

2.2. Addition Reactions of Imines and Iminium Ions

Imines and iminium ions are nitrogen analogs of carbonyl compounds and they
undergo nucleophilic additions like those involved in aldol reactions. The reactivity
order is C=NR < C=0 < [C=NR,]|" < [C=0H]". Because iminium ions are more
reactive than imines, the reactions are frequently run under mildly acidic conditions.
Under some circumstances, the iminium ion can be the reactive species, even though
it is a minor constituent in equilibrium with the amine, carbonyl compound, and
unprotonated imine.

/H
/Eo +  H,NR - THO %NR H >:N+
_ AN

R

Addition of enols, enolates, or enolate equivalents to imines or iminium ions provides
an important route to 3-amino ketones.

ox Q
A + H,C=NR — Rl)g/:'\NR’
R” "CHR?

RZ

178- P, Buchschacher, J.-M. Cassal, A. Furst, and W. Meier, Helv. Chim. Acta, 60,2747 (1977); K. L. Brown,
L. Damm, J. D. Dunitz, A. Eschenmoser, R. Hobi, and C. Kratky, Helv. Chim. Acta, 61, 3108 (1978);
C. Agami, F. Meynier, C. Puchot, J. Guilhem, and C. Pascard, Tetrahedron, 40, 1031 (1984); C. Agami,
J. Levisalles, and C. Puchot, J. Chem. Soc., Chem. Commun., 441 (1985); C. Agami, Bull. Soc. Chim.
Fr., 499 (1988).

179-S. Bahmanyar and K. N. Houk, J. Am. Chem. Soc., 123, 12911 (2001).
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2.2.1. The Mannich Reaction

The Mannich reaction is the condensation of an enolizable carbonyl compound
with an iminium ion."® It is usually done using formaldehyde and introduces an
a-dialkylaminomethyl substituent.

I I
RCH,CR' + CH,=O + HN(CHz), — (CH3)2NCH2(|3HCR’
R

The electrophile is often generated in situ from the amine and formaldehyde.

+

H .
CH,=0 + HN(CH,), == HOCH,N(CHy), == CH,=N(CHy),

The reaction is normally limited to secondary amines, because dialkylation can occur
with primary amines. The dialkylation reaction can be used to advantage in ring
closures.

o)
CH3(|ZH2 <”3 (|:H2CH3 CoHs C,Hs
CH30,CCH—C—CHCO,CH; + CH,=0 + CHyNH, — CH,0,C CO,CHs

N

Ref. 181

Scheme 2.12 shows some representative Mannich reactions. Entries 1 and 2
show the preparation of typical “Mannich bases” from a ketone, formaldehyde, and
a dialkylamine following the classical procedure. Alternatively, formaldehyde equiva-
lents may be used, such as bis-(dimethylamino)methane in Entry 3. On treatment with
trifluoroacetic acid, this aminal generates the iminium trifluoroacetate as a reactive
electrophile. N,N-(Dimethyl)methylene ammonium iodide is commercially available
and is known as Eschenmoser’s salt.'s? This compound is sufficiently electrophilic to
react directly with silyl enol ethers in neutral solution.'®? The reagent can be added to
a solution of an enolate or enolate precursor, which permits the reaction to be carried
out under nonacidic conditions. Entries 4 and 5 illustrate the preparation of Mannich
bases using Eschenmoser’s salt in reactions with preformed enolates.

The dialkylaminomethyl ketones formed in the Mannich reaction are useful
synthetic intermediates.'3* Thermal elimination of the amines or the derived quaternary
salts provides a-methylene carbonyl compounds.

180. B F. Blicke, Org. React., 1, 303 (1942); J. H. Brewster and E. L. Eliel, Org. React., 7, 99 (1953);
M. Tramontini and L. Angiolini, Tetrahedron, 46, 1791 (1990); M. Tramontini and L. Angiolini,
Mannich Bases: Chemistry and Uses, CRC Press, Boca Raton, FL, 1994; M. Ahrend, B. Westerman,
and N. Risch, Angew. Chem. Int. Ed. Engl., 37, 1045 (1998).

181. C, Mannich and P. Schumann, Chem. Ber., 69, 2299 (1936).

1823, Schreiber, H. Maag, N. Hashimoto, and A. Eschenmoser, Angew. Chem. Int. Ed. Engl., 10, 330
(1971).

183.°S. Danishefsky, T. Kitahara, R. McKee, and P. F. Schuda, J. Am. Chem. Soc., 98, 6715 (1976).

184 G. A. Gevorgyan, A. G. Agababyan, and O. L. Mndzhoyan, Russ. Chem. Rev. (Engl. Transl.), 54, 495
(1985).



Scheme 2.12. Synthesis and Utilization of Mannich Bases
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These o,B-unsaturated ketones and aldehydes are used as reactants in conjugate
additions (Section 2.6), Robinson annulations (Section 2.1.4), and in a number of
other reactions that we will encounter later. Entries 8 and 9 in Scheme 2.12 illustrate

185 C. S. Marvel, R. L. Myers, and J. H. Saunders, J. Am. Chem. Soc., 70, 1694 (1948).
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conjugate addition reactions carried out by in situ generation of o,(-unsaturated
carbonyl compounds from Mannich bases.

a-Methylenelactones are present in a number of natural products.'®® The reaction
of ester enolates with N,N-(dimethyl)methyleneammonium trifluoroacetate,'®” or
Eschenmoser’s salt,'® has been used for introduction of the a-methylene group in the

synthesis of vernolepin, a compound with antileukemic activity.':1%

1) LDA, THF, HMPA
2) CH=N(CH3),I”
3) Hy0*

4) CHl

5) NaHCO;

.0
vernolepin

Mannich reactions, or a mechanistic analog, are important in the biosynthesis
of many nitrogen-containing natural products. As a result, the Mannich reaction has
played an important role in the synthesis of such compounds, especially in syntheses
patterned after the biosynthesis, i.e., biomimetic synthesis. The earliest example of
the use of the Mannich reaction in this way was Sir Robert Robinson’s successful
synthesis of tropinone, a derivative of the alkaloid tropine, in 1917.

T

CH, CO,”
CH,CH=0 I
[ + H,NCH; + C=0 — o — o)
CH,CH=0 (le

[ 2 CO,~

CO,”

Ref. 191

As with aldol and Mukaiyama addition reactions, the Mannich reaction is subject
to enantioselective catalysis.'” A catalyst consisting of Ag" and the chiral imino
aryl phosphine 22 achieves high levels of enantioselectivity with a range of N-(2-
methoxyphenyl)imines.'”> The 2-methoxyphenyl group is evidently involved in an
interaction with the catalyst and enhances enantioselectivity relative to other N-aryl
substituents. The isopropanol serves as a proton source and as the ultimate acceptor
of the trimethyl silyl group.
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OTMS 1-5 mol % “NH
RCH=N—Ar + CH; , =0 SECTION 2.2
R 1 eq. i-PrOH /\)( )
R R Addition Reactions of
Ar=2-methoxyphenyl  R'=CHg, Ph . 76—-96% e.e. Imines and Iminium lons
R =alkyl, aryl, alkenyl CH,
H
N

NS
N \Q
o OCH

PPh, cat 22

A zinc catalyst 23 was found effective for aryl hydroxymethyl ketones in reactions
with glyoxylic imines. In this case, the 4-methoxy-2-methylphenylimines gave the
best results.!** Interestingly, the 2-methoxyphenyl ketone gave substantially enhanced
2,3-diastereoselectivity (20:1) compared to about 10:1 for most other aryl groups,
suggesting that the o-methoxy group may introduce an additional interaction with the
catalyst. All the compounds gave e.e. > 95%.

NAr’

o
(0] N /Ar’ cat 23
+ — CO,C,H
Ar)K/OH CoHs0,C7 aams Zres
OH
Ar’ = 4-methoxy-2-methylphenyl dr=2:1t0>20:1
Ar e.e. 95->99%
Ar O\ /O Ar
Zn ;n‘ EAr
N \O/ \N
cat 23

Other types of catalysts that are active in Mannich reactions include the Cu-bis-
oxazolines.'?> Most of the cases examined to date are for relatively reactive imines,
such as those derived from glyoxylate or pyruvate esters.

As already discussed for aldol and Robinson annulation reactions, proline is also
a catalyst for enantioselective Mannich reactions. Proline effectively catalyzes the
reactions of aldehydes such as 3-methylbutanal and hexanal with N-arylimines of
ethyl glyoxalate.!®® These reactions show 2,3-syn selectivity, although the products
with small alkyl groups tend to isomerize to the anti isomer.

proline NHAr
10 mol % o— :
(CHg),CHCH,CH=0 + C,Hs0,CCH=NAr ——~  © CHY\COZCZHS
Ar =4 —methoxyphenyl CH(CHs3);

dr>10:1 e.e.=87%
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N. Gathergood, and K. A. Jorgensen, Chem. Eur. J., 9, 2359 (2003).
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J. Org. Chem., 68, 9624 (2003).



144

CHAPTER 2

Reactions of Carbon
Nucleophiles with
Carbonyl Compounds

With aromatic aldehydes, d.r. ranged up to more than 10:1 for propanal.

1) proline NHAr
30 mol % :
CHiCH,CH=0  +  ArCH=NAr ng N A
2) NaBH, H
CHs

Ar’ = 4-methoxyphenyl

The proline-catalyzed reaction has been extend to the reaction of propanal, butanal, and
pentanal with a number of aromatic aldehydes and proceeds with high syn selectivity.'"’
The reaction can also be carried out under conditions in which the imine is formed
in situ. Under these conditions, the conjugative stabilization of the aryl imines leads
to the preference for the aryl imine to act as the electrophile. A good yield of the
expected B-aminoalcohol was obtained with propanal serving as both the nucleophilic
and the electrophilic component. The product was isolated as a y-amino alcohol after
reduction with NaBH,.

1) proline NHAr
10 mol % i CHj

AV

2) NaBH, HO

CH,CH,CH=0 +  H,NAr y
Ar’ = 4-methoxyphenyl (_3H3 70% yield
dr>95:5, 96% e.e.
Ketones such as acetone, hydroxyacetone, and methoxyacetone can be condensed with
both aromatic and aliphatic aldehydes.'3

o 20-35 mol % 0 NHAr
proline :
OCH;z + ArCH=0 + ArNH, CHs)vAr
CHs H
Ar' = 4-methoxyphenyl OCH;

The TS proposed for these proline-catalyzed reactions is very similar to that
for the proline-catalyzed aldol addition (see p. 132). In the case of imines, however,
the aldehyde substituent is directed toward the enamine double bond because of the
dominant steric effect of the N-aryl substituent. This leads to formation of syn isomers,
whereas the aldol reaction leads to anti isomers. This is the TS found to be the most
stable by B3LYP/6-31G* computations.'® The proton transfer is essentially complete
at the TS. As with the aldol addition TS, the enamine is oriented anti to the proline
carboxy group in the most stable TS.

O
\NH

| 7 H
R

197 Y. Hayashi, W. Tsuboi, I. Ashimine, T. Urushima, M. Shoji, and K. Sakai, Angew. Chem. Int. Ed.
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Structure 24, which is a simplification of an earlier catalyst,>® gives excellent

results with N-z-butoxycarbonylimines.?’! Catalysts of this type are thought to function
through hydrogen-bonding interactions.

CH C(CH3)3
cat 24
NCO,C(CHg); ~ OTBDMS 55194 NHCO,C(CHy)s
+ — ho
Ph” “H OCH(CHy), —40° pn /\/C020H(CH3)2 TI/\N NP“
100% 94% e.e. H
cat 24
2.2.2. Additions to N-Acyl Iminium Ions
Even more reactive C=N bonds are present in N-acyliminium ions.>?
O\\
CR
/
R,C=N
RN

R

Gas phase reactivity toward allyltrimethylsilane was used to compare the reactivity
of several cyclic N-acyliminium ions and related iminium ions.?”> Compounds with
endocyclic acyl groups were found to be more reactive than compounds with exocyclic
acyl substituents. Five-membered ring compounds are somewhat more reactive than
six-membered ones. The higher reactivity of the endocyclic acyl derivatives is believed
to be due to geometric constraints that maximize the polar effect of the carbonyl group.

L LI s 0@

0" CHs o CH,

N-Acyliminium ions are usually prepared in situ in the presence of a potential
nucleophile. There are several ways of generating acyliminium ions. Cyclic examples
can be generated by partial reduction of imides.?*

(CHy), NaBH, (CHa)n (CHy)n
oJ: /Ko ROH J/? )< OR —~ I ’
Fle R R

Various oxidations of amides or carbamates can also generate acyliminium ions. An
electrochemical oxidation forms a-alkoxy amides and lactams, which then generate

200 P, Vachal and E. N. Jacobsen, J. Am. Chem. Soc., 124, 10012 (2002).

201 A. G. Wenzel, M. P. Lalonde, and E. N. Jacobsen, Synlett, 1919 (2003).

202. H. Hiemstra and W. N. Speckamp, in Comprehensive Organic Synthesis, Vol. 2, B. Trost and I. Fleming,
eds., 1991, pp. 1047-1082; W. N. Speckamp and M. J. Moolenaar, Tetrahedron, 56, 3817 (2000);
B. E. Maryanoff, H.-C. Zhang, J. H. Cohen, I. J. Turchi, and C. A. Maryanoff, Chem. Rev., 104, 1431
(2004).

203- M. G. M. D’Oca, L. A. B. Moraes, R. A. Pilli, and M. N. Eberlin, J. Org. Chem., 66, 3854 (2001).
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acyliminium ions.?”> N-Acyliminium ions can also be obtained by oxidative decar-

bo

such as silyl enol ethers?®” and isopropenyl acetate.

xylation of N-acyl-a-amino acids such as N-acyl proline derivatives.?%

Q\COZH PRI(OAC), Iz (| /—0OCH,4
| I

CH,OH
CO,CHj 3 CO,CHj

Acyliminium ions are sufficiently electrophilic to react with enolate equivalents
208

0,CCH; _OTMS (C11.).Si0,5CF, CH2(|3|Ph

+ CH,=C

N Ph
O 0O N4 8%

Acyliminium ions can be used in enantioselective additions with enolates having chiral

au

205

206.
207.

208.
209.

210.

xiliaries, such as N-acyloxazolidinones or N-acylthiazolidinethiones.
Cl
C|\TIi ClI HO j\
O\ o O : N~ o
N~ "OCyHs J\ . N
| CH3\/\N 0] CH
CO,C(CHy); (CH3)3CO,C 3
PhCH,
PhCH,
Ref. 209
Sn CHy

TN
0 5 o S
N + CH3\/\NJ<S - o N’[<
NS W\l\/ H

Ref. 210
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(1990).

T. Shono, Y. Matsumura, and K. Tsubata, J. Am. Chem. Soc., 103, 1172 (1981).
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2.2.3. Amine-Catalyzed Condensation Reactions

Iminium ions are intermediates in a group of reactions that form «,f3-unsaturated
compounds having structures corresponding to those formed by mixed aldol addition
followed by dehydration. These reactions are catalyzed by amines or buffer systems
containing an amine and an acid and are referred to as Knoevenagel condensations.*"!
The reactive electrophile is probably the protonated form of the imine, since it is a
more reactive electrophile than the corresponding carbonyl compound.?'?

H* H

~ ~
ArCH=NC,Hy —= AICHNHC Hy — ArCH-NHC,Hy —= ArCH=CHNO,

“CH,NO, CH,NO, H-CCHNO,

The carbon nucleophiles in amine-catalyzed reaction conditions are usually rather
acidic compounds containing two EWG substituents. Malonate esters, cyanoacetate
esters, and cyanoacetamide are examples of compounds that undergo condensation
reactions under Knoevenagel conditions.?!® Nitroalkanes are also effective as nucle-
ophilic reactants. The single nitro group activates the a-hydrogens enough to permit
deprotonation under the weakly basic conditions. A relatively acidic proton in the
nucleophile is important for two reasons. First, it permits weak bases, such as amines,
to provide a sufficient concentration of the enolate for reaction. An acidic proton
also facilitates the elimination step that drives the reaction to completion. Usually the
product that is isolated is the o,[3-unsaturated derivative of the original adduct.

B
|?/CozR /COR
R,C—C —. RyC=C
e N
X=0H or NR,

Malonic acid or cyanoacetic acid can also be used as the nucleophile. With malonic
acid or cyanoacetic acid as reactants, the products usually undergo decarboxylation.
This may occur as a concerted fragmentation of the adduct.?'*

X
o) g
I R,C— CHCO,H
RCR + CH,(CO,H), — [ — R,C=CHCO,H
C=0

X=0H or NR, C(')

Decarboxylative condensations of this type are sometimes carried out in pyridine,
which cannot form an imine intermediate, but has been shown to catalyze the
decarboxylation of arylidene malonic acids.?’> The decarboxylation occurs by
concerted decomposition of the adduct of pyridine to the «,B-unsaturated diacid.

211 G. Jones, Org. React., 15, 204 (1967); R. L. Reeves, in The Chemistry of the Carbonyl Group, S. Patai,
ed., Interscience, New York, 1966, pp. 593-599.

212. T I. Crowell and D. W. Peck, J. Am. Chem. Soc., 75, 1075 (1953).

213 A. C. Cope, C. M. Hofmann, C. Wyckoff, and E. Hardenbergh, J. Am. Chem. Soc., 63, 3452 (1941).

214 E. J. Corey, J. Am. Chem. Soc., 74, 5897 (1952).

215- E. J. Corey and G. Fraenkel, J. Am. Chem. Soc., 75, 1168 (1953).
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Scheme 2.13. Amine-Catalyzed Condensation Reactions of the Knoevenagel Type

la O
|

I piperidine /CCH3
CH3CH,CH,CH=0 + CH3CCH,CO,C,Hs —>  CHyCH,CH,CH=C
CO,C,Hg 81%

CO,CoHs

2b +
RNH;"OAc c
O + NCCH,CO,C,Hg AN
R=i i CN  100%

=ion exchange resin)

3¢ . _CN
_ B-alanine
C,H5COCH; + N=CCH,CO,CyHsg C,H;C=C
— 0,
Ch, COCHs 81-87%

44 piperidine
CH3(CH2)3(|:HCH=O + CH2(C02C2H5)2 RE’ CH3(CH2)3(i:HCH=C(C02C2H5)2

2
CH,CH3 CH,CH,  87%

CN
5¢ NH,OAC /
<:>:o + NCCH,CO,H <
CO,H  65-76%

6f pyridine ,COH
PhCH=O0 + CH3CH,CH(CO,H), —~ PhCH=C
NC,Hg 60%

pyrid
7 CH,=CHCH=0 + CH,(CO,H), E» CH, =CHCH=CHCO,H
42-46%
gh pyridine
CHO + CH,(CO,H), —— CH=CHCO,H
— 0,
o oN 75-80%
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. C. Cope, A. A. D’Addieco, D. E. Whyte, and S. A. Glickman, Org. Synth., IV, 234 (1963).

. J. Gensler and E. Berman, J. Am. Chem. Soc., 80, 4949 (1958).

. J. Jessup, C. B. Petty, J. Roos, and L. E. Overman, Org. Synth., 59, 1 (1979).

. H. Wiley and N. R. Smith, Org. Synth., IV, 731 (1963).

50 0 a0 o
w-ug>m-nw>

N+ ArCH ~CHCOH
ArCH=C(CO,H), + Q—» . C O —~ ArCH=CHCO,H

O 6

Scheme 2.13 gives some examples of Knoevenagel condensation reactions.

2.3. Acylation of Carbon Nucleophiles

The reactions that are discussed in this section involve addition of carbon nucle-
ophiles to carbonyl centers having a potential leaving group. The tetrahedral interme-
diate formed in the addition step reacts by expulsion of the leaving group. The overall



transformation results in the acylation of the carbon nucleophile. This transformation 149
corresponds to the general reaction Path B, as specified at the beginning of this chapter

(P 64) SECTION 2.3
Acylation of Carbon
o o o Nucleophiles
i _ S i
RC—X + R,C—EWG — R<|:—<|3Rz — RC(|3R’2
(X EWG EWG

The reaction pattern can be used for the synthesis of 1,3-dicarbonyl compounds and
other systems in which an acyl group is 3 to an anion-stabilizing group.

o]
o]
Rl)kx +  R2CH,EWG R%YEWG
R2

2.3.1. Claisen and Dieckmann Condensation Reactions

An important group of acylation reactions involves esters, in which case the
leaving group is alkoxy or aryloxy. The self-condensation of esters is known as
the Claisen condensation.*'® Ethyl acetoacetate, for example, is prepared by Claisen
condensation of ethyl acetate. All of the steps in the mechanism are reversible, and a
full equivalent of base is needed to bring the reaction to completion. Ethyl acetoacetate
is more acidic than any of the other species present and is converted to its conjugate
base in the final step. The B-ketoester product is obtained after neutralization.

CH3CO,CH,CH; + CHsCH,0- == ~CH,CO,CH,CH; + CHyCH,OH
o} on
|
CHyCOCH,CH; + ~“CH,CO,CH,CH; == CH3C|OCHZCH3

CH,CO,CH,CH,
O (@]
4 I

CH,C£0OCH,CH; == CH3CCH,CO,CH,CH; + CH5CH,O"
CH,CO,CH,CH,
(@] (@]

I I
CHyCCH,CO,CH,CH; + CHZCH,0™ — CHyCCHCO,CH,CHg + CHyCH,OH

As a practical matter, the alkoxide used as the base must be the same as the alcohol
portion of the ester to prevent product mixtures resulting from ester interchange.
Sodium hydride with a small amount of alcohol is frequently used as the base for ester
condensation. The reactive base is the sodium alkoxide formed by reaction of sodium
hydride with the alcohol released in the condensation.

R’OH + NaH — R’ONa + H,

As the final proton transfer cannot occur when a-substituted esters are used, such
compounds do not condense under the normal reaction conditions, but this limitation

216 C, R. Hauser and B. E. Hudson, Jr., Org. React., 1, 266 (1942).
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can be overcome by use of a very strong base that converts the reactant ester completely
to its enolate. Entry 2 of Scheme 2.14 illustrates the use of triphenylmethylsodium for
this purpose. The sodium alkoxide is also the active catalyst in procedures that use
sodium metal, such as in Entry 3 in Scheme 2.14. The alkoxide is formed by reaction
of the alcohol that is formed as the reaction proceeds.

The intramolecular version of ester condensation is called the Dieckmann condens-
ation.®"” Tt is an important method for the formation of five- and six-membered rings
and has occasionally been used for formation of larger rings. As ester condensation is
reversible, product structure is governed by thermodynamic control, and in situations
where more than one product can be formed, the product is derived from the most
stable enolate. An example of this effect is the cyclization of the diester 25.2'8 Only
27 is formed, because 26 cannot be converted to a stable enolate. If 26, synthesized
by another method, is subjected to the conditions of the cyclization, it is isomerized
to 27 by the reversible condensation mechanism.

o
H
CO,C,Hs GHs Naokt ST CO,C,Hs
CH. =% CoHgO,CCH,(CH,);CHCO,CHs —=
3 xylene
25
26 k NaOEt ) 27

xylene

Entries 3 to 8 in Scheme 2.14 are examples of Dieckmann condensations. Entry
6 is a Dieckmann reaction carried out under conventional conditions, followed by
decarboxylation. The product is a starting material for the synthesis of a number of
sarpagine-type indole alkaloids and can be carried out on a 100-g scale. The combi-
nation of a Lewis acid, such as MgCl,, with an amine can also promote Dieckmann
cyclization.?! Entry 7, which shows an application of these conditions, is a step in
the synthesis of a potential drug. These conditions were chosen to avoid the use of
TiCl, in a scale-up synthesis and can be done on a 60-kg scale. The 14-membered
ring formation in Entry 8 was carried out under high dilution by slowly adding the
reactant to the solution of the NaHMDS base. The product is a mixture of both possible
regioisomers (both the 5- and 7-carbomethoxy derivatives are formed) but a single
product is obtained after decarboxylation.

Mixed condensations of esters are subject to the same general restrictions as
outlined for mixed aldol reactions (Section 2.1.2). One reactant must act preferentially
as the acceptor and another as the nucleophile for good yields to be obtained. Combin-
ations that work best involve one ester that cannot form an enolate but is relatively
reactive as an electrophile. Esters of aromatic acids, formic acid, and oxalic acid are
especially useful. Some examples of mixed ester condensations are shown in Section C
of Scheme 2.14. Entries 9 and 10 show diethyl oxalate as the acceptor, and aromatic
esters function as acceptors in Entries 11 and 12.

2.3.2. Acylation of Enolates and Other Carbon Nucleophiles

Acylation of carbon nucleophiles can also be carried out with more reactive
acylating agents such as acid anhydrides and acyl chlorides. These reactions must

217- 1. P. Schaefer and J. J. Bloomfield, Org. React., 15, 1 (1967).
218 'N. S. Vul’fson and V. 1. Zaretskii, J. Gen. Chem. USSR, 29, 2704 (1959).
219-°S. Tamai, H. Ushitogochi, S. Sano, and Y. Nagao, Chem. Lett., 295 (1995).
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A. Intermolecular ester condensations SECTION 2.3
1 CHL(CH,),CO,C,H NeOFt cH (CH,)sCOCHCO,C,H Acylation of Carbon
3 2)3 2v2lls 3 23 ‘ 2v2ils Nucleophiles

CH,CH,CH;  77%

ob O CH,CH4
PhsC™ Na* |

CH3CHZC‘HCOZCZH5 CH3CH2‘CHC—C‘COZC2H5
CH, CH; CHj, 63%

B. Cyclization of diesters

3° i
CoHs0,C(CH)COLC s e 022l
2H50,C(CH,),CO,CoH5 74-81%
4d COZCZHS
CH2CHCOCHs okt He
CHg_N\ - CHs}\lJr ©
CH,CH,CO,CoHs benzene H 71%
5e CO,C,Hs CO,CoHs5
Na CH
C2H502CCH2CH2CH(‘ZHCH3 — 8
CO,C,Hs

C,H50,C o 92%

1) NaH, CH;0H
N—CH,Ph toluene

co.crs D10
3 2

79
CO,CH
CH,CO,CH 2CHs
@ SO sy, B

SO,—N . N

D bBU o’ \\OD 90%

CF3 CF,

gh PhCH,0 O CH;, PhCH,O O CHy

O/I\/\/COZCH3[(CH3)3Si]2NNa o CO,CH,

dilute solution
CO,CH

PhCH,O 2 PhCH,0 O 7%
C. Mixed ester condensations
9 COCO,C,Hg

NaOEt
(CHCOLCoHs), + (CO.CoHg), — C|3HC02C2H5

CH,CO,C,Hs 86-91%

10 NaOFEt
C17H35C0O,CoH5 + (CO,CoHg), —= C16H33C|:HCOZCZH5
COCO,C,Hs  68—71%

(Continued)



152

CHAPTER 2

Reactions of Carbon
Nucleophiles with
Carbonyl Compounds

Scheme 2.14. (Continued)

CO,C,Hs COCHCOZCZHS
@/ + CH3(CH2)200202H5 — O/ CH,CHj
N 68%
12! (i-Pr),NMgBr
QC02C2H5 + CH3CH2C02C2H5 @COCHCOZCZHS
| 9
CHs 51%
a. R. R. Briese and S. M. McElvain, J. Am. Chem. Soc., 55, 1697 (1933).
b. B. E. Hudson, Jr., and C. R. Hauser, J. Am. Chem. Soc., 63, 3156 (1941).
c. P. S. Pinkney, Org. Synth., II, 116 (1943).
d. E. A. Prill and S. M. McElvain, J. Am. Chem. Soc., 55, 1233 (1933).
e. M. S. Newman and J. L. McPherson, J. Org. Chem., 19, 1717 (1954).
f. J. Yu, T. Wang, X. Liu, J. Deschamps, J. Flippen-Anderson, X. Liao, and J. M. Cook, J. Org. Chem., 68, 7565
(2003); P. Yu, T. Wang, J. Li, and J. M. Cook, J. Org. Chem., 65, 3173 (2000).

g. T. E. Jacks, D. T. Belmont, C. A. Briggs, N. M. Horne, G. D. Kanter, G. L. Karrick, J. L. Krikke, R. J. McCabe,
J. G. Mustakis, T. N. Nanninga, G. S. Risedorph, R. E. Seamans, R. Skeean, D. D. Winkle, and T. M. Zennie,
Org. Proc. Res. Develop. 8, 201 (2004).

h. R. N. Hurd and D. H. Shah, J. Org. Chem., 38, 390 (1973).

i. E. M. Bottorff and L. L. Moore, Org. Synth., 44, 67 (1964).

j- F. W. Swamer and C. R. Hauser, J. Am. Chem. Soc., 72, 1352 (1950).

k. D. E. Floyd and S. E. Miller, Org. Synth., IV, 141 (1963).

1. E. E. Royals and D. G. Turpin, J. Am. Chem. Soc., 76, 5452 (1954).

be done in nonnucleophilic solvents to avoid solvolysis of the acylating agent. The
use of these reactive acylating agents can be complicated by competing O-acylation.
Magnesium enolates play a prominent role in these C-acylation reactions. The
magnesium enolate of diethyl malonate, for example, can be prepared by reaction with
magnesium metal in ethanol. It is soluble in ether and undergoes C-acylation by acid
anhydrides and acyl chlorides. The preparation of diethyl benzoylmalonate (Entry 1,
Scheme 2.15) is an example of the use of an acid anhydride. Entries 2 to 5 illustrate
the use of acyl chlorides. Entry 3 is carried out in basic aqueous solution and results
in deacylation of the initial product.

Monoalkyl esters of malonic acid react with Grignard reagents to give a chelated
enolate of the malonate monoanion.

R'O,CCH,CO,H + 2RMgx — O O~

These carbon nucleophiles react with acyl chlorides?® or acyl imidazolides.??' The

initial products decarboxylate readily so the isolated products are [3-ketoesters.

M92+
IR RCOCI I
O O T . RO,CCHCR
RO” X0  RCOIm '

CHs

CHj

220- R, E. Ireland and J. A. Marshall, J. Am. Chem. Soc., 81, 2907 (1959).

221- J. Maibaum and D. H. Rich, J. Org. Chem., 53, 869 (1988); W. H. Moos, R. D. Gless, and H. Rapoport,
J. Org. Chem., 46, 5064 (1981); D. W. Brooks, L. D.-L. Lu, and S. Masamune, Angew. Chem. Int. Ed.
Engl., 18, 72 (1979).



Scheme 2.15. Acylation of Ester Enolates with Acyl Halides, Anhydrides, and Imidazolides

A. Acylation with acyl halides and mixed anhydrides
1a
1l
PhCOCOC,H5; + C,HsOMgCH(CO,C,Hs), — PhCOCH(CO,C,Hs),
68—-75%

2b
Qcom + C,HsOMgCH(CO,C,Hg), —= QCOCH(COzCsz)z

NO, NO, 82 -88%
3¢ ﬁ
Nt 0)
O™Na O CCH;g
— — PhCCH,CO,C,H
CH3;C=CHCO,C,H5 + PhCOCI PhC—CH—CO,C,Hs 2-Y2bols
68-71%
(l?
d — +
4 O™Na ﬁ lcl) (l:CH3
CH3;C=CHCO,C,Hg + CIC(CH,)3CO,C,Hs; —= C,H50,C(CH,)3C—CHCO,CoHs
5e 0 61-66%
, I 0
R,NLi (CHg);CCCl |
CH3;CO,C,Hs —— LICH,CO,C,Hsg S (CH3)3CCCH,CO,CoH;
70%
6f o
1) LDA Il
CH3CO,CH,4 CH30,CCH,C(CHy);,CH3
2) CICO(CH);,CH3 83%
3) H*
B. Acylation with imidazolides
79
O
/—\ 1) 25°C Il
o) CHzﬁN\yN + Mg(O,CCH,CO,C5Hs), —+> o CH,CCH,CO,C,Hsg
2)H
h 0 66%
8 CHjy CH,
¥
N + LICH,CO,C(CHg); —2.C H
O C 1h o
— o” \N/§ _ 4CCHZCOZC(CH3)3
=N O
i 83%
9 o]
N 65°C H' I
O,NCH,™ + CH3CN N 22~ . CHCCH,NO,
16 h 80%
10/ A/
I|4 1) N\VNﬁN\\/N H ﬁ
I
t-BUozCN?HCOzH o) t-BuOZCNcllHCCHZCOZCZHs
O
CH(CHj3), 0 CH(CHs3), 83%
~o
OEt
a. J. A. Price and D. S. Tarbell, Org. Synth., IV, 285 (1963).
b. G. A. Reynolds and C. R. Hauser, Org. Synth., IV, 708 (1963).
c. J. M. Straley and A. C. Adams, Org. Synth., IV, 415 (1963).
d. M. Guha and D. Nasipuri, Org. Synth., V, 384 (1973).
e. M. W. Rathke and J. Deitch, Tetrahedron Lett., 2953 (1971).
f. D. F. Taber, P. B. Deker, H. M. Fales, T. H. Jones, and H. A. Lloyd, J. Org. Chem., 53, 2968 (1988).
g. A. Barco, S. Bennetti, G. P. Pollini, P. G. Baraldi, and C. Gandolfi, J. Org. Chem., 45, 4776 (1980).
h. E. J. Corey, G. Wess, Y. B. Xiang, and A. K. Singh, J. Am. Chem. Soc., 109, 4717 (1987).
i. M. E. Jung, D. D. Grove, and S. L. Khan, J. Org. Chem., 52, 4570 (1987).
j- J. Maibaum and D. H. Rich, J. Org. Chem., 53, 869 (1988).
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Acyl imidazolides are more reactive than esters but not as reactive as acyl halides.
Entry 7 is an example of formation of a 3-ketoesters by reaction of magnesium enolate
monoalkyl malonate ester by an imidazolide. Acyl imidazolides also are used for
acylation of ester enolates and nitromethane anion, as illustrated by Entries 8, 9, and
10. N-Methoxy-N-methylamides are also useful for acylation of ester enolates.

OCH, o %) ;;OSEC
CHa(CHo),CN, + CH=C__ ﬁ CH3(CH,)4CCH,CO,CoHs
CHs OCoHs 82%

Ref. 222
Both diethyl malonate and ethyl acetoacetate can be acylated by acyl chlorides
using magnesium chloride and pyridine or triethylamine.???

; I, o=t
MgClI
C,H50,CCH,CCHg4 ﬁ»z Reel C,H50,CCHCCH,4
pyridine I
¢}

Rather similar conditions can be used to convert ketones to [-keto acids by
carboxylation.??*

o) o)
[l MgCl,, Nal  y+ I
CH3CH,CCH,CH,4 —»= CH4CH,CCHCH,4
CH4CN, CO, |
EtgN CO,H

These reactions presumably involve formation of a magnesium chelate of the keto
acid. The 3-ketoacid is liberated when the reaction mixture is acidified during workup.

Mg?*

Carboxylation of ketones and esters can also be achieved by using the magnesium
salt of monomethyl carbonate.

ﬁ o)
DMF H* I
QCCHS + MQ(0,COCHy), = —= QCCHzCOzH

Ref. 225

222- 3. A. Turner and W. S. Jacks, J. Org. Chem., 54, 4229 (1989).

23- M. W. Rathke and P. J. Cowan, J. Org. Chem., 50, 2622 (1985).

24 R. E. Tirpak, R. S. Olsen, and M. W. Rathke, J. Org. Chem., 50, 4877 (1985).
225 M. Stiles, J. Am. Chem. Soc., 81, 2598 (1959).

NN



(0] (0]

HO,C.,,
O 1) Mg(0,COMe), O
2 H*
CgHyi;” ~0” O CgHi,” Y07 O 75%

Ref. 226

The enolates of ketones can be acylated by esters and other acylating agents.

The products of these reactions are (3-dicarbonyl compounds, which are rather acidic

and can be alkylated by the procedures described in Section 1.2. Reaction of ketone

enolates with formate esters gives a [3-ketoaldehyde. As these compounds exist in the

enol form, they are referred to as hydroxymethylene derivatives. Entries 1 and 2 in

Scheme 2.16 are examples. Product formation is under thermodynamic control so the

structure of the product can be predicted on the basis of the stability of the various
possible product anions.

o o)
I NaoEt |l H* RC—CR’
RCH,CR' + HCO,C,H; ——= RCCR —  / \\
C
AN
4—C—ona H OH"

Ketones are converted to (-ketoesters by acylation with diethyl carbonate or
diethyl oxalate, as illustrated by Entries 4 and 5 in Scheme 2.16. Alkyl cyanoformate
can be used as the acylating reagent under conditions where a ketone enolate has been
formed under kinetic control.?’

Q o
CHj LDA EtO,CCN H,O CH, CO,C,Hs
TMF
HMPA 86%

When this type of reaction is quenched with trimethylsilyl chloride, rather than by
neutralization, a trimethylsilyl ether of the adduct is isolated. This result shows that
the tetrahedral adduct is stable until the reaction mixture is hydrolyzed.

o) o Cl)Si(CH3)3
1)LDA  (Me)sSiCl ?OCZHS
2) EtO,CCN CN

Ref. 228
[B-Keto sulfoxides can be prepared by acylation of dimethyl sulfoxide anion with
esters.”?

Il | |
RCOR’ + "CH,SCH; = RCCHSCH; * R'OH

226.
227.

W. L. Parker and F. Johnson, J. Org. Chem., 38, 2489 (1973).

L. N. M
228. F. E.

E. J.

G. A. R

ander and S. P. Sethi, Tetrahedron Lett., 24, 5425 (1983).

Ziegler and T.-F. Wang, Tetrahedron Lett., 26, 2291 (1985).

Corey and M. Chaykovsky, J. Am. Chem. Soc., 87, 1345 (1965); H. D. Becker, G. J. Mikol, and
ussell, J. Am. Chem. Soc., 85, 3410 (1963).

229.
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Scheme 2.16. Acylation of Ketones by Esters

1* 0 Q
CHOH
NaH
+ HC02C2H5 —_—
70-74%
2p e R
CHOH
NaH
| + HCO,CoHy s L
H H 69%, mixture of cis and
trans at ring junction
C
¥ o

I NaH [
CHsCCHg + CHy(CHp)4CO,CHs ——=  CH3CCH,C(CH,),CH,
54— 65%

O

| NaOEt H* I I I
CH3CCH3 + 2 (C02C2H5)2 I I CZHSOZCCCH2CCH2CCOZC2H5

5 0 o
NaH CO,CyHg
+ O=C(OC,Hy), —2= d/
91-94%

85%

6f .
CH, §H205Rs CH; CH,0SiR;  CHy CH,OSIR,
1) LDA . wCO,Me
: 2) MeO,CCN L |
: 0 2)Me; o 0
H H = H
~ COyMe _
major minor

a. C. Ainsworth, Org. Synth., IV, 536 (1963).

b. P. H. Lewis, S. Middleton, M. J. Rosser, and L. E. Stock, Aust. J. Chem., 32, 1123 (1979).

c. N. Green and F. B. La Forge, J. Am. Chem. Soc., 70, 2287 (1948); F. W. Swamer and C. R. Hauser,
J. Am. Chem. Soc., 72, 1352 (1950).

d. E. R. Riegel and F. Zwilgmeyer, Org. Synth., IL, 126 (1943).

e. A. P. Krapcho, J. Diamanti, C. Cayen, and R. Bingham, Org. Synth., 47, 20 (1967).

f. F. E. Ziegler, S. 1. Klein, U. K. Pati, and T.-F. Wang, J. Am. Chem. Soc., 107, 2730 (1985).

Mechanistically, this reaction is similar to ketone acylation. The B-keto sulfoxides have
several synthetic applications. The sulfoxide substituent can be removed reductively,
which leads to methyl ketones.

o} o}
[ Zn Hg I
CH30 CCH,SOCH; —> CH,0 CCH;
Ref. 230

The B-keto sulfoxides can be alkylated via their anions. Inclusion of an alkylation step
prior to the reduction provides a route to ketones with longer chains.

230- G. A. Russell and G. J. Mikol, J. Am. Chem. Soc., 88, 5498 (1966).



1) NaH Zn Hg
PhCOCH,SOCH,4 2? Phcocl:HSOCHsi» PhCOCH,CH,4

3l

Ref. 231
These reactions accomplish the same overall synthetic transformation as the acylation
of ester enolates, but use desulfurization rather than decarboxylation to remove
the anion-stabilizing group. Dimethyl sulfone can be subjected to similar reaction
sequences.”*?

2.4. Olefination Reactions of Stabilized Carbon Nucleophiles

This section deals with reactions that correspond to Pathway C, defined earlier
(p. 64), that lead to formation of alkenes. The reactions discussed include those of
phosphorus-stabilized nucleophiles (Wittig and related reactions), a a-silyl (Peterson
reaction) and a-sulfonyl (Julia olefination) with aldehydes and ketones. These
important rections can be used to convert a carbonyl group to an alkene by reaction
with a carbon nucleophile. In each case, the addition step is followed by an elimination.

| R EWG o R
I U S
| R RR " R
EWG

A crucial issue for these reactions is the stereoselectivity for formation of E- or
Z-alkene. This is determined by the mechanisms of the reactions and, as we will
see, can be controlled in some cases by the choice of particular reagents and reaction
conditions.

2.4.1. The Wittig and Related Reactions of Phosphorus-Stabilized
Carbon Nucleophiles

The Wittig reaction involves phosphonium ylides as the nucleophilic carbon
species.”®® An ylide is a molecule that has a contributing resonance structure with
opposite charges on adjacent atoms, each of which has an octet of electrons. Although
this definition includes other classes of compounds, the discussion here is limited
to ylides having the negative charge on the carbon. Phosphonium ylides are stable,
but quite reactive, compounds. They can be represented by two limiting resonance
structures, which are referred to as the ylide and ylene forms.

(CHg)sP—CH,~ == (CH3)sP=CH,
ylide ylene

21 P, G. Gassman and G. D. Richmond, J. Org. Chem., 31, 2355 (1966).

232. H. O. House and J. K. Larson, J. Org. Chem., 33, 61 (1968).

233- For general reviews of the Wittig reaction, see A. Maercker, Org. React., 14, 270 (1965); 1. Gosney and
A. G. Rowley, in Organophosphorus Reagents in Organic Synthesis, J. 1. G. Cadogan, ed., Academic
Press, London, 1979, pp. 17-153; B. A. Maryanoff and A. B. Reitz, Chem. Rev., 89, 863 (1989);
A. W. Johnson, Ylides and Imines of Phosphorus, John Wiley, New York, 1993; N. J. Lawrence,
in Preparation of Alkenes, Oxford University Press, Oxford, 1996, pp. 19-58; K. C. Nicolaou,
M. W. Harter, J. L. Gunzer, and A. Nadin, Liebigs Ann. Chem., 1283 (1997).
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NMR spectroscopic studies ('H, '*C, and *'P) are consistent with the dipolar ylide
structure and suggest only a minor contribution from the ylene structure.?** Theoretical
calculations support this view.?> The phosphonium ylides react with carbonyl
compounds to give olefins and the phosphine oxide.

Rp-CR, + R,C=0— R,C=CR’, + RyP=0

There are related reactions involving phosphonate esters or phosphines oxides. These
reactions differ from the Wittig reaction in that they involve anions formed by depro-
tonation. In the case of the phosphonate esters, a second EWG substituent is usually
present.

O o

I base I R,C=0
(R'0),PCH,-EWG (R'0),PCH-EWG R,C =CH-EWG

2.4.1.1. Olefination Reactions Involving Phosphonium Ylides. The synthetic potential
of phosphonium ylides was developed initially by G. Wittig and his associates at
the University of Heidelberg. The reaction of a phosphonium ylide with an aldehyde
or ketone introduces a carbon-carbon double bond in place of the carbonyl bond.
The mechanism originally proposed involves an addition of the nucleophilic ylide
carbon to the carbonyl group to form a dipolar intermediate (a betaine), followed by
elimination of a phosphine oxide. The elimination is presumed to occur after formation
of a four-membered oxaphosphetane intermediate. An alternative mechanism proposes
direct formation of the oxaphosphetane by a cycloaddition reaction.*® There have
been several computational studies that find the oxaphosphetane structure to be an
intermediate.”®” Oxaphosphetane intermediates have been observed by NMR studies
at low temperature.*® Betaine intermediates have been observed only under special
conditions that retard the cyclization and elimination steps.?*

(betaine irltermediate)
Ar3lf—CIZR’2
O-CR,
' ArsP=0 + R,C=CR/,
Ar3'|3_c|:R2
O-CR/,

ArP—CR, +R’,C=0

(oxaphosphetane intermediate)

234 H. Schmidbaur, W. Bucher, and D. Schentzow, Chem. Ber., 106, 1251 (1973).

235- A Streitwieser, Jr., A. Rajca, R. S. McDowell, and R. Glaser, J. Am. Chem. Soc., 109, 4184 (1987);
S. M. Bachrach, J. Org. Chem., 57, 4367 (1992); D. G. Gilheany, Chem. Rev., 94, 1339 (1994).

236- E. Vedejs and K. A. J. Snoble, J. Am. Chem. Soc., 95, 5778 (1973); E. Vedejs and C. F. Marth, J. Am.
Chem. Soc., 112, 3905 (1990).

237- R. Holler and H. Lischka, J. Am. Chem. Soc., 102, 4632 (1980); F. Volatron and O. Eisenstein, J. Am.
Chem. Soc., 106, 6117 (1984); F. Mari, P. M. Lahti, and W. E. McEwen, J. Am. Chem. Soc., 114,
813 (1992); A. A. Restrepocossio, C. A. Gonzalez, and F. Mari, J. Phys. Chem. A, 102, 6993 (1998);
H. Yamataka and S. Nagase, J. Am. Chem. Soc., 120, 7530 (1998).

238- E. Vedejs, G. P. Meier, and K. A. J. Snoble, J. Am. Chem. Soc., 103, 2823 (1981); B. E. Maryanoff,
A. B. Reitz, M. S. Mutter, R. R. Inners, H. R. Almond, Jr., R. R. Whittle, and R. A. Olofson, J. Am.
Chem. Soc., 108, 7684 (1986).

239 R. A. Neumann and S. Berger, Eur. J. Org. Chem., 1085 (1998).



Phosphonium ylides are usually prepared by deprotonation of phosphonium salts.
The phosphonium salts that are used most often are alkyltriphenylphosphonium halides,
which can be prepared by the reaction of triphenylphosphine and an alkyl halide. The
alkyl halide must be reactive toward S, 2 displacement.

N
PhsP + RCH,X —= PhsP—CH,R X~
X=1,Br,orCl

PhsPCH,R P3S€  php—cHR

Alkyltriphenylphosphonium halides are only weakly acidic, and a strong base must
be used for deprotonation. Possibilities include organolithium reagents, the anion
of dimethyl sulfoxide, and amide ion or substituted amide anions, such as LDA
or NaHMDS. The ylides are not normally isolated, so the reaction is carried out
either with the carbonyl compound present or with it added immediately after ylide
formation. Ylides with nonpolar substituents, e.g., R = H, alkyl, aryl, are quite reactive
toward both ketones and aldehydes. Ylides having an a-EWG substituent, such as
alkoxycarbonyl or acyl, are less reactive and are called stabilized ylides.

The stereoselectivity of the Wittig reaction is believed to be the result of steric
effects that develop as the ylide and carbonyl compound approach one another. The
three phenyl substituents on phosphorus impose large steric demands that govern the
formation of the diastereomeric adducts.?*® Reactions of unstabilized phosphoranes are
believed to proceed through an early TS, and steric factors usually make these reactions
selective for the cis-alkene.?*' Ultimately, however, the precise stereoselectivity is
dependent on a number of variables, including reactant structure, the base used for
ylide formation, the presence of other ions, solvent, and temperature.>*?

Scheme 2.17 gives some examples of Wittig reactions. Entries 1 to 5 are typical
examples of using ylides without any functional group stabilization. The stereoselec-
tivity depends strongly on both the structure of the ylide and the reaction conditions.
Use of sodium amide or NaHMDS as bases gives higher selectivity for Z-alkenes than
do ylides prepared with alkyllithium reagents as base (see Entries 3 to 6). Benzyli-
denetriphenylphosphorane (Entry 6) gives a mixture of both cis- and trans-stilbene on
reaction with benzaldehyde. The diminished stereoselectivity is attributed to complexes
involving the lithium halide salt that are present when alkyllithium reagents are used
as bases.

[B-Ketophosphonium salts are considerably more acidic than alkylphosphonium
salts and can be converted to ylides by relatively weak bases. The resulting ylides,
which are stabilized by the carbonyl group, are substantially less reactive than unfunc-
tionalized ylides. More vigorous conditions are required to bring about reactions
with ketones. Stabilized ylides such as (carboethoxymethylidene)triphenylphosphorane
(Entries 8 and 9) react with aldehydes to give exclusively trans double bonds.

240- M. Schlosser, Top. Stereochem., 5, 1 (1970); M. Schlosser and B. Schaub, J. Am. Chem. Soc., 104, 5821
(1982); H. J. Bestmann and O. Vostrowsky, Top. Curr. Chem., 109, 85 (1983); E. Vedejs, T. Fleck,
and S. Hara, J. Org. Chem., 52, 4637 (1987).

241 E. Vedejs, C. F. Marth, and P. Ruggeri, J. Am. Chem. Soc., 110, 3940 (1988); E. Vedejs and C. F.
Marth, J. Am. Chem. Soc., 110, 3948 (1988); E. Vedejs and C. F. Marth, J. Am. Chem. Soc., 112, 3905
(1990).

242- A, B. Reitz, S. O. Nortey, A. D. Jordan, Jr., M. S. Mutter, and B. E. Maryanoff, J. Org. Chem., 51, 3302
(1986); B. E. Maryanoff and A. B. Reitz, Chem. Rev., 89, 863 (1989); E. Vedejs and M. J. Peterson,
Adv. Carbanion Chem., 2, 1 (1996); E. Vedejs and M. J. Peterson, Top. Stereochem., 21, 1 (1994).
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Scheme 2.17. The Wittig Reaction
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12 . NaCH,S(0)CHs

PhsPCHy~ ————>  Php=CH,

DMSO
0 + Phyp=CH, PMSQ CH,
86%

2 n-BuLi
PhyPCH,CH,CH,CH,CHy B TBYH by p=CHCH,CH,CH,CH,

DMSO

DMSO
CHeCCHg  +  PhgP=CH(CH;);CHs > (CH3),C=CH(CH,)sCHs
56%

.
3° CHyCHyPPhyBrr NN

3
CgHsCHO + CH3CH=PPhy ——» CgHsCH=CHCH,
benzene .
98% yield, 87% Z

CH3;CH=PPh,

+ n-BuLi
4% CH,CH,PPhy - =5 CH,CH=PPh,
CHCH=0 + CHsCH=PPh; — 5! CgHsCH=CHCH,
76% yield, 58% Z

5d I
. Na” "N(SiMejy),
CH3CH,CH,CH,CH,PPh, Br~ CH4CH,CH,CH,CH=PPh,
II
HC(CH,);CH,0AC + CH3(CH,)sCH=PPh,; — CH3(CH)3CH=CH(CH,);CH,0Ac
79% yield, 98% Z
68 + cr PhLi
HsCH,PPh ——>  CgHsCH=PPh
CgHsCH,PPh3 othor 6Hs 3

CeHsCH=0 + CgHsCH=PPh; — CgHsCH=CHC¢Hs
82% yield, 70% Z

7f
<:>:o + CgHsCH=PPh; — <:>:CHC6H5

NaOH
8% PhyPCH,CO,CH,CHy B~  ——~ PhsP=CHCO,CH,CH;

60%

stable, isolable ylide

CHO H0 )
J benzene X CO2CH,CHg
+ PhyP=CHCO,CH,CHy ——~ ¢
0 OH (2 equiv.) reflux o OHH
' 2h 86%
of
EtOH

CgHsCHO + PhsP=CHCO,CH,CH, ~  CeHsCH=CHCO,CH,CH3
77%, yield, only E-isomer

10"

+ CHj3
PhsPCH; Br-,
KOCR3, toluene

CH,

90°C, 30 min

o CHj

(Continued)



Scheme 2.17. (Continued)
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11! CH + CH.. ,CH

CHs ®  PhpCHBr T3 :

KOCR,
i 100°C, 2 h ch 91%
®0 ® CH,
125 1) LiBr, THF, —78°C
CH,CH,CH,CH
CH,CH,CH,CH,CH=0 + CH;CH=PPh, 2) BuLl g CH,0H
3) CH,0, 25°C H CH,
13!
CHO
CHg/Y\/\/ + Ph3P=?COZC?2H5 — CHB/YMCOZCHs
CH, CH, CH, CH,
Boc 85% yield, 92:8 E:Z
14 s \ CH=0
CH, N_tM=0.
CHZWP*P%I‘+ 3>< j LiHMDS
OCH, CH™ o THF/HMPA
CH,
H
CHZ\\/Y\M — G
WO 69%
15' OCH,4 N
satd. K,COg, Boc CH,
o CH,Cl, o CH,
COCHO + PhyP*cH,—~ j NCOCH=CH—< j
o phase o)
transfer

16™ 100% yield, 72:28 Z:E

ArQ, ArO
NaHMDS
b« * PRPCHICOM e Ho X/ A oM
toluene

(0) OH o
-78°C 60%

Ar = 4-methoxybenzyl

CH; CH, CH, CH,

1)CH,Li-LiBr

THF - 78°C

51% 4:1 Z:E
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When a hindered ketone is to be converted to a methylene derivative, the best
results are obtained if potassium 7-alkoxide is used as the base in a hydrocarbon solvent.
Under these conditions the reaction can be carried out at elevated temperatures.?*?
Entries 10 and 11 illustrate this procedure.

The reaction of nonstabilized ylides with aldehydes can be induced to yield
E-alkenes with high stereoselectivity by a procedure known as the Schlosser modifi-
cation of the Wittig reaction.?** In this procedure, the ylide is generated as a lithium
halide complex and allowed to react with an aldehyde at low temperature, presumably
forming a mixture of diastereomeric betaine-lithium halide complexes. At the temper-
ature at which the addition is carried out, there is no fragmentation to an alkene and
triphenylphosphine oxide. This complex is then treated with an equivalent of strong
base such as phenyllithium to form a (-oxido ylide. Addition of one equivalent of
t-butyl alcohol protonates the 3-oxido ylide stereoselectivity to give the syn-betaine as
a lithium halide complex. Warming the solution causes the syn-betaine-lithium halide
complex to give trans-alkene by a syn elimination.

Lli n Ol
, H R’
RCH—CHR’ . RCH-CR’ LR
PhL t-BUOH R
L'*Cl) P*Ph IL'+o P*Ph ) R R H
| ~ | "~
s s P*Phs

An extension of this method can be used to prepare allylic alcohols. Instead of
being protonated, the 3-oxido ylide is allowed to react with formaldehyde. The 3-oxido
ylide and formaldehyde react to give, on warming, an allylic alcohol. Entry 12 is an
example of this reaction. The reaction is valuable for the stereoselective synthesis of
Z-allylic alcohols from aldehydes.”®

on o~
| . o 1)CH,=0 R CH,OH
RCH(|3H—PPh3 RLi  RCHC=PPh;
& 2s°C R 2)25°C H R
betaine B-oxido ylide

The Wittig reaction can be applied to various functionalized ylides.?*
Methoxymethylene and phenoxymethylene ylides lead to vinyl ethers, which can be
hydrolyzed to aldehydes.?*’

243- J. M. Conia and J. C. Limasset, Bull. Soc. Chim. France, 1936 (1967); J. Provin, F. Leyendecker, and
J. M. Conia, Tetrahedron Lett., 4053 (1975); S. R. Schow and T. C. Morris, J. Org. Chem., 44, 3760
(1979).

244. M. Schlosser and K.-F. Christmann, Liebigs Ann. Chem., 708, 1 (1967); M. Schlosser, K.-F. Christmann,
and A. Piskala, Chem. Ber., 103, 2814 (1970).

245- E. J. Corey and H. Yamamoto, J. Am. Chem. Soc., 92, 226 (1970); E. J. Corey, H. Yamamoto,
D. K. Herron, and K. Achiwa, J. Am. Chem. Soc., 92, 6635 (1970); E. J. Corey and H. Yamamoto,
J. Am. Chem. Soc., 92, 6636 (1970); E. J. Corey and H. Yamamoto, J. Am. Chem. Soc., 92, 6637 (1970);
E. J. Corey, J. I. Shulman, and H. Yamamoto, Tetrahedron Lett., 447 (1970).

246. S Warren, Chem. Ind. (London), 824 (1980).

247-°S. G. Levine, J. Am. Chem. Soc., 80, 6150 (1958); G. Wittig, W. Boll, and K. H. Kruck, Chem. Ber.,
95, 2514 (1962).



0 PhyP=CHOCH, CHOCH;

OCH,0CH,CH,0OCH, OCH,0OCH,CH,OCHj

Ref. 248
2-(1,3-Dioxolanyl)methyl ylides can be used for the introduction of o, B-unsaturated
aldehydes (see Entry 15, Scheme 2.17). Methyl ketones can be prepared by a reaction
using the a-methoxyethylidene phosphorane.

DME I
CHy(CH,)sCH=0 + CH3o<|:=PPh3 oo CHa(CHAsCH=COCH, H20. HCl o (CH)5CH,CCH,
CH, CH,  CHOH 57%
Ref. 249

There have been many applications of the Wittig reaction in multistep syntheses.
The reaction can be used to prepare extended conjugated systems, such as crocetin
dimethyl ester, which has seven conjugated double bonds. In this case, two cycles of
Wittig reactions using stabilized ylides provided the seven double bonds. Note the use
of a conjugated stabilized ylide in the second step.?>°

i
CH )
0—cH PheP=CCO,CH;  CH,0,C. A~ g 1) LiAH,
NN —_— 7 ZNco.CH
CH=0 Amberlyst 15 CH 2CH3 2) MnO,
3
|CH3 CH,
CHj _ _ O=CH P
CHI0,C._ i A A s PhyP = CHCH = CCO,CH, WCH:O
CO,CH; CH,
CH, 70%

In several cases of syntheses of highly functionalized molecules, use of CH;Li-
LiBr for ylide formation has been found to be advantageous. For example, in the
synthesis of milbemycin D, Crimmins and co-workers obtained an 84% yield with
10:1 Z:E selectivity.?®! In this case, the more stable E-isomer was required and it was
obtained by I,-catalyzed isomerization.

1) CH,Li—LiBr
-78°C
(0]
Huw 2) 1,, 25°C
Him
CH(CHy),

248 M. Yamazaki, M. Shibasaki, and S. lkegami, J. Org. Chem., 48, 4402 (1983).

249 D. R. Coulsen, Tetrahedron Lett., 3323 (1964).

250- D, Frederico, P. M. Donate, M. G. Constantino, E. S. Bronze, and M. 1. Sairre, J. Org. Chem., 68, 9126
(2003).

251 M. T. Crimmins, R. S. Al-awar, I. M. Vallin, W. G. Hollis, Jr., R. O’Mahony, J. G. Lever, and
D. M. Bankaitis-Davis, J. Am. Chem. Soc., 118, 7513 (1996).
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This methodology was also used in the connecting of two major fragments in the
synthesis of spongistatins.

252

OTBDMS
I ,CH

These conditions were also employed for a late stage of the synthesis of
(+)-discodermolide (see Entry 17, Scheme 2.17).

2.4.1.2. Olefination Reactions Involving Phosphonate Anions. An important
complement to the Wittig reaction involves the reaction of phosphonate carbanions
with carbonyl compounds.?>* The alkylphosphonic acid esters are made by the reaction
of an alkyl halide, preferably primary, with a phosphite ester. Phosphonate carbanions
are generated by treating alkylphosphonate esters with a base such as sodium hydride,
n-butyllithium, or sodium ethoxide. Alumina coated with KF or KOH has also found
use as the base.?™*

i
RCH,X + P(OC,Hg); —  RCH,P(OC,Hg), + CyHsX
o o)

[l base _
RCH,P(OC;Hs),  —=  RCHP(OC;Hs),

i 0 I
_ -0 ,
RCHP(OC,Hg), + R,C=0 — | lf(OCsz)z—’ R’,C=CHR + (C;H50),P—0O"
R’,C—CHR

Reactions with phosphonoacetate esters are used frequently to prepare o,[3-
unsaturated esters. This reaction is known as the Wadsworth-Emmons reaction and
usually leads to the E-isomer.

o

base ~ R
RO, %

I
R’O,CCH,P(OC,Hs), + O=CHR

The conditions can be modified to favor the Z-isomer. Use of KHMDS with 18-
crown-6 favors the Z-product.?> This method was used, for example, to control the

252- M. T. Crimmins, J. D. Katz, D. G. Washburn, S. P. Allwein, and L. F. McAtee, J. Am. Chem. Soc.,
124, 5661 (2002); see also C. H. Heathcock, M. McLaughlin, J. Medina, J. L. Hubbs, G. A. Wallace,
R. Scott, M. M. Claffey, C. J. Hayes, and G. R. Ott, J. Am. Chem. Soc., 125, 12844 (2003).

233- For reviews of reactions of phosphonate carbanions with carbonyl compounds, see J. Boutagy and
R. Thomas, Chem. Rev., 74, 87 (1974); W. S. Wadsworth, Jr., Org. React., 25, 73 (1977); H. Gross and
L. Keitels, Z. Chem., 22, 117 (1982).

234 F. Texier-Boullet, D. Villemin, M. Ricard, H. Moison, and A. Foucaud, Tetrahedron, 41, 1259 (1985);
M. Mikolajczyk and R. Zurawinski, J. Org. Chem., 63, 8894 (1998).

235 'W. C. Still and C. Gennari, Tetrahedron Lett., 24, 4405 (1983).



stereochemistry in the synthesis of the Z- and E-isomers of (3-santalol, a fragrance
that is a component of sandalwood oil.

CH, CO,C,Hs

I
PhyP=CCO,C,H,

THF

M =0 —
CH,

cH, T

o 3

I
(C;H50),PCHCO,C,H;
KHMDS, 18-crown-6

Z-(3-santalol
Ref. 256

Several modified phosphonoacetate esters show selectivity for the Z-enoate
product. Trifluoroethyl,>® phenyl,®” 2-methylphenyl,”® and 2,6-difluorophenyl*>
esters give good Z-stereoselectivity with aldehydes. The trifluoroethyl esters also give
Z-selectivity with ketones.?*

I H H
RCH=0 + CH30,CCH,P(OR), —=
R CO,CHs

R’ = CH,CFj3, phenyl, 2-methylphenyl, 2,6-difluorophenyl

Several other methodologies have been developed for control of the stereoselectivity of
Wadsworth-Emmons reactions. For example, K,COj; in chlorobenzene with a catalytic
amount of 18-crown-6 is reported to give excellent Z-selectivity.’®! Another group
found that use of excess Na*, added as Nal, improved Z-selectivity for 2-methylphenyl
esters.

CH
3 1.3 eq. NaH CHy

I
TBDMSO” “cH—o *+  (ArO)PCH,CO,CH; ——r _ COCH,
(1.3eq.) 1.0 eq Nal TBDMSO
88% >99:1 Z:E

An alternative procedure for effecting the condensation of phosphonoacetates is
to carry out the reaction in the presence of lithium chloride and an amine such as diiso-
propylethylamine. The lithium chelate of the substituted phosphonate is sufficiently
acidic to be deprotonated by the amine.?s

Lit .
o 0 ALt
RORR £ RN 1 7 ron=o
2N ~ / R”CH=CHCO,R
CH2/ OR R O)zF’\C//C\OR 2

236- A, Krotz and G. Helmchen, Liebigs Ann. Chem., 601 (1994).

257- K. Ando, Tetrahedron Lett., 36, 4105 (1995); K. Ando, J. Org. Chem., 63, 8411 (1998).

238- K. Ando, J. Org. Chem., 62, 1934 (1997); K. Ando, T. Oishi, M. Hirama, H. Ohno, and T. Ibuka, J.
Org. Chem., 65, 4745 (2000).

239- K. Kokin, J. Motoyoshiya, S. Hayashi, and H. Aoyama, Synth. Commun., 27, 2387 (1997).

260.S. Sano, K. Yokoyama, M. Shiro, and Y. Nagao, Chem. Pharm. Bull., 50, 706 (2002).

261. R, P. Touchard, Tetrahedron Lett., 45, 5519 (2004).

262. M. A. Blanchette, W. Choy, J. T. Davis, A. P. Essenfeld, S. Masamune, W. R. Roush, and T. Sakai,
Tetrahedron Lett., 25, 2183 (1984).
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This version of the Wadsworth-Emmons reaction has been used in the scaled-up
syntheses of drugs and drug-candidate molecules. For example, it is used to prepare
a cinnamate ester that is a starting material for pilot plant synthesis of a potential
integrin antagonist.?®*

o)
C|~Q—CH=0 . (CHO) ||3|CH co.cCHy DBU, LiCl CIQCH=CHCOZCC(CH3)3
2152 2 2 3/3 CH3CN

Br OCH,0OCH, Br OCH,OCH,

Entries 10 and 11 of Scheme 2.18 also illustrate this procedure.

Scheme 2.18 gives some representative olefination reactions of phosphonate
anions. Entry 1 represents a typical preparative procedure. Entry 2 involves formation
of a 2,4-dienoate ester using an «,[3-unsaturated aldehyde. Diethyl benzylphosphonate
can be used in the Wadsworth-Emmons reaction, as illustrated by Entry 3. Entries 4 to
6 show other anion-stabilizing groups. Intramolecular reactions can be used to prepare
cycloalkenes.?%*

I ol CH3
CH3C(CH,)3CCH,P(OC,Hs), ~ NaH

Ref. 265
Intramolecular condensation of phosphonate carbanions with carbonyl groups carried
out under conditions of high dilution have been utilized in macrocycle syntheses.
Entries 7 and 8 show macrocyclizations involving the Wadsworth-Emmons reaction.
Entries 9 to 11 illustrate the construction of new double bonds in the course of a
multistage synthesis. The LiCl/amine conditions are used in Entries 9 and 10.

The stereoselectivity of the reactions of stabilized phosphonate anions is usually
considered to be the result of reversible adduct formation, followed by rate/product-
controlling elimination that favors the E-isomer. This matter has been investigated by
computation. The Wadsworth-Emmons reaction between lithio methyl dimethylphos-
phonoacetate and acetaldehyde has been modeled at the HF/6-31G* level. Energies
were also calculated at the B3LYP/6-31G* level.?®® The energy profile for the interme-
diates and TSs are shown in Figure 2.5. In agreement with the prevailing experimental
interpretation, the highest barrier is for formation of the oxaphosphetane and the
addition step is reversible. The stereochemistry, then, is determined by the relative
ease of formation of the stereoisomeric oxaphosphetanes. The oxaphosphetane species
is of marginal stability and proceeds rapidly to product. At the B3LYP/6-31 4 G*
level, TS2,,,,, is 2.2kcal/mol more stable than TS2 . The path to the cis product
encounters two additional small barriers associated with slightly stable stereoisomeric

cis*

263 J. D. Clark, G. A. Weisenburger, D. K. Anderson, P.-J. Colson, A. D. Edney, D. J. Gallagher,
H. P. Kleine, C. M. Knable, M. K. Lantz, C. M. V. Moore, J. B. Murphy, T. E. Rogers, P. G. Ruminski,
A. S. Shah, N. Storer, and B. E. Wise, Org. Process Res. Devel., 8, 51 (2004).

264 K. B. Becker, Tetrahedron, 36, 1717 (1980).

265 P, A. Grieco and C. S. Pogonowski, Synthesis, 425 (1973).

266- K. Ando, J. Org. Chem., 64, 6815 (1999).



Scheme 2.18. Carbonyl Olefination Using Phosphonate Carbanions
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(Continued)
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Scheme 2.18. (Continued)

o}
o I
10K I OH csczH5
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f CH4CHCH,CH=0
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cHy O chy 0 O 72%
CH,CH(OCH,),
CH,CH(OCHa), wCHs
CHZP(OCHS)Z WCH 5
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o —78°C o) CH
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Fig. 2.5. Comparison of energy profile (AG) for pathways to E- and Z-product from the reaction
of lithio methyl dimethylphosphonoacetate and acetaldehyde. One molecule of dimethyl ether is
coordinated to the lithium ion. Reproduced from J. Org. Chem., 64, 6815 (1999), by permission of
the American Chemical Society.



oxaphosphetane intermediates. The oxaphosphatane is not a stable intermediate on the
path to trans product.

O
4
(CH30), P
H

_OLi*"O(CHy),
@ TS2is H H
H T CO,CH;4 =
TSlcy C|rt:3 CH;  CO,CH;
cis

I
(CH30)2P(|:HC02CH3 + CH30H=O

o

Li-O(CH5) 0
2 \CHso)zp/ O~Li*"O(CHa),
TSLyans CHz~ TS2yans CH3_ H
H CO,CH, =
u H CO,CH,
Inttrans

Visual models, additional information and exercises on the Wadsworth-Emmons
Reaction can be found in the Digital Resource available at: Springer.com/carey-
sundberg.

25—
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Fig. 2.6. Free-energy profile (B3LYP/6-31 4+ G* with ZPE correction) for inter-
mediates and transition structures for Wadsworth-Emmons reactions between the
lithium enolate of trimethyl phosphonoacetate anion and formaldehyde in the gas
phase and in tetrahydrofuran or ethanol. Adapted from J. Org. Chem., 63, 1280
(1998), by permission of the American Chemical Society.
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Another computational study included a solvation model.?®” Solvation strongly
stabilized the oxyanion adduct, suggesting that its formation may be rate and product
determining under certain circumstances. When this is true, analysis of stereoselectivity
must focus on the addition TS. Figure 2.6 shows the computed energy profile for
the TSs and intermediates. TSI is the structure leading to the oxyanion intermediate.
According to the energy profile, its formation is irreversible in solution and therefore
determines the product stereochemistry. The structure shows a rather small (30°-35°)
dihedral angle and suggests that steric compression would arise with a Z-substituent.

H ypro-E
Ny
(CH:0),P CO,CHs
o Hpro-Z

Structure 3 is the intermediate oxyanion adduct. TS2 is the structure leading to
cyclization of the oxyanion to the oxaphosphetane. Structure 4a is the oxaphosphetane,
and the computation shows only a small barrier for its conversion to product.

TS1 TS2 TS3

Carbanions derived from phosphine oxides also add to carbonyl compounds. The
adducts are stable but undergo elimination to form alkene on heating with a base such
as sodium hydride. This reaction is known as the Horner-Wittig reaction.?s

i i P
RLi R'CH=0
thPCHZR—>Ph2P(|3HR - thPcliHcllR’—> RCH=CHR’

Li R H

267. P, Brandt, P.-O. Norrby, 1. Martin, and T. Rein, J. Org. Chem., 63, 1280 (1998).
268- For a review, see J. Clayden and S. Warren, Angew. Chem. Int. Ed. Engl., 35, 241 (1996).



The unique feature of the Horner-Wittig reaction is that the addition intermediate
can be isolated and purified, which provides a means for control of the reaction’s
stereochemistry. It is possible to separate the two diastereomeric adducts in order to
prepare the pure alkenes. The elimination process is syn, so the stereochemistry of the
alkene that is formed depends on the stereochemistry of the adduct. Usually the anti
adduct is the major product, so it is the Z-alkene that is favored. The syn adduct is
most easily obtained by reduction of B-ketophosphine oxides.?®®

(I? o]
PhZP?HCHZCHZPh PhCHZCHZj.,)J\CHS
. “CH
CHg 1) BulLi NaBHj/ Phafl :
2) CH,CH=0 HO 0
H, oH H
PhCH,CH, X + PRCH,CH Ay,
%, CHs separate "’CH3
php Cs Phf)
I J
| NaH | NaH
CHsICHZCHZPh CHg__CH,CH,Ph
| X
H "CHj3 CHs H

2.4.2. Reactions of a-Trimethylsilylcarbanions with Carbonyl Compounds

Trialkylsilyl groups have a modest stabilizing effect on adjacent carbanions (see
Part A, Section 3.4.2). Reaction of the carbanions with carbonyl compounds gives
B-hydroxyalkylsilanes. 3-Hydroxyalkylsilanes are converted to alkenes by either acid
or base.?”" These eliminations provide the basis for a synthesis of alkenes. The reaction
is sometimes called the Peterson reaction.*’' For example, the Grignard reagent derived
from chloromethyltrimethylsilane adds to an aldehyde or ketone and the intermediate
can be converted to a terminal alkene by acid or base.?”?

_ Mg or Li ) R,C=0 agid
(CHg)3SICHX ———— (CHg)sSICHM — - (CH,),SICH,CR, —2» CH,=CR,
IsSICHCRz Fass
M =Li or MgX OH

Alternatively, organolithium reagents of the type (CH,);SiCH(Li)Z, where Z is a
carbanion-stabilizing substituent, can be prepared by deprotonation of (CH;),SiCH,Z
with n-butyllithium.

n-Buli R0 R,C=CHZ
(CH3)3SICHZ —» (CH3)3SiC|:HZ — R=

Li

29 A. D. Buss and S. Warren, J. Chem. Soc., Perkin Trans. 1, 2307 (1985).

270- P, F. Hudrlik and D. Peterson, J. Am. Chem. Soc., 97, 1464 (1975).

271 For reviews, see D. J. Ager, Org. React., 38, 1 (1990); D. J. Ager, Synthesis, 384 (1984); A. G. M. Barrett,
J. M. Hill, E. M. Wallace, and J. A. Flygare, Synlett, 764 (1991).

272 D. J. Peterson, J. Org. Chem., 33, 780 (1968).
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These reagents usually react with aldehydes and ketones to give substituted alkenes
directly. No separate elimination step is necessary because fragmentation of the inter-
mediate occurs spontaneously under the reaction conditions.

In general, the elimination reactions are anti under acidic conditions and syn
under basic conditions. This stereoselectivity is the result of a cyclic mechanism under
basic conditions, whereas under acidic conditions an acyclic 3-elimination occurs.

OH
O—SiR, R H R o,
Hin—L base acid Eog
R <— R H — RS-J ViH
I
R H SiRs : R

H R R
R H SR, R

The anti elimination can also be achieved by converting the (3-silyl alcohols to trifluo-
roacetate esters.”’? The stereoselectivity of the Peterson olefination depends on the
generation of pure syn or anti [3-silylalcohols, so several strategies have been developed
for their stereoselective preparation.?™

There can be significant differences in the rates of elimination of the stereoiso-
meric [3-hydroxysilanes. Van Vranken and co-workers took advantage of such a
situation to achieve a highly stereoselective synthesis of a styryl terpene. (The lithiated
reactant is prepared by reductive lithiation; see p. 625). The syn adduct decomposes
rapidly at —78°C but because of steric effects, the anti isomer remains unreacted.
Acidification then promotes anti elimination to the desired E-isomer.?”

RCHSICHg); + AICH=0 ©:OCHzPh
r—=

CH=CH, |.

CH3M 2 OCH,Ph

R= .
CH CH
3 3 R
R Ar oLt
Ar oLt _
H Si(CH3)3
i H
Si(CHa)
H o3 syn adduct
anti adduct CH5CO,H
) l fast
slow anti
¥ elimination R
R Ar Ar

68% 77:1E:Z

Scheme 2.19 provides some examples of the Peterson olefination. The Peterson
olefination has not been used as widely in synthesis as the Wittig and Wadsworth-
Emmons reactions, but it has been used advantageously in the preparation of relatively

273- M. F. Connil, B. Jousseaume, N. Noiret, and A. Saux, J. Org. Chem., 59, 1925 (1994).

274 A. G. M. Barrett and J. A. Flygare, J. Org. Chem., 56, 638 (1991); L. Duhamel, J.Gralak, and
A. Bouyanzer, J. Chem. Soc., Chem. Commun., 1763 (1993).

275- J. B. Perales, N. F. Makino, and D. L. Van Vranken, J. Org. Chem., 67, 6711 (2002).



Scheme 2.19. Carbonyl Olefination Using Trimethylsilyl-Substituted Organo-
lithium Reagents
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Scheme 2.19. (Continued)

CHs
CH,
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o) | 2) CF3CO,H, 0°C

Li CHS

CHO

OTBDMS  91%
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. P. A. Grieco, C. L. J. Wang, and S. D. Burke, J. Chem. Soc. Chem. Commun., 537 (1975).

. 1. Matsuda, S. Murata, and Y. Ishii, J. Chem. Soc., Perkin Trans. 1, 26 (1979).

. F. A. Carey and A. S. Court, J. Org. Chem., 37, 939 (1972).

. F. A. Carey and O. Hernandez, J. Org. Chem., 38, 2670 (1973).

f. D. Seebach, M. Kolb, and B.-T. Grobel, Chem. Ber., 106, 2277 (1973).

. B. T. Grobel and D. Seebach, Chem. Ber., 110, 852 (1977).

. P. Magnus and G. Roy, Organometallics, 1, 553 (1982).

. W. Adam and C. M. Ortega-Schulte, Synlert, 414 (2003).

. L. F. van Staden, B. Bartels-Rahm, J. S. Field, and N. D. Emslie, Tetrahedron, 54, 3255 (1998).
. J.-M. Galano, G. Audran, and H. Monti, Tetrahedron Lett., 42, 6125 (2001).

. S. F. Martin, J. A. Dodge, L. E. Burgess, and M. Hartmann, J. Org. Chem., 57, 1070 (1992).

unstable olefins. Entries 1 to 8 show the use of lithio silanes having a range of anion-
stabilizing groups. The anions are prepared using alkyllithium reagents or lithium
amides. Entries 9 to 11 illustrate the utility of the reaction to prepare relatively unstable
substituted alkenes. The silyl anions are typically more reactive than stabilized Wittig
ylides, and in the case of Entry 12 good results were obtained while the triphenylphos-
phonium ylide was unreactive. Entry 13 shows the use of Peterson olefination for
chain extension with an a-methyl-a, 3-unsaturated aldehyde. The preferred reagent

for this transformation is a lithio B-trialkylsilylenamine.?’®
Il_i
(C2Hs)3Si N

CHz;/ \O

2.4.3. The Julia Olefination Reaction

The Julia olefination involves the addition of a sulfonyl-stabilized carbanion to
a carbonyl compound, followed by elimination to form an alkene.?’”” In the initial
versions of the reaction, the elimination was done under reductive conditions. More
recently, a modified version that avoids this step was developed. The former version is
sometimes referred to as the Julia-Lythgoe olefination, whereas the latter is called the
Julia-Kocienski olefination. In the reductive variant, the adduct is usually acylated and
then treated with a reducing agent, such as sodium amalgam or samarium diiodide.?"®

276- R, Desmond, S. G. Mills, R. P. Volante, and 1. Shinkai, Tetrahedron Lett., 29, 3895 (1988).

277- P, R. Blakemore, J. Chem. Soc., Perkin Trans. 1, 2563 (2002).

28- A, S. Kende and J. Mendoza, Tetrahedron Lett., 31, 7105 (1990); G. E. Keck, K. A. Savin, and
M. A. Weglarz, J. Org. Chem., 60, 3194 (1995); K. Fukumoto, M. Ihara, S. Suzuki, T. Taniguchi,
and Y. Yokunaga, Synlett, 895 (1994); I. E. Marko, F. Murphy, and S. Dolan, Tetrahedron Lett., 37,
2089 (1996); 1. E. Marko, F. Murphy, L. Kumps, A. Ates, R. Touillaux, D. Craig, S. Carballares, and
S. Dolan, Tetrahedron, 57, 2609 (2001).



The mechanistic details of reductive elimination reactions of this type are considered
in Section 5.8.

O,R”  Na(Hg)
1) Base R . or
2) R”COCI Sml,
SO,Ph

PhSO,CH,R + O=CHR’ RCH=CHR’

In the modified procedure one of several heteroaromatic sulfones is used. The crucial
role of the heterocyclic ring is to provide a nonreductive mechanism for the elimination
step, which occurs by an addition-elimination mechanism that results in fragmentation
to the alkene. The original example used a benzothiazole ring,>” but more recently
tetrazoles have been developed for this purpose.?®°

0 N _
Nl base : 2 %r\o— N
JoserR —— S — S’#O’ —— RCH=CHR’
s S ,
0 o”IY R //ﬁ?w
+ O=CHR’ OR ©or

Other aryl sulfones that can accommodate the nucleophilic addition step also react
in the same way. For example, excellent results have been obtained using 3,5-bis-
(trifluoromethyl)phenyl sulfones.?!

CFs
CFs o FsC CFs
Il base B
ScHR - —— o —= RCH=CHR + O
=s
R/
o, O Sy cr.

+ O=CHR’ "

As is the case with the Wittig and Peterson olefinations, there is more than one
point at which the stereoselectivity of the reaction can be determined, depending on the
details of the mechanism. Adduct formation can be product determining or reversible.
Furthermore, in the reductive mechanism, there is the potential for stereorandomization
if radical intermediates are involved. As a result, there is a degree of variability in the
stereoselectivity. Fortunately, the modified version using tetrazolyl sulfones usually
gives a predominance of the E-isomer.

Scheme 2.20 gives some examples of the application of the Julia olefination in
synthesis. Entry 1 demonstrates the reductive elimination conditions. This reaction
gave a good E:Z ratio under the conditions shown. Entry 2 is an example of the use
of the modified reaction that gave a good E:Z ratio in the synthesis of vinyl chlorides.
Entry 3 uses the tetrazole version of the reaction in the synthesis of a long-chain
ester. Entries 4 to 7 illustrate the use of modified conditions for the synthesis of
polyfunctional molecules.

279- J. B. Baudin, G. Hareau, S. A. Julia, and O. Ruel, Tetrahedron Lett., 32, 1175 (1991).

280. p_R. Blakemore, W. J. Cole, P. J. Kocienski, and A. Morley, Synlett, 26 (1998); P. J. Kocienski, A. Bell,
and P. R. Blakemore, Synlett, 365 (2000).

21 D.A. Alonso, M. Fuensanta, C. Najera, and M. Varea, J. Org. Chem., 70, 6404 (2005).
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Scheme 2.20. Julia Olefination Reactions
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2.5. Reactions Proceeding by Addition-Cyclization

The reactions in this section correspond to the general Pathway D discussed
earlier (p. 64), in which the carbon nucleophile contains a potential leaving group.
This group can be the same or a different group from the anion-stabilizing group. One
group of reagents that reacts according to this pattern are the sulfonium ylides, which
react with carbonyl compounds to give epoxides.

R R '/o— \\ o
R,'S—CH,~ + O=CR, — HR’ R—AN-g
R ‘\ RI

R,"S ) R’

There are related reactions in which the sulfur is at the sulfoxide or sulfilimine oxidation
level. Another example of the addition-cyclization route involves a-haloesters, which
react to form epoxides by displacement of the halide ion.

C,H50,C CoHs0,C \
252 2502 /6‘ C,H:0,C O
CR + O=CR; — R R SR’
X y R’ R "R
2.5.1. Sulfur Ylides and Related Nucleophiles
Sulfur ylides have several applications as reagents in synthesis.?®> Dimethylsul-

fonium methylide and dimethylsulfoxonium methylide are particularly useful.?®* These
sulfur ylides are prepared by deprotonation of the corresponding sulfonium salts, both
of which are commercially available.

(0]
+ NaCH,SCH; +
(CH3),SCH3 I~ (CH3),S —CH,~
dimethylsulfonium methylide
(0] (0]
NaH

I I
(CH3),SCHg I7 OMSO (CH3),S—CH,™

dimethylsulfoxonium methylide

Whereas phosphonium ylides normally react with carbonyl compounds to give
alkenes, dimethylsulfonium methylide and dimethylsulfoxonium methylide yield
epoxides. Instead of a four-center elimination, the adducts from the sulfur ylides
undergo intramolecular displacement of the sulfur substituent by oxygen. In this
reaction, the sulfur substituent serves both to promote anion formation and as the
leaving group.

.- TN /2
R,C=0 + (CH3),S—CH, — R,C—CH, :S(CH3)2 — R,C—CH, + (CH3),S
(on (@] o)
A= I D [ /\
R,C=0+ (CH3)pS—CH, — R,C—CH, S(CHz), — R,C—CH, + (CHg),S=0
282. B. M. Trost and L. S. Melvin, Jr., Sulfur Ylides, Academic Press, New York, 1975; E. Block, Reactions

of Organosulfur Compounds, Academic Press, New York, 1978.
283. E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc., 87, 1353 (1965).
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Dimethylsulfonium methylide is both more reactive and less stable than
dimethylsulfoxonium methylide, so it is generated and used at a lower temperature.
A sharp distinction between the two ylides emerges in their reactions with o, 3-
unsaturated carbonyl compounds. Dimethylsulfonium methylide yields epoxides,
whereas dimethylsulfoxonium methylide reacts by conjugate addition and gives cyclo-
propanes (compare Entries 5 and 6 in Scheme 2.21). It appears that the reason for
the difference lies in the relative rates of the two reactions available to the betaine
intermediate: (a) reversal to starting materials, or (b) intramolecular nucleophilic
displacement.?* Presumably both reagents react most rapidly at the carbonyl group.
In the case of dimethylsulfonium methylide the intramolecular displacement step is
faster than the reverse of the addition, and epoxide formation takes place.

CH, CH3 CH3 o
o — o+ O:) fast ClH
+ CH,S(CH,) — + - 2
2 2 Slow CHy —S(CHa),
H,C CHj H,C CH, H,C CHg

With the more stable dimethylsulfoxonium methylide, the reversal is relatively more
rapid and product formation takes place only after conjugate addition.

CHs; CHs;
- O
o Il slow CI)
CH,—S(CHy), CH,

CH, H,CZ “cH H,C” >CH

o 0 A : ? :
— 1l &
+ CH,S(CHy),
\\ o

H2C (:H3 ” CH3 HZC CH3
(CH3)2§UCH2\§/"5 @?0

H,C” “CH, H,C” “CH,

Another difference between dimethylsulfonium methylide and dimethylsulfox-
onium methylide concerns the stereoselectivity in formation of epoxides from cyclo-
hexanones. Dimethylsulfonium methylide usually adds from the axial direction whereas
dimethylsulfoxonium methylide favors the equatorial direction. This result may also
be due to reversibility of addition in the case of the sulfoxonium methylide.”? The
product from the sulfonium ylide is the result the kinetic preference for axial addition
by small nucleophiles (see Part A, Section 2.4.1.2). In the case of reversible addition
of the sulfoxonium ylide, product structure is determined by the rate of displacement
and this may be faster for the more stable epoxide.

284 C. R. Johnson, C. W. Schroeck, and J. R. Shanklin, J. Am. Chem. Soc., 95, 7424 (1973).



o CH, o
(CH3)3CM — (CHe,)e,C\m43 + (CHy)sC éH?

-+
ylide: CH,S(CHg), THF

— 83% 17%
0°C
O
. THF
ylide: CH,S(CHy), ey not formed only product

Examples of the use of dimethylsulfonium methylide and dimethylsulfoxonium
methylide are listed in Scheme 2.21. Entries 1 to 5 are conversions of carbonyl
compounds to epoxides. Entry 6 is an example of cyclopropanation with dimethyl
sulfoxonium methylide. Entry 7 compares the stereochemistry of addition of dimethyl-
sulfonium methylide to dimethylsulfoxonium methylide for nornborn-5-en-2-one. The
product in Entry 8 was used in a synthesis of a-tocopherol (vitamin E).

Sulfur ylides can also transfer substituted methylene units, such as isopropylidene
(Entries 10 and 11) or cyclopropylidene (Entries 12 and 13). The oxaspiropentanes
formed by reaction of aldehydes and ketones with diphenylsulfonium cyclopropylide
are useful intermediates in a number of transformations such as acid-catalyzed
rearrangement to cyclobutanones.?®

CHa /(CH2)50H3H+ CHz. (CHy)sCHg
/C o< >
o/ 92%

Aside from the methylide and cyclopropylide reagents, the sulfonium ylides are
not very stable. A related group of reagents derived from sulfoximines offers greater
versatility in alkylidene transfer reactions.?®® The preparation and use of this class of
ylides is illustrated below.

i I i I
NaN (€H),0'BF,~ Il + - NaH I
ArSCH,CH; 2 ArSCH,CH, 23~ . % ArSCH,CH, BF, N0 Ars™ch
LCHS ,CHy BF, " ArS™—CHCH
s, o ™5 3 \S:GHSCHO
CHCl; NH N(CH,), N(CH3),
Ar = p-CHCgH,~ CGHSCH\_/CHCHs

O 7%

A similar pattern of reactivity has been demonstrated for the anions formed by depro-
tonation of S-alkyl-N-p-toluenesulfoximines (see Entry 14 in Scheme 2.21).2%

0 0

I~ [
CHs S—CL CHg@s—c

| Y | \Y

NMe, NTs
dimethylaminooxosulfonium ylide N-tosylsulfoximine anion

The sulfoximine group provides anion-stabilizing capacity in a chiral environment and
a number of synthetic applications have been developed based on these properties.?s®

285. B.
286. C.
287. C.
288. M.

M. Trost and M. J. Bogdanowicz, J. Am. Chem. Soc., 95, 5321 (1973).

R. Johnson, Acc. Chem. Res., 6, 341 (1973); C. R.Johnson, Aldrichimica Acta, 18, 3 (1985).

R. Johnson, R. A. Kirchoff, R. J. Reischer, and G. F. Katekar, J. Am. Chem. Soc., 95, 4287 (1973).
Reggelin and C. Zur, Synthesis, 1 (2000).
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Scheme 2.21. Reactions of Sulfur Ylides
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Scheme 2.21. (Continued)
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k. K. E. Rodriques, Tetrahedron Lett., 32, 1275 (1991).

Dimethylsulfonium methylide reacts with reactive alkylating reagents such as
allylic and benzylic bromides to give terminal alkenes. A similar reaction occurs
with primary alkyl bromides in the presence of Lil. The reaction probably involves
alkylation of the ylide, followed by elimination.?’

RCH,—X + CH,=S"(CH3), — RCH,CH,S*(CH;), — RCH=CH,

289. 1, Alcaraz, J. J. Harnett, C. Mioskowski, J. P. Martel, T. LeGall, D.-S. Shin, and J. R. Falck, Tetrahedron
Lett., 35, 5453 (1994).
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2.5.2. Nucleophilic Addition-Cyclization of o:-Haloesters

The pattern of nucleophilic addition at a carbonyl group followed by
intramolecular nucleophilic displacement of a leaving group present in the nucleophile
can also be recognized in a much older synthetic technique, the Darzens reaction.*°
The first step in this reaction is addition of the enolate of the a-haloester to the
carbonyl compound. The alkoxide oxygen formed in the addition then effects nucle-
ophilic attack, displacing the halide and forming an a, B-epoxy ester (also called a
glycidic ester).

O _
i~ /O~ /Ou
R,C (|3HC02C2H5 - ch—?Hcozcsz — R;C——CHCO,C,Hs

cl @l

Scheme 2.22 shows some examples of the Darzens reaction.

Trimethylsilylepoxides can be prepared by an addition-cyclization process.
Reaction of chloromethyltrimethylsilane with sec-butyllithium at very low temperature
gives an a-chloro lithium reagent that leads to an epoxide on reaction with an aldehyde
or ketone.?”!

s-BulLi

Me;SiCH,Cl_——— Me;SICHCI
THF, —78°C |
Li
cl
i~

Me3$|C|HCI + CHyCH,CH,CHO —>CH3CH2CH2CH CHSiMe — CHCH,CH,CH—CHSiMeg

! 5
Scheme 2.22. Darzens Condensation Reaction
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CHaCH,CHCO,C,Hs 1) HHMDS o
| O CH3,, N\ wCO,C,H5
Br
2) CH,CCH; M8 CHyCHg
a. R. H. Hunt, L. J. Chinn, and W. S. Johnson, Org. Synth., IV, 459 (1963).
b. H. E. Zimmerman and L. Ahramjian, J. Am. Chem. Soc., 82, 5459 (1960).
c. F. W. Bachelor and R. K. Bansal, J. Org. Chem., 34, 3600 (1969).
d. R. F. Borch, Tetrahedron Lett., 3761 (1972).

2%0- M. S. Newman and B. J. Magerlein, Org. React., 5, 413 (1951).
1. C. Burford, F. Cooke, E. Ehlinger, and P. D. Magnus, J. Am. Chem. Soc., 99, 4536 (1977).



2.6. Conjugate Addition by Carbon Nucleophiles

The previous sections dealt with reactions in which the new carbon-carbon bond
is formed by addition of the nucleophile to a carbonyl group. Another important
method for alkylation of carbon nucleophiles involves addition to an electrophilic
multiple bond. The electrophilic reaction partner is typically an o,3-unsaturated ketone,
aldehyde, or ester, but other electron-withdrawing substituents such as nitro, cyano,
or sulfonyl also activate carbon-carbon double and triple bonds to nucleophilic attack.
The reaction is called conjugate addition or the Michael reaction.

o-

O R®
R2 e EWG | EWG
Rl)\/ + R3/\/ Rl :J\/
R2

More generally, many combinations of EWG substituents can serve as the anion-
stabilizing and alkene-activating groups. Conjugate addition has the potential to form
a bond « to one group and B to the other to form a a,y-disubstituted system.

R

. EWG ,
AE{EWG —_— l— + R/\(EWG . EWGY/\R . (EWG'
R

R R R

EWG

4

The scope of the conjugate addition reaction can be further expanded by use of Lewis
acids in conjunction with enolate equivalents, especially silyl enol ethers and silyl
ketene acetals. The adduct is stabilized by a new bond to the Lewis acid and products
are formed from the adduct.

LA
LA 3 0
/ o R O O R
.
R’5SiO o _ )K(J\)J\
AL /\)L 4 lew‘ — R! ' R
Rl R3 R R2 R2

Other kinds of nucleophiles such as amines, alkoxides, and sulfide anions also react
with electrophilic alkenes, but we focus on the carbon-carbon bond forming reactions.

2.6.1. Conjugate Addition of Enolates

Conjugate addition of enolates under some circumstances can be carried out with
a catalytic amount of base. All the steps are reversible.

I cl)i
RCCHR, + B© = RC=CR, + BH
O~ O R EWG
| ~ JEWEe oo
RC=CR, + C=C =— RC—C—C—C_
/ N | | AN

R

T SEwe nr e
/

RC_(|:_(|:_C_ + BH =— RC_(|:_(|:_(|:_H + B~
R R
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When the EWG is a carbonyl group, there can be competition with 1,2-addition, which
is especially likely for aldehydes but can also occur with ketones. With successively less
reactive carbonyl groups, 1,4-addition becomes more favorable. Highly reactive, hard
nucleophiles tend to favor 1,2-addition and the reaction is irreversible if the nucleophile
is a poor leaving group. For example with organometallic reagents, 1,2-addition is
usually observed and it is irreversible because there is no tendency to expel an alkyl
anion. Section 2.6.5 considers some exceptions in which organometallic reagents are
added in the 1,4-manner. With less basic nucleophiles, the 1,2-addition is more easily
reversible and the 1,4-addition product is usually more stable.

I CI)_ _(I) (I? (I)_T (I?
RC—(lt—(llHCH=CR" RC=CR, + R'CH=CHCR" =— R'CH=CH(|:—C|:—CR
R R R” R

1,4-addition 1,2-addition

Retrosynthetically, there are inherently two possible approaches to the products
of conjugate addition as represented below, where Y and Z represent two different
anion-stabilizing groups.

H

Y—CHR! + CH,=C—Z ¢=Y—CH-CH,~C—Z =>Y—C=CH, + R2CH—7
ll?z Rl ' R2 Flel

When a catalytic amount of base is used, the most effective nucleophiles are enolates
derived from relatively acidic compounds such as [(3-ketoesters or malonate esters.
The adduct anions are more basic than the nucleophile and are protonated under the
reaction conditions.

—O H . Z O Z S—H O Z
— EWG
x> <z N Newg — EWG
X - X
z z
less basic more basic

Scheme 2.23 provides some examples of conjugate addition reactions. Entry 1
illustrates the tendency for reaction to proceed through the more stable enolate. Entries
2 to 5 are typical examples of addition of doubly stabilized enolates to electrophilic
alkenes. Entries 6 to 8 are cases of addition of nitroalkanes. Nitroalkanes are compa-
rable in acidity to B-ketoesters (see Table 1.1) and are often excellent nucleophiles
for conjugate addition. Note that in Entry 8 fluoride ion is used as the base. Entry 9
is a case of adding a zinc enolate (Reformatsky reagent) to a nitroalkene. Entry 10
shows an enamine as the carbon nucleophile. All of these reactions were done under
equilibrating conditions.

The fluoride ion is an effective catalyst for conjugate additions involving relatively
acidic carbon nucleophiles.?”? The reactions can be done in the presence of excess

22 J. H. Clark, Chem. Rev., 80, 429 (1980).



Scheme 2.23. Conjugate Addition by Carbon Nucleophiles

12 0
KOC(CHa)z O
é/CH3 10 mol % @CHB
+ H,C=CHCO,CH
2 28 e oH CH,CH,CO,CH,
53%
(|:N
b 0]
2° PhCH,CHCN + H,C=CHCN NHs PhCH,CCH,CH,CN
I I 100%
CONH, CONH,
NaOEt
3¢ 12 mol %
CH3(CO,CyHs), + H2C=?COZCZH5 (C3H50,C),CHCH,CHCO,C,Hs
55—60%
o ON Ph N Ph
| KOH |
PhCHCO,C,Hs + CH,=CHCN ———  PhCCH,CH,CN
(CH3)3COH | o
CO,C,Hs i 69-83%
59
(ﬁ ) C|3CH3
R,N*~OH
2 + CH4CCH,CO,CoHs  — ; CHCO,C,Hs
CO,CH
2CH3 Co,cH,  86%
6f + CH3
PhCH,N(CHs);"OH [
(CH3),CHNO, + CH,=CHCO,CHj othl:cHZCHzcoch3
CH,
7 o NO, o)
I Amberlyst A27
(CH3),CHNO, + CH;=CHCCH,CH; (CH5),CCH,CH,CCH,CHj
70%
gh /COZCHS
KF NOZCHZCHZCHCOZCH3

CHINO, + CH,=C

CH,CO,C5H5

|
BrZnCH,CO,C,Hs + CI CH=CHNO, —» CIOCHCHZNOZ

81%
100 CH, CH,
N o . o
Il 1) dioxane, 16 h 0
* CH2=CHCCH: ) a0Ac, HOAC I
H,O revﬂux Y CHACHACCH
CH(CH3)2 CH(CHS)Z 66%
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fluoride, where the formation of the [F-H-F~] ion occurs, or by use of a tetralkyl-
ammonium fluoride in an aprotic solvent.

(0]
I 4 equiv KF (CH3O)ZCHC|HCH2COZCH3
CH3CCH,CO,C,H5 + (CH30),CHCH=CHCO,CH, CHyon CHsﬁCHCOzCsz
72 h, 65°C 98%
Ref. 293
. CHs3
0.5 equiv | Il
R4N*F~ 0O,NCCH,CH,CCH,
(CH3),CHNO, + CH,=CHCOCH; |
2 h, 25°C CH, 95%
Ref. 294

As in the case of aldol addition, the scope of conjugate addition reactions can be
extended by the use of techniques for regio- and stereospecific preparation of enolates
and enolate equivalents. If the reaction is carried out with a stoichiometrically formed
enolate in the absence of a proton source, the initial product is the enolate of the
adduct. The replacement of a  bond by a ¢ bond ensures a favorable AH.

Among Michael acceptors that have been shown to react with ketone and
ester enolates under kinetic conditions are methyl a-trimethylsilylvinyl ketone,?*?
methyl «-methylthioacrylate,”® methyl methylthiovinyl sulfoxide,”’ and ethyl
a-cyanoacrylate.”®® Each of these acceptors benefits from a second anion-stabilizing
substituent. The latter class of acceptors has been found to be capable of generating
contiguous quaternary carbon centers.

CltN

CH .

3 LOLi* CO,C,H;5 <:><CHC02C2H5

Cc=C + = —

/ AN C—CO,CH

CHs  OCH, N AN
3 3

Ref. 298

Several examples of conjugate addition of carbanions carried out under aprotic
conditions are given in Scheme 2.24. The reactions are typically quenched by addition
of a proton source to neutralize the enolate. It is also possible to trap the adduct
by silylation or, as we will see in Section 2.6.2, to carry out a tandem alkylation.
Lithium enolates preformed by reaction with LDA in THF react with enones to give
1,4-diketones (Entries 1 and 2). Entries 3 and 4 involve addition of ester enolates to
enones. The reaction in Entry 3 gives the 1,2-addition product at —78°C but isomerizes
to the 1,4-product at 25° C. Esters of 1,5-dicarboxylic acids are obtained by addition
of ester enolates to o,-unsaturated esters (Entry 5). Entries 6 to 8 show cases of

293 S, Tori, H. Tanaka, and Y. Kobayashi, J. Org. Chem., 42, 3473 (1977).

2% J. H. Clark, J. M. Miller, and K.-H. So, J. Chem. Soc., Perkin Trans. I, 941 (1978).

2% G. Stork and B. Ganem, J. Am. Chem. Soc., 95, 6152 (1973).

2%. R, J. Cregge, J. L. Herrmann, and R. H. Schlessinger, Tetrahedron Lett., 2603 (1973).

297. 7. L. Herrmann, G. R. Kieczykowski, R. F. Romanet, P. J. Wepple, and R. H. Schlessinger, Tetrahedron
Lett., 4711 (1973).

2%8- R. A. Holton, A. D. Williams, and R. M. Kennedy, J. Org. Chem., 51, 5480 (1986).



Scheme 2.24. Conjugate Addition under Aprotic Conditions
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\%\OC(CHg):g e 33 iy (CHg)sCcOC CHZJ{C(CH3)3
CH, Y —78°C s
CH3CH; CHg 86%

5° Lt CH
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—78°C :
H H COCHs CHy'  82%

83%

6f Hsc O Li*

CHZCHCCH3
+ CHZ—CCCH3
71%

H; CHj CH3 CH,

\
79 o Lif ScH, CO,CH; O
CHyCH,CH=COCH; + CH,=C = CHiCH,CHCH,CHSCHy
95%
SCH, scn, %
oN
8" O‘ Li*

,CO,CyHs CHCOZCZHS
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cHy. CH CH(CH3)2

SECTION 2.6

95%
9i
(0] O o CHgy
I I 1) LDA, —78°C [ [ I
(CH3),NCCH(CH3), + CH3CH=CHCCH,CH(CHs), (CH3),NCC(CH3),CHCH,CCH,CH(CH,),
2) NH,CI, H,0O
10i Ph,,, Ph,,
S 0 mO 0 o
[ —COCoHs 4 L LDATHF N_
S . HMPA
s CO,C,Hg
LA

a. J. Bertrand, L. Gorrichon, and P. Maroni, Tetrahedron, 40, 4127 (1984).
b. D. A. Oare and C. H. Heathcock, Tetrahedron Lett., 27, 6169 (1986).
c. A. G. Schultz and Y. K. Yee, J. Org. Chem., 41, 4044 (1976).
d. C. H. Heathcock and D. A. Oare, J. Org. Chem., 50, 3022 (1985).
e. M. Yamaguchi, M. Tsukamoto, S. Tanaka, and I. Hirao, Tetrahedron Lett., 25, 5661 (1984).
f. K. Takaki, M. Ohsugi, M. Okada, M. Yasumura, and K. Negoro, J. Chem. Soc., Perkin Trans. 1, 741 (1984).
g. J. L. Herrmann, G. R. Kieczykowski, R. F. Romanet, P. J. Wepplo, and R. H. Schlessinger, Tetrahedron Lett., 4711

(1973).

R. A. Holton, A. D. Williams, and R. M. Kennedy, J. Org. Chem., 51, 5480 (1986).
D. A. Oare, M. A. Henderson, M. A. Sanner, and C. H. Heathcock, J. Org. Chem., 55, 132 (1990).
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enolate addition to acceptors with two anion-stabilizing groups. Entry 8 is noteworthy
in that it creates two contiguous quaternary carbons. Entry 9 shows an addition of an
amide enolate. Entry 10 is a case of an enolate stabilized by both the dithiane ring
and ester substituent. The acceptor, an o,3-unsaturated lactam, is relatively unreactive
but the addition is driven forward by formation of a new o bond. The chiral moiety
incorporated into the five-membered ring promotes enantioselective formation of the
new stereocenter.

There have been several studies of the stereochemistry of conjugate addition
reactions. If there are substituents on both the nucleophilic enolate and the acceptor,
either syn or anti adducts can be formed.

3
R o

)\ R3/\)J\R4 _— WR‘l + 1 R4

2
anti

;Un.

The reaction shows a dependence on the E- or Z-stereochemistry of the enolate.
Z-enolates favor anti adducts and E-enolates favor syn adducts. These tendencies
can be understood in terms of an eight-membered chelated TS.?* The enone in this
TS is in an s-cis conformation. The stereochemistry is influenced by the s-cis/s-
trans equilibria. Bulky R* groups favor the s-cis conformer and enhance the stereo-
selectivity of the reaction. A computational study on the reaction also suggested an

eight-membered TS.3%

R4
0 o R o
r2 I o-Li W
R R
R R?
Zenolate anti
Eenolate syn

The carbonyl functional groups are the most common both as activating EWG
substituents in the acceptor and as the anion-stabilizing group in the enolate, but several
other EWGs also undergo conjugate addition reactions. Nitroalkenes are excellent
acceptors. The nitro group is a strong EWG and there is usually no competition from
nucleophilic attack on the nitro group.

o)
1) LDA, THF, -78°C NO,
2) CH,=CHNO,
3) pHy 72%

Ref. 301

29- D. Oare and C. H. Heathcock, J. Org. Chem., 55, 157 (1990); D. A. Oare and C. H. Heathcock,
Top. Stereochem., 19, 227 (1989); A. Bernardi, Gazz. Chim. Ital., 125, 539 (1995).

300 A, Bernardi, A. M. Capelli, A. Cassinari, A. Comotti, C. Gennari, and C. Scolastico, J. Org. Chem.,
57,7029 (1992).

301 R. J. Flintoft, J. C. Buzby, and J. A. Tucker, Tetrahedron Lett., 40, 4485 (1999).



The nitro group can be converted to a ketone by hydrolysis of the nitronate anion,
permitting the synthesis of 1,4-dicarbonyl compounds.

? o

I 1) LDA 10% HCl
CH3CH,CCH,CH, ) CH, \)WCHS

2 :<CH3 CH.0
CH, 3 o
NO, 64%

Ref. 302
Anions derived from nitriles can act as nucleophiles in conjugate addition reactions.
A range of substituted phenylacetonitriles undergoes conjugate addition to 4-phenylbut-
3-en-2-one.

o CN
I . . H* CHs
ArCHC =N + PhCH =CHCCH; = [1,2-anion] == [1,4-anion] Ar
Lli Ph O

The reaction occurs via the 1,2-adduct, which isomerizes to the 1,4-adduct,’®® and
there is an energy difference of about 5 kcal/mol in favor of the 1,4-adduct. With the
parent compound in THF, the isomerization reaction has been followed kinetically and
appears to occur in two phases. The first part of the reaction occurs with a half-life of
a few minutes, and the second with a half-life of about an hour. A possible explanation
is the involvement of dimeric species, with the homodimer being more reactive than
the heterodimer.

k=30x104st k=2x10"4s7! _
[1,2-anion], — [1,2-anion][1,4-anion] ——= [1.4-anion];

A very important extension of the conjugate addition reaction is discussed in
Chapter 8. Organocopper reagents have a strong preference for conjugate addition.
Organocopper nucleophiles do not require anion-stabilizing substituents, and they
allow conjugate addition of alkyl, alkenyl, and aryl groups to electrophilic alkenes.

2.6.2. Conjugate Addition with Tandem Alkylation

When conjugate addition is carried out under aprotic conditions with stoichio-
metric formation of the enolate, the adduct is present as an enolate until the reaction
mixture is quenched with a proton source. It is therefore possible to effect a second
reaction of the enolate by addition of an alkyl halide or sulfonate to the solution of
the adduct enolate, which results in an alkylation. This reaction sequence permits the
formation of two new C—C bonds.

3 Lo
RL_ _ ~ EWG? L R°X 1 T
N Y TEWG” Y EWG? EWG EWG?

EwG! R2 R2

302 M. Miyashita, B. Z. Awen, and A. Yoshikoshi, Synthesis, 563 (1990).
303-H, J. Reich, M. M. Biddle, and R. J. Edmonston, J. Org. Chem., 70, 3375 (2005).
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Several examples of tandem conjugate addition-alkylation follow.

/O_Li+ CH;  ou* CH,
H,C=C -78°C Lo CHal, HMPA
Noc(cHy, — (CHa)sC0,CCH,CHCH=COCH; (CH),CO,CCH,CHCHCO,C,He
= 60%
+ CHyCH=CHCO,C,Hs cH, 6
Ref. 304
o
oLt 0 Q
| CHy |\ & CHCH.Br CH,CH=CH,
H,C=C—CH=COC,Hs + — I padiitladly CH,
| CH—C=CH, 3 [
CH, | CH—C=CH,
CO,C,Hs |
CO,C,Hs
Ref. 305

o 1) LDA D Cy CH,CH,CH,0CH,Ph
N

I 2)CH40,C H
CN—C(CH2)4OCH2Ph

3) o .
)\/\/l CH302C\\
CH,CH,CH=C(CHy),
78%

Ref. 306
Tandem conjugate addition-alkylation has proven to be an efficient means of intro-
ducing groups at both a- and B-positions at enones.*”” As with simple conjugate
addition, organocopper reagents are particularly important in this application, and they
are discussed further in Section 8.1.2.3.

2.6.3. Conjugate Addition by Enolate Equivalents

Conditions for effecting conjugate addition of neutral enolate equivalents such
as silyl enol ethers in the presence of Lewis acids have been developed and are
called Mukaiyama-Michael reactions. Trimethylsilyl enol ethers can be caused to
react with electrophilic alkenes by use of TiCl,. These reactions proceed rapidly even
at —78°C.38

. CH; O
,0SiCHs T %
PRGCH=C(CHa), + CHp =C{ ™4 PhCCH,CCH,CPh

Ph
o CHy, T72-78%

Ref. 309

304 M. Yamaguchi, M. Tsukamoto, and 1. Hirao, Tetrahedron Lett., 26, 1723 (1985).

305-W. Oppolzer, R. P. Heloud, G. Bernardinelli, and K. Baettig, Tetrahedron Lett., 24, 4975 (1983).

306. C. H. Heathcock, M. M. Hansen, R. B. Ruggeri, and J. C. Kath, J. Org. Chem., 57, 2544 (1992).

307- For additional examples, see M. C. Chapdelaine and M. Hulce, Org. React., 38, 225 (1990);
E. V. Gorobets, M. S. Miftakhov, and F. A. Valeev, Russ. Chem. Rev., 69, 1001 (2000).

308- K. Narasaka, K. Soai, Y. Aikawa, and T. Mukaiyama, Bull. Chem. Soc. Jpn., 49, 779 (1976).

309 K. Narasaka, Org. Synth., 65, 12 (1987).



Silyl ketene acetals also undergo conjugate addition. For example, Mg(ClO,), and
LiClO, catalyze addition of silyl ketene acetals to enones.

[e) CHs
TMSO CHg [ Mg(CIOy), I [
= + H,C=CHCCH, CH30,CCCH,CH,CCH,4
CH30 CH, I
CH,
Ref. 310
o OTBDMS
OCH, Liclo,
* CH=
OTBDMS
CHoCOCHs  gsyp
Ref. 311

Initial stereochemical studies suggested that the Mukaiyama-Michael reaction
proceeds through an open TS, since there was a tendency to favor anti diastereoselec-
tivity, regardless of the silyl enol ether configuration.’

R4

4
R A
4 LA*O
LA o%m TMSO N\ o R o TMSO)} ﬁ R?
R — R? =88 -~ - 3

3
TMSO” "R R o7 gt R? g7 Y0 R
The stereoselectivity can be enhanced by addition of Ti(O-i-Pr),. The active nucle-
ophile under these conditions is expected to be an “ate” complex in which a much
larger Ti(O-i-Pr), group replaces Li* as the Lewis acid.>'* Under these conditions,
the syn:anti ratio is dependent on the stereochemistry of the enolate.

OTi(0i PY),Li o o Ph o o PhO
/& + A\ A + w
R~ “CHCH,4 Ph/\)kC(CHs)s . RWC(CH3)3 R C(CHy)3
CH3
CHj3
anti syn
R Configuration anti:syn Yield(%)
Et VA 95:5 69
Ph V4 >92:8 85
i-Pr V4 >97:3 65
i-Pr E 17:83 91

Silyl acetals of thiol esters have also been studied. With TiCl, as the Lewis acid,
there is correspondence between the configuration of the silyl thioketene acetal and the
adduct stereochemistry.>'* E-Isomers show high anti selectivity, whereas Z-isomers
are less selective.

310§, Fukuzumi, T. Okamoto, K. Yasui, T. Suenobu, S. Itoh, and J. Otera, Chem. Lett., 667 (1997).

311 P A. Grieco, R. J. Cooke, K. J. Henry, and J. M. Vander Roest, Tetrahedron Lett., 32, 4665 (1991).

312 C. H. Heathcock, M. H. Norman, and D. E. Uehling, J. Am. Chem. Soc., 107, 2797 (1985).

313-'A. Bernardi, P. Dotti, G. Poli, and C. Scolastico, Tetrahedron, 48, 5597 (1992); A. Bernardi,
M. Cavicchioi, and C. Scolastico, Tetrahedron, 49, 10913 (1993).

314y, Fujita, J. Otera, and S. Fukuzumi, Tetrahedron, 52, 9419 (1996).
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o o CHs o
R)K/\CHg * CH3CH:<OSIR3 - R SC(CHy)3
SC(CHy)s CHs
R SiR’; configuration syn:anti
t-Bu TBDMS E 5:95
t-Bu TBDMS z 91:9
Ph TBDMS E 7:93
Ph TBDMS Zz 54:46
CHg TBDMS E 8:92
CHs3 TBDMS 4 40:60

Stannyl enolates give good addition yields in the presence of a catalytic amount of
n-(C,Hy),N*Br~.315 The bromide ion plays an active role in this reaction by forming
a more reactive species via coordination at the tin atom.

OSn(n C4Hg)3 COzCHs

0.1 n-Buy,N*Br~
+ CH,=CHCO,CHs

THF
reflux

It is believed that this reaction involves the formation of the a-stannyl ester. Metals such
as lithium that form ionic enolates would be more likely to reverse the addition step.

Br

(nC4Hg)3Sn
0OSn(nC,4Hg)3 0Sn(nC,Hy); cz)t 9/3 \O o

CO,CH
_ PAdR]

@ + Brr ——= CH,=CHCO,CHj,4 OCH; +
—_— Sn(NC,4Hg)s

Nitroalkenes are also reactive Michael acceptors under Lewis acid—catalyzed
conditions. Titanium tetrachloride or stannic tetrachloride can induce addition of silyl
enol ethers. The initial adduct is trapped in a cyclic form by trimethylsilylation.?!®
Hydrolysis of this intermediate regenerates the carbonyl group and also converts the
aci-nitro group to a carbonyl.?!?

o

[l
,CHs CHs CH,CCHs
+ CH, =C\ TiCl, | H,0 (I
. + —_—
OSi(CH3)3 NO, o N\ o

oTmMs O

315 M. Yasuda, N. Ohigashi, I. Shibata, and A. Baba, J. Org. Chem., 64, 2180 (1999).
316 A F. Mateos and J. A. de la Fuento Blanco, J. Org. Chem., 55, 1349 (1990).
317- M. Miyashita, T. Yanami, T. Kumazawa, and A. Yoshikoshi, J. Am. Chem. Soc., 106, 2149 (1984).



Fluoride ion can also induce reaction of silyl ketene acetals with electrophilic
alkenes. The fluoride source in these reactions is tris-(dimethylamino)sulfonium diflu-
orotrimethylsilicate (TASF).

_OCHa (|3HC02CH3
o:<j + CH,CH=C F o@/
NOSi(CHs)s CHs

Ref. 318

Enamines also react with electrophilic alkenes to give conjugate addition products.
The addition reactions of enamines of cyclohexanones show a strong preference for
attack from the axial direction.’'® This is anticipated on stereoelectronic grounds
because the 7 orbital of the enamine is the site of nucleophilicity.

o)
4 H2G=CHCPh i
C [ H \ H  CH,CH,CPh
m ey AR g L
\R /—~/—=0 y
" 2 H H H
H H  NR, o o

Scheme 2.25 shows some examples of additions of enolate equivalents. A range of
Lewis acid catalysts has been used in addition to TiCl, and SnCl,. Entry 1 shows uses
of a lanthanide catalyst. Entry 2 employs LiClO, as the catalyst. The reaction in Entry
3 includes a chiral auxiliary that controls the stereoselectivity; the chiral auxiliary
is released by a cyclization using N-methylhydroxylamine. Entries 4 and 5 use the
triphenylmethyl cation as a catalyst and Entries 6 and 7 use trimethylsilyl triflate and
an enantioselective catalyst, respectively.

2.6.4. Control of Facial Selectivity in Conjugate Addition Reactions

As is the case for aldol addition, chiral auxiliaries and catalysts can be used
to control stereoselectivity in conjugate addition reactions. Oxazolidinone chiral
auxiliaries have been used in both the nucleophilic and electrophilic components
under Lewis acid—catalyzed conditions. N-Acyloxazolidinones can be converted to
nucleophilic titanium enolates with TiCl,(O-i-Pr).3%

0 o)
I 0 1) TiCl(0-i-Pr) I Q
o) NJ\/CH3 EtN(i-Pr), o] NJY\/COZCHS
2) CH,=CHCO,CH, Q CHs
CH,Ph CH,Ph

78% yield, 99% ds

387V, Rajan Babu, J. Org. Chem., 49, 2083 (1984).

319 E. Valentin, G. Pitacco, F. P. Colonna, and A. Risalti, Tetrahedron, 30, 2741 (1974); M. Forchiassin,
A. Risalti, C. Russo, M. Calligaris, and G. Pitacco, J. Chem. Soc., 660 (1974).

320 D. A. Evans, M. T. Bilodeau, T. C. Somers, J. Clardy, D. Cherry, and Y. Kato, J. Org. Chem., 56, 5750
(1991).
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Scheme 2.25. Conjugate Addition of Enolate Equivalents

Yb(OTf),
o CHs  oTMs 10 mol % o Ph

la
¥ —
Ph J\/\Ph — Ph)J\)><cozc|-|3
CH;  OCH,

CH; CH;  g39

ob OMOM OMOM
TBDPSO \ OTBDMS 35 M LiCIO,.Et,0 TBDPSO co.cH
N | + CH, o 2CHg
© OCH H o
3
o o 85%
3 CH
o © CH,0CH, 3Ny-0
NN OTMS 1) Ticl, ~ o
D e *
Ph 2) CHyNHOH oy AL 83%
Ph 949 e.e.
49 o CH; COSC(CHy),

SC(CHs)s PhC'SCr S
™
@ e N (CH),CH(CHy), 3 mol % W(CHz)scH(CHg)z
TMSO

-78°C 40-50%
5* gnicr) 0 CH(CH),
) CH, Ph,C*SbCI H
CH 5 mol % CH; 0
TMSO *CH; : CHs 08%
CH, o} -78°C CH 78:22 mixture of
o 3 stereoisomers
OTMS ’ (0]
_< . @ (CH,);Si0,SCF, o
CH;  S(CHy), O _7gc (CHy)CS
CH, 83%
3:1 mixture of
79 stereoisomers
o cu-phBox 9 co.ch
OC(CHg), catalyst 2~
COCH; o, N Y ,
63% yield
+ OTBDMS CO,C(CHy); 9:1 syn:anti
CH, 66% e.e.

a. S. Kobayahi, I. Hachiya, T. Takahori, M. Araki, and H. Ishitani, Tetrahedron Lett., 33, 6815 (1992).
b. P. A. Grieco, R. J. Cooke, K. J. Henry, and J. M. Vander Roest, Tetrahedron Lett., 32, 4665 (1991).
c. A. G. Schultz and H. Lee, Tetrahedron Lett., 33, 4397 (1992).

d. P. Grzywacz, S. Marczak, and J. Wicha, J. Org. Chem. 62, 5293 (1997).

e. A. V. Baranovsky, B. J. M. Jansen, T. M Meulemans, and A. de Groot, Tetrahedron, 54, 5623 (1998).
f. K. Michalak and J. Wicha, Polish J. Chem., 78, 205 (2004).

g. A. Bernardi, G. Colombo and C. Scolastico, Tetrahedron Lett., 37, 8921 (1996).

Unsaturated acyl derivatives of oxazolidinones can be used as acceptors, and these
reactions are enantioselective in the presence of chiral bis-oxazoline catalysts.**! Silyl
ketene acetals of thiol esters are good reactants and the stereochemistry depends on
the ketene acetal configuration. The Z-isomer gives higher diastereoselectivity than
the E-isomer.

21D, A. Evans, K. A. Scheidt, J. N. Johnston, and M. C. Willis, J. Am. Chem. Soc., 123, 4480 (2001).



o o OTMS
A N

N 10% cat. 73% yield

o) CO,C,Hs + %\SC(CH3)3 CO,C,H, 99:1 syn:ant
CH, CH,Cl, )(]3\ o = o 99% ee
J?\ i oTMS ? /NWSC(CHs)s
J CH, CH 65% yield
10% cat. 3 o yie
Q"N CO,CHy  + 2 SC(CHy), i 22:78 syn:anti
— CH,Cl, 98% ee
CH3_ CH,
o\%(o
N
ﬂ/N\ N~/
Cu  "C(CHy)
3/3
(CH3)sC
catalyst

The above examples contain an ester group that acts as a second activating group.
The reactions are also accelerated by including one equivalent of (CF),CHOH.
This alcohol functions by promoting solvolysis of a dihydropyran intermediate that
otherwise inhibits the catalyst.

RS - OSiR C.H.O.C
OSiR, Cl) i o 8 =Fon 252 Cl) o
S CZHSOZC/\/\N o PPN RSOC NJJ\O
RS / C,H;0,C N O N
CH,

CH,

Alkylidenemalonate esters are also good acceptors in reactions with silyl ketene acetals
of thiol esters under very similar conditions.*??

A number of other chiral catalysts can promote enantioselective conjugate
additions of silyl enol ethers, silyl ketene acetals, and related compounds. For example,
an oxazaborolidinone derived from allothreonine achieves high enantioselectivity in
additions of silyl thioketene acetals.’®® The optimal conditions for this reaction also
include a hindered phenol and an ether additive.

O 10% cat Ar
OSi(CHy)s . 8 o o
Ar/\)kCH + CH=< TBME
3 2 ; (CH)3;CS CH,4
SC(CHjy)s 1,6-diisopropyl-
phenol
o o
O\
Sl
CH, SO, Tol
catalyst

Enantioselectivity has been observed for acyclic ketones, using proline as a
catalyst. Under optimum conditions, ds > 80% and e.e. > 70% were observed.*>* These

322-D. A. Evans, T. Rovis, M. C. Kozlowski, C. W. Downey, and J. S. Tedrow, J. Am. Chem. Soc., 122,
9134 (2000).

323 X. Wang, S. Adachi, H. Iwai, H. Takatsuki, K. Fujita, M. Kubo, A. Oku, and T. Harada, J. Org. Chem.,
68, 10046 (2003).
324 D. Enders and A. Seki, Synlett, 26 (2002).
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reactions presumably involve the proline-derived enamine. (See Section 2.1.5.6 for a
discussion of enantioselective reactions of proline enamines.)

Q 0.2 eq proline D Ph
CH3\)J\/CH3 e\ NO2 CHSM NO,
MeOH aCH
3

74% yield, 88% ds, 76% ee

Enantioselective additions of (3-dicarbonyl compounds to (-nitrostyrenes have
been achieved using bis-oxazolidine catalysts. This method was used in an enantio-
selective synthesis of the antidepressant drug rolipram.’?’

OCH,4
OR
RO X NO, 5.5 mol % cat 2 95%
j©/\/ CH,(CO,C,Hs) Mg(OTh2 i NO
CH,0 " 2(CO,C5M5); (Cszozcz)CH/\/ 2 R 96% ee

CH;—N 0O
1) Nicat | 2) NaOH

H, 3) TsOH

_/
o)
o)
IQWXNW HsPO, @OCH3
N
o OR

I

H R-rolipram

R = cyclopentyl

catalyst

Enantioselectivity can also be based on structural features present in the reactants.
A silyl substituent has been used to control stereochemistry in both cyclic and acyclic
systems. The silyl substituent can then be removed by TBAF.3? As with enolate
alkylation (see p. 32), the steric effect of the silyl substituent directs the approach of
the acceptor to the opposite face.
Q o o Ph

OTMS o
CHy _ _~—NO, W
xR NO, TBAF
Ph/ﬁ/j\/ Ph Ph 2 P NO,
TBDMS sncl,, —70°C ~ TBDMS  CHg NH,F CH,
dr > 96%, ee > 96%
OTMS o Ph

— _NO =
snCl,, ~70°C :

74%, > 91% ee

325 D. M. Barnes, J. Ji, M. G. Fickes, M. A. Fitzgerald, S. A. King, H. E. Morton, F. A. Plagge, M. Preskill,
S. H. Wagaw, S. J. Wittenberger, and J. Zhang, J. Am. Chem. Soc., 124, 13097 (2002).
326- D, Enders and T. Otten, Synlett, 747 (1999).



High stereoselectivity is also observed in the addition of an enamine using
2-methoxymethylpyrrolidine as the amine.*?’

O\CHZOCHS Oy BN

N
NO NO,
+ Ph/\/ 2

2.6.5. Conjugate Addition of Organometallic Reagents

There are relatively few examples of organolithium compounds acting as nucle-
ophiles in conjugate addition. Usually, organolithium compounds react at the carbonyl
group, to give 1,2-addition products. Here, we consider a few cases of organometallic
reagents that give conjugate addition products. There are a very large number of
copper-mediated conjugate additions, and we discuss these reactions in Section 8.1.2.3.

Alkyl and aryllithium compounds have been found to undergo 1,4-addition with
the salts of o, B-unsaturated acids.?*® This result reflects the much reduced reactivity
of the carboxylate carbonyl group as an electrophile.

CHg\/LiK CH, CHs
+ -
CH N co,H CO,H
3 CH
3
2.2 equiv CH,4
62%

7:3 mixture of
stereoisomers

o,3-Unsaturated amides have been found to be good reactants toward organometallic
reagents. These reactions involve the deprotonated amide ion, which is less susceptible
to 1,2-addition than ketones and esters.

0 0
A\)k 1)2eq. tBuli o CCHCH,CNHPh
CH NHPh — |
2) H*, H,0 CH,
Ref. 329

Similar reactions have also been observed with tertiary amides and the adducts can be
alkylated by tandem S,?2 reactions.

CH,CH=CH,
/\)I\ 1) n-BuLi I
O CHy(CH);CHCHC N )
2) CH,=CHCH,Br CH, g
90%

Ref. 330

327-°S. J. Blarer, W. B. Schweizer, and D. Seebach, Helv. Chim. Acta, 65, 1637 (1982); S. J. Blarer and
D. Seebach, Chem. Ber., 116, 2250 (1983).

328. B. Plunian, M. Vaultier, and J. Mortier, Chem. Commun., 81 (1998).

329- 7. E. Baldwin and W. A. Dupont, Tetrahedron Lett., 21, 1881 (1980).

30- G. B. Mpango, K. K. Mahalanabis, S. Mahdavi-Damghani, and V. Snieckus, Tetrahedron Lett., 21, 4823
(1980).
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Lithiated N-allylcarbamates add to nitroalkenes. In the presence of (-)-sparteine,
this reaction is both diastereoselective (anti) and enantioselective.?*!

A 0N A R AV
A | nBuLi R 4 N\)\(\\/lll
INGPZ N _— 2 AN
NN NCO,C(CHy); (-)-sparteine Ar CO,C(CH3)3
Ar’ = 4-methoxyphenyl for R=Ar=Ph, 94:6 dr; 90% e.e.

The enantioselectivity is due to the retention of the chiral sparteine in the lithiated
reagent. The adducts have been used to synthesize a number of pyrrolidine and
piperidine derivatives.

Several mixed organozinc reagents having a trimethylsilylmethyl group as the
nonreacting substituent add to enones under the influence of TMS-Br.**? The types
of groups that can be added include alkyl, aryl, heteroaryl, and certain functionalized
alkyl groups, including 5-pivaloyloxypentyl and 3-ethoxycarbonylpropyl.

R’ TMS-Br

R R
o) THF-NMP \/Y

o

RZNCH,SI(CHy)y ,

o,3-Unsaturated aldehydes and esters, as well as nitroalkenes, can also function as
acceptors under these conditions. Dialkylzinc reagents add to [(-nitrostyrene in the
presence of TADDOL-TiCl, .

(CeHi)2Zn  + PhCH=CHNO, [APPOLTICl, :

87%, 76% ee

2.6.6. Conjugate Addition of Cyanide Ion

Cyanide ion acts as a carbon nucleophile in the conjugate addition reaction. The
pK of HCN is 9.3, so addition in hydroxylic solvents is feasible. An alcoholic solution
of potassium or sodium cyanide is suitable for simple compounds.

CHy CHg

CH,
KCN, NH,CI
+
EtOH—H,0 07 ™Y s
0 2 : CN " YN
CH, HsC H,C
12% 42%

Ref. 334
Cyanide addition has also been done under Lewis acid catalysis. Triethylaluminum-
hydrogen cyanide and diethylaluminum cyanide are useful reagents for conjugate

BT, A. Johnson, D. O. Jang, B. W. Slafer, M. D. Curtis, and P. Beak, J. Am. Chem. Soc., 124, 11689
(2002).

332. P, Jones, C. K. Reddy, and P. Knochel, Tetrahedron, 54, 1471 (1998).

333- H. Schaefer and D. Seebach, Tetrahedron, 51, 2305 (1995).

3340. R. Rodig and N. J. Johnston, J. Org. Chem., 34, 1942 (1969).



addition of cyanide. The latter is the more reactive of the two reagents. These reactions
presumably involve the coordination of the aluminum reagent at the carbonyl oxygen.

42%
CgH
HyC CgH17 Hc &Y
CH4CO; 0 CH5CO; en. ©
Ref. 335
o
o O/\‘o 0 o
(C,Hs),AICN
° T
</o o
Ref. 336

Diethylaluminum cyanide mediates conjugate addition of cyanide to «a,f3-
unsaturated oxazolines. With a chiral oxazoline, 30-50% diastereomeric excess can be
achieved. Hydrolysis gives partially resolved a-substituted succinic acids. The rather
low enantioselectivity presumably reflects the small size of the cyanide ion.

Et,AICN NC,
[o>_//7R g 0 r HC oo~ COaM
N ~CN [ P H,O 2 :
Ph o N
R=CH3, Ph

m

R=CH;, d.e.=50-56%; e.e.=45-50%
R=Ph, d.e.=45-52%; e.e.=57%

Ref. 337

A chiral aluminum-salen catalyst gives good enantioselectivity in the addition of
cyanide (from TMS-CN) to unsaturated acyl imides.*

cat H “
- . A N=
Ph ’?')K/\R TMs-cN Ph IIIJK/\R
H -
_H tC4Hg tC4Hg
>90 % yieldl,>95 % e.e. {C.H tC4Hs
4Mg
catalyst

335 W. Nagata and M. Yoshioka, Org. Synth., 52, 100 (1972).

36 W. Nagata, M. Yoshioka, and S. Hirai, J. Am. Chem. Soc., 94, 4635 (1972).
337 M. Dahuron and N. Langlois, Synlett, 51 (1996).

338. G. M. Sammis and E. N. Jacobsen, J. Am. Chem. Soc., 125, 4442 (2003).

199

SECTION 2.6

Conjugate Addition by
Carbon Nucleophiles



200

CHAPTER 2

Reactions of Carbon
Nucleophiles with
Carbonyl Compounds

General References

Aldol Additions and Condensations

M. Braun in Advances in Carbanion Chemistry, Vol. 1. V. Snieckus, ed., JAI Press, Greenwich, CT, 1992.

D. A. Evans, J. V. Nelson, and T. R. Taber, Top. Stereochem., 13, 1 (1982).

A. S. Franklin and 1. Paterson, Contemp. Org. Synth., 1, 317 (1994).

C. H. Heathcock, in Comprehensive Carbanion Chemistry, E. Buncel and T. Durst, ed., Elsevier,
Amsterdam, 1984.

C. H. Heathcock, in Asymmetric Synthesis, Vol. 3, J. D. Morrison, ed., Academic Press, New York, 1984.

R. Mahrwald, ed. Modern Aldol Reactions, Wiley-VCH, 2004.

S. Masamune, W. Choy, J. S. Petersen, and L. R. Sita, Angew. Chem. Int. Ed. Engl., 24, 1 (1985).

T. Mukaiyama, Org. React., 28, 203 (1982).

A. T. Nielsen and W. T. Houlihan, Org. React., 16, 1 (1968).

Annulation Reactions

R. E. Gawley, Synthesis, 777 (1976).
M. E. Jung, Tetrahedron, 32, 3 (1976).

Mannich Reactions

F. F. Blicke, Org. React., 1, 303 (1942).

H. Bohme and M. Heake, in Iminium Salts in Organic Chemistry, H. Bohmne and H. G. Viehe, ed.,
Wiley-Interscience, New York, 1976, pp. 107-223.

M. Tramontini and L. Angiolini, Mannich Bases: Chemistry and Uses, CRC Press, Boca Raton, FL, 1994.

Phosphorus-Stabilized Ylides and Carbanions

I. Gosney and A. G. Rowley in Organophosphorus Reagents in Organic Synthesis, J. 1. G. Cadogan, ed.,
Academic Press, London, 1979, pp. 17-153.

A. W. Johnson, Ylides and Imines of Phosphorus, John Wiley, New York, 1993.

A. Maercker, Org. React., 14, 270 (1965).

W. S. Wadsworth, Jr., Org. React., 25, 73 (1977).

Conjugate Addition Reactions

P. Perlmatter, Conjugate Addition Reactions in Organic Synthesis, Permagon Press, New York, 1992.

Problems

(References for these problems will be found on page 1272.)

2.1 Predict the product formed in each of the following reactions:

1) NaOCH,CHg
(a) v -butyrolactone + ethyl oxalate Ton CgH1005
(b) 4-bromobenzaldehyde + ethyl cyanoacetate M Cy,H10BrNO,
piperidine
1) LiN(i-Pr),, —78°C
CH;CH,CH,CCHy 7= .
(€) CHsCHCH,CCHy - o o Ch,cHO, 15 min  CeHis02

3)H,0

) o
D\ I , NaOH, H,0

0" CHO + PhCH,CC Cy3H100,



(e) 1) CHgLi, 2 equiv.
C.H CH:\/OAC : Cy3H1702
6Hs 2) ZnCl,
CH, 3) n-C3H,CHO
0
+ NaOCH,CH
( CH,N(CH,CHj), I~ + CHzCCH,CO,CH,CH; 273 CyoHpO
(:\[ (|3H ethanol, A
o 3
(@ ©
Na  CHeON
CHat HCO,CH,CHs  ather 7 00208
o}
Q) I NaNH,
QCCH3 + (CH3CH,0),c =0 ——  C13H1503
toluene
[
U o) o)
I I Nah
CgHsCCHj + (CH3CH,0),PCH,CN 22 CutaN
) o)
I NaOCH,
CH3CH,CCH,CH,CO,CH,CHj CeHgO,
xylene
K o 0
[ [I
@/C—CHa + (CH3),S=CH, —  CgH,,0
) o o .
_~_CO,CyHs | | H
—= —= CyoH,NO
| + CH,=CCH=COC;Hs 10M7N-3
NS
N Il_i
(m) cHLO 1) (CHg);SICHOCHS
CH(OCHy), 18H2803
2) KH
CHg
CH,
M cH.co 0 o NaOH
3 2 ” C:12H1605
*  CHZCCH=CH,
o)

2.2. Indicate reaction conditions or a series of reactions that could effect each of

the following synthetic conversions:

OH

| b
CH,CO,C(CH;); — (CH,),CCH,CO,C(CHy), ®

THPO(CH,);CH=0—= THPO(CH,), CH,OH

1 1 CH
c Ph H 3
© CHOH @  Phc=0— %{CN
- Ph CO,C,H;
o) o
(e) o o ® O;‘jo . O‘_“jo
: : : : icozczH5

CH,OH
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C,,H
(9) :O:fo TBDPSO. ANy 1225
o

HsC,0,CCH,CH,CO,CoHs  —

@CCHB — CH,0 @CCH—CH CHy OQ—CH —= CHy o@

CH, H,C  CHSCH,CH,CH,CH,
e
CH, CH,

CH3~§ ; Z
CH, (:H3
CH2

(CH3)3CCC(CH3)3

(@
(CH,);CCC(CHZ); —

(s) H  CO,CH,
(CH,),CHCH=0 — H —
— H
(CHy),CH H
(u) (CH3)3SiO\@ Oj g
/
CH,
(w)
CH, H CH,

= — CH302Cﬁ)\
H CO,CH, CH,CO,C(CHy),

CH,

CH,

M ) CH,
™ HC=C 1 —
CH,CH,CCH, o

: 0o o 0
O | II II

Lo I
Ph—CCH,CCH; —= Ph—CCH,CCH,C OCH,

o

CH=CHCH=CH,

CH,0
) CH,
O=CH _
N CSCH CH3 CSCH CH3
H
o)
(CHg),CH ﬁ "T(CHy),CH ﬁ
CHOCH,
_ H H
CH=O0
M H H _ H
Ph = =
Ph Ph  PhH Ph
®
o
o= (OEm
W)
O Ph

PhCH=C(CO,CHy), — JL
(CHy),CS CH(CO,CH,),

(]

(CH3),CHCH,COH — (CHa)zCHYCOzH

CH,CH,CN

2.3. Step-by-step retrosynthetic analysis of each of the target molecules reveals that
they can be efficiently prepared in a few steps from the starting material shown
on the right. Do a retrosynthetic analysis and suggest reagents and reaction
conditions for carrying out the desired synthesis.

(a) CH,
()

CH, CH(CHj),
(e) CH CH
X = DX
ﬁCHZCHZ(f:CHZ CCH,

I
0

CH,

CH2=(|ZCH=CHCHCH2CHZCOZCH2CH3 = (CH,),CHCH,CH=0

o) CH(CH3)2 @[
©iﬂj (:CH3




9) o]
g o ) i
'\D = PhC=CHCH=0 => PhCCH,
|

, . CH
(i) @ o 3
CH3CH2ﬁCH=CHC02C2H5: CH,CH,CH,CH=0, = CH3NH,, CH,=CHCO,C,Hs
N
CH, CICH,CO,C,Hs CH,

= O=CH(CH,),CH=0

(k) OH () HC o
% X —0 =
CO,C,Hs H;C o

[
(CH),CHCH=0, CH, =CHCCHj

CH, Q) CHZCOZCH3 T ﬁ
C-CH NH2 ccH3 —  CICCH,CH,CCl,
@[ @ COZCHa CH ozé(:szco2
© cHs CHio
() CH;0,C CH,
_ CH;0,C CO,CH,
PhCH,N
CH,0,C
Hs CH3
(@ Q. COLH; CH, CH y
3,
= 7~ CO,C,Hs cH,0,C = p
CH,=CHCH; N Y 3z CH,COC(CHY; K™ CO,CH,
NHCO,CH,Ph
CO,CH,Ph Hs
(s)
HOLC_~ A CHaoO—CHzo
TN COH = b
CH OOCH 0
3 2 o ™ OH
2.4. Offer a mechanism for each of the following reactions:
(@ O
CO,CH, ﬁ NaH o
+ C,H5CCoH 3
@[ 275215 penzene
CO,CH, 5
(b) o—cH OH H
CHzp(OCH3)2 Ko_t_Bu O
t-BuOH

(CHS)SCO CH3 (CHS)SCO CH3

(c) o]
CHg NaOH CH,
CH3CH,C 0,CCH
I 2 3 MeOH -
(@] 3
(d) CH;OH 0
KOH, H,0

[
CH3CH,C —CCHs CH3CH,CHCH, + PhCCH
[ dioxane, 150°C |

Ph Ph Ph
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(e) O
+ CHyCH=CHCH=PPh; — CH,
® CH;0
CH,O CH,0
CH,0
+ H,C= CHCCH3
:
cH3
(@) ’>
'> NaOEt
H5C,0,C
i C0,C,Hs ©
(h) o
1) LDA, 0°C [l
CO,CH,CO,C,Hs CCHCO,C,Hs
2) H* I
OH
i CH
() o CH302C : 3 0
0
1) CsCO
COCHs  (CH,),co.Cc. A/ ) 3
+ CH; 2) H*, 80°C
o
0) |O
CH30.C /| co,CH,
Ph Il HO CO,CH
= 2 3
M Ncy—o T 2 CH30,CCH,CCH,CO,CHy o
CH30,C

2.5. Tetraacetic acid (or a biological equivalent) is suggested as an intermediate in
the biosynthesis of phenolic natural products. In the laboratory, it can be readily
converted to orsellinic acid. Suggest a mechanism for this reaction under the
conditions specified.

OH
[N
H 5.0
CHyCCH,CCH,CCH,COH P >%
tetraacetic acid CHs OH

CO,H orsellinic acid

2.6. a. A stereospecific method for deoxygenating epoxides to alkenes involves
reaction of the epoxide with the diphenylphosphide ion, followed by methyl
iodide. The method results in overall inversion of alkene stereochemistry.
Thus, cis-cyclooctene epoxide gives trans-cyclooctene. Propose a mechanism
for this reaction and discuss its relationship to the Wittig reaction.



b. Reaction of the epoxide of E-4-octene (trans-2,3-dipropyloxirane) with

2.7.a.

potassium trimethylsilanide gives Z-4-octene as the only alkene product in
93% yield. Suggest a reasonable mechanism for this reaction.

A fairly general method for ring closure has been developed that involves
vinyltriphenylphosphonium haldides as reactants. Indicate the mechanism of
this reaction, as applied to the two examples shown below. Suggest two other
types of rings that could be synthesized using vinyltriphenylphosphonium
salts.

o]
I NaH
CH4CCH,CH(CO,C,Hz), + CH,= CHP*Ph, /©<COZCZH5
CH;z CO,C,Hs
cH =? 4+ acetonitrile X
CH,=CHPPh, - .
O Na* o)

. Allylphosphonium salts were used as a synthon in the synthesis of cyclo-

hexadienes. Suggest an appropriate co-reactant and other reagents that would
be expected to lead to cyclohexadienes.

VAV P*Phg

. The product shown below is formed by the reaction of vinyltriphenylphos-

phonium bromide, the lithium enolate of cyclohexanone, and 1,3-diphenyl-
2-propen-1-one. Formulate a mechanism.

. The dimethoxy phosphonylmethylcylcopentenone shown below has been

used as a starting material for the synthesis of prostaglandin analogs such
as 7A. The reaction involves formation of the anion, reaction with an alkyl
halide, and a Wadsworth-Emmons reaction. What reactivity of the anion
makes this approach feasible?

(e} (e}
(CH5)gCO,CH4
(e}
T _ (CH3)4CH3
CH,P(OCH
2P(0CHs), o OTBDMS

. The reagent 7B has found use in the expeditious construction of more complex

molecules from simple starting materials. For example, the enolate of 3-
pentanone when treated first with 7B and then with benzaldehyde gives 7C
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as a 2:1 mixture of stereoisomers. Explain the mechanism by which this
reaction occurs.

(CO,C,Hs
CH,=C,
PO(OC,Hs),
7B
o
i ... PACH=0 _
CHACH,CCH,CH; 1) LDA, ~78°C CHACH,CCHCH,C=CHPh

CHz CO,CoHs

2) 7B 45 min
74%

7C

f. The reagent 7D converts enolates of aldehydes into cyclohexadienyl phospho-
nates 7E. Write a mechanism for this reaction. What alternative products

might have been observed?

ﬁ R
CH,=CHCH=CHP(OC,Hs), + R,C=CH — R
o
7D O=P(OC,Hs),
7E

2.8. Compounds 8A and 8B were key intermediates in an early total synthesis of
cholesterol. Rationalize their formation by the routes shown.

H

CHs 1) 1 equiv CHg
O _CHs  CHymgBr O CHs

HsC HaC
O CHy o “CH,
2) NaOH
07 o ) o 8A
CHs ,CH=0

CH,CH= 0O piperidine,
HsC acet|c acid HoC
CH,CH= o_.
in benzene
O

2.9. The first few steps in a synthesis of the alkaloid conessine produce 9B, starting
from 9A. Suggest a sequence of reactions for effecting this conversion.

CO,CHj
CHs
CHSKS:\LO _, CHs; O“ o
CH,0 CH0
9A 9B

2.10. A substance known as elastase is involved in various inflammatory diseases
such as arthritis, pulmonary emphysema, and pancreatitis. Elastase activity can
be inhibited by a compound known as elasnin, obtained from a microorganism.



A synthesis of elasnin has been reported that utilizes compound 10A as a key
intermediate. Suggest a synthesis of 10A from methyl hexanoate and hexanal.

HO O
N CO,CH,

Elasnin 10A

2.11. Treatment of compound 11A with LDA followed by cyclohexanone can give
either 11B or 11C. Compound 11B is formed when the aldehyde is added at
—78°C, whereas 11C is formed if the aldehyde is added at 0° C. Treatment of
11B with LDA at 0°C gives 11C. Explain these results.

HO CcN OH
CH,=CHCHCN |
[ CCH=CH, CH,CH=COCH,CH,0C,Hsg
OCH,CH,0C,Hs I |
11A 118 OCH,CH,0C;H5 11C CN

2.12. Dissect the following molecules into potential precursors by locating all bonds
that could be made by intramolecular aldol or conjugate addition reactions.
Suggest possible starting materials and conditions for performing the desired
reactions.

CH,
CH @ oy, ©
’ &/\)/ ! %3 R -t ° o%
CH
Z ¢ o :
- CO,CH,
CH, CH,
CH,

2.13. Mannich condensations permit one-step reactions to form the following
substances from substantially less complex starting materials. Identify a
potential starting material that would give rise to the product shown in a single
step under Mannich reaction conditions.

@) (b) ()

QZN%@
CO,CH I
o PhCH;OCH,CH,CH, St

CO,CH; o)

2.14. Indicate whether or not the aldol reactions shown below would be expected
to exhibit high stereoselectivity. Show the stereochemistry of the expected
product(s).
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208 (a) o 1) BuLi, -50°C
(enolate formation)

CHAPTER 2 PhgCCCH,CH,
2) PACH=0
Reaction.s" of Ca'rbon (b)
Zucieupﬁzlces with y I 1) (i-Pr),NC,Hs CH3CH,CH=O0
arbonyl Compounds CH3CH,CCHOTBDMS -
2) Bu,BOSO,CF,, —78°C
(R)
(©)
[l 1) LDA, THF, —=70°C
CHZCH,CCH,CH,4
2) CgHsCH=0
(d) OSi(CH,)s
KF
CgHsCH=0
® ﬁ 1) Bu,BOSO,CF; 2) PhCH=0
PhCCH,CH;
228 (i-Pr),NC,H;
® CH, —78°C
| 1) LDA, -70°C
CH3CH,C—COTMS
I 2) (CH3),CHCH=0
O CH,
(9) 1) Et3N (2 equiv)
TiCl, (2 equiv)
CH3CH,CH=0
2) PACH=0, -78°C
(h) o O=CH__ CHy
CHs CeHis  TiCl, ) oreDPS
TBDMSO iPrNEt2, —78°

2.15. Suggest transition structures that would account for the observed stereoselec-
tivity of the following reactions.

@) (o) le) OH

R3Si% 1) (c-C¢H11)2BCl Rssi\'/U\/LPh
o C,H5N(CHg), H

o o.__0O
K. 2)PhcH=0 _ _
CH3 CHs CH3 CHz  R3Si=(C,Hs),C(CH3)Si(CHy),
(b)
CHsCHCH,CH=0 CH,=CPh TiCl, Ph CHs Ph
+ | — 3 z
PhCH,0 oTMS PhCH,0 OH O  PhCH,0 OH O

major minor

2.16. Suggest starting materials and reaction conditions suitable for obtaining each
of the following compounds by a procedure involving conjugate addition.



(a) 4,4-dimethyl-5-nitropentan-2-one

(b) diethyl 2,3-diphenylglutarate

(c) ethyl 2-benzoyl-4-(2-pyridyl)butanoate
(d) 2-phenyl-3-oxocyclohexaneacetic acid

(e) o ® o
NCCH, CH,CH,CN 0
I

CH,CCH,

[
(@) CHSCH2C|ZHCH2CH2CCH3 (h)(CH3)ZCH(|:HCH2CH2COZCH2CH3

NO, CH=0
O o O g
CHCH,NO, PHCHCHCH,CCHs
CN
O "o cH=0 §
CH,CH,CCH;
HsC
O
6]

Co

2.17. In the synthesis of a macrolide 17A, known as latrunculin A, the intermediate
17B was assembled from components 17C, 17D, and 17E in a “one-pot” tandem
process. By a retrosynthetic analysis, show how the synthesis could occur and
identify a sequence of reactions and corresponding reagents.

209

o o
T™S
M A A~
o~ CH, 17C
e o] | W B NANE
CH, CHs 17D
’ = o
3 = ; ~ s = CH,
5 5 OTBDMS MOTBDMS
i o ™SO~ Y O=CH H
o o
O/\} 17A 17E N Yotms

latrunculin A

2.18. The tricyclic substance 18A and 18B are both potential synthetic intermediates
for synthesis of the biologically active diterpene forskolin. These intermediates
can be prepared from the monocyclic precursors shown. Indicate the nature of
the reactions involved in these transformations.
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_AP 20 o
0 JIN . s M
; o) o} CHs : CH
- CH3 : Q/\/Y
CH=0 0]
18A CH3; CHj3 188 CH3 CHj3

2.19. Account for the course of the following reactions:

a. Substituted acetophenones react with ethyl phenylpropynoate under basic
conditions to give pyrones. Formulate a mechanism for this reaction.

o)
R
I N
CCH,R + PhCCCO,C,Hs —> |

Ph® O° O

b. The reaction of simple ketones such as 2-butanone or 1-phenyl-2-propanone
with o, 3-unsaturated ketones gives cyclohexanone on heating with methanol
containing potassium methoxide. Indicate how the cyclohexanones could be
formed. Can more than one isomeric cyclohexanone be formed? Can you
suggest a means for distinguishing between possible cyclohexanones?

c. a-Benzolyloxyphenylacetonitrile reacts with acrylonitrile in the presence of
NaH to give 2-cyano-1,4-diphenylbutane-2,4-dione.

NaH
PhCHC=N + CH,=CHCN 2 Ph
| Ph |

PhCO,

d. Reaction of the lithium anion of 3-methoxy-2-methylcyclopentanone with
methyl acrylate gives the two products shown as an 82:18 mixture. Alkaline
hydrolysis of the mixture gives a single pure product. How is the minor
product formed and how is it converted to the hydrolysis product?

CH,0 CH,0 OCH,
1) LDA COZCH3 o
CH;, 2) CH,=CHCO,CH, COZCH3 )
o 2) H
ma]or minor
CH,0
CH3/@\/\COZH
o

2.20. Explain the stereochemical outcome of the following reactions.

a.

PhCH,0 CHs
OCH,Ph CH; OTMS Ticl, ?
TBDMSO + =

2 Ph
ML TBDMSO
CH=0 Ph 0

OH
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O
M OPMB

/>23\/ LDFA, THF then
z -90°C O=CH
V"opPwmB

PMB =p-methoxybenzyl

anti,anti

nne

c. The facial selectivity of 2-benzyloxy-3-pentanone toward typical alkyl,
alkenyl, and aryl aldehydes is reversed by a change of catalyst from TiCl, to

[(CH;),CHOI]TICl;.
o OH f o §H
H R [(CHi)z(:_HO]TiCI3 + RCH—0 TiCl, R
PhCH,0  CHg PhCH,0 PhCH,O CHj
anti,syn syn,syn

d. The boron enolates generated from ketones 20A and 20B give more than 95%
selectivity for the anti,anti diastereomer.

CHs;

PhCH,O
OR
o}

20A R=CH,
20B R =CH,Ph

1) (c-CgH41),BClI CH; OR
EtsN PhCH,0O H
CH,
2) CH3CH,CH=0
O OH

c.
CHs; /O CH, CN /o
CHaow cmo—%
CHs OTBDMS CH, OTBDMS
f.
o 0
E[§<COZCH3 + O Nech—o
“ih, CHz-\= Yoy

2.21. The camphor sultam derivative 21A was used in a synthesis of epothilone.
The stereoselectivity of the aldol addition was examined with several different
aldehydes. Discuss the factors that lead to the variable stereoselectivity in the

three cases shown.
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CHy  CH, 1 %

N
e Y

= o
O oTBS
21A
2.5eqTiCl, Ph
PhCH=O0O
3.0 eq BuzN
CH,

\/\)\ 1.1eqTiCl,
CH
4 CH=0

- 1.1 eqiPr,NEt

CH, 2.2 eqTiCl,
R 2.5 eqiPr,NEt
(CHCOCCH ) CH=0 (CH3);CO,C(CH,); H
HO O otBS
84% yield
ds>20:1

2.22. The facial selectivity of the aldehydes 22A and 22B is dependent on both the
configuration at the (3-center and the nature of the enolate as indicated by the
data below. Consider possible transition structures for these reactions and offer
a rationale for the observed facial selectivity.

TBDMS(E) ORA o) TBDMSO OR4 OH O

; CH=0 )J\

TBDPSO + CH TCHCHY, ™™ tphpsn 1 Y CH(CHy),
20p s CHz €M CH, CH, CHy
enolate R* 3,4-syn:anti ratio enolate R4 3,4-syn:anti ratio
Li MOM 973 Li TES 66:34
TiCl, MOM 84:16 TiCl, TES 60:40
Bu,B MOM 63:38 Bu,B TES <5:95
(CsHyy)B MOM 52:48 (CsHyy)B  TES 14:86
TBDPSO™ he éCH=? CH3*CH(CH3)2 " TBDPSO Y N H CH(CH,),
228 CHy CH, CH CH,; CH, CH,
enolate R* 3,4-syn:anti ratio enolate R* 3,4-syn:anti ratio
Li MOM 15:85 Li TES 7:93
Ticl, MOM 62:38 Ticl, TES 27:73
Bu,B MOM 81:39 Bu,B TES 45:55
(CsH1)B mom 50:50 (CsHi)oB  TES 52:48

2.23. Predict the stereochemical outcome of the following aldol addition reactions
involving chiral auxiliaries.
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Ph
o

CH=O0

\ \/CH3 1) n-Bu,BO5SCF @\ PROBLEMS

0. N_ _CyHg

T
o O
o

2) (CoHs)sN

(b)

) JK/CHg 1) n-Bu,BO3SCF; O=CH(CH,),OCH,Ph
o "N

\_< 2) (CzHg)sN

CH(CH,),
(©) _
o O—CH\:/(:H3
PhSOZNH\:/\OJ]\/CHg TiCl, (S) OCH,Ph
CH,Ph iPrNEt2, —78°
@ i 0 OTBDPS
_ : Sn(OTf)
+ O=CH 2
s NJ\CH3 "
\_QCH(CHQ,)Z (_)CHZOCHS N-ethylpiperidine
®© o o CHs Sn(OTH),
+
S RS NN
0" "N CH, CHPh gy
Ph CH,4

® CH;s

o o
O)J\NJ\/CH3 + O=CH)VCH3

CH(CHs3),

(n-Bu),BOTf

EtzN

(@)

9 CH Ticl,
o)I\NJ\/CHe, 3

CH

3
*o=cH (-)-sparteine
CH,Ph
(h)
(0] (0] (e}
Pt I )
o N cH t )\/CH3
CHg O=CH i-PraNEt
CH,Ph

2.24. Suggest an enantioselective synthetic route to the antidepression drug rolipram

from the suggested reactant.
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CHAPTER 2 \\\@( /O from /@( /O
\ —_—
Reactions of Carbon o H02CCH—CH O
Nucleophiles with e
Carbonyl C d. N ' ) )
e Ill R enantiomer of the antidepressant drug Rolipram

2.25. Figure 2.P25 shows the calculated [B3LYP/6-31G(d, p)] reaction energy profile
for the aldol addition of benzaldehyde and cyclohexanone catalyzed by alanine.
The best TSs leading to (S,R); (R,S); (S,S); and (R,R) products are given. What
factors favor the observed (R,S) product?

[ 14.0
AE
/kcal mol™ Ph
0 1.8 1.9
Reaction coordinate
Me Me Me Me

:O H\ >\;O

N H< >\
. . R
O OH. lph _o--'.\'!.H.'O Bh OHWI OH
S %

9....135 IO~ X
i e gon
AE=3.2 kcal mol™ o °

AE=2.0 kcal mol™ AE=5.2 kcal mol™

Fig. 2.P25. Top: Reaction energy profile for alanine-catalyzed aldol reaction of
benzaldehyde and cyclohexanone. Bottom: Diastereomeric transition structures. Repro-
duced from Angew. Chem. Int. Ed. Engl., 44, 7028 (2005), by permission of Wiley-VCH
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Introduction

Chapters 1 and 2 dealt with formation of new carbon-carbon bonds by reactions in
which one carbon acts as the nucleophile and another as the electrophile. In this
chapter we turn our attention to noncarbon nucleophiles. Nucleophilic substitution is
used in a variety of interconversions of functional groups. We discuss substitution
at both sp* carbon and carbonyl groups. Substitution at saturated carbon usually
involves the S,2 mechanism, whereas substitution at carbonyl groups usually occurs
by addition-elimination.

Substitution at saturated carbons
|
R—(|3—X +  Num ——— Nu—C—R +  x-

Substitution at carbonyl groups

o-
I ~ | [ _
C + Nu R—C—X + X
/7N I /N
R X Nu R Nu

The mechanistic aspects of nucleophilic substitutions at saturated carbon and carbonyl
centers were considered in Part A, Chapters 4 and 7, respectively. In this chapter we
discuss some of the important synthetic transformations that involve these types of
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reactions. Section 3.1 considers conversion of alcohols to reactive alkylating agents and
Section 3.2 discusses the use of S, 2 reactions for various functional group transfor-
mations. Substitution reactions can also be used to break bonds for synthetic purposes,
and Section 3.3 deals with cleavage of C—O bonds in ethers and esters by Sy2 and Sy 1
reactions. The carbonyl substitution reactions that interconvert the acyl halides, acid
anhydrides, esters, and carboxamides are discussed in Section 3.4. Often, manipulation
of protecting groups also involves nucleophilic substitution and carbonyl exchange
reactions. We discuss protection and deprotection of the most common functional
groups in Section 3.5.

3.1. Conversion of Alcohols to Alkylating Agents

3.1.1. Sulfonate Esters

Alcohols are a very important compounds for synthesis. However, because the
hydroxide ion is a very poor leaving group, alcohols are not reactive as alkylating
agents. They can be activated to substitution by O-protonation, but the acidity that
is required is incompatible with most nucleophiles except those, such as the halides,
that are anions of strong acids. The preparation of sulfonate esters from alcohols
is an effective way of installing a reactive leaving group on an alkyl chain. The
reaction is very general and complications arise only if the resulting sulfonate ester is
sufficiently reactive to require special precautions. p-Toluenesulfonate (tosylate) and
methanesulfonate (mesylate) esters are used most frequently for preparative work, but
the very reactive trifluoromethanesulfonates (triflates) are useful when an especially
good leaving group is required. The usual method for introducing tosyl or mesyl groups
is to allow the alcohol to react with the sulfonyl chloride in pyridine at 0°-25°C.! An
alternative method is to convert the alcohol to a lithium salt, which is then allowed to
react with the sulfonyl chloride.?

ROLi + CISO, O CHy —~ ROSO, @—CHg

Trifluoromethanesulfonates of alkyl and allylic alcohols can be prepared by reaction
with trifluoromethanesulfonic anhydride in halogenated solvents in the presence of
pyridine.? Since the preparation of sulfonate esters does not disturb the C—O bond,
problems of rearrangement or racemization do not arise in the ester formation step.
However, sensitive sulfonate esters, such as allylic systems, may be subject to
reversible ionization reactions, so appropriate precautions must be taken to ensure
structural and stereochemical integrity. Tertiary alkyl sulfonates are neither as easily
prepared nor as stable as those from primary and secondary alcohols. Under the
standard preparative conditions, tertiary alcohols are likely to be converted to the
corresponding alkene.

I R. S. Tipson, J. Org. Chem., 9, 235 (1944); G. W. Kabalka, M. Varma, R. S. Varma, P. C. Srivastava,
and F. F. Knapp, Jr., J. Org. Chem., 51, 2386 (1986).

2 H. C. Brown, R. Bernheimer, C. J. Kim, and S. E. Scheppele, J. Am. Chem. Soc., 89, 370 (1967).

3 C. D. Beard, K. Baum, and V. Grakauskas, J. Org. Chem., 38, 3673 (1973).



3.1.2. Halides

The prominent role of alkyl halides in the formation of carbon-carbon bonds
by enolate alkylation was evident in Chapter 1. The most common precursors for
alkyl halides are the corresponding alcohols and a variety of procedures have been
developed for this transformation. The choice of an appropriate reagent is usually
dictated by the sensitivity of the alcohol and any other functional groups present in
the molecule. In some cases, the hydrogen halides can be used. Unsubstituted primary
alcohols can be converted to bromides with hot concentrated hydrobromic acid.* Alkyl
chlorides can be prepared by reaction of primary alcohols with hydrochloric acid-
zinc chloride.> Owing to the harsh conditions, these procedures are only applicable
to very acid-stable molecules. These reactions proceed by the S,2 mechanism and
elimination, and rearrangements are not a problem for primary alcohols. Reactions
of hydrogen halides with tertiary alcohols proceed by the S, 1 mechanism, so these
reactions are preparatively useful only when the carbocation intermediate is unlikely
to give rise to rearranged product.® In general, these methods are suitable only for
simple, unfunctionalized alcohols.

Another general method for converting alcohols to halides involves reactions
with halides of certain nonmetallic elements. Thionyl chloride, phosphorus trichloride,
and phosphorus tribromide are the most common examples of this group of reagents.
These reagents are suitable for alcohols that are neither acid sensitive nor prone to
structural rearrangement. The reaction of alcohols with thionyl chloride initially results
in the formation of a chlorosulfite ester. There are two mechanisms by which the
chlorosulfite can be converted to a chloride. In aprotic nucleophilic solvents, such as
dioxane, solvent participation can lead to overall retention of configuration.’

0
ROH + SOCl, — ROSCI + HCI

/ \ + / \
Q O + ROSCI —= g OR +SO, +C- —=R<Cl +0 O
S/ __/ /

In the absence of solvent participation, chloride attack on the chlorosulfite ester leads
to product with inversion of configuration.

O

I
ROH + SOCl, — ROSCI + HCI
o}

~
CIm R<OS-Cl — R-Cl+ SO, + ClI

Primary and secondary alcohols are rapidly converted to chlorides by a 1:1 mixture of
SOCI, and benzotriazole in an inert solvent such as CH,Cl,.?

4 E. E. Reid, J. R. Ruhoff, and R. E. Burnett, Org. Synth., I, 246 (1943).

3 J. E. Copenhaver and A. M. Wharley, Org. Synth., I, 142 (1941).

6 J. F. Norris and A. W. Olmsted, Org. Synth., I, 144 (1941); H. C. Brown and M. H. Rei, J. Org. Chem.,
31, 1090 (1966).

7 E. S. Lewis and C. E. Boozer, J. Am. Chem. Soc., 74, 308 (1952).

8- S.S. Chaudhari and K. G. Akamanchi, Synlett, 1763 (1999).
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|
<:>—0H + SOCl, H QCI

92%

This reagent combination also converts carboxylic acids to acyl chlorides (see
Section 3.4.1). The mechanistic basis for the special effectiveness of benzotriazole has
not yet been determined, but it seems likely that nucleophilic catalysis is involved.
Sulfinyl ester intermediates may be involved, because Z-2-butene-1,4-diol gives a
cyclic sulfite ester with one equivalent of reagent but the dichloride with two equivalents.

o G H 1.2 equiv /~\ | =\
\S/ -

2.5 equiv
. HOCH, CH,0H —H_ 2»¢€q CICH CH,CI
I SOCI, 1.2 equiv 2 2 SOCl, 2.5 equiv 2 2
0

Reaction with the hindered secondary alcohol menthol stops at the dialkyl sulfite ester.
The examples reported do not establish the stereochemistry of the reaction.

The mechanism for the reactions of alcohols with phosphorus halides can be illus-
trated using phosphorus tribromide. Initial reaction between the alcohol and phosphorus
tribromide leads to a trialkyl phosphite ester by successive displacements of bromide.
The reaction stops at this stage if it is run in the presence of an amine, which neutralizes
the hydrogen bromide that is formed.” If the hydrogen bromide is not neutralized,
the phosphite ester is protonated and each alkyl group is converted to the halide by
nucleophilic substitution by bromide ion. The driving force for cleavage of the C—O
bond is the formation of a strong phosphoryl double bond.

ROH + PBry —~ (RO)3P + 3 HBr
(RO);P + HBr —~ RBr + 0=P(OR),
A
OH
O=P(OR), + HBr —= RBr + O=I|30R
} }
OH H
O=I|T—OR + HBr —= RBr + o=F|>(0H)2
H

As C—Br bond formation occurs by back-side attack, inversion of the configu-
ration at carbon is anticipated. However, both racemization and rearrangement are
observed as competing processes.'” For example, conversion of 2-butanol to 2-
butyl bromide with PBr; is accompanied by 10-13% racemization and a small

- A. H. Ford-Moore and B. J. Perry, Org. Synth., IV, 955 (1963).
10- H. R. Hudson, Synthesis, 112 (1969).



amount of ¢-butyl bromide is also formed.!! The extent of rearrangement increases
with increasing chain length and branching.

PB

CH3CH2C|:HCH2CH3 ?? CH3CH2C|:HCHZCH3 + CH3CH2CH2(|3HCH3

ether
OH Br Br

85-90% 10-15%

Ref. 12

PB
(CH53)3;CCH,0OH quiTorIiS;e (CH3)3CCH,Br + (CH3)2(|3CH2CH3 + CH3C|§HCH(CH3)2

Br Br
63% 26% 11%

Ref. 13

Owing to the acidic conditions, these methods are limited to acid-stable molecules.
Milder reagents are necessary for many functionally substituted alcohols. A very
general and important method for activating alcohols toward nucleophiles is by
converting them to alkoxyphosphonium ions.'* The trivalent phosphorus reagents are
activated by reaction with a halogen or related electrophile, and the alkoxyphos-
phonium ions are very reactive toward nucleophilic attack, with the driving force for
substitution being formation of the strong phosphoryl bond.

E
%
RsP"+E—Y — R’3P\ — R%SP*—E + Y-
Y
R'3P*—E + ROH—R’3P"—OR + HE

R3P"—OR + Nu™ — R;P=0 + R—Nu

A variety of reagents can function as the electrophile E* in the general mechanism. The
most useful synthetic procedures for preparation of halides are based on the halogens,
positive halogens sources, and diethyl azodicarboxylate. A 1:1 adduct formed from
triphenylphosphine and bromine converts alcohols to bromides.'> The alcohol displaces
bromide ion from the pentavalent adduct, giving an alkoxyphosphonium intermediate.
The phosphonium ion intermediate then undergoes nucleophilic attack by bromide ion,
forming triphenylphosphine oxide.

PPh3 + BI’2 — Br2PPh3
Br,PPh; + ROH —= ROP*Ph;Br + HBr
Br + ROP*Ph;—= RBr + PhsP=0

The alkoxy phosphonium intermediate is formed by a reaction that does not break the
C—O0 bond and the second step proceeds by back-side displacement on carbon, so the
stereochemistry of the overall process is inversion.

'''D. G. Goodwin and H. R. Hudson, J. Chem. Soc. B, 1333 (1968); E. J. Coulson, W. Gerrard, and
H. R. Hudson, J. Chem. Soc., 2364 (1965).

Cason and J. S. Correia, J. Org. Chem., 26, 3645 (1961).

R. Hudson, J. Chem. Soc., 664 (1968).

P. Castro, Org. React., 29, 1 (1983).

A. Wiley, R. L. Hershkowitz, B. M. Rein, and B. C. Chung, J. Am. Chem. Soc., 86, 964 (1964).

12. 1.
13. H.
14. B.
15. G
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HyC GeHiz HaC GeMur

H,C Br,, PhgP HsC

o

HO Br® Ref. 16

2,4,4,6-Tetrabromocyclohexa-2,5-dienone is also a useful bromine source.

PhsP
OEOYCMHZS 8 T O@\{CHHZS

OH Br (0] r
Br

Wi

Br Ref. 17

Triphenylphosphine dichloride exhibits similar reactivity and can be used to
prepare chlorides.'® The most convenient methods for converting alcohols to chlorides
are based on in situ generation of chlorophosphonium ions!® by reaction of tri-
phenylphosphine with various chlorine compounds such as carbon tetrachloride® or
hexachloroacetone.?! These reactions involve formation of chlorophosphonium ions.

PhsP + CCl, — PhsP*—Cl + ~CCl,
o) o)

| |
PhgP + ClsCCCCl; —= PhgP*—Cl + ~CCI,CCCly

The chlorophosphonium ion then reacts with the alcohol to give an alkoxyphosphonium
ion that is converted to the chloride.

PhsP*—cl + ROH ——= PhP"—OR + HCI
PhP"—OR + CIF ———= PhsP=0 + R—Cl

Several modifications of procedures based on halophosphonium ion have been
developed. Triphenylphosphine and imidazole in combination with iodine or bromine
gives good conversion of alcohols to iodides or bromides.?> An even more reactive
system consists of chlorodiphenylphosphine, imidazole, and the halogen,? and has the
further advantage that the resulting phosphorus by-product diphenylphosphinic acid,
can be extracted with base during product workup.

N Il
Ph,PCl + H—N + 1, + ROH — Rl + PhyPH

=/

A very mild procedure for converting alcohols to iodides uses triphenylphos-
phine, diethyl azodicarboxylate (DEAD), and methyl iodide.?* This reaction occurs

16-D. Levy and R. Stevenson, J. Org. Chem., 30, 2635 (1965).

17 A. Tanaka and T. Oritani, Tetrahedron Lett., 38, 1955 (1997).

18- L. Horner, H. Oediger, and H. Hoffmann, Justus Liebigs Ann. Chem., 626, 26 (1959).

19- R. Appel, Angew. Chem. Int. Ed. Engl., 14, 801 (1975).

20- 7. B. Lee and T. J. Nolan, Can. J. Chem., 44, 1331 (1966).

2I- R. M. Magid, O. S. Fruchey, W. L. Johnson, and T. G. Allen, J. Org. Chem., 44, 359 (1979).

2. p.J. Garegg, R. Johansson, C. Ortega, and B. Samuelsson, J. Chem. Soc., Perkin Trans., 1, 681 (1982).
23- B. Classon, Z. Liu, and B. Samuelsson, J. Org. Chem., 53, 6126 (1988).

24 0. Mitsunobu, Synthesis, 1 (1981).



with clean inversion of stereochemistry.?

alkoxyphosphonium ion.

The key intermediate is again an

PhsP + ROH + C,Hs0,CN=NCO,C,Hs — PhyPOR + C,HsO0,CNNHCO,C,Hs
C,HsO,CNNHCO,C,Hg + CHgl —= c2H502chn\1Hcozc2H5 + -

CH,
PhgP*OR + I© —= RI + PhyP=0

The role of the DEAD is to activate the triphenylphosphine toward nucleophilic attack
by the alcohol. In the course of the reaction the N=N double bond is reduced. As
is discussed later, this method is applicable for activation of alcohols to substitution
by other nucleophiles in addition to halide ions. The activation of alcohols to nucle-
ophilic attack by the triphenylphosphine-DEAD combination is called the Mitsunobu
reaction.*®

A very mild method that is useful for compounds that are prone to allylic
rearrangement involves prior conversion of the alcohol to the tosylate, followed by
nucleophilic displacement with halide ion.

CH3CH,CH CH3CH,CH
A 1)CH80,cl o o R
/C=CHCH20H o LiCL. DME C=CHCH,CI
CH3CH,CH, ) ticl, CH3CH,CH,

83% Ref. 27

Another very mild procedure involves reaction of the alcohol with the heterocyclic
2-chloro-3-ethylbenzoxazolium cation.”® The alcohol adds to the electrophilic hetero-
cyclic ring, displacing chloride. The alkoxy group is thereby activated toward a
nucleophilic substitution that forms a stable product, 3-ethylbenzoxazolinone.

CoHs CoHg CaHs

4l . |
N N N
S—Cl + ROH — Y—OR + CF — =0 + RCl
o o o

The reaction can be used for making either chlorides or bromides by using the appro-
priate tetraalkylammonium salt as a halide source.

Scheme 3.1 gives some examples of the various alcohol to halide conversions that
have been discussed. Entries 1 and 2 are examples of synthesis of primary bromides
using PBr;. Entry 3 is an example of synthesis of a chloride using Ph;P—Cl,. The
reactant, neopentyl alcohol, is often resistant to nucleophilic substitution and prone
to rearrangement, but reacts well under these conditions. Entries 4 and 5 illustrate
the use of halogenated solvents as chlorine sources in Ph;P-mediated reactions. The
reactions in Entries 6 and 7 involve synthesis of bromides by nucleophilic substitution
on tosylates. The reactant in Entry 7 is prone to rearrangement via ring expansion,

23 H. Loibner and E. Zbiral, Helv. Chim. Acta, 59, 2100 (1976).

6. D. L. Hughes, Org. React., 42, 335 (1992).

27 E. W. Collington and A. I. Meyers, J. Org. Chem., 36, 3044 (1971).

8. T. Mukaiyama, S. Shoda, and Y. Watanabe, Chem. Lett., 383 (1977); T. Mukaiyama, Angew. Chem.
Int. Ed. Engl., 18, 707 (1979).
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Scheme 3.1. Preparation of Alkyl Halides
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. R. Noller and R. Dinsomore, Org. Synth., II, 358 (1943).

. H. Smith, Org. Synth., III, 793 (1955).

. A. Wiley, R. L. Hershkowitz, B. M. Rein, and B. C. Chung, J. Am. Chem. Soc., 86, 964 (1964).
. B. MacKenzie, M. M. Angelo, and J. Wolinsky, J. Org. Chem., 44, 4042 (1979).

. M. Magid, O. S. Fruchy, W. L. Johnson, and T. G. Allen, J. Org. Chem., 44, 359 (1979).
. E. H. Howden, A. Maerker, J. Burdon, and J. D. Roberts, J. Am. Chem. Soc., 88, 1732 (1966).
. B. Wiberg and B. R. Lowry, J. Am. Chem. Soc., 85, 3188 (1963).

. Mukaiyama, S. Shoda, and Y. Watanabe, Chem. Lett., 383 (1977).

. A. R. Hall, V. C. Stephens, and J. H. Burkhalter, Org. Synth., IV, 333 (1963).

. Loibner and E. Zviral, Helv. Chim. Acta, 59, 2100 (1976).

. P. Schaefer, J. G. Higgins, and P. K. Shenoy, Org. Synth., V, 249 (1973).

. G. Linde II, M. Egbertson, R. S. Coleman, A. B. Jones, and S. J. Danishefsky, J. Org. Chem., 55, 2771 (1990).

R R Y =S
W“‘ET‘HWZ%UOK_‘O

but no rearrangement was observed under these conditions. Entry 8 illustrates the
use of a chlorobenzoxazolium cation for conversion of a secondary alcohol to a
chloride. This reaction was shown to proceed with inversion of configuration. Entry 9
involves conversion of a primary alcohol to a chloride using SOC],. In this particular
example, the tertiary amino group captures the HCI that is formed by the reaction of
the alcohol with SOCI,. There is also some suggestion from the procedure that much
of the reaction proceeds through a chlorosulfite intermediate. After the reactants are
mixed (exothermic reaction), the material is heated in ethanol, during which time gas
evolution occurs. This suggests that much of the chlorosulfite ester survives until the
heating stage.

o]
socl, I heat

(CH3),NCH,CH,0H (CH3)ZIII+CHZCHZOSCI

(CH3)2l|\l+CHZCH2CI + SO,
H H

Entry 10 illustrates the application of the Mitsunobu reaction to synthesis of a steroidal
iodide and demonstrates that inversion occurs. Entry 11 shows the use of the isolated
Ph,;P-Br, complex. The reaction in Entry 12 involves the preparation of a primary
iodide using the Ph;P-I,-imidazole reagent combination.

3.2. Introduction of Functional Groups by Nucleophilic Substitution
at Saturated Carbon

The mechanistic aspects of nucleophilic substitution reactions were treated in
detail in Chapter 4 of Part A. That mechanistic understanding has contributed to the
development of nucleophilic substitution reactions as important synthetic processes.
Owing to its stereospecificity and avoidance of carbocation intermediates, the S,2
mechanism is advantageous from a synthetic point of view. In this section we discuss
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the role of S,2 reactions in the preparation of several classes of compounds. First,
however, it is desirable to review the important role that solvent plays in S,2
reactions. The knowledgeable manipulation of solvent and related medium effects has
led to significant improvement of many synthetic procedures that proceed by the S,2
mechanism.

3.2.1. General Solvent Effects

The objective in selecting the reaction conditions for a preparative nucleophilic
substitution is to enhance the mutual reactivity of the leaving group and nucleophile so
that the desired substitution occurs at a convenient rate and with minimal competition
from other possible reactions. The generalized order of leaving-group reactivity
RSO; ~I" > Br™ > CI™ pertains for most S, 2 processes. (See Section 4.2.3 of Part A
for more complete data.) Mesylates, tosylates, iodides, and bromides are all widely
used in synthesis. Chlorides usually react rather slowly, except in especially reactive
systems, such as allyl and benzyl.

The overall synthetic objective normally governs the choice of the nucle-
ophile. Optimization of reactivity therefore must be achieved by selection of the
reaction conditions, particularly the solvent. Several generalizations about solvents
can be made. Hydrocarbons, halogenated hydrocarbons, and ethers are usually
unsuitable solvents for reactions involving ionic metal salts. Acetone and acetoni-
trile are somewhat more polar, but the solubility of most ionic compounds in these
solvents is low. Solubility can be considerably improved by use of salts of cations
having substantial hydrophobic character, such as those containing tetraalkylam-
monium ions. Alcohols are reasonably good solvents for salts, but the nucleophilicity
of hard anions is relatively low in alcohols because of extensive solvation. The
polar aprotic solvents, particularly dimethylformamide (DMF) and dimethylsulfoxide
(DMSO), are good solvents for salts and, by virtue of selective cation solvation,
anions usually show enhanced nucleophilicity in these solvents. Hexamethylphos-
phoric triamide (HMPA), N, N-dimethylacetamide, and N-methylpyrrolidinone are
other examples of polar aprotic solvents.?? The high water solubility of these solvents
and their high boiling points can sometimes cause problems in product separation
and purification. Furthermore, HMPA is toxic. In addition to enhancing reactivity,
polar aprotic solvents also affect the order of reactivity of nucleophilic anions. In
DMF the halides are all of comparable nucleophilicity,® whereas in hydroxylic
solvents the order is I~ > Br~ > CI” and the differences in reactivity are much
greater.’!

There are two other approaches to enhancing reactivity in nucleophilic substitu-
tions by exploiting solvation effects on reactivity: the use of crown ethers as catalysts
and the utilization of phase transfer conditions. The crown ethers are a family of cyclic
polyethers, three examples of which are shown below.

2. A. F. Sowinski and G. M. Whitesides, J. Org. Chem., 44, 2369 (1979).
30 W. M. Weaver and J. D. Hutchinson, J. Am. Chem. Soc., 86, 261 (1964).
31 R. G. Pearson and J. Songstad, J. Org. Chem., 32, 2899 (1967).
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15-crown-5 18-crown-6 dicyclohexano-18-crown-6

The first number designates the ring size and the second the number of oxygen atoms
in the ring. By complexing the cation in the cavity of the crown ether, these compounds
can solubilize salts in nonpolar solvents. In solution, the anions are more reactive as
nucleophiles because they are weakly solvated. Tight ion pairing is also precluded by
the complexation of the cation by the nonpolar crown ether. As a result, nucleophilicity
approaches or exceeds that observed in aprotic polar solvents,*? but the crown ethers
do present some hazards. They are toxic and also have the potential to transport toxic
anions, such as cyanide, through the skin.

Another method of accelerating nucleophilic substitution is to use phase transfer
catalysts,* which are ionic substances, usually quaternary ammonium or phosphonium
salts, in which the hydrocarbon groups in the cation are large enough to convey
good solubility in nonpolar solvents. In other words, the cations are highly lipophilic.
Phase transfer catalysis usually is done in a two-phase system. The reagent is
dissolved in a water-insoluble solvent such as a hydrocarbon or halogenated hydro-
carbon. The salt of the nucleophile is dissolved in water. Even with vigorous
mixing, such systems show little tendency to react, because the nucleophile and
reactant remain separated in the water and organic phases, respectively. When a
phase transfer catalyst is added, the lipophilic cations are transferred to the nonpolar
phase and anions are attracted from the water to the organic phase to maintain
electrical neutrality. The anions are weakly solvated in the organic phase and therefore
exhibit enhanced nucleophilicity. As a result, the substitution reactions proceed
under relatively mild conditions. The salts of the nucleophile are often used in
high concentration in the aqueous solution and in some procedures the solid salts
are used.

3.2.2. Nitriles

The replacement of a halide or sulfonate by cyanide ion, extending the carbon
chain by one atom and providing an entry to carboxylic acid derivatives, has been
a reaction of synthetic importance since the early days of organic chemistry. The
classical conditions for preparing nitriles involve heating a halide with a cyanide salt
in aqueous alcohol solution.

32. M. Hiraoka, Crown Compounds: Their Characteristics and Application, Elsevier, Amsterdam, 1982.

3. E. V. Dehmlow and S. S. Dehmlow, Phase Transfer Catalysis, 3rd Edition, Verlag Chemie, Weinheim
1992; W. P. Weber and G. W. Gokel, Phase Transfer Catalysis in Organic Synthesis, Springer Verlag,
New York, 1977; C. M. Stark, C. Liotta, and M. Halpern, Phase Transfer Catalysis: Fundamentals,
Applications and Industrial Perspective, Chapman and Hall, New York, 1994.
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H,O, C,Hs0H
@CHZCI + NaCN @CHZCN
reflux 4h

—909
80-90% Ref. 34

H,0, C,HsOH
CICH,CH,CH,Br + KCN

CICH,CH,CH,CN
reflux 1.5h

— 0,
40-50% Ref. 35

These reactions proceed more rapidly in polar aprotic solvents. In DMSO, for example,
primary alkyl chlorides are converted to nitriles in 1 h or less at temperatures of
120°-140°C.*® Phase transfer catalysis by hexadecyltributylphosphonium bromide
permits conversion of 1-chlorooctane to octyl cyanide in 95% yield in 2h at 105° C.%’

NaCN

DMSO
CH3CH,CH,CH,CN

90-160°C 93%

NaCN
H,0, decane

C16H33P"(C4Ho)s
105°C, 2h

CH3CH,CH,CH,CI

CH3(CH,)sCH,Cl CHg(CH,)(CH,CN

95%

Catalysis by 18-crown-6 of the reaction of solid potassium cyanide with a variety
of chlorides and bromides has been demonstrated.*® With primary bromides, yields are
high and reaction times are 15-30h at reflux in acetonitrile (83° C). Interestingly, the
chlorides are more reactive and require reaction times of only about 2h. Secondary
halides react more slowly and yields drop because of competing elimination. Tertiary
halides do not react satisfactorily because elimination dominates.

3.2.3. Oxygen Nucleophiles

The oxygen nucleophiles that are of primary interest in synthesis are the hydroxide
ion (or water), alkoxide ions, and carboxylate anions, which lead, respectively, to
alcohols, ethers, and esters. Since each of these nucleophiles can also act as a base,
reaction conditions are selected to favor substitution over elimination. Usually, a given
alcohol is more easily obtained than the corresponding halide so the halide-to-alcohol
transformation is not used extensively for synthesis. The hydrolysis of benzyl halides
to the corresponding alcohols proceeds in good yield. This can be a useful synthetic
transformation because benzyl halides are available either by side chain halogenation
or by the chloromethylation reaction (Section 11.1.3).

3 R. Adams and A. F. Thal, Org. Synth., I, 101 (1932).

3. C.F. H. Allen, Org. Synth., 1, 150 (1932).

3. . Friedman and H. Shechter, J. Org. Chem., 25, 877 (1960); R. A. Smiley and C. Arnold, J. Org.
Chem., 25, 257 (1960).

3. C. M. Starks, J. Am. Chem. Soc., 93, 195 (1971); C. M. Starks and R. M. Owens, J. Am. Chem. Soc.,
95, 3613 (1973).

38 F. L. Cook, C. W. Bowers, and C. L. Liotta, J. Org. Chem., 39, 3416 (1974).
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NC OCHZCI NC CHZOH
H,0,100°C

2.5h 85% Ref. 39

Ether formation from alkoxides and alkylating reagents is a reaction of wide
synthetic importance. The conversion of phenols to methoxyaromatics, for example,
is a very common reaction. Methyl iodide, methyl tosylate, or dimethyl sulfate can
be used as the alkylating agents. The reaction proceeds in the presence of a weak
base, such as Na,CO; or K,CO;, which deprotonates the phenol. The conjugate bases
of alcohols are considerably more basic than phenoxides, so (3-elimination can be a
problem. Phase transfer conditions can be used in troublesome cases.*’ Fortunately,
the most useful and commonly encountered ethers are methyl and benzyl ethers, where
elimination is not a problem and the corresponding halides are especially reactive
toward substitution.

Two methods for converting carboxylic acids to esters fall into the mecha-
nistic group under discussion: the reaction of carboxylic acids with diazo compounds,
especially diazomethane and alkylation of carboxylate anions by halides or sulfonates.
The esterification of carboxylic acids with diazomethane is a very fast and clean
reaction.*! The alkylating agent is the extremely reactive methyldiazonium ion, which
is generated by proton transfer from the carboxylic acid to diazomethane. The collapse
of the resulting ion pair with loss of nitrogen is extremely rapid.

.
RCO,H + CH,N, — [RCO, +CHgN,] —= RCO,CH; + N,

The main drawback to this reaction is the toxicity of diazomethane and some
of its precursors. Diazomethane is also potentially explosive. Trimethylsilyldia-
zomethane is an alternative reagent,*> which is safer and frequently used in prepa-
ration of methyl esters from carboxylic acids.*® Trimethylsilyldiazomethane also
O-methylates alcohols.** The latter reactions occur in the presence of fluoroboric acid
in dichloromethane.

Especially for large-scale work, esters may be more safely and efficiently prepared
by reaction of carboxylate salts with alkyl halides or tosylates. Carboxylate anions
are not very reactive nucleophiles so the best results are obtained in polar aprotic
solvents® or with crown ether catalysts.*® The reactivity order for carboxylate salts is
Na® < K* < Rb" < Cs™. Cesium carboxylates are especially useful in polar aprotic
solvents. The enhanced reactivity of the cesium salts is due to both high solubility
and minimal ion pairing with the anion.*’ Acetone is a good solvent for reaction of
carboxylate anions with alkyl iodides.*® Cesium fluoride in DMF is another useful

- J.N. Ashley, H. J. Barber, A. J. Ewins, G. Newbery, and A. D. Self, J. Chem. Soc., 103 (1942).

40- F. Lopez-Calahorra, B. Ballart, F. Hombrados, and J. Marti, Synth. Commun., 28, 795 (1998).

41 T. H. Black, Aldrichimia Acta, 16, 3 (1983).

42 N. Hashimoto, T. Aoyama, and T. Shiori, Chem. Pharm. Bull., 29, 1475 (1981).

43- T. Shioiri and T. Aoyama, Adv. Use Synthons Org. Chem., 1, 51 (1993); A. Presser and A. Huefner,
Monatsh. Chem., 135, 1015 (2004).

4. T, Aoyama and T. Shiori, Tetrahedron Lett., 31, 5507 (1990).

4. P, E. Pfeffer, T. A. Foglia, P. A. Barr, I. Schmeltz, and L. S. Silbert, Tetrahedron Lett., 4063 (1972);
J. E. Shaw, D. C. Kunerth, and J. J. Sherry, Tetrahedron Lett., 689 (1973); J. Grundy, B. G. James, and
G . Pattenden, Tetrahedron Lett., 757 (1972).

4. C. L. Liotta, H. P. Harris, M. McDermott, T. Gonzalez, and K. Smith, Tetrahedron Lett., 2417 (1974).

47- G. Dijkstra, W. H. Kruizinga, and R. M. Kellog, J. Org. Chem., 52, 4230 (1987).

“- G. G. Moore, T. A. Foglia, and T. J. McGahan, J. Org. Chem., 44, 2425 (1979).
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combination.* Carboxylate alkylation procedures are particularly advantageous for
preparation of hindered esters, which can be relatively difficult to prepare by the acid-
catalyzed esterification method (Fisher esterification), which we discuss in Section 3.4.

During the course of synthesis, it is sometimes necessary to invert the configu-
ration at an oxygen-substituted center. One of the best ways of doing this is to activate
the hydroxy group to substitution by a carboxylate anion. The activation is frequently
done using the Mitsunobu reaction.>® Hydrolysis of the resulting ester give the alcohol
of inverted configuration.

OH PhsP

CHj3 DEAD

CHs;

T
T

CO,CH,4 PhCO,H

Ref. 51

PhyP

o)
me] '
' DEAD —
HOI---O ):O PhCOZ—O.,,” O

gy 0
PhCO3H 74% Ref. 52

Carboxylate anions derived from somewhat stronger acids, such as p-nitrobenzoic
acid and chloroacetic acid, seem to be particularly useful in this Mitsunobu inversion
reaction.”® Inversion can also be carried out on sulfonate esters using cesium carboxy-
lates and DMAP as a catalyst in toluene.* The effect of the DMAP seems to involve
complexation and solubilization of the cesium salts.

Sulfonate esters also can be prepared under Mitsunobu conditions. Use of zinc
tosylate in place of the carboxylic acid gives a tosylate of inverted configuration.

CHj,
: CHs;
PhsP :
‘ DEAD
HO"
ArSO
CH,=CCH, Zn(O3SAr), 3

CH,=CCH;  96% Ref. 55

The Mitsunobu conditions also can be used to effect a variety of other important
and useful nucleophilic substitution reactions, such as conversion of alcohols to mixed
phosphite esters.’® The active phosphitylating agent is believed to be a mixed phospho-
ramidite.

T. Sato, J. Otera, and H. Nozaki, J. Org. Chem., 57, 2166 (1992).

D. L. Hughes, Org. React., 42, 335 (1992); D. L. Hughes, Org. Prep. Proc. Intl., 28, 127 (1996).

M. J. Arco, M. H. Trammel, and J. D. White, J. Org. Chem., 41, 2075 (1976).

C.-T. Hsu, N.-Y. Wang, L. H. Latimer, and C. J. Sih, J. Am. Chem. Soc., 105, 593 (1983).

3 TA. Dodge, J. I. Tujillo, and M. Presnell, J. Org. Chem., 59, 234 (1994); M. Saiah, M.Bessodes, and
K. Antonakis, Tetrahedron Lett., 33, 4317 (1992); S. F. Martin and J. A. Dodge, Tetrahedron Lett., 32,
3017 (1991); P. J. Harvey, M. von Itzstein, and I. D. Jenkins, Tetrahedron, 53, 3933 (1997).

3. N. A. Hawryluk and B. B. Snider, J. Org. Chem., 65, 8379 (2000).

3 1. Galynker and W. C. Still, Tetrahedron Lett., 4461 (1982).

% 1. D. Grice, P. J. Harvey, L. D. Jenkins, M. J. Gallagher, and M. G. Ranasinghe, Tetrahedron Lett., 37,
1087 (1996).
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(CH3O)2|F|>H +i-PrO,CN=NCO,-i-Pr + PhsP _~ (CH30),PNNHCO,-i-Pr + Ph;P=0
(|202-i-Pr
(CH30),PNNHCO,-i-Pr + ROH — ROP(OCHj3),
Clioz-i-Pr

Mixed phosphonate acid esters can also be prepared from alkylphosphonate
monoesters, although here the activation is believed occur at the alcohol.”’

o
|
ROP*(Ph); + R’ITOZ‘ — R’Fl’OR + PhyP=0

OCHs OCHg

3.2.4. Nitrogen Nucleophiles

The alkylation of neutral amines by halides is complicated from a synthetic point
of view by the possibility of multiple alkylation that can proceed to the quaternary
ammonium salt in the presence of excess alkyl halide.

H+
RNH; + R'—X— RNR’ + X°

H+ +

RNR’ + RNH,== RNR’ + RNH;
H +H

RNR’ + R—X — RNR’, + X~

H H

+ +
RHR’Z + RNH; == RNR’, + RNH,4
+
RNR’, + R—X — RNR’; + X~

Even with a limited amount of the alkylating agent, the equilibria between protonated
product and the neutral starting amine are sufficiently fast that a mixture of products may
be obtained. For this reason, when monoalkylation of an amine is desired, the reaction is
usually best carried out by reductive amination, a reaction that is discussed in Chapter 5.
If complete alkylation to the quaternary salt is desired, use of excess alkylating agent and
a base to neutralize the liberated acid normally results in complete reaction.

Amides are weakly nucleophilic and react only slowly with alkyl halides. The
anions of amides are substantially more reactive. The classical Gabriel procedure for
synthesis of amines from phthalimide is illustrative.’®

O 0
N"K* + BrCH,CH,Br —= NCH,CH,Br
0 O  70-80% Ref. 59
57- D. A. Campbell, J. Org. Chem., 57, 6331 (1992); D. A. Campbell and J. C. Bermak, J. Org. Chem.,
59, 658 (1994).

3. M. S. Gibson and R. N. Bradshaw, Angew. Chem. Int. Ed. Engl., 7, 919 (1968).
3 P. L. Salzberg and J. V. Supniewski, Org. Synth., I, 119 (1932).
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The enhanced acidity of the NH group in phthalimide permits formation of the anion,
which is readily alkylated by alkyl halides or tosylates. The amine can then be liberated
by reaction of the substituted phthalimide with hydrazine.

Br phthal NH,
| | NH,NH, HCI |
CHSOZC?HCHZCHCOZCH3 —= CH30,CCHCH,CHCO,CH; ———~ o HOzC?HCHzCHCOzH
CHgOH M2
Br phthal NH,
phthal=phthalimido
Ref. 60

It has been found that the deprotection phase of the Gabriel synthesis is accelerated
by inclusion of NaOH.®!

Secondary amides can be alkylated on nitrogen by using sodium hydride for
deprotonation, followed by reaction with an alkyl halide.%?

O 1) NaH, 0
benzene
NCH,
2) CHgl

Neutral tertiary and secondary amides react with very reactive alkylating agents,
such as triethyloxonium tetrafluoroborate, to give O-alkylation.®> The same reaction
occurs, but more slowly, with tosylates and dimethyl sulfate. Neutralization of the
resulting salt provides iminoethers.

(0]
|

OCH
1) (CH30),S0, Vatl

RCNHR’ RC
2) “OH N\
NR’

Sulfonamides are relatively acidic and their anions can serve as nitrogen nucle-
ophiles.** Sulfonamido groups can be introduced at benzylic positions with a high
level of inversion under Mitsunobu conditions.®

on TSNCH,CH(OCHj),
_OCH,Ph DEAD, PPhg OCH,Ph
TSNHCH,CH(OCHs),
CH; OCH,Ph CHs OCH,Ph
OCH, OCHjs

60- 3. C. Sheehan and W. A. Bolhofer, J. Am. Chem. Soc., 72, 2786 (1950).

6l A. Ariffin, M. N. Khan, L. C. Lan, F. Y. May, and C. S. Yun, Synth. Commun., 34, 4439 (2004);
M. N. Khan, J. Org. Chem., 61, 8063 (1996).

92 'W. S. Fones, J. Org. Chem., 14, 1099 (1949); R. M. Moriarty, J. Org. Chem., 29, 2748 (1964).

63. L. Weintraub, S. R. Oles, and N. Kalish, J. Org. Chem., 33, 1679 (1968); H. Meerwein, E. Battenberg,
H. Gold, E. Pfeil, and G. Willfang, J. Prakt. Chem., 154, 83 (1939).

%4 D. Papaioannou, C. Athanassopoulos, V. Magafa, N. Karamanos, G. Stavropoulos, A Napoli, G. Sindona,
D. W. Aksnes, and G. W. Francis, Acta Chem. Scand., 48, 324 (1994).

9. T, S. Kaufman, Tetrahedron Lett., 37, 5329 (1996).



The Mitsunobu conditions can be used for alkylation of 2-pyridones, as in the course
of synthesis of analogs of the antitumor agent camptothecin.

CHs__
N cH,
2
e "
0 N N" X o
CZHSOH
Ref. 66

Proline analogs can be obtained by cyclization of &-hydroxyalkylamino acid
carbamates.

PPh ~Ph
HO . NHC02C2H5 3 N
8 e N~ TCO,C,Hs
Ph CO,C;Hs DEAD
CO,C,Hs Ref. 67

Mitsunobu conditions are effective for glycosylation of weak nitrogen nucleophiles,
such as indoles. This reaction has been used in the synthesis of antitumor compounds.

CH
| * (|3H3

o N0 o N_o
meno- (b)) v -
O 0 : memo~( ()
N N N| IN

iPro,CN=NCO,iPr
H CO,C(CHg), PhCH,OCH, '

CO,C(CH3),
PhCH,OCH,__O~~OH
e PhCH,0  OCH.Ph

PhcH,0  OCH;Ph
Ref. 68

Azides are useful intermediates for synthesis of various nitrogen-containing
compounds. They can also be easily reduced to primary amines and undergo cycload-
dition reactions, as is discussed in Section 6.2. Azido groups are usually introduced
into aliphatic compounds by nucleophilic substitution.®® The most reliable procedures
involve heating an appropriate halide with sodium azide in DMSO” or DMF.”" Alkyl
azides can also be prepared by reaction in high-boiling alcohols.”

CH4CH,(OCH,CH,),0H
CHg(CH,)3CH,l + NaNj,

CHy(CH,)3CH,N;
H,0 84%

% F. G. Fang, D. D. Bankston, E. M. Huie, M. R. Johnson, M.-C. Kang, C. S. LeHoullier, G. C. Lewis,
T. C. Lovelace, M. W. Lowery, D. L. McDougald, C. A. Meerholz, J. J. Partridge, M. J. Sharp, and
S. Xie, Tetrahedron, 53, 10953 (1997).

- J. van Betsbrugge, D. Tourwe, B. Kaptein, H. Kierkals, and R. Broxterman, Tetrahedron, 53, 9233
(1997).

% M. Ohkubo, T. Nishimura, H. Jona, T. Honma, S. Ito, and H. Morishima, Tetrahedron, 53, 5937 (1997).

9. M. E. C. Biffin, J. Miller, and D. B. Paul, in The Chemistry of the Azido Group, S. Patai, ed., Interscience,

New York, 1971, Chap. 2.

70- R. Goutarel, A. Cave, L. Tan, and M. Leboeuf, Bull. Soc. Chim. France, 646 (1962).

71- E. J. Reist, R. R. Spencer, B. R. Baker, and L. Goodman, Chem. Ind. (London), 1794 (1962).

72. E. Lieber, T. S. Chao, and C. N. R. Rao, J. Org. Chem., 22, 238 (1957); H. Lehmkuhl, F. Rabet, and

K. Hauschild, Synthesis, 184 (1977).
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Phase transfer conditions are used as well for the preparation of azides.”

CH; Br NaN, CH; Nj
CH,=CH CO,CH;, CH2=CH/'\ACOZCH3
R,P* Br
4h, 25°C

Tetramethylguanidinium azide, an azide salt that is readily soluble in halogenated
solvents, is a useful source of azide ions in the preparation of azides from reactive
halides such as a-haloketones, a-haloamides, and glycosyl halides.”

There are also useful procedures for preparation of azides directly from alcohols.
Reaction of alcohols with 2-fluoro-1-methylpyridinium iodide followed by reaction
with lithium azide gives good yields of alkyl azides.”

X X N5~ 2
ROH + || | — [, = + RNj
N F N~ “OR

I I
CHj CHs CHs

Diphenylphosphoryl azide reacts with alcohols in the presence of triphenylphosphine
and DEAD."® Hydrazoic acid, HN;, can also serve as the azide ion source under these
conditions.”” These reactions are examples of the Mitsunobu reaction.

+ -
ROH + PhgP + CoHs0,CN=NCO,C,H5 —~ ROPPh; + C,H;O,CNNHCO,C,Hs
+
ROPPh; +N3~ — RN, + PhsP=0
Diphenylphosphoryl azide also gives good conversion of primary alkyl and secondary
benzylic alcohols to azides in the presence of the strong organic base diazabicyc-

loundecane (DBU). These reactions proceed by O-phosphorylation followed by S, 2
displacement.”

oH PhO I|3|N N
Al /K/CH:S ( )2 3 Ar/\/CH3
r DBU

This reaction can be extended to secondary alcohols with the more reactive bis-(4-
nitrophenyl)phosphorazidate.”

73- W. P. Reeves and M. L. Bahr, Synthesis, 823 (1976); B. B. Snider and J. V. Duncia, J. Org. Chem.,
46, 3223 (1981).

74 Y. Pan, R. L. Merriman, L. R. Tanzer, and P. L. Fuchs, Biomed. Chem. Lett., 2, 967 (1992); C. Li,
T.-L. Shih, J. U. Jeong, A. Arasappan, and P. L. Fuchs, Tetrahedron Lett., 35, 2645 (1994); C. Li,
A. Arasappan, and P. L. Fuchs, Tetrahedron Lett., 34, 3535 (1993); D. A. Evans, T. C. Britton,
J. A. Ellman, and R. L. Dorow, J. Am. Chem. Soc., 112, 4011 (1990).

5. K. Hojo, S. Kobayashi, K. Soai, S. Ikeda, and T. Mukaiyama, Chem. Lett., 635 (1977).

76 B. Lal, B. N. Pramanik, M. S. Manhas, and A. K. Bose, Tetrahedron Lett., 1977 (1977).

77, Schweng and E. Zbiral, Justus Liebigs Ann. Chem., 1089 (1978); M. S. Hadley, F. D. King,
B. McRitchie, D. H. Turner, and E. A. Watts, J. Med. Chem., 28, 1843 (1985).

78 A.S. Thompson, G. R. Humphrey, A. M. DeMarco, D. J. Mathre, and E. J. J. Grabowski, J. Org.
Chem., 58, 5886 (1993).

7 M. Mizuno and T. Shioiri, J. Chem. Soc., Chem. Commun., 22, 2165 (1997).



3.2.5. Sulfur Nucleophiles

Anions derived from thiols are strong nucleophiles and are easily alkylated by
halides.

C,HsOH
CHgS™Na* + CICH,CH,0H —~ = CH,SCH,CH,OH

75-80% Ref. 80

Neutral sulfur compounds are also good nucleophiles, Sulfides and thioamides readily
form salts with methyl iodide, for example.

o

25°C .
(CH3),S + CHal —— . (CHg)sS'l

1218 h Ref. 81
e on 2 (-
S + CH.l +~SCH,4
’}‘ ¥ 12n '}‘
CHs CH, Ref. 82

Even sulfoxides, in which nucleophilicity is decreased by the additional oxygen, can be
alkylated by methyl iodide. These sulfoxonium salts have useful synthetic applications
as discussed in Section 2.5.1.

25°C +

(CH3),S=0 + CHyl o (CH3),S=01~ Ref. 83

3.2.6. Phosphorus Nucleophiles

Both neutral and anionic phosphorus compounds are good nucleophiles toward
alkyl halides. We encountered examples of these reactions in Chapter 2 in connection
with the preparation of the valuable phosphorane and phosphonate intermediates used
for Wittig reactions.

h room temp h +

PhsP + CHsBr ——— PhsPCH3BIr

3 3 2 days 33 Ref. 84
[

[(CH3),CHOJ3P + CHgl —= [(CH3),CHO],PCH; + (CHj),CHI Ref. 85

The reaction with phosphite esters is known as the Michaelis-Arbuzov reaction and
proceeds through an unstable trialkoxyphopsphonium intermediate. The second stage
is another example of the great tendency of alkoxyphosphonium ions to react with
nucleophiles to break the O—C bond, resulting in formation of a phosphoryl P—O
bond.

i
(RO),PCH,R + RX

(RO)3P + XCH,R — (R'O);P"CH,R
"

80. W. Windus and P. R. Shildneck, Org. Synth., II, 345 (1943).

81 E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc., 87, 1353 (1965).

82 R. Gompper and W. Elser, Org. Synth., V, 780 (1973).

83 R. Kuhn and H. Trischmann, Justus Liebigs Ann. Chem., 611, 117 (1958).
8. G. Wittig and U. Schoellkopf, Org. Synth., V, 751 (1973).

85 A. H. Ford-Moore and B. J. Perry, Org. Synth., IV, 325 (1963).
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3.2.7. Summary of Nucleophilic Substitution at Saturated Carbon

Some of the nucleophilic substitution reactions at sp® carbon that are most
valuable for synthesis were outlined in the preceding sections, and they all fit into
the general mechanistic patterns that were discussed in Chapter 4 of Part A. The
order of reactivity of alkylating groups is benzyl ~ allyl > methyl > primary >
secondary. Tertiary halides and sulfonates are generally not satisfactory because of
the preference for elimination over S,2 substitution. Owing to their high reactivity
toward nucleophilic substitution, a-haloesters, a-haloketones, and o-halonitriles are
usually favorable reactants for substitution reactions. The reactivity of leaving groups
is sulfonate ~ iodide > bromide > chloride. Steric hindrance decreases the rate of
nucleophilic substitution. Thus projected synthetic steps involving nucleophilic substi-
tution must be evaluated for potential steric problems.

Scheme 3.2 gives some representative examples of nucleophilic substitution
processes drawn from Organic Syntheses and from other synthetic efforts. Entries 1 to
3 involve introduction of cyano groups via tosylates and were all conducted in polar
aprotic solvents. Entries 4 to 8 are examples of introduction of the azido functional
group by substitution. The reaction in Entry 4 was done under phase transfer condi-
tions. A concentrated aqueous solution of NaN; was heated with the alkyl bromide
and 5 mol % methyltrioctylammonium chloride. Entries 5 to 7 involve introduction of
the azido group at secondary carbons with inversion of configuration in each case. The
reactions in Entries 7 and 8 involve formation of phosphoryl esters as intermediates.
These conditions were found preferable to the Mitsunobu conditions for the reaction
in Entry 7. The electron-rich benzylic reactant gave both racemization and elimination
via a carbocation intermediate under the Mitsunobu conditions. Entries 9 and 10 are
cases of controlled alkylation of amines. In the reaction in Entry 9, the pyrrolidine was
used in twofold excess. The ester EWGs have a rate-retarding effect that slows further
alkylation to the quaternary salt. In the reaction in Entry 10, the monohydrochloride
of piperazine is used as the reactant. The reaction was conducted in ethanol, and
the dihydrochloride salt of the product precipitates as reaction proceeds, which helps
minimize quaternization or N,N’-dialkylation. The yield of the dihydrochloride is
97-99%, and that of the amine is 65—75% after neutralization of the salt and distillation.
The reaction in Entry 11 is the O-alkylation of an amide. The reaction was done in
refluxing benzene, and the product was obtained by distillation after the neutralization.

Sections D through H of Scheme 3.2 involve oxygen nucleophiles. The hydrolysis
reactions in Entries 12 and 13 both involve benzylic positions. The reaction site in
Entry 13 is further activated by the ERG substituents on the ring. Entries 14 to 17 are
examples of base-catalyzed ether formation. The selectivity of the reaction in Entry 17
for the meta-hydroxy group is an example of a fairly common observation in aromatic
systems. The ortho-hydroxy group is more acidic and probably also stabilized by
chelation, making it less reactive.

HO © CH;0

Dialkylation occurs if a stronger base (NaOH) and dimethyl sulfate is used. Entry 18 is
a typical diazomethane methylation of a carboxylic acid. The toxicity of diazomethane



Scheme 3.2. Transformations of Functional Groups by Nucleophilic Substitution

A. Nitriles

12 CH3CHCH,0OH CH3;CHCH,CN
1) CH3SO,Cl, pyridine
‘O‘ 2) NaCN, DMF, 40-60°C, 3 h ‘O‘ 85%

2b ?Hs $H3

CHCH,OH 1) ArSO,CI CHCH,CN
/Q/ 2) NaCN, DMSO, 90°C, 5 h /Q/

CHs CH 80%

3CCECHZOH 1) ArSO,Cl @CHZCN
CH,OH 2)NaCN, DMSO CH,CN

B. Azides

4d R,N*CI-
CH3CH,CH,CH,Br + NaNj

CH3CH,CH,CH,N;
20,
100°C, 6 h 97%

5e OH N3

CH3\I/\/MCH2 1) CH3SO,CI, (CyHg)3N CH3\’/A/\/k/vCH2

2) NaN3, HMPA CHs H, 5706
()

Om

(PhO)ZPN3
7 CHg

e} 90%

gh NH, NH,

Y SO S

PhO),POCH o NN (Pho)zPNs N4CH o NN
2 2\@/ 32

0.

< P o

C. Amines and amides

o

9 QNH+CH3C‘HCOZC2H5 — CNC‘IHCOZCZHS
Br CH;  80-90%

10! /T \+ PhCH,ClI ~OH S\
HN NH, — PhCH,N NH
_/ _/

65-75%
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11k (CH30),S0,
benzene K,CO3
o — OCH,
NH 80°C N
60—70%
D. Hydrolysis by alkyl halides
12! 0 o]
[ NaOH, H,0 [
CH, CCH CHg CCH
| 4h, 25°C |
Cl OH 92%
13" H,0, 100°C
CH50 CH—CHCO,CH; 227"~ CH,0 CH— CHCO,CH,4
| | 10 min | |
Br Br OH Br
CH30 CH30 92%
E. Ethers by base — catalyzed alkylation
14" CH, O NaH, TMF, CHXO
CH ‘ DMSO,  CHy g
57 o 0 = "0
)<CH3 PhCH,CI 3
o 0" CH, heat,3h pheH,0 O CMa oo
15°  on OCH,CH,CH,CH
2 2 2 3
NO, K,CO, NO,
+ CH,CH,CH,CH,Br —=
75-80%
16P Bu,N*HSO,”
50% ag. NaOH
CHBO@ CH,CI +HOCH2CH2©—NOZ °ad CH304©—CHZOCHZCH2~©7NOZ
CH,Cl,
88%
179 COCH, COCH,
OH CHyl OH
KeCOs . o
HO Hy 55-65%

F. Esterification by diazoalkanes

r
18 [>—CH,CO,H + CH,N, — [>— CH,CO,CH,

79%

G. Esterification by nucleophilic substitution with carboxylate salts

19° (o] (¢]
I 18-crown-6 I
(CHy,CCO, K + BrCHZCO—Br (CHy),CCO,CH,C Br
95%
20! CH, CH, CH,
N acetone
CH, CO, K" + CH3(|:H(CH2)5CH3 5~6 G CH, O,CH(CH,);CH,
CH, I CH, 100%

(Continued)
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21 o "r—~0_COoH CHyl, KF, ey, O O 00 SECTION 3.2
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CHX CHj 18h CH 9) O/k 3 Functional Groups by
3 /k 3 CH Nucleophilic Substitution
CHy 3 84% at Saturated Carbon
H. Sulfonate esters
v HO ArSO3
K PPhj, i-Pr-O,CN = NCO,-i-Pr
D‘ CO,CH3  p-toluenesulfonic acid, N CO,CH3
T (C2Hs)sN |
5 //CPh 5 //CPh Ar = p-CH3CgHs

I. Phosphorus nucleophiles

W +
28" Pnp + BICH,CH,0Ph —=  PhyPCH,CH,OPh Br-
24% Il
[(CH3),CHOJ3P + CH3l  —»  [(CH3),CHO],PCH; + (CHj),CHI
85-90%
J. Sulfur nucleophiles
25Y
NaOH
CH3(CH,)1qCH,Br + S =C(NH,), —= H,0 CH3(CH,)1oCH,SH
80%

267 —\

Na*~SCH,CH,S™Na* + BrCH,CH,Br . s S

/
273.3.
(N, vom_ ) 55-60%

N S T+ >N scH

| 2) (CHg)3CO™K | 3 62%

CHs CHj
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and its precursors, as well as the explosion hazard of diazomethane, requires that
all recommended safety precautions be taken. Entries 19 to 21 involve formation of
esters by alkylation of carboxylate salts. The reaction in Entry 19 was done in the
presence of Smol % 18-crown-6. A number of carboxylic acids, including pivalic acid
as shown in the example, were alkylated in high yield under these conditions. Entry 20
shows the alkylation of the rather hindered mesitoic acid by a secondary iodide. These
conditions also gave high yields for unhindered acids and iodides. Entry 21 involves
formation of a methyl ester using CH;I and KF as the base in DMF. Entry 22 involves
formation of a sulfonate ester under Mitsunobu conditions with clean inversion of
configuration. The conditions reported represent the optimization of the reaction as
part of the synthesis of an antihypertensive drug, fosinopril.

Sections I and J of Scheme 3.2 show reactions with sulfur and phosphorus
nucleophiles. The reaction in Entry 25 is a useful method for introducing thiol groups.
The solid thiourea is a convenient source of sulfur. A thiouronium ion is formed and
this avoids competition from formation of a dialkyl sulfide. The intermediate is readily
hydrolyzed by base.

N'H,  NaOH
RCHBr + S=C(NHp), —= RCH,S—¥
NH,  H0

RCH,SH

3.3. Cleavage of Carbon-Oxygen Bonds in Ethers and Esters

The cleavage of carbon-oxygen bonds in ethers or esters by nucleophilic substi-
tution is frequently a useful synthetic transformation.

R—O—CHz + Nu= —= RO™ + CH3—Nu
o)

[
RC —O—CHz + Nu~ — RCO,™ + CHz—Nu

The alkoxide group is a poor leaving group and carboxy is only slightly better. As
a result, these reactions usually require assistance from a protic or Lewis acid. The
classical ether cleavage conditions involving concentrated hydrogen halides are much
too strenuous for most polyfunctional molecules, so several milder reagents have been
developed,®® including boron tribromide,’” dimethylboron bromide,®® trimethylsilyl
iodide,® and boron trifluoride in the presence of thiols.”” The mechanism for ether
cleavage with boron tribromide involves attack of bromide ion on an adduct formed

86 M. V. Bhatt and S. U. Kulkarni, Synthesis, 249 (1983).

87. J. F. W. McOmie, M. L. Watts, and D. E. West, Tetrahedron, 24, 2289 (1968).

8. Y. Guindon, M. Therien, Y. Girard, and C. Yoakim, J. Org. Chem., 52, 1680 (1987).

8. M. E. Jung and M. A. Lyster, J. Org. Chem., 42, 3761 (1977).

0 (a) M. Node, H. Hori, and E. Fujita, J. Chem. Soc., Perkin Trans. 1,2237 (1976); (b) K. Fuji, K. Ichikawa,
M. Node, and E. Fujita, J. Org. Chem., 44, 1661 (1979).



from the ether and the electrophilic boron reagent. The cleavage step can occur by
either an S,2 or an S, 1 process, depending on the structure of the alkyl group.

+ +
R—O—R + BBrg — R—?—R - R—Cl)—R+ Br-
PN “BBry BBr,
R—(l)—R Br — R—O—BBr, + RBr

BBr,
R—O—BBr, + 3H,0 — ROH + B(OH)3 + 2 HBr

Good yields are generally observed, especially for methyl ethers. The combination of
boron tribromide with dimethyl sulfide has been found to be particularly effective for
cleaving aryl methyl ethers.”!

The boron trifluoride—alkyl thiol reagent combination also operates on the basis
of nucleophilic attack on an oxonium ion generated by reaction of the ether with boron
trifluoride.”®

.
R—O—R + BF; — R—(l)—R
N _ BF,
R—(|3—R + R'SH — ROBF; + RSR’ + H*
“BF,

Trimethylsilyl iodide (TMSI) cleaves methyl ethers in a period of a few hours
at room temperature.® Benzyl and z-butyl systems are cleaved very rapidly, whereas
secondary systems require longer times. The reaction presumably proceeds via an
initially formed silyl oxonium ion.

.
R—O—R’ + (CHg)3Sil — R—(l)—R’+I‘—> R—O— Si(CHa); + Rl
Si(CHg)3

The direction of cleavage in unsymmetrical ethers is determined by the relative ease
of O—R bond breaking by either Sy2 (methyl, benzyl) or S, 1 (z-butyl) processes.
As trimethylsilyl iodide is rather expensive, alternative procedures that generate the
reagent in situ have been devised.

(CH,),SiCl + Nal CHsON (CHy)3Sil + NaCl
| + al —_— 1+ al
¥ ¥ Ref. 92
PhSi(CHg); + I, —= (CHg)sSil + Phl
¥ oz y3 Ref. 93

°l- P. G. Williard and C. R. Fryhle, Tetrahedron Lett., 21, 3731 (1980).

2 T. Morita, Y. Okamoto, and H. Sakurai, J. Chem. Soc., Chem. Commun., 874 (1978); G. A. Olah,
S. C. Narang, B. G. B. Gupta, and R. Malhotra, Synthesis, 61 (1979).

% T. L. Ho and G. A. Olah, Synthesis, 417 (1977); A. Benkeser, E. C. Mozdzen, and C. L. Muth, J. Org.
Chem., 44, 2185 (1979).
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Allylic ethers are cleaved in a matter of a few minutes by TMSI under in situ conditions.

CHa (CH,),SiCl CHs
3/3
oo e Ph)\OH
Nal, CH,CN
3 min 90% Ref. 94

Diiodosilane, SiH,I,, is an especially effective reagent for cleaving secondary alkyl
ethers.”

TMSI also effects rapid cleavage of esters. The cleavage step involves iodide
attack on the O-silylated ester. The first products formed are trimethylsilyl esters, but
these are hydrolyzed rapidly on exposure to water.”®

” *OSi(CHa)s
RCO—R’ + (CHg)sSil — RCO—R’+I~ — RCOSI(CHg); + Rl

I
RCOSI(CHg); + H,0 —= RCO,H + (CHj;);SiOH

Benzyl, methyl, and z-butyl esters are rapidly cleaved, but secondary esters react
more slowly. In the case of z-butyl esters, the initial silylation is followed by a rapid
ionization to the z-butyl cation.

Ether cleavage can also be effected by reaction with acetic anhydride and Lewis
acids such as BF;, FeCl;, and MgBr,.”” Mechanistic investigations point to acylium
ions generated from the anhydride and Lewis acid as the reactive electrophile.

(RCO),0 + MX, —= RC=0 + [MX,O,CR]"

RC=0 + R—0—R'—» R—O—FR
R—C=0

R—O—R + X—=R—X + RCOR’

Scheme 3.3 gives some specific examples of ether and ester cleavage reactions.
Entries 1 and 2 illustrate the use of boron tribromide for ether cleavage. The reactions
are conducted at dry ice-acetone temperature and the exposure to water on workup
hydrolyzes residual O—B bonds. In the case of Entry 2, the primary hydroxy group
that is deprotected lactonizes spontaneously. The reaction in Entry 3 uses HBr in
acetic acid to cleave a methyl aryl ether. This reaction was part of a scale-up of
the synthesis of a drug candidate molecule. Entries 4 to 6 are examples of the
cleavage of ethers and esters using TMSI. The selectivity exhibited in Entry 6 for

%% A. Kamal, E. Laxman, and N. V. Rao, Tetrahedron Lett., 40, 371 (1999).

- E. Keinan and D. Perez, J. Org. Chem., 52, 4846 (1987).

% T.L. Ho and G. A. Olah, Angew. Chem. Int. Ed. Engl., 15, 774 (1976); M. E. Jung and M. A. Lyster,
J. Am. Chem. Soc., 99, 968 (1977).

97 C. R. Narayanan and K. N. Iyer, J. Org. Chem., 30, 1734 (1965); B. Ganem and V. R. Small, Jr.,
J. Org. Chem., 39, 3728 (1974); D. J. Goldsmith, E. Kennedy, and R. G. Campbell, J. Org. Chem., 40,
3571 (1975).
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Scheme 3.3. (Continued)

F. W. McOmie and D. E. West, Org. Synth., V, 412 (1973).

A. Grieco, K. Hiroi, J. J. Reap, and J. A. Noguez, J. Org. Chem., 40, 1450 (1975).

E. Jacks, D. T. Belmont, C. A. Briggs, N. M. Horne, G. D. Kanter, G. L. Karrick,

J. Krikke, R. J. McCabe, J. G. Mustakis, T. N. Nanninga, G. S. Risendorph, R. E. Seamans,
Skeean, D. D. Winkle, and T. M. Zennie, Org. Proc. Res. Dev., 8, 201 (2004).

. M. E. Jung and M. A. Lyster, Org. Synth., 59, 35 (1980).

. T. Morita, Y. Okamoto, and H. Sakurai, J. Chem. Soc., Chem. Commun., 874 (1978).

. E. H. Vickery, L. F. Pahler, and E. J. Eisenbraun, J. Org. Chem., 44, 4444 (1979).

K. Fuji, K. Ichikawa, M. Node, and E. Fujita, J. Org. Chem., 44, 1661 (1979).

. M. Nobe, H. Hori, and E. Fujita, J. Chem. Soc. Perkin Trans., 1, 2237 (1976).

. A. B. Smith, III, N. J. Liverton, N. J. Hrib, H. Sivaramakrishnan, and K. Winzenberg, J. Am.
Chem. Soc., 108, 3040 (1986).

j- Y. Guidon, M. Therien, Y. Girard, and C. Yoakim, J. Org. Chem., 52, 1680 (1987).

k. B. Ganem and V. R. Small, Jr., J. Org. Chem., 39, 3728 (1974).
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cleavage of the more hindered of the two ether groups may reflect a steric acceleration
of the nucleophilic displacement step.

/Si(CH3)
Si(CH
OCHj, CH30* CH30 | ( 3’)/3— - Ot
OCHjg OCH, O*CH, OH
+ (CH3)sSil —— — —_—
CH, CHj CH, CH,

Entries 7 to 9 illustrate the use of the BF;-EtSH reagent combination. The reaction
in Entry 9 was described as “troublesome in the extreme.” The problem is that the
ether is both a primary benzylic ether and a secondary one, the latter associated with
a ring having several ERG substituents. Electrophilic conditions lead to preferential
cleavage of the secondary benzylic bond and formation of elimination products. The
reaction was done successfully in the presence of excess NaOAc, which presumably
allows the nucleophilic S,2 cleavage of the primary benzyl bond to dominate by
reducing the reactivity of the electrophilic species that are present. The cleavage of the
cyclic ether shown in Entry 10 occurs with inversion of configuration at the reaction
site, as demonstrated by the frans stereochemistry of the product. When applied to
2-substituted tetrahydrofurans, the reaction gives mainly cleavage of the C(5)—O bond,
indicating that steric access of the nucleophilic component of the reaction is dominant
in determining regioselectivity.

O\ (CHy),BBr (CHy)pX (CHy)pX
0" (CHy)X BN Ho VY

OH Br
n=1-3; X=CO,CH3, OCH;3 major minor

Entry 11 illustrates a cleavage reaction using an acylating agent in conjunction with a
Lewis acid.

3.4. Interconversion of Carboxylic Acid Derivatives

The classes of compounds that are conveniently considered together as derivatives
of carboxylic acids include the acyl chlorides, carboxylic acid anhydrides, esters, and
amides. In the case of simple aliphatic and aromatic acids, synthetic transformations



among these derivatives are usually straightforward, involving such fundamental
reactions as ester saponification, formation of acyl chlorides, and the reactions of
amines with acid anhydrides or acyl chlorides to form amides. The mechanisms of
these reactions are discussed in Section 7.4 of Part A.

“OH
RC020H3 e RCOz_ + CH3OH
H,O

RCO,H + SOCl, —= RCOCI + HCl + SO,
RCOCI + R,NH — RCONR’, + HCI

When a multistep synthesis is being undertaken with other sensitive functional groups
present in the molecule, milder reagents and reaction conditions may be necessary. As
a result, many alternative methods for effecting interconversion of the carboxylic acid
derivatives have been developed and some of the most useful reactions are considered
in the succeeding sections.

3.4.1. Acylation of Alcohols

The traditional method for transforming carboxylic acids into reactive acylating
agents capable of converting alcohols to esters or amines to amides is by formation
of the acyl chloride. Molecules devoid of acid-sensitive functional groups can be
converted to acyl chlorides with thionyl chloride or phosphorus pentachloride. When
milder conditions are necessary, the reaction of the acid or its sodium salt with oxalyl
chloride provides the acyl chloride. When a salt is used, the reaction solution remains

essentially neutral.
O o
CHs
@ cicococi ©Hs @
CHg — .-~ CHs
25°C a

CO,Na cocl Ref. 98

This reaction involves formation of a mixed anhydride-chloride of oxalic acid, which
then decomposes, generating both CO, and CO.

o}
NI o o
R N )( + CO, + C=0
al R Cl
") "o

Treatment of carboxylic acids with half an equivalent of oxalyl chloride can generate
anhydrides.”

i 00
2RCO,H + CICCCI — RCOCR + CO, + CO + 2HCI
1-1.2 equiv

8- M. Miyano and C. R. Dorn, J. Org. Chem., 37, 268 (1972).
9 R. Adams and L. H. Urich, J. Am. Chem. Soc., 42, 599 (1920).
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Carboxylic acids can be converted to acyl chlorides and bromides by a combi-
nation of triphenylphosphine and a halogen source. Triphenylphosphine and carbon
tetrachloride convert acids to the corresponding acyl chloride.!® Similarly, carboxylic
acids react with the triphenyl phosphine-bromine adduct to give acyl bromides.'!
Triphenylphosphine—N-bromosuccinimide also generates acyl bromide in situ.'?? All
these reactions involve acyloxyphosphonium ions and are mechanistically analogous
to the alcohol-to-halide conversions that are discussed in Section 3.1.2.

(0]

+ I +
RCO,H + PhsPBr —= RC—O—PPh, + HBr
o} o}

I + [l
Br + RC—O—PPh; — RCBr + Ph;P=0

Acyl chlorides are highly reactive acylating agents and react very rapidly with
alcohols and other nucleophiles. Preparative procedures often call for use of pyridine
as a catalyst. Pyridine catalysis involves initial formation of an acyl pyridinium ion,
which then reacts with the alcohol. Pyridine is a better nucleophile than the neutral
alcohol, but the acyl pyridinium ion reacts more rapidly with the alcohol than the acyl
chloride.'®

O

(0] (0]
] = I /—\rRod I =
RCCI + N\ / RC—N\ ) T RCOR’ + HN /

CI-

An even stronger catalytic effect is obtained when 4-dimethylaminopyridine (DMAP)
is used.!” The dimethylamino group acts as an electron donor, increasing both the
nucleophilicity and basicity of the pyridine nitrogen.

CH, CH,

e

The inclusion of DMAP to the extent of 5-20 mol % in acylations by acid anhydrides
and acyl chlorides increases acylation rates by up to four orders of magnitude and
permits successful acylation of tertiary and other hindered alcohols. The reagent
combination of an acid anhydride with MgBr, and a hindered tertiary amine,
e.g., (i-Pr),NC,H; or 1,2,2,6,6,-pentamethylpiperidine, gives an even more reactive
acylation system, which is useful for hindered and sensitive alcohols.!®

100 5 B. Lee, J. Am. Chem. Soc., 88, 3440 (1966).

101 H. J. Bestmann and L. Mott, Justus Liebigs Ann. Chem., 693, 132 (1966).

102. K. Sucheta, G. S. R. Reddy, D. Ravi, and N. Rama Rao, Tetrahedron Lett., 35, 4415 (1994).

103."A. R. Fersht and W. P. Jencks, J. Am. Chem. Soc., 92, 5432, 5442 (1970).

104-°G. Hoefle, W. Steglich, and H. Vorbruggen, Angew. Chem. Int. Ed. Engl., 17, 569 (1978);
E. F. V. Scriven, Chem. Soc. Rev., 12, 129 (1983); R. Murugan and E. F. V. Scriven, Aldrichimica
Acta, 36, 21 (2003).

105 B, Vedejs and O. Daugulis, J. Org. Chem., 61, 5702 (1996).



Another efficient catalyst for acylation is Sc(O;SCF;);, which can be used in
combination with anhydrides!® and other reactive acylating agents!®’ and is a mild
reagent for acylation of tertiary alcohols. Mechanistic investigation of Sc(O5;SCF;);-
catalyzed acylation indicates that triflic acid is involved. Acylation is stopped by the
presence of a sterically hindered base such as 2,6-di-(z-butyl)-4-methylpyridine. The
active acylating agent appears to be the acyl triflate. Two catalytic cycles operate.
Cycle 2 requires only triflic acid, whereas Cycle 1 involves both the scandium salt
and triflic acid.'%®

o R’OH (RCO),0
RCO,R’
RCOTf 2 RCO,H
SC(OTf)ZOZCR
Cycle 1 Cycle 2 RCOTf
TfOH
(RCO),0 ’OH
Se(OThs SC(OTf)202CR RCO,R’
RCO,H

The acylation of tertiary alcohols can be effected by use of Sc(O;SCF;), with
diisopropylcarbodiimide (D-i-PCI) and DMAP.'®

0.6 eq Sc(OTf),
3.0 eq DiPCI

(CH3);COH  + CICH,CO,H
3.0 eqg DMAP

CICH,CO,C(CH3),

This method was effective for acylation of a hindered tertiary alcohol in the anticancer
agent camptothecin by protected amino acids.

0.6 eq Sc(OTf)3
3.0 eq DiPCI

3.0 eq DMAP

OH
(CH3)3C02NH?HCOZH OZC?HNHCOZC(CH3)3

CH, CH,

Ref. 110

Lanthanide triflates have similar catalytic effects. Yb(O;SCF;); and
Lu(O;SCF,),, for example, were used in selective acylation of 10-deacetylbaccatin
III, an important intermediate for preparation of the antitumor agent paclitaxel.'!!

106 K Ishihara, M. Kubota, H. Kurihara, and H. Yamamoto, J. Org. Chem., 61,4560 (1996); A. G. M. Barrett
and D. C. Braddock, J. Chem. Soc., Chem. Commun., 351 (1997).

107 H. Zhao, A. Pendri, and R. B. Greenwald, J. Org. Chem., 63, 7559 (1998).

108- R. Dummeunier and 1. E. Marko, Tetrahedron Lett., 45, 825 (2004).

109- H. Zhao, A. Pendri, and R. B. Greenwald, J. Org. Chem., 63, 7559 (1998).

110- R, R. Greenwald, A. Pendri, and H. Zhao, Tetrahedron: Asymmetry, 9, 915 (1998).

L E. W. P. Damen, L. Braamer, and H. W. Scheeren, Tetrahedron Lett., 39. 6081 (1998).
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CH3CO;

Lu(O3SCF3);
(CH,CO),0

HQO 1+

HOm

iy,

HO HO

PhCO, O,CCHs PhCO, O,CCHs

Scandium triflimidate, Sc[N(SO,CF;),],, is also a very active acylation catalyst.

CHa §
2 mol % Sc[N(O,SCF3),]s
(PhCO),0
~"WOH  25C 3h £ Y0,CPh
EH(CHa), CH(CHj);  98% Ref 112

Bismuth(III) triflate is also a powerful acylation catalyst that catalyzes reactions
with acetic anhydride and other less reactive anhydrides such as benzoic and pivalic
anhydrides.!'? Good results are achieved with tertiary and hindered secondary alcohols,
as well as with alcohols containing acid- and base-sensitive functional groups.

CH
CHg CH 3 mol % 8 CHs
3 Bi(OTf), CH,
CHs 4 (CHj),cCc0,0 —— 3
. 0,CC(CHa),
97%

Trimethylsilyl triflate is also a powerful catalyst for acylation by anhydrides.
Reactions of alcohols with a modest excess (1.5 equival) of anhydride proceed in inert
solvents at 0°C. Even tertiary alcohols react rapidly.'"* The active acylation reagent
is presumably generated by O-silylation of the anhydride.

CH; oH (CH3CORO cH; o,cch,
5 equiv

(CH3)3SiO5SCF,
5 mol %

In addition to acyl halides and acid anhydrides, there are a number of milder and
more selective acylating agents that can be readily prepared from carboxylic acids.
Imidazolides, the N-acyl derivatives of imidazole, are examples.'’® Imidazolides are
isolable substances and can be prepared directly from the carboxylic acid by reaction
with carbonyldiimidazole.

o] o]
/I /) =\ /\
RCOH + N N—C—N_N — RC—N_N + HN N + CO,

112. K Ishihara, M. Kubota, and H. Yamamoto, Synlett, 265 (1996).

13- A. Orita, C. Tanahashi, A. Kakuda, and J. Otera, J. Org. Chem., 66, 8926 (2001).

114 P A. Procopiou, S. P. D. Baugh, S. S. Flack, and G. G. A. Inglis, J. Org. Chem., 63, 2342 (1998).
115 H. A. Staab and W. Rohr, Newer Methods Prep. Org. Chem., 5, 61 (1968).



Two factors are responsible for the reactivity of the imidazolides as acylating reagents.
One is the relative weakness of the “amide” bond. Owing to the aromatic character
of imidazole nitrogens, there is little of the N — C=0 delocalization that stabilizes
normal amides. The reactivity of the imidazolides is also enhanced by protonation of
the other imidazole nitrogen, which makes the imidazole ring a better leaving group.

o] o]
I /~\ H | =
Nu: + RC—N__N — Nu—CR + N NH

Imidazolides can also be activated by N-alkylation with methy] triflate.!'® Imidazolides
react with alcohols on heating to give esters and react at room temperature with amines
to give amides. Imidazolides are particularly appropriate for acylation of acid-sensitive
materials.

Dicyclohexylcarbodiimide (DCCI) is an example of a reagent that converts
carboxylic acids to reactive acylating agents. This compound has been widely applied
in the acylation step in the synthesis of polypeptides from amino acids!!” (see also
Section 13.3.1). The reactive species is an O-acyl isourea. The acyl group is highly
reactive because the nitrogen is susceptible to protonation and the cleavage of the
acyl-oxygen bond converts the carbon-nitrogen double bond of the isourea to a more
stable carbonyl group.!!8

(0] NR
RCO,H + RN=C=NR — R(l.“l,—O—éllNHR
NR ) (0]
[ HY Il
Nu: + RC—O—CNHR — RCNu + RNHCNHR

The combination of carboxyl activation by DCCI and catalysis by DMAP provides a
useful method for in situ activation of carboxylic acids for reaction with alcohols. The
reaction proceeds at room temperature.'!’

DCCI
Ph,CHCO,H + C,HsOH —— Ph,CHCO,C,H
2 2 2Hs DMAP 2 2425

0 1

2-Chloropyridinium'?® and 3-chloroisoxazolium'?! cations also activate carboxy
groups toward nucleophilic attack. In each instance the halide is displaced from the
heterocycle by the carboxylate via an addition-elimination mechanism. Nucleophilic
attack on the activated carbonyl group results in elimination of the heterocyclic ring,
with the departing oxygen being converted to an amidelike structure. The positive

116 G, Ulibarri, N. Choret, and D. C. H. Bigg, Synthesis, 1286 (1996).

7. F, Kurzer and K. Douraghi-Zadeh, Chem. Rev., 67, 107 (1967).

18- D, F. DeTar and R. Silverstein, J. Am. Chem. Soc., 88, 1013, 1020 (1966); D. F. DeTar, R. Silverstein,
and F. F. Rogers, Jr., J. Am. Chem. Soc., 88, 1024 (1966).

119 A Hassner and V. Alexanian, Tetrahedron Lett., 4475 (1978); B. Neises and W. Steglich, Angew.
Chem. Int. Ed. Engl., 17, 522 (1978).

120- T, Mukaiyama, M. Usui, E. Shimada, and K. Saigo, Chem. Lett., 1045 (1975).

121. K. Tomita, S. Sugai, T. Kobayashi, and T. Murakami, Chem. Pharm. Bull., 27, 2398 (1979).
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charge on the heterocyclic ring accelerates both the initial addition step and the
subsequent elimination of the heterocycle.

X
e + R N
@\ + RCOH — OCR Q N (l C u
OCR

N Cl
| | cl
R/ R’ R,

Carboxylic acid esters of thiols are considerably more reactive as acylating
reagents than the esters of alcohols. Particularly reactive are esters of pyridine-2-
thiol because there is an additional driving force in the formation of the more stable
pyridine-2-thione tautomer.

? %
X
7 @ — Nu—CR + Q

S N
: RC<S N
NULJ \_/‘ H

Additional acceleration of acylation can be obtained by inclusion of cupric salts, which
coordinate at the pyridine nitrogen. This modification is useful for the preparation of
highly hindered esters.!?> Pyridine-2-thiol esters can be prepared by reaction of the
carboxylic acid with 2,2’-dipyridyl disulfide and triphenylphosphine'?* or directly from
the acid and 2-pyridyl thiochloroformate.'?*

PPhg | N
RCO,H + S—S RC s / + PhsP=0
® ° 1 :
RCOMH + 1l + RN — ] | P+ €Oz + RaNH CF

N SﬁCI RC—S
O

The 2-pyridyl and related 2-imidazolyl disulfides have found special use in the
closure of large lactone rings.'? Structures of this type are encountered in a number
of antibiotics and other natural products and require mild conditions for cyclization
because numerous other sensitive functional groups are present. It has been suggested
that the pyridyl and imidazoyl thioesters function by a mechanism in which the
heterocyclic nitrogen acts as a base, deprotonating the alcohol group. This proton
transfer provides a cyclic TS in which hydrogen bonding can enhance the reactivity
of the carbonyl group.'?®

X X
| N ” - s — —(CHZ)X
sS— C(CHZ)XCHZOH — )
[ | _—(CHy, O CHZ

H\ /C(CHQ)XCHZ -
4 ‘0 0—CH,

1225, Kim and J. I. Lee, J. Org. Chem., 49, 1712 (1984).

123 T, Mukaiyama, R. Matsueda, and M. Suzuki, Tetrahedron Lett., 1901 (1970).

124 . J. Corey and D. A. Clark, Tetrahedron Lett., 2875 (1979).

125 'E. J. Corey and K. C. Nicolaou, J. Am. Chem. Soc., 96, 5614 (1974); K. C. Nicolaou, Tetrahedron, 33,
683 (1977).

126. B, J. Corey, K. C. Nicolaou, and L. S. Melvin, Jr., J. Am. Chem. Soc., 97, 654 (1975); E. J. Corey,
D. J. Brunelle, and P. J. Stork, Tetrahedron Lett., 3405 (1976).



Good yields of large ring lactones are achieved by this method.

CH
HO e N HO O CH;,
CO,H HOC(CHy,) (O )
T o N"s, 0 o
H HIl/
THPO 8 j PhsP tHpo = \)
H ey o ©
75%
Ref. 96
R R
HO,CCH,CH,CH=CH N N
: [ —S—S—= |
A & S T
Q H,C
PhsP 2\ y CH=CH(|3H(CH2)4CH3
/ YCH=CHCH(CH,),CH, HC 0O OH 50%
| hig
OH OH 0
Ref. 127

Use of 2.,4,6-trichlorobenzoyl chloride, Et;N, and DMAP, known as the
Yamaguchi method,'® is frequently used to effect macrolactonization. The reaction is
believed to involve formation of the mixed anhydride with the aroyl chloride, which
then forms an acyl pyridinium ion on reaction with DMAP.'?

o O(ﬁ o P

Z
P [l = o—C
HO(CH,),C— NQ’ NCH), —= ()
2

Intramolecular lactonization can also be carried out with DCCI and DMAP.
As with most other macrolactonizations, the reactions must be carried out in rather
dilute solution to promote the intramolecular cyclization in competition with inter-
molecular reaction, which leads to dimers or higher oligomers. A study with 15-
hydroxypentadecanoic acid demonstrated that a proton source is beneficial under these
conditions and found the hydrochloride of DMAP to be convenient.'*

DMA
HO(CH,),CO,H + ArCCl —— HO(CH,),COCAr
Ar=2,4,6 —trichlorophenyl

0

DMAP o C/

HO(CH.)L.COM DMAPH*—Cl /O~ )
ZHame Dccl (CHy)14

Scheme 3.4 gives some typical examples of the preparation and use of active
acylating agents from carboxylic acids. Entries 1 and 2 show generation of acyl
chlorides by reaction of carboxylic acids or salts with oxalyl chloride. Entry 3
shows a convenient preparation of 2-pyridylthio esters, which are themselves potential
acylating agents (see p. 248). Entries 4 to 6 employ various coupling agents to form
esters. Entries 7 and 8 illustrate acylations catalyzed by DMAP. Entries 9 to 13 are

127- E. J. Corey, H. L. Pearce, 1. Szekely, and M. Ishiguro, Tetrahedron Lett., 1023 (1978).
128 H. Saiki, T. Katsuki, and M. Yamaguchi, Bull. Chem. Soc. Jpn., 52, 1989 (1979).

129- M. Hikota, H. Tone, K. Horita, and O. Yonemitsu, J. Org. Chem., 55, 7 (1990).

130- E. P. Boden and G. E. Keck, J. Org. Chem., 50, 2394 (1985).
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Scheme 3.4. Preparation and Reactions of Active Acylating Agents

A. Generation of acylation reagents

1*2  CHs  cH, CHs  cH,
clcococl
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a. J. Meinwald, J. C. Shelton, G. L. Buchanan, and A. Courtain, J. Org. Chem., 33, 99 (1968).
b. U. T. Bhalerao, J. J. Plattner, and H. Rapoport, J. Am. Chem. Soc., 92, 3429 (1970).
c. E. J. Corey and D. A. Clark, Tetrahedron Lett., 2875 (1979).
d. H. A. Staab and Rohr, Chem. Ber., 95, 1298 (1962).
e. S. Neeklakantan, R. Padmasani, and T. R. Seshadri, Tetrahedron, 21, 3531 (1965).
f. T. Mukaiyama, M. Usui, E. Shimada, and K. Saigo, Chem. Lett., 1045 (1970).
g. P. A. Grieco, T. Oguri, S. Gilman, and G. DeTitta, J. Am. Chem. Soc., 100, 1616 (1978).
h. Y.-L. Yang, S. Manna, and J. R. Falck, J. Am. Chem. Soc., 106, 3811 (1984).
i. A. Thalman, K. Oertle, and H. Gerlach, Org. Synth., 63, 192 (1984).
j. G. E. Keck and A. P. Troung, Org. Lett., 7, 2153 (2005).
k. P. Kumar and S. V. Naidu, J. Org. Chem., 70, 4207 (2005).
I. W. R. Roush and and R. J. Sciotti, J. Am. Chem. Soc., 120, 7411 (1998).
m. A. Lewis, L. Stefanuti, S. A. Swain, S. A. Smith, and R. J. K. Taylor, Org. Biomol. Chem., 1, 81 (2003)
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examples of macrocyclizations. Entry 9 uses the di-2-pyridyl disulfide-Ph;P method.
The cyclization was done in approximately 0.02 M acetonitrile by dropwise addition
of the disulfide. Entries 10 and 11 are examples of application of the Yamaguchi
macrolactonization procedure via the mixed anhydride with 2,4,6-trichlorobenzoyl
chloride. The reaction in Entry 12 uses BOP-CI as the coupling reagent. This particular
reagent gave the best results among the several alternatives that were explored. Further
discussion of this reagent can be found in Section 13.3.1. Entry 13 is an example of
the use of the DCCI-DMAP reagent combination.

3.4.2. Fischer Esterification

As noted in the preceding section, one of the most general methods of synthesis of
esters is by reaction of alcohols with an acyl chloride or other activated carboxylic acid
derivative. Section 3.2.5 dealt with two other important methods, namely, reactions
with diazoalkanes and reactions of carboxylate salts with alkyl halides or sulfonate
esters. There is also the acid-catalyzed reaction of carboxylic acids with alcohols,
which is called the Fischer esterification.

RCO,H + ROH -HI RCO,R + H,0

This is an equilibrium process and two techniques are used to drive the reaction to
completion. One is to use a large excess of the alcohol, which is feasible for simple
and inexpensive alcohols. The second method is to drive the reaction forward by
irreversible removal of water, and azeotropic distillation is one way to accomplish
this. Entries 1 to 4 in Scheme 3.5 are examples of acid-catalyzed esterifications. Entry
5 is the preparation of a diester starting with an anhydride. The initial opening of the
anhydride ring is followed by an acid-catalyzed esterification.

3.4.3. Preparation of Amides

The most common method for preparation of amides is the reaction of ammonia or
a primary or secondary amine with one of the reactive acylating reagents described in
Section 3.4.1. Acid anhydrides give rapid acylation of most amines and are convenient
if available. However, only one of the two acyl groups is converted to an amide.
When acyl halides are used, some provision for neutralizing the hydrogen halide that
is formed is necessary because it will react with the amine to form the corresponding
salt. The Schotten-Baumann conditions, which involve shaking an amine with excess
anhydride or acyl chloride and an alkaline aqueous solution, provide a very satisfactory
method for preparation of simple amides.

o]
Il

o
I
( 'NH + phccl NaoH N—CPh
90% Ref. 131

A great deal of work has been done on the in situ activation of carboxylic acids
toward nucleophilic substitution by amines. This type of reaction is fundamental
for synthesis of polypeptides (see also Section 13.3.1). Dicyclohexylcarbodiimide

Bl C. S. Marvel and W. A. Lazier, Org. Synth., 1, 99 (1941).



Scheme 3.5. Acid-Catalyzed Esterification
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a. C. F. H. Allen and F. W. Spangler, Org. Synth., III, 203 (1955).
b. E. H. Huntress, T. E. Lesslie, and J. Bornstein, Org. Synth., IV, 329 (1963).
c. J. Munch-Petersen, Org. Synth., V, 762 (1973).
d. E. L. Eliel, M. T. Fisk, and T. Prosser, Org. Synth., IV, 169 (1963).
e. H. B. Stevenson, H. N. Cripps, and J. K. Williams, Org. Synth., V, 459 (1973).

(DCCY) is often used for coupling carboxylic acids and amines to give amides. Since
amines are better nucleophiles than alcohols, the leaving group in the acylation reagent
need not be as reactive as is necessary for alcohols. The p-nitrophenyl'*? and 2.,4,5-
trichlorophenyl'*? esters of amino acids are sufficiently reactive toward amines to be
useful in amide synthesis. Acyl derivatives of N-hydroxysuccinimide are also useful
for synthesis of peptides and other types of amides.'** '3 Like the p-nitrophenyl esters,
the acylated N-hydroxysuccinimides can be isolated and purified, but react rapidly
with free amino groups.

2o ? Rlcll) (I? RZ20O

o]
| I
XCNHCHCO—N + H,NCHCY —= XCNHCHCNHCHCY + HO—N

lo o

The N-hydroxysuccinimide that is liberated is easily removed because of its solubility
in dilute base. The relative stability of the anion of N-hydroxysuccinimide is also
responsible for the acyl derivative being reactive toward nucleophilic attack by an

132- M. Bodanszky and V. DuVigneaud, J. Am. Chem. Soc., 81, 5688 (1959).

133 J. Pless and R. A. Boissonnas, Helv. Chim. Acta, 46, 1609 (1963).

134 G. W. Anderson, J. E. Zimmerman, and F. M. Callahan, J. Am. Chem. Soc., 86, 1839 (1964).

135 E. Wunsch and F. Drees, Chem. Ber., 99, 110 (1966); E. Wunsch, A. Zwick, and G. Wendlberger,
Chem. Ber., 100, 173 (1967).

253

SECTION 3.4

Interconversion of
Carboxylic Acid
Derivatives



254

CHAPTER 3

Functional Group
Interconversion

by Substitution,
Including Protection and
Deprotection

amino group. Esters of N-hydroxysuccinimide are also used to carry out chemical
modification of peptides, proteins, and other biological molecules by acylation of
nucleophilic groups in these molecules. For example, detection of estradiol antibodies
can be accomplished using an estradiol analog to which a fluorescent label has been
attached.

OH
| .\C==C(CH,),NH,

OO

HO
HO o OH
| W\ C=C(CHR),NHC
O LS
+ 0 — o}
(L
N—O0,C
S HO
o}

fluorescein

Ref. 136

Similarly, photolabels, such as 4-azidobenzoylglycine can be attached to peptides and
used to detect binding sites in proteins.'?’

O

i -
decapeptide —NH,+ N —OZCCHZNHC%;yN3 — decapeptide—NH—CCHZNHCQM

o

1-Hydroxybenzotriazole is also useful in conjunction with DCCI.!* For example, Boc-
protected leucine and the methyl ester of phenylalanine can be coupled in 88% yield
with these reagents.

CH,CH(CHs3), CH,Ph DCCI (CH3)ZCH(|:H2 (|:H2Ph
+
BocNHCHCO,H H,NCHCO,CH4 N-hydroxybenzotriazole, BocNHCHﬁNHCHCOZCH3
N-ethylmorpholine
Ref. 139

Carboxylic acids can also be activated by the formation of mixed anhydrides
with various phosphoric acid derivatives. Diphenyl phosphoryl azide, for example, is
an effective reagent for conversion of amines to amides.'*’ The proposed mechanism
involves formation of the acyl azide as a reactive intermediate.

136 M. Adamczyk, Y.-Y. Chen, J. A. Moore, and P. G. Mattingly, Biorg. Med. Chem. Lett., 8, 1281 (1998);
M. Adamczyk, J. R. Fishpaugh, and K. J. Heuser, Bioconjugate Chem., 8, 253 (1997).

137.°G. C. Kundu, I. Ji, D. J. McCormick, and T. H. Ji, J. Biol. Chem., 271, 11063 (1996).

138- W. Konig and R. Geiger, Chem. Ber., 103, 788 (1970).

139 M. Bodanszky and A. Bodanszky, The Practice of Peptide Synthesis, 2nd Edition, Springer-Verlag,
Berlin, 1994, pp. 119-120.

140. T Shioiri and S. Yamada, Chem. Pharm. Bull., 22, 849 (1974); T. Shioiri and S. Yamada, Chem.
Pharm. Bull., 22, 855 (1974); T. Shioiri and S. Yamada, Chem. Pharm. Bull., 22, 859 (1974).



| o
RCO,™ + (PhO),PN; —= RC-O-P(OPh), + N,

[l [| I
RC—O—P(OPh), + N;~ —» RCNj + ~O,P(OPh),
0 0
RCN; + RNH, —=  RCNHR’ + HN,

Another useful reagent for amide formation is compound 1, known as BOP-CL,'#!
which also proceeds by formation of a mixed carboxylic phosphoric anhydride.

Another method for converting esters to amides involves aluminum amides, which
can be prepared from trimethylaluminum and the amine. These reagents convert esters
directly to amides at room temperature.'+?

O/cochs (CH)AINCH,Ph O/

The driving force for this reaction is the strength of the aluminum-oxygen bond
relative to the aluminum-nitrogen bond. This reaction provides a good way of making
synthetically useful amides of N-methoxy-N-methylamine.'** Trialkylaminotin and
bis-(hexamethyldisilylamido)tin amides, as well as tetrakis-(dimethylamino)titanium,
show similar reactivity.'** These reagents can also catalyze exchange reactions between
amines and amides under moderate conditions.'* For example, whereas exchange of
benzylamine into N-phenylheptanamide occurs very slowly at 90° C in the absence of
catalyst (> months), the conversion is effected in 16 h by Ti[N(CH;),],.

i
CNHCH,Ph

78%

o} O

5 mol % Ti(NMe,), I
CH3(CH,)sCNHCH,Ph
99%

I
CHy(CH,)sCNHPh + PhCH,NH,
90°C, 16 h

141 J. Diago-Mesequer, A. L. Palomo-Coll, J. R. Fernandez-Lizarbe, and A. Zugaza-Bilbao, Synthesis, 547

(1980); R. D. Tung, M. K. Dhaon, and D. H. Rich, J. Org. Chem., 51, 3350 (1986); W. J. Collucci,
R. D. Tung, J. A. Petri, and D. H. Rich, J. Org. Chem., 55, 2895 (1990); J. Jiang, W. R. Li,
R. M. Przeslawski, and M. M. Joullie, Tetrahedron Lett., 34, 6705 (1993).

142. A, Basha, M. Lipton, and S. M. Weinreb, Tetrahedron Lett., 4171 (1977); A. Solladie-Cavallo and
M. Bencheqroun, J. Org. Chem., 57, 5831 (1992).

43 J. 1. Levin, E. Turos, and S. M. Weinreb, Synth. Commun., 12, 989 (1982); T. Shimizu, K. Osako, and
T. Nakata, Tetrahedron Lett., 38, 2685 (1997).

144 G. Chandra, T. A. George, and M. F. Lappert, J. Chem. Soc. C, 2565 (1969); W.-B. Wang and
E. J. Roskamp, J. Org. Chem., 57, 6101 (1992); W.-B. Wang, J. A. Restituyo, and E. J. Roskamp,
Tetrahedron Lett., 34, 7217 (1993).

193-S E. Eldred, D. A. Stone, S. M. Gellman, and S. S. Stahl, J. Am. Chem. Soc., 125, 3423 (2003).
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Tris-(dimethylamino)aluminum also promotes similar exchange reactions. The
catalysis by titanium and aluminum amides may involve bifunctional catalysis in which
the metal center acts as a Lewis acid while also delivering the nucleophilic amide.

RNH

I
"R /o— M— 5 | "R o
\ " oO—M— _ =
\&/HNR’ >< \
RNH  HNR’
Interestingly, Sc(O;SCF;); is also an active catalyst for these exchange reactions.

The cyano group is at the carboxylic acid oxidation level, so nitriles are potential
precursors of primary amides. Partial hydrolysis is sometimes possible.!*

HCI, H,0 0
PhCH,C=N PhCH,CNH,

40-50°C

1h

A milder procedure involves the reaction of a nitrile with an alkaline solution of
hydrogen peroxide.'*” The strongly nucleophilic hydrogen peroxide adds to the nitrile
and the resulting adduct gives the amide. There are several possible mechanisms for
the subsequent decomposition of the peroxycarboximidic adduct.'*®

H,O

’ﬁlH IﬁlH [
RC=N+-0,H — RCOO- == RCOOH + H,0, —» RCNH,+O, + H,0

In all the mechanisms, the hydrogen peroxide is converted to oxygen and water, leaving
the organic substrate hydrolyzed, but at the same oxidation level.

Scheme 3.6 illustrates some of the means of preparation of amides. Entries 1 and
2 are cases of preparation of simple amides by conversion of the carboxylic acid to an
acyl chloride using SOCI,. Entry 3 is the acetylation of glycine by acetic anhydride.
The reaction is done in concentrated aqueous solution (~ 3 M) using a twofold excess
of the anhydride. The reaction is exothermic and the product crystallizes from the
reaction mixture when it is cooled. Entries 4 and 5 are ester aminolysis reactions. The
cyano group is an activating group for the ester in Entry 4, and this reaction occurs at
room temperature in concentrated ammonia solution. The reaction in Entry 5 involves
a less nucleophilic and more hindered amine, but involves a relatively reactive aryl
ester. A much higher temperature is required for this reaction. Entries 6 to 8 illustrate
the use of several of the coupling reagents for preparation of amides. Entries 9 and
10 show preparation of primary amides by hydrolysis of nitriles. The first reaction
involves partial hydrolysis, whereas the second is an example of peroxide-accelerated
hydrolysis.

146. W . Wenner, Org. Synth., IV, 760 (1963).

147..C. R. Noller, Org. Synth., II, 586 (1943); J. S. Buck and W. S. Ide, Org. Synth., II, 44 (1943).

148. K. B. Wiberg, J. Am. Chem. Soc., 75, 3961 (1953); J. Am. Chem. Soc., 77, 2519 (1955); J. E. Mclsaac,
Jr., R. E. Ball, and E. J. Behrman, J. Org. Chem., 36, 3048 (1971).



Scheme 3.6. Synthesis of Amides
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3.5. Installation and Removal of Protective Groups

Protective groups play a key role in multistep synthesis. When the synthetic target
is a relatively complex molecule, a sequence of reactions that would be expected to lead
to the desired product must be devised. At the present time, syntheses requiring 15-20
steps are common and many that are even longer have been completed. In the planning
and execution of such multistep syntheses, an important consideration is the compat-
ibility of the functional groups that are already present with the reaction conditions
required for subsequent steps. It is frequently necessary to modify a functional group in
order to prevent interference with some reaction in the synthetic sequence. A protective
group can be put in place and then subsequently removed in order to prevent an
undesired reaction or other adverse influence. For example, alcohols are often protected
as trisubstituted silyl ethers and carbonyl groups as acetals. The silyl group masks both
the acidity and nucleophilicity of the hydroxy group. An acetal group can prevent both
unwanted nucleophilic additions or enolate formation at a carbonyl group.

R—OH + R’3SiX —= R—O—SiR,
R,C=0 +R'OH —= R,C(OR"),

Three considerations are important in choosing an appropriate protective group:
(1) the nature of the group requiring protection; (2) the reaction conditions under which
the protective group must be stable; and (3) the conditions that can be tolerated for
removal of the protecting group. No universal protective groups exist. The state of the
art has been developed to a high level, however, and the many mutually complementary
protective groups provide a great degree of flexibility in the design of syntheses of
complex molecules.'® Protective groups play a passive role in synthesis, but each
operation of introduction and removal of a protective group adds steps to the synthetic
sequence. It is thus desirable to minimize the number of such operations. Fortunately,
the methods for protective group installation and removal have been highly developed
and the yields are usually excellent.

3.5.1. Hydroxy-Protecting Groups

3.5.1.1. Acetals as Protective Groups. A common requirement in synthesis is that
a hydroxy group be masked as a derivative lacking the proton. Examples of this
requirement are reactions involving Grignard or other strongly basic organometallic

149 T, W. Green and P. G. Wuts, Protective Groups in Organic Synthesis, 3rd Edition, Wiley, New York,
1999; P. J. Kocienski, Protective Groups, Thieme, New York, 2000.



reagents. The acidic proton of a hydroxy group will destroy one equivalent of a strongly
basic organometallic reagent and possibly adversely affect the reaction in other ways.
In some cases, protection of the hydroxy group also improves the solubility of alcohols
in nonpolar solvents. The choice of the most appropriate group is largely dictated by
the conditions that can be tolerated in subsequent removal of the protecting group.
The tetrahydropyranyl ether (THP) is applicable when mildly acidic hydrolysis is an
appropriate group for deprotection.'® The THP group, like other acetals and ketals,
is inert to basic and nucleophilic reagents and is unchanged under such conditions
as hydride reduction, organometallic reactions, or base-catalyzed reactions in aqueous
solution. It also protects the hydroxy group against oxidation. The THP group is
introduced by an acid-catalyzed addition of the alcohol to the vinyl ether moiety in
dihydropyran. p-Toluenesulfonic acid or its pyridinium salt are frequently used as the
catalyst,'>! although other catalysts are advantageous in special cases.

H+
CHREES
o) RO™ O

The THP group can be removed by dilute aqueous acid. The chemistry involved in
both the introduction and deprotection stages is the reversible acid-catalyzed formation
and hydrolysis of an acetal (see Part A, Section 7.1).

H
H

installation: ROH + - . Q — Q + H*

+

o RO O RO O
H
H,O

removal: HY 2 J\/j
L L™ rone g

RO (@] R(B| (6]

Various Lewis acids also promote hydrolysis of THP groups. Treatment with five
equivalents of LiCl and ten equivalents of H,O in DMSO removes THP groups in high
yield.'®? PdCl,(CH,CN), smoothly removes THP groups from primary alcohols.'>?
CuCl, is also reported to catalyze hydrolysis of the THP group.!3* These procedures
may involve generation of protons by interaction of water with the metal cations.

A disadvantage of the THP group is the fact that a new stereogenic center is
produced at C(2) of the tetrahydropyran ring. This presents no difficulties if the alcohol
is achiral, since a racemic mixture results. However, if the alcohol is chiral, the
reaction gives a mixture of diastereomers, which may complicate purification and/or
characterization. One way of avoiding this problem is to use methyl 2-propenyl ether
in place of dihydropyran (abbreviated MOP, for methoxypropyl). No new chiral center

150 W, E. Parham and E. L. Anderson, J. Am. Chem. Soc., 70, 4187 (1943).

51 J. H. van Boom, J. D. M. Herscheid, and C. B. Reese, Synthesis, 169 (1973); M. Miyashita,
A. Yoshikoshi, and P. A. Grieco, J. Org. Chem., 42, 3772 (1977).

152 G, Maiti and S. C. Roy, J. Org. Chem., 61, 6038 (1996).

13- Y -G. Wang, X.-X. Wu, and S.-Y. Jiang, Tetrahedron Lett., 45, 2973 (2004).

154 J. K. Davis, U. T. Bhalerao, and B. V. Rao, Ind. J. Chem. B, 39B, 860 (2000); J. Wang, C. Zhang,
Z.Qu, Y. Hou, B. Chen, and P. Wu, J. Chem. Res. Syn., 294 (1999).
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is introduced, and this acetal offers the further advantage of being hydrolyzed under
somewhat milder conditions than those required for THP ethers.'>

+

H
ROH + cn-|2=<|:—00|-|3 —> ROC(CHj3),0CH,
CH,

Ethyl vinyl ether is also useful for hydroxy group protection. The resulting derivative
(1-ethoxyethyl ether) is abbreviated as the EE group.'®® As with the THP group, the
EE group introduces an additional stereogenic center.

The methoxymethyl (MOM) and 3-methoxyethoxymethyl (MEM) groups are used
to protect alcohols and phenols as formaldehyde acetals. These groups are normally
introduced by reaction of an alkali metal salt of the alcohol with methoxymethyl
chloride or B-methoxyethoxymethyl chloride.!'>’

CH3OCH,CI ROCH,OCH;,3
RO"M*

ROCH,OCH,CH,OCH,
CH3OCH,CH,OCH,CI

The MOM and MEM groups can be cleaved by pyridinium tosylate in moist organic
solvents.'®® An attractive feature of the MEM group is the ease with which it can be
removed under nonaqueous conditions. Reagents such as zinc bromide, magnesium
bromide, titanium tetrachloride, dimethylboron bromide, or trimethylsilyl iodide permit
its removal.!® The MEM group is cleaved in preference to the MOM or THP groups
under these conditions. Conversely, the MEM group is more stable to acidic aqueous
hydrolysis than the THP group. These relative reactivity relationships allow the THP
and MEM groups to be used in a complementary fashion when two hydroxy groups
must be deprotected at different points in a synthetic sequence.

CH,=CH CH,=CH
CH3CO,H, H,0,
THF ,
: “OMEM  35°C, 40h g 'OMEM
THPO HO Ref. 160

The methylthiomethyl (MTM) group is a related alcohol-protecting group. There
are several methods for introducing the MTM group. Alkylation of an alcoholate by

155" A F. Kluge, K. G. Untch, and J. H. Fried, J. Am. Chem. Soc., 94, 7827 (1972).

156 H. J. Sims, H. B. Parseghian, and P. L. DeBenneville, J. Org. Chem., 23, 724 (1958).

157 G. Stork and T. Takahashi, J. Am. Chem. Soc., 99, 1275 (1977); R. J. Linderman, M. Jaber, and
B. D. Griedel, J. Org. Chem., 59, 6499 (1994); P. Kumar, S. V. N. Raju, R. S. Reddy, and B. Pandey,
Tetrahedron Lett., 35, 1289 (1994).

158 H. Monti, G. Leandri, M. Klos-Ringuet, and C. Corriol, Synth. Commun., 13, 1021 (1983); M. A. Tius
and A. M. Fauq, J. Am. Chem. Soc., 108, 1035 (1986).

19 'E. J. Corey, J.-L. Gras, and P. Ulrich, Tetrahedron Lett., 809 (1976); Y. Quindon, H. E. Morton, and
C. Yoakim, Tetrahedron Lett., 24, 3969 (1983); J. H. Rigby and J. Z. Wilson, Tetrahedron Lett., 25,
1429 (1984); S. Kim, Y. H. Park, and L. S. Kee, Terrahedron Lett., 32, 3099 (1991).

160. B J. Corey, R. L. Danheiser, S. Chandrasekaran, P. Siret, G. E. Keck, and J.-L. Gras, J. Am. Chem.
Soc., 100, 8031 (1978).



methylthiomethyl chloride is efficient if catalyzed by iodide ion.'®" Alcohols are also 261
converted to MTM ethers by reaction with dimethyl sulfoxide in the presence of acetic
acid and acetic anhydride,'®? or with benzoyl peroxide and dimethyl sulfide.!®* The
latter two methods involve the generation of the methylthiomethylium ion by ionization ’”‘"’2] f["}’)’r‘;’;‘:;’l‘i fé’:ﬁf:;ﬁ
of an acyloxysulfonium ion (Pummerer reaction). '

SECTION 3.5

-

RO™M* + CH3SCH,CI —=  ROCH,SCH,
CH4CO,H

ROH + CHsSOCH; ~ ———>  ROCH,SCH,
(CH5C0),0

ROH + (CHg),S + (PhCO,), — ROCH,SCH;

The MTM group is selectively removed under nonacidic conditions in aqueous
solutions containing Ag* or Hg** salts. The THP and MOM groups are stable under
these conditions.'®’ The MTM group can also be removed by reaction with methyl
iodide, followed by hydrolysis of the resulting sulfonium salt in moist acetone.'®?
Two substituted alkoxymethoxy groups are designed for cleavage involving
B-elimination. The 2,2,2-trichloroethoxymethyl groups can be cleaved by reducing
agents, including zinc, samarium diiodide, and sodium amalgam.'®* The (-elimination
results in the formation of a formaldehyde hemiacetal, which decomposes easily.

2e-
CI3CCH,0CH,0OR — |- + CLC=CH, + CH,=0O + "OR

The 2-(trimethylsilyl)ethoxymethyl group (SEM) can be removed by various fluoride
sources, including TBAF, pyridinium fluoride, and HF.!%> This deprotection involves
nucleophilic attack at silicon, which triggers [3-elimination.

F~ + (CHg)3SiCH, — CH,OCH,0R  ——=  (CHg);SiF+ CH,=CH, + CH,=O0 + ~OR

The SEM group can also be cleaved by MgBr,. A noteworthy aspect of this method
is that trisubstituted silyl ethers (see below) can survive.

CHy _CH
CH; _CH 3> CHs
fs OSEM 5”0 ° MgBr, fs 7ho9To
T , - OSi(Ph),C(CH
s 0Si(Ph),C(CH3); “ether/ s (PR)2C(CHz)q
nitromethane
CHz CHj CH CHs

Ref. 166
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MgBr, removal of SEM groups is also useful for deprotection of carboxy groups in
N-protected amino acids.

H O H
[l MgCl, I
(CH3)3COZCN?HCOCHZO(CHZ)ZSi(CH3)3 e (CH3)3C02HN(|3HC02H
2
Ph Ph

Ref. 167

3.5.1.2. Ethers as Protective Groups. The simple alkyl groups are generally not very
useful for protection of alcohols as ethers. Although they can be introduced readily
by alkylation, subsequent cleavage requires strongly electrophilic reagents such as
boron tribromide (see Section 3.3). The #-butyl group is an exception and has found
some use as a hydroxy-protecting group. Owing to the stability of the z-butyl cation,
t-butyl ethers can be cleaved under moderately acidic conditions. Trifluoroacetic acid
in an inert solvent is frequently used.'®® r-Butyl ethers can also be cleaved by acetic
anhydride-FeCl, in ether.!® The t-butyl group is normally introduced by reaction
of the alcohol with isobutylene in the presence of an acid catalyst.'"'7" Acidic ion
exchange resins are effective catalysts.'”!

+

ROH + CH2=C(CH3), —» ROC(CHj);

The triphenylmethyl (trityl, abbreviated Tr) group is removed under even milder
conditions than the z-butyl group and is an important hydroxy-protecting group,
especially in carbohydrate chemistry.!”” This group is introduced by reaction of the
alcohol with triphenylmethyl chloride via an S, 1 substitution. Owing to their steric
bulk, triarylmethyl groups are usually introduced only at primary hydroxy groups.
Reactions at secondary hydroxy groups can be achieved using stronger organic bases
such as DBU.'” Hot aqueous acetic acid suffices to remove the trityl group. The
ease of removal can be increased by addition of ERG substituents. The p-methoxy
(PMTr) and p,p’-dimethoxy (DMTr) derivatives are used in this way.!”* Trityl groups
can also be removed oxidatively using Ce(NH;)4(NO;); (CAN) on silica.!” This
method involves a single-electron oxidation and, as expected, the rate of reaction is
DMTr > PMTr > Tr. The DMTr group is especially important in the protection of
primary hydroxy groups in nucleotide synthesis (see Section 13.3.2).

The benzyl group can serve as a hydroxy-protecting group if acidic conditions
for ether cleavage cannot be tolerated. The benzyl C—O bond is cleaved by catalytic
hydrogenolysis,'”® or by electron-transfer reduction using sodium in liquid ammonia or

167. W.
168. 1.
169. B.

-C. Chen, M. D. Vera, and M. M. Joullie, Tetrahedron Leit., 38, 4025 (1997).
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S. K. Chaudhary and O. Hernandez, Tetrahedron Lett., 20, 95 (1979).

173.°S. Colin-Messager, J.-P. Girard, and J.-C. Rossi, Tetrahedron Lett., 33, 2689 (1992).

174. M. Smith, D. H. Rammler, I. H. Goldberg, and H. G. Khorana, J. Am. Chem. Soc., 84, 430 (1962).
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aromatic radical anions.!”” Benzyl ethers can also be cleaved using formic acid, cyclo-
hexene, or cyclohexadiene as hydrogen sources in transfer hydrogenolysis catalyzed
by platinum or palladium.'”® Several nonreductive methods for cleavage of benzyl
ether groups have also been developed. Treatment with s-butyllithium, followed by
reaction with trimethyl borate and then hydrogen peroxide liberates the alcohol.'” The
lithiated ether forms an alkyl boronate, which is oxidized as discussed in Section 4.5.2.

o
s-BulLi | B(OCH H,O
ROCHPh = RoCHPh D092 Rockph H292 pocon - Rom + PhcH=0

(CH30),B OB(OCHj),

Lewis acids such as FeCl; and SnCl, also cleave benzyl ethers. '8

Benzyl groups having 4-methoxy (PMB) or 3,5-dimethoxy (DMB) substituents
can be removed oxidatively by dichlorodicyanoquinone (DDQ).'$! These reactions
presumably proceed through a benzylic cation and the methoxy substituent is necessary
to facilitate the oxidation.

H,0 OH

—2e” I
CH3O@CHZOR cmo@—ém - CH3O@CHOR —~ ROH
—H*

These reaction conditions do not affect most of the other common hydroxy-protecting
groups and the methoxybenzyl group is therefore useful in synthetic sequences that
require selective deprotection of different hydroxy groups. 4-Methoxybenzyl ethers
can also be selectively cleaved by dimethylboron bromide.!?

Benzyl groups are usually introduced by the Williamson reaction (Section 3.2.3).
They can also be prepared under nonbasic conditions if necessary. Benzyl alcohols are
converted to trichloroacetimidates by reaction with trichloroacetonitrile. These then
react with an alcohol to transfer the benzyl group.'8?

NH
Il ROH
ArCH,OH + CI;CCN — ArCH,0OCCCl; —>= ROCH,Ar + CI3CCNH,

Phenyldiazomethane can also be used to introduce benzyl groups.'8*
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4-Methoxyphenyl (PMP) ethers find occasional use as hydroxy protecting groups.
Unlike benzylic groups, they cannot be made directly from the alcohol. Instead,
the phenoxy group must be introduced by a nucleophilic substitution.'®> Mitsunobu
conditions are frequently used.'®® The PMP group can be cleaved by oxidation
with CAN.

Allyl ethers can be removed by conversion to propenyl ethers, followed by acidic
hydrolysis of the resulting enol ether.

H,O*
ROCH,CH=CH, —= ROCH=CHCH; —= ROH + CH,CH,CH=0

The isomerization of an allyl ether to a propenyl ether can be achieved either by
treatment with potassium ¢-butoxide in dimethyl sulfoxide!®” or by catalysts such as
Rh(PPh;),C1!# or RhH(PPh,),.!% Heating allyl ethers with Pd-C in acidic methanol
can also effect cleavage of allyl ethers.'”® This reaction, too, is believed to involve
isomerization to the 1-propenyl ether. Other very mild conditions for allyl group
cleavage include Wacker oxidation conditions'”' (see Section 8.2.1) and DiBAIH with
catalytic NiCl,(dppp).'*?

3.5.1.3. Silyl Ethers as Protective Groups. Silyl ethers play a very important role
as hydroxy-protecting groups.'®® Alcohols can be easily converted to trimethylsilyl
(TMS) ethers by reaction with trimethylsilyl chloride in the presence of an amine
or by heating with hexamethyldisilazane. Trimethylsilyl groups are easily removed
by hydrolysis or by exposure to fluoride ions. -Butyldimethylsilyl (TBDMS) ethers
are also very useful. The increased steric bulk of the TBDMS group improves the
stability of the group toward such reactions as hydride reduction and Cr(VI) oxidation.
The TBDMS group is normally introduced using a tertiary amine as a catalyst in
the reaction of the alcohol with #-butyldimethylsilyl chloride or triflate. Cleavage
of the TBDMS group is slow under hydrolytic conditions, but anhydrous tetra-n-
butylammonium fluoride (TBAF),'** methanolic NH,F,'> aqueous HF,'”® BF,,'”7 or
SiF,'® can be used for its removal. Other highly substituted silyl groups, such as
dimethyl(1,2,2-trimethylpropyl)silyl'® and tris-isopropylsilyl,?®® (TIPS) are even more
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sterically hindered than the TBDMS group and can be used when added stability is
required. The triphenylsilyl (TPS) and #-butyldiphenylsilyl (TBDPS) groups are also
used.?®! The hydrolytic stability of the various silyl protecting groups is in the order
TMS < TBDMS < TIPS < TBDPS.2> All the groups are also susceptible to TBAF
cleavage, but the TPS and TBDPS groups are cleaved more slowly than the trialkylsilyl
groups.’”® Bromine in methanol readily cleaves TBDMS and TBDPS groups.?%*

3.5.1.4. Esters as Protective Groups. Protection of an alcohol function by esterifi-
cation sometimes offers advantages over use of acetal or ether groups. Generally,
esters are stable under acidic conditions, and they are especially useful in protection
during oxidations. Acetates, benzoates, and pivalates, which are the most commonly
used derivatives, can be conveniently prepared by reaction of unhindered alcohols with
acetic anhydride, benzoyl chloride, or pivaloyl chloride, respectively, in the presence
of pyridine or other tertiary amines. 4-Dimethylaminopyridine (DMAP) is often used
as a catalyst. The use of N-acylimidazolides (see Section 3.4.1) allows the acylation
reaction to be carried out in the absence of added base.?> Imidazolides are less reactive
than the corresponding acyl chloride and can exhibit a higher degree of selectivity in
reactions with a molecule possessing several hydroxy groups.

O
V4
Ph/%o 0 , PhC. CHCls, Ph/%o o
HO N - HO
HO OCH3 <\N] A C|) OCHs
PhCO 78% Ref. 206

Hindered hydroxy groups may require special acylation procedures. One approach
is to increase the reactivity of the hydroxy group by converting it to an alkoxide ion
with strong base (e.g., n-BuLi or KH). When this conversion is not feasible, a more
reactive acylating reagent is used. Highly reactive acylating agents are generated in situ
when carboxylic acids are mixed with trifluoroacetic anhydride. The mixed anhydride
exhibits increased reactivity because of the high reactivity of the trifluoroacetate ion as
a leaving group.?’’ Dicyclohexylcarbodiimide is another reagent that serves to activate
carboxy groups.

Ester groups can be removed readily by base-catalyzed hydrolysis. When basic
hydrolysis is inappropriate, special acyl groups are required. Trichloroethyl carbonate
esters, for example, can be reductively removed with zinc.?%

Zn
RO%OCHZCCIs — ROH + H,C=CCI, + CO,
(@)
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Allyl carbonate esters are also useful hydroxy-protecting groups and are intro-
duced using allyl chloroformate. A number of Pd-based catalysts for allylic depro-
tection have been developed.”” They are based on a catalytic cycle in which Pd’
reacts by oxidative addition and activates the allylic bond to nucleophilic substitution.
Various nucleophiles are effective, including dimedone,*'* pentane-2,4-dione,*'' and
amines.?!?

0 0 A

Pd° SRNENTE
R\OJ\O/\/ — R\OJ\O/F’d" NU RoH + co, + P + >N

Table 3.1 gives the structure and common abbreviation of some of the most
frequently used hydroxy-protecting groups.

3.5.1.5. Protective Groups for Diols. Diols represent a special case in terms of appli-
cable protecting groups. 1,2- and 1,3-diols easily form cyclic acetals with aldehydes and
ketones, unless cyclization is precluded by molecular geometry. The isopropylidene
derivatives (also called acetonides) formed by reaction with acetone are a common
example.

R?H—CliHR
.
RCHCHR + CHCCH; — O O
| I \C/
HO OH o} S
CH; CH,

The isopropylidene group can also be introduced by acid-catalyzed exchange with
2,2-dimethoxypropane.?'3

OCH, RCH —CH,
H* |
R(liHCHZOH + CHyCCH; —= O O + 2CHZOH

\C/
OH OCH, /5N
CHy CHj,

This acetal protective group is resistant to basic and nucleophilic reagents, but is
readily removed by aqueous acid. Formaldehyde, acetaldehyde, and benzaldehyde are
also used as the carbonyl component in the formation of cyclic acetals, and they
function in the same manner as acetone. A disadvantage in the case of acetaldehyde
and benzaldehyde is the possibility of forming a mixture of diastereomers, because of
the new stereogenic center at the acetal carbon. Owing to the multiple hydroxy groups
present in carbohydrates, the use of cyclic acetal protecting groups is common.
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Table 3.1. Common Hydroxy-Protecting Groups

Structure Name Abbreviation

A. Ethers

@CHZOR Benzyl Bn

CH30 @ CH,0R p-Methoxybenzyl PMB

CH,=CHCH,O0R Allyl

Ph;COR Triphenylmethyl (trityl) Tr

CH30 @ OR p-Methoxyphenyl PMP
B. Acetals

(Oj\OR Tetrahydropyranyl THP

Methoxymethyl MOM
CH;OCH,0OR
CHacHzoclHOR 1-Ethoxyethyl EE
CHj
(CH3)2C|:OR 2-Methoxy-2-propyl MOP
OCH,

Cl;CCH,0OCH,0R 2,2,2-Trichloroethoxymethyl

CH;0CH,CH,0OCH,OR 2-Methoxyethoxymethyl MEM

(CH;)5SiCH,CH,0OCH,OR 2-Trimethylsilylethoxymethyl SEM

CH;SCH,0OR Methylthiomethyl MTM
C. Silyl ethers

(CHj;);SiOR Trimethylsilyl T™MS

(C,Hs);SiOR Triethylsilyl TES

[(CH;),CH];OR Tri-i-propylsilyl TIPS

Ph;SiOR Triphenylsilyl TPS

(CHj;);CSi(CHj;),SiOR t-Butyldimethylsilyl TBDMS

(CHj;);CSi(Ph),SiOR t-Butyldiphenylsilyl TBDPS
D. Esters

CH;CO,R Acetate Ac

PhCO,R Benzoate Bz

(CH;);CO,R Pivalate Piv

CH,=CHCH,0,COR Allyl carbonate

CI;CCH,0,COR 2,2,2-Trichloroethyl carbonate Troc

(CH;);SiCH,CH,0,COR 2-Trimethylsilylethyl carbonate

Cyclic carbonate esters are easily prepared from 1,2- and 1,3-diols. These are

commonly prepared by reaction with N,N’-carbonyldiimidazole
cation with diethyl carbonate.

3.5.2. Amino-Protecting Groups

or by transesterifi-

Amines are nucleophilic and easily oxidized. Primary and secondary amino groups
are also sufficiently acidic that they are deprotonated by many organometallic reagents.
If these types of reactivity are problematic, the amino group must be protected. The

214 J. P. Kutney and A. H. Ratcliffe, Synth. Commun., 547 (1975).
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most general way of masking nucleophilicity is by acylations, and carbamates are
particularly useful. A most effective group for this purpose is the carbobenzyloxy
(Cbz) group,’’® which is introduced by acylation of the amino group using benzyl
chloroformate. The amine can be regenerated from a Cbz derivative by hydrogenolysis
of the benzyl C-O bond, which is accompanied by spontaneous decarboxylation of
the resulting carbamic acid.

o} O

I H, I
CH,OCNR, —>
cat

HOCNRZ] —= CO, + HNR,

In addition to standard catalytic hydrogenolysis, methods for transfer hydrogenolysis
using hydrogen donors such as ammonium formate or formic acid with Pd-C catalyst
are available.?'® The Cbz group also can be removed by a combination of a Lewis acid
and a nucleophile: for example, boron trifluoride in conjunction with dimethyl sulfide
or ethyl sulfide.?"”

The z-butoxycarbonyl (rBoc) group is another valuable amino-protecting group.
The removal in this case is done with an acid such as trifluoroacetic acid or
p-toluenesulfonic acid.?'® ¢-Butoxycarbonyl groups are introduced by reaction of
amines with z-butoxypyrocarbonate or a mixed carbonate-imidate ester known as
“BOC-ON.”?"

+ toluene

0 P
(CH3)3COCOCOC(CHg)3 (CH3)3;COCON=CPh
“BOC-ON”
t-butyl pyrocarbonate 2-(t-butoxycarbonyloxyimino)-

2-phenylacetonitrile

Another carbamate protecting group is 2,2,2-trichloroethyoxycarbonyl, known as Troc.
2,2,2-Trichloroethylcarbamates can be reductively cleaved by zinc.??

Allyl carbamates also can serve as amino-protecting groups. The allyloxy group
is removed by Pd-catalyzed reduction or nucleophilic substitution. These reactions
involve formation of the carbamic acid by oxidative addition to the palladium.
The allyl-palladium species is reductively cleaved by stannanes,”?! phenylsilane,?*?
formic acid,”*® and NaBH,,”** which convert the allyl group to propene. Reagents

215 W. H. Hartung and R. Simonoff, Org. React., 7, 263 (1953).

216. 5, Ram and L. D. Spicer, Tetrahedron Lett., 28, 515 (1987); B. El Amin, G. Anantharamaiah, G.
Royer, and G. Means, J. Org. Chem., 44, 3442 (1979).

217 1. M. Sanchez, F. J. Lopez, J. J. Soria, M. I. Larraza, and H. J. Flores, J. Am. Chem. Soc., 105, 7640
(1983); D. S. Bose and D. E. Thurston, Tetrahedron Lett., 31, 6903 (1990).

218 E. Wunsch, Methoden der Organischen Chemie, Vol. 15, 4th Edition, Thieme, Stuttgart, 1975.

219- 0. Keller, W. Keller, G. van Look, and G. Wersin, Org. Synth., 63, 160 (1984); W. J. Paleveda,
F. W. Holly, and D. F. Weber, Org. Synth., 63, 171 (1984).

220. - G. Just and K. Grozinger, Synthesis, 457 (1976).

221 0. Dangles, F. Guibe, G. Balavoine, S. Lavielle, and A. Marquet, J. Org. Chem., 52, 4984 (1987).

222. M. Dessolin, M.-G. Guillerez, N. T. Thieriet, F. Guibe, and A. Loffet, Tetrahedron Lett., 36, 5741
(1995).

223- 1. Minami, Y. Ohashi, I. Shimizu, and J. Tsuji, Tetrahedron Lett., 26, 2449 (1985); Y. Hayakawa,
S. Wakabashi, H. Kato, and R. Noyori, J. Am. Chem. Soc., 112, 1691 (1990).

224 R. Beugelmans, L. Neville, M. Bois-Choussy, J. Chastanet, and J. Zhu, Tetrahedron Lett., 36, 3129
(1995).



used for nucleophilic cleavage include N,N’-dimethylbarbituric acid,?®® and silylating
agents, including TMS-N;/NH,F,??® TMSN(Me),,**” and TMSN(CH,;)COCF;.>" The
silylated nucleophiles trap the deallylated product prior to hydrolytic workup.

o o /A RNH, + CO, + Pd® + N\ H

R R ~H-D
N P TN\ ]
|L lL NU-HN\ RNH, + CO, + Pd® + _\_Nu

Allyl groups attached directly to amine or amide nitrogen can be removed by
isomerization and hydrolysis. 2*® These reactions are analogous to those used to cleave
allylic ethers (see p. 266). Catalysts that have been found to be effective include
Wilkinson’s catalyst,’* other rhodium catalysts,?** and iron pentacarbonyl.*’ Treatment
of N-allyl amines with Pd(PPh,), and N,N’-dimethylbarbituric acid also cleaves the
allyl group.?!

Sometimes it is useful to be able to remove a protecting group by photolysis.
2-Nitrobenzyl carbamates meet this requirement. The photoexcited nitro group
abstracts a hydrogen from the benzylic position, which is then converted to a
a-hydroxybenzyl carbamate that readily hydrolyzes.?*

o} O

I hv Il
QCHZOCNRZ — Q—?HOCNRZ — Qw:o + CO, + H,NR
OH

NO, NO NO

N-Benzyl groups can be removed from tertiary amines by reaction with chloro-
formates. This can be a useful method for protective group manipulation if the resulting
carbamate is also easily cleaved. A particularly effective reagent is a-chloroethyl
chloroformate, which can be removed by subsequent solvolysis,?** and it has been
used to remove methyl and ethyl groups. These reactions are related to ether cleavage
by acylation reagents (see Section 3.3).

CH4CHO,CCI
CH30,C 7727 cHa0,C o) CH50,C

cl I CH3OH
;/ N—CHj 2/ N—COCHCH = Z/ NH

Cl

Simple amides are satisfactory protecting groups only if the rest of the molecule
can resist the vigorous acidic or alkaline hydrolysis necessary for removal. For this

225. P, Braun, H. Waldmann, W. Vogt, and H. Kunz, Synlett, 105 (1990).

226. - G. Shapiro and D. Buechler, Tetrahedron Lett., 35, 5421 (1994).

227 A. Merzouk, F. Guibe, and A. Loffet, Tetrahedron Lett., 33, 477 (1992).

228- 1, Minami, M. Yuhara, and J. Tsuji, Tetrahedron Lett., 28, 2737 (1987); M. Sakaitani, N. Kurokawa,
and Y. Ohfune, Tetrahedron Lett., 27, 3753 (1986).

229. B. C. Laguzza and B. Ganem, Tetrahedron Lett., 22, 1483 (1981).

230 J K. Stille and Y. Becker, J. Org. Chem., 45, 2139 (1980); R. J. Sundberg, G. S. Hamilton, and
J. P. Laurino, J. Org. Chem., 53, 976 (1988).

21 F. Garro-Helion, A. Merzouk, and F. Guibe, J. Org. Chem., 52, 6109 (1993).

232.J. F. Cameron and J. M. J. Frechet, J. Am. Chem. Soc., 113, 4303 (1991).

233- R. A. Olofson, J. T. Martz, J.-P. Senet, M. Piteau, and T. Malfroot, J. Org. Chem., 49, 2081 (1984).
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reason, only amides that can be removed under mild conditions are useful as amino-
protecting groups. Phthalimides, which are used to protect primary amino groups,
can be cleaved by treatment with hydrazine, as in the Gabriel synthesis of amines
(see Section 3.2.4). This reaction proceeds by initial nucleophilic addition at an imide
carbonyl, followed by an intramolecular acyl transfer.

0 o
HN
RN # NHNH, —= RNH, + )
HN

o o

A similar sequence that takes place under milder conditions uses 4-nitrophthalimides
as the protecting group and N-methylhydrazine for deprotection.** Reduction by
NaBH, in aqueous ethanol is an alternative method for deprotection of phthalimides.
This reaction involves formation of an o-hydroxybenzamide in the reduction step.

Intramolecular displacement of the amino group follows.?*
CH 0 CH,OH
BH, i
NR—> (ANR - ©[ @O + H,NR
CNHR CNHR 5
Owing to the strong EWG effect of the trifluoromethyl group, trifluoroacetamides
are subject to hydrolysis under mild conditions. This has permitted trifluoroacetyl
groups to be used as amino-protecting groups in some situations. For example, the
amino group was protected by trifluoroacetylation during BBr; demethylation of 2.

O
2

CH30 1) (CF5C0),0

2) BBr3

Ref. 236

Amides can also be deacylated by partial reduction. If the reduction proceeds only
to the carbinolamine stage, hydrolysis can liberate the deprotected amine. Trichloroac-
etamides are readily cleaved by sodium borohydride in alcohols by this mechanism.?*’
Benzamides, and probably other simple amides, can be removed by careful partial

reduction with diisobutylaluminum hydride (see Section 5.3.1.1).2%
0 OAIR,
Il R,AIH | H*
R,NCPh —— — R,NH + Ph

R,NCPh
I H,0

234 H. Tsubouchi, K. Tsuji, and H. Ishikawa, Synlett, 63 (1994).

235-J. 0. Osborn, M. G. Martin, and B. Ganem, Tetrahedron Lett., 25, 2093 (1984).

236. Yy -P. Pang and A. P. Kozikowski, J. Org. Chem., 56, 4499 (1991).

237. F. Weygand and E. Frauendorfer, Chem. Ber., 103, 2437 (1970).

238. J. Gutzwiller and M. Uskokovic, J. Am. Chem. Soc., 92, 204 (1970); K. Psotta and A. Wiechers,
Tetrahedron, 35, 255 (1979).



The 4-pentenoyl group is easily removed from amides by I, and can be used as a
protecting group. The mechanism of cleavage involves iodocyclization and hydrolysis
of the resulting iminolactone (see Section 4.2.1).2%

(0]
” |2 (@] HZO
RIIICCHZCHZCH=CH2 = RN:@—CHZI —~ RNH,

H

Sulfonamides are very difficult to hydrolyze. However, a photoactivated reductive
method for desulfonylation has been developed.?** Sodium borohydride is used in
conjunction with 1,2- or 1,4-dimethoxybenzene or 1,5-dimethoxynaphthalene. The
photoexcited aromatic serves as an electron donor toward the sulfonyl group, which
then fragments to give the deprotected amine. The NaBH, reduces the radical cation
and the sulfonyl radical.

hv
R,NSO,Ar + CH3OOOCH3 —  R,N 4+ CHSOOCHS +ArSO,

Table 3.2 summarizes the common amine-protecting groups. Reagents that permit
protection of primary amino groups as cyclic bis-silyl derivatives have been developed.
Anilines, for example, can be converted to disilazolidines.>*' These groups are stable to
a number of reaction conditions, including generation and reaction of organometallic
reagents.’*? They are readily removed by hydrolysis.

CHs;

CsF, HMPA Ssic M
ArNH2+(CH3)2?iCH2CHZS|i(CH3)2 ETd AN j
Si<
H H CHy~~ "CHg
. CH CHs;
(CH3),SiH (PPhg)sRNCI e
3/3 ,Si
ArNH, + Ar—N @
\
(CHa),SiH si
CHy" “CH,

Amide nitrogens can be protected by 4-methoxy or 2,4-dimethoxyphenyl groups.
The protecting group can be removed by oxidation with ceric ammonium nitrate.?*?
2,4-Dimethoxybenzyl groups can be removed using anhydrous trifluoroacetic acid.?**

239. R. Madsen, C. Roberts, and B. Fraser-Reid, J. Org. Chem., 60, 7920 (1995).

240 T, Hamada, A. Nishida, and O. Yonemitsu, Heterocycles, 12, 647 (1979); T. Hamada, A. Nishida,
Y. Matsumoto, and O. Yonemitsu, J. Am. Chem. Soc., 102, 3978 (1980).

241 R. P. Bonar-Law, A. P. Davis, and B. J. Dorgan, Tetrahedron Lett., 31, 6721 (1990); R. P. Bonar-Law,
A. P. Davis, B. J. Dorgan, M. T. Reetz, and A. Wehrsig, Tetrahedron Lett., 31, 6725 (1990); S. Djuric,
J. Venit, and P. Magnus, Tetrahedron Lett., 22, 1787 (1981); T. L. Guggenheim, Tetrahedron Lett., 25,
1253 (1984); A. P. Davis and P. J. Gallagher, Tetrahedron Lett., 36, 3269 (1995).

242 R. P. Bonar-Law, A. P. Davis, and J. P. Dorgan, Tetrahedron, 49, 9855 (1993); K. C. Grega,
M. R. Barbachyn, S. J. Brickner, and S. A. Mizsak, J. Org. Chem., 60, 5255 (1995).

243- M. Yamaura, T. Suzuki, H. Hashimoto, J. Yoshimura, T. Okamoto, and C. Shin, Bull. Chem. Soc. Jpn.,
58, 1413 (1985); R. M. Williams, R. W. Armstrong, and J.-S. Dung, J. Med. Chem., 28, 733 (1985).

24. R, H. Schlessinger, G. R. Bebernitz, P. Lin, and A. J. Pos, J. Am. Chem. Soc., 107, 1777 (1985);
P. DeShong, S. Ramesh, V. Elango, and J. J. Perez, J. Am. Chem. Soc., 107, 5219 (1985).
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Table 3.2. Common Amine-Protecting Groups

Structure Name Abbreviation

A. Carbamates

O
[l
@—cmoe— Carbobenzyloxy Cbz
(Benzyloxycarbonyl)
O
I t-Butoxycarbonyl t-Boc
(CH3);COC—
1
CH,=CHCH,OC— Allyloxycarbonyl
i
Cl;CCH,0C — Trichloroethoxycarbonyl Troc

B. N-Substituents

QCHz . Benzyl Bn

Allyl
CH,=CHCH,—
CH;0 CH,— 2,4-Dimethoxybenzyl DMB
OCH,3
C. Amides and Imides
(0]
Phthaloyl Phthal
(0]
(0]
Il Trifluoroacetyl
CF;,C—
i
CH,=CHCH,CH,C— 4-Pentenoyl

3.5.3. Carbonyl-Protecting Groups

Conversion to acetals is a very general method for protecting aldehydes and
ketones against nucleophilic addition or reduction.?*> Ethylene glycol, which gives a
cyclic dioxolane derivative, is frequently employed for this purpose. The dioxolanes
are usually prepared by heating a carbonyl compound with ethylene glycol in the
presence of an acid catalyst, with provision for azeotropic removal of water.

245- A. R. Hajipour, S. Khoee, and A. E. Ruoho, Org. Prep. Proced. Int., 35, 527 (2003).



R, O—CH

7 N 2
RCR’ + HOCH,CH,0H — + H0

= R,/ \O—CHZ

Scandium triflate is also an effective catalyst for dioxolane formation.>*®
Dimethyl or diethyl acetals can be prepared by acid-catalyzed exchange with an
acetal such as 2,2-dimethoxypropane or an orthoester.?*’

0 OCHg3

I H*
RCR’ + (CH30),C(CHj), — R—(l:—R' +(CH3),C=0
OCH,4
OCH
(0] . | 3

R(”:R' + HC(OCHs); —»= R—C—R’ + HCO,CHs
OCH,

Acetals can be prepared under very mild conditions by reaction of the carbonyl
compound with a trimethylsilyl ether, using trimethylsilyl trifluoromethylsulfonate as
the catalyst.>*

Me,Si03SCF,
R,C(OR"), + (CHy)3SiOSi(CHy)s

R,C=0 + 2R'OSi(CHjy);

The carbonyl group can be deprotected by acid-catalyzed hydrolysis by the general
mechanism for acetal hydrolysis (see Part A, Section 7.1). A number of Lewis acids
have also been used to remove acetal protective groups. Hydrolysis is promoted by
LiBF, in acetonitrile.?*® Bismuth triflate promotes hydrolysis of dimethoxy, diethoxy,
and dioxolane acetals.?*® The dimethyl and diethyl acetals are cleaved by 0.1-1.0 mol %
of catalyst in aqueous THF at room temperature, whereas dioxolanes require reflux.
Bismuth nitrate also catalyzes acetal hydrolysis.?!

If the carbonyl group must be regenerated under nonhydrolytic conditions, 3-halo
alcohols such as 3-bromopropane-1,2-diol or 2,2,2-trichloroethanol can be used for
acetal formation. These groups can be removed by reduction with zinc, which leads
to B-elimination.

R

(0] R Zn

-~ R,C=0 + HOCH,CH=CH,
BrCH o]
ZJ\/ Ref. 252

246. K. Ishihara, Y. Karumi, M. Kubota, and H. Yamamoto, Synlett, 839 (1996).

247 C. A. MacKenzie and J. H. Stocker, J. Org. Chem., 20, 1695 (1955); E. C. Taylor and C. S. Chiang,
Synthesis, 467 (1977).

248- T, Tsunoda, M. Suzuki, and R. Noyori, Tetrahedron Lett., 21, 1357 (1980).

249- B. H. Lipshutz and D. F. Harvey, Synth. Commun., 12, 267 (1982).

250 M. D. Carrigan, D. Sarapa, R. C. Smith, L. C. Wieland, and R. S. Mohan, J. Org. Chem., 67, 1027
(2002).

251 N. Srivasta, S. K. Dasgupta, and B. K. Banik, Tetrahedron Lett., 44, 1191 (2003).
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O
RC(OCH,CCl,) —>Z” RgR CH,=CcClI
S+ =
| 2 3/2 THE 2 2

R’ Ref. 253

Another carbonyl-protecting group is the 1,3-oxathiolane derivative, which can
be prepared by reaction with mercaptoethanol in the presence of a number of Lewis
acids including BF;»* and In(OTf);> or by heating with an acid catalyst with
azeotropic removal of water.”® The 1,3-oxathiolanes are particularly useful when
nonacidic conditions are required for deprotection. The 1,3-oxathiolane group can be
removed by treatment with Raney nickel in alcohol, even under slightly alkaline condi-
tions.?” Deprotection can also be accomplished by treating with a mild halogenating
agent, such as NBS,?® tetrabutylammonium tribromide,> or chloramine-T.*** These
reagents oxidize the sulfur to a halosulfonium salt and activate the ring to hydrolytic
cleavage.

H,O
R><Oj R><Oj 7 Rc=0
- . N
R s R s
|
X
X=BrorCl

Dithioketals, especially the cyclic dithiolanes and dithianes, are also useful
carbonyl-protecting groups.?®! These can be formed from the corresponding dithiols by
Lewis acid—catalyzed reactions. The catalysts that are used include BF;, Mg(O,SCF;),,
Zn(05SCF;),, and LaCl;.*? S-Trimethylsilyl ethers of thiols and dithiols also react
with ketones to form dithioketals.?®® Bis-trimethylsilyl sulfate in the presence of silica
also promotes formation of dithiolanes.?** Di-n-butylstannyldithiolates also serve as
sources of dithiolanes and dithianes. These reactions are catalyzed by di-n-butylstannyl
ditriflate.?®

(n-Bu),Sn(03SCF3),

/s\ /S\
R,C=0 + (n-Bu);Sn_ J(CHyn ch\s/(CHZ)n
S

The regeneration of carbonyl compounds from dithioacetals and dithiolanes is
often done with reagents that oxidize or otherwise activate the sulfur as a leaving

233- J. L. Isidor and R. M. Carlson, J. Org. Chem., 38, 544 (1973).

254. E. Wilson, Jr., M. G. Huang, and W. W. Scholman, Jr., J. Org. Chem., 33, 2133 (1968).
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256. Djerassi and M. Gorman, J. Am. Chem. Soc., 75, 3704 (1953).
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259. Mondal, P. R. Sahu, G. Bose, and A. T. Khan, Tetrahedron Lett., 43, 2843 (2002).
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169 (1983); L. Garlaschelli and G. Vidari, Tetrahedron Lett., 31, 5815 (1990); A. T. Khan, E. Mondal,
P. R. Satu, and S. Islam, Tetrahedron Lett., 44, 919 (2003).
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group and facilitate hydrolysis. Among the reagents that have been found effective are
nitrous acid, #-butyl hypochlorite, NaClO,, PhI(O,CCF;),, DDQ, SbCls, and cupric
salts. 66

R,C—SR’ +  HO0
R,C(SR), +X* —= Gl — - R,C=SR — Rz(ll—SR’—>R2C=O

| OH
X

3.5.4. Carboxylic Acid—Protecting Groups

If only the O-H, as opposed to the carbonyl, of a carboxyl group has to be masked,
it can be readily accomplished by esterification. Alkaline hydrolysis is the usual way
for regenerating the acid. #-Butyl esters, which are readily cleaved by acid, can be
used if alkaline conditions must be avoided. 2,2,2-Trichloroethyl esters, which can be
reductively cleaved with zinc, are another possibility.?®” Some esters can be cleaved by
treatment with anhydrous TBAF. These reactions proceed best for esters of relatively
acidic alcohols, such as 4-nitrobenzyl, 2,2,2-trichloroethyl, and cyanoethyl.?%8

The more difficult problem of protecting the carbonyl group can be accomplished
by conversion to a oxazoline derivative. One example is the 4,4-dimethyl derivative,
which can be prepared from the acid by reaction with 2-amino-2-methylpropanol or
with 2,2-dimethylaziridine.?®®

RCO,H + HOCH2C|3(CH3)2 — R—¢ jLCHs
\

NH, ©
CHg CHy H* CHg

o
o

RCO,H + HNj—CH [ CH

: rc—N{ R{\N ’

The heterocyclic derivative successfully protects the acid from attack by Grignard
or hydride-transfer reagents. The carboxylic acid group can be regenerated by acidic
hydrolysis or converted to an ester by acid-catalyzed reaction with the appropriate
alcohol.

Carboxylic acids can also be protected as orthoesters. Orthoesters derived
from simple alcohols are very easily hydrolyzed, and the 4-methyl-2,6,7-
trioxabicyclo[2.2.2]octane structure is a more useful orthoester protecting group. These

266, M. T. M. El-Wassimy, K. A. Jorgensen, and S. O. Lawesson, J. Chem. Soc., Perkin Trans. 1,
2201 (1983); J. Lucchetti and A. Krief, Synth. Commun., 13, 1153 (1983); G. Stork and K. Zhao,
Tetrahedron Lett., 30, 287 (1989); L. Mathew and S. Sankararaman, J. Org. Chem., 58, 7576 (1993);
J. M. G. Fernandez, C. O. Mellet, A. M. Marin, and J. Fuentes, Carbohydrate Res., 274, 263 (1995);
K. Tanemura, H. Dohya, M. Imamura, T. Suzuki, and T. Horaguchi, J. Chem. Soc., Perkin Trans. 1,
453 (1996); M. Kamata, H. Otogawa, and E. Hasegawa, Tetrahedron Lett., 32, 7421 (1991); T. Ichige,
A. Miyake, N. Kanoh, and M. Nakata, Synlett, 1686 (2004).

267 R. B. Woodward, K. Heusler, J. Gostelli, P. Naegeli, W. Oppolzer, R. Ramage, S. Ranganathan, and
H. Vorbruggen, J. Am. Chem. Soc., 88, 852 (1966).

268 M. Namikoshi, B. Kundu, and K. L. Rinehart, J. Org. Chem., 56, 5464 (1991); Y. Kita, H. Maeda,
F. Takahashi, S. Fukui, and T. Ogawa, Chem. Pharm. Bull., 42, 147 (1994).

29 A. 1. Meyers, D. L. Temple, D. Haidukewych, and E. Mihelich, J. Org. Chem., 39, 2787 (1974).
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derivatives can be prepared by exchange with other orthoesters,>™ by reaction with
iminoethers,”’! or by rearrangement of the ester derived from 3-hydroxymethyl-3-
methyloxetane.?"?

(HOCH,)3CCH3

RC(OCHg), j\
NH
I

(HOCH,);CCH,4 o]
RCOR' R_QO}CHs

CH; BF;

RCOCH,

o

The latter method is improved by use of the 2,2-dimethyl derivative.’”* The
rearrangement is faster and the stability of the orthoester to hydrolysis is better. Isotopic
labeling showed that the rearrangement occurs by ionization at the tertiary position.

CH3 CHy
0/—\ /O* BF, *0—-CH, CHcsH
(e Ph— 2 N
_COCH,8 0 O"BF; R_éo CHy
Ph CHs CHj

Lactones can be protected as dithiolane derivatives using a method that is
analogous to ketone protection. The required reagent is readily prepared from trimethyl-
aluminum and ethanedithiol.

O

s S
o: 7 + (CH3),AISCH,CH,SAI(CHg), —= Oi

Acyclic esters react with this reagent to give ketene dithio acetals.

Ref. 274

s
RyCHCO,R’ + (CH3),AISCH,CH,SAI(CHz), —= R,C=X j
s

In general, the methods for protection and deprotection of carboxylic acids and
esters are not as convenient as for alcohols, aldehydes, and ketones. It is therefore
common to carry potential carboxylic acids through synthetic schemes in the form
of protected primary alcohols or aldehydes. The carboxylic acid can then be formed
at a late stage in the synthesis by an appropriate oxidation. This strategy allows one
to utilize the wider variety of alcohol and aldehyde protective groups indirectly for
carboxylic acid protection.

270. M. P. Atkins, B. T. Golding, D. A. Howe, and P. J. Sellers, J. Chem. Soc., Chem. Commun., 207
(1980).
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273-J.-L. Griner, Org. Lett., 7, 499 (2005).

274 E. J. Corey and D. J. Beames, J. Am. Chem. Soc., 95, 5829 (1973).



Problems

(References for these problems will be found on page 1275.)

3.1. Give the products that would be expected to be formed under the specified
reaction conditions. Be sure to specify all aspects of the stereochemistry.

(b)

(@) HCI )
CH.CH o —— C;H;50,Cl EtN(i-Pr),
3CH” ~o CH4OH CHy(CH,),CH,0H + CICH,0OCH, CgH1g05
CH,Cl,
() @
(8)=CH5(CHp);CHCH; + ¢y 1) PhyP, HN,
N N C,Hg0,CCH,CHCO,C,H; ———————  CgHy N30,
OH N I 2) DEAD
cl CeHisCl
o Et,N*CI” OH
i
(e)
N(CPh), ®
CH,
NN (Phoy,peH, - PPh,
Y TR o g0y —  CyHyCl
N . ccl
HOCH, N o DMF, 20°C 4
10 min
CH,CHCH,0H
PhCO, 0,CPh
© C,Hs ()
E BBy T8C ¢ hu0 CoziHsl) tol Ifonyl chlorid
—_— il -toluenesulfonyl chioride
CH,CO,H 0°C.1h 11712092 Ph/K p Y| CLH0,5
OCH, CH,CI, OH 2) PhS™Na*
10) 1) CH,S0,CI
1) NaOH pyridine c s
—_— H
(CeHg),CHBr + P(OCHz); —= m 2) Na,S o
HMPA

(k) o]

) H CO,H t-BuOH
CHy0 agnHer > oo C10H1604
22 H ,
NCH,CeHs heat ~ » 17 @ CoMsOL DMAP
CH,0

3.2. When (R)-(—)-5-hexen-2-ol was treated with Ph;P in refluxing, CCl,, (+)-
5-chloro-1-hexene was obtained. Conversion of (R)-(—)-5-hexen-2-ol to its
4-bromobenzenesulfonate ester and subsequent reaction with LiCl gave (+)-
5-chloro-1-hexene. Reaction of (S)-(4)-5-hexen-2-ol with PCls in ether gave
(—)-5-chloro-1-hexene.

a. Write chemical equations for each of these reactions and specify whether each
occurs with net retention or inversion of configuration.
b. What is the sign of rotation of (R)-5-chloro-1-hexene?

3.3. A careful investigation of the extent of isomeric products formed by reaction of
several alcohols with thionyl chloride has been reported. The product compos-
itions for several of the alcohols are given below. Identify the structural features
that promote isomerization and show how each of the rearranged products is
formed.
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100°C
Percent Structure and
unrearranged amount of
R RCI rearranged RCI
CH3CH,CH,CH, — 100
(CH3),CHCH, — 99.7 (CH3)2(|3HCH3
(CH3),CHCH,CH, — 100 Cl  03%
CH3CH2(|:HCH2— 78 CH3CHCH,CH,CH;, CH3CH,CHCH,CH3, CH3CH,C(CHs),
CH, cl 1% cl uw ¢ 10%
(CH3)3CCH, — 2 CH3CH,C(CHj),
ol 98%
CH3CH,CH,CHCH,4 98
[ CH3CH,CHCH,CH
3 I 3
Cl 20%
CH3CH,CHCH,CH,4 90
[ CH30H2CH2(|3HCH3
Cl 10%
(CH3),CHCHCH 5
e CH{CH,C(CHY),
Cl 95%

3.4. Give a reaction mechanism that would explain the following observations and
reactions.

a. Kinetic measurements reveal that solvolytic displacement of sulfonate is about
5 x 10° faster for 4B than for 4A.

0SO,Ar OSO,Ar

O O
(@]
4A 4B

b.
HN, B . H: 0
/0 .
/ i..nCHZCHZCOzCH3 HOAC
S “H
S
H
C.
CH
CH, 1) (CHz);0*PFg e
CH3@~\57\CGH5 CH3SCHCH,C—O—CHCgHs
cH. © 2) NaCN | | I
3 CH; CH; CN
d.

socl
CGHSCHZSCHzcl:HCstc:Hzc:sH5 i C6H5CHZSCH2(|:HCH2CI

OH SCH,CgHs



HO HO

L (07
CO,CH,CHy —OH

NH

: t-BUOH :
X CN N
| / o
~ —

N N
f.
o-nitrophenyl o
isothiocyanate Il
CHg(CH,)sCO,H + PhCH,NH, CHg(CH,)sCNHCH,Ph
BUSP, 25°C 99%
g.
WOH "
O\‘ EtO,CN=NCO,Et CV "NO,
PPh
CH,NO, 3 9206

h. Both 4C and 4D gave the same product when subjected to Mitsunobu condi-
tions with phenol as the nucleophile.

OH

OPh N(CH3),
DEAD DEAD A
-1 N(CH =, -~
@ (CH), PPy, PhOH @--..N(cm)z PPh,, PhOH @‘OH
4C 4D

3.5. Substances such as carbohydrates and amino acids as well as other small
molecules available from natural sources are valuable starting materials in
enantiospecific syntheses. Suggest reagents that could effect the following trans-
formations, taking particular care to ensure that the product will be enantiomer-
ically pure.

(@) CHj
ﬁH 0 (”) H ?H
$ X CO,CH
(CHa),NC . CN(CHg), from CH3020>\‘{,, 2CH3
H' OCH, A OH
) CHoo — OCHs HOCH:
CH,OH
from HOCH,
N { OCH,
|
CHj;

CHs_ CHs H OCH;

/ z
N N from CH3NHCH2>YCH2NHCH3
O:Q; J:O ‘OCH;
o o H
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(d)

. ”
CH,PPh, from O\

N N~ Y CH,OH

' |
(CH3);COC=0 (CHZ),COC=0

© H pph, HO
aCHg H"f . aCHj
CHs Ly

from

e

0

N
o9
27

) H ,OCH,Ph

, CHs
CHj3 from O
oY CH,CH,CH(SC;Hs), PhCH,O

Ng OCHj,
(@) 0,CCH;

T

HO,, /COH
from C

o CH,CO,CH, <
H™  CH,CO,H

CO,CH,

0 chy cHy

o™ ©~ ~OTBDMS, YOy
A0 o OCH; rom O OH OCH,
CHs " e
215 SO,-p-CgH4NO, 2'5

C,Hs

(i) OC(CHg)3

d from
S0 N0

PhCH,OCH;

OC(CHgy)3

PhCH,OCH," o~ "o

3.6. Indicate conditions that would be appropriate for the following transformations

involving introduction or removal of protective groups:

(@ CH, CH,
CHy — CH,
OH OCH,OCH,CH,0CH;
(CH3),CH (CHa),CH
b 0 o)
(®) WCHy

\\\\CHS

CH,CH,OH
S wCH,CH,OTBDPS
""OH
‘OH
CHy" Yo “'OH o
3 CH;" ~O ‘OH

OTBDMS



@)
T
N
o)
O
T
N
T
=
_|
os)
O
<
wn
O,
(@)
T
N
e}
(@]
T
N
T
=

O O . O o
CH > < ) <
\3
CH30/COCH2 CH,CH;  HOCH, CH,CHj
® CH5<CH3 -
— 0™ 0°
- —_—
o._ 0 = |
CH2CH3 O CHZCH?,

CH;z CH,CH,CH,

3.7. Suggest reagents and approximate reaction conditions that would effect the
following conversions. Note any special features of the reactant that should be
taken into account in choosing a reagent system.

(@) CH,0 CH30
CH;0 CH,CH,CH,CH,OH CH3O:©/CH2CH2CH ,CH,l
CH30 CH30
(b) CH(CHa), CH(CHg),
(CHg),CH COH . (CH3)2CH4Q—COZCH2CH=CH2
CH(CHa), CH(CHg),
CH3 ><CH3
—[5 g CH3—>H—]; CH,
CH,OH CH,CN
CH,OH CH,SH
CH,OH CH,SH
(e) (I? (|3H2CH2CH2CH20H (I? |CHZCHZCHZCH20H
(CH3)3;COCNCHCO,H — (CH3)3COCHCH(”§NHOCH2C6H5
H

O
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(f) HO Br
> CH,CH=CH(CH,);CO,CH,

.CH,CH=CH(CH,)3CO,CHs

N

CH=CHCH(CH,),CH,
HO | Br _
OSiR, OSiR,

CH=CH(|:H(CH2)4CH3

(9) (CHg)z(i:CHzcl:HCH3 (CH3)2(|:CH2?HCH3
OH OH Br OH
3.8. Provide a mechanistic interpretation of the following reactions and observations.

a. Show the mechanism for inversion of a hydroxyl site under the Mitsunobu
conditions, as illustrated by the reaction of cholesterol.

H,e CeHiz HeC GeHiz
1) PhyP, HCO,H

2) C,H50,CN=NCO,C,Hs

\\\\

HO HCO,

b. Triphenylphosphine oxide reacts with trifluoromethylsulfonic anhydride to
give an ionic substance having the composition of a 1:1 adduct. When this
substance is added to a solution containing a carboxylic acid, followed by
addition of an amine, amides are formed in good yield. Similarly, esters are
formed on reaction with alcohols. What is the structure of the adduct and how
does it activate the carboxylic acids to nucleophilic substitution?

c. Sulfonate esters having quaternary nitrogen substituents, such as 8A and
8B, show high reactivity toward nucleophilic substitution. Sulfonates 8A
are comparable in reactivity to 2,2,2-trifluoroethylsulfonate in homogeneous
solution and are even more reactive in two-phase solvent mixtures.

o}
+ [l +
ROSO0,CH,CH,N(CH3); ROﬁ N(CHj),
o}

d. Alcohols react with hexachloroacetone in the presence of DMF to give alkyl
trichloroacetates in good yield. Primary alcohols react faster than secondary
alcohols, but tertiary alcohols are unreactive under these conditions.

e. The B-hydroxy-a-amino acids serine and threonine can be converted to their
respective bis-O-t-butyl derivatives on reaction with isobutene and H,SO,.
Subsequent treatment with one equivalent of trimethylsilyl triflate and then
water cleaves the ester group, but not the ether group. What is the basis for
this selectivity?

R 1) (CH3)3SiO3SCF4 R
| (CoHg)sN |
(CH3)sCOCHCHCO,C(CHa)s (CH5)1COCHCHCO,H
NHCO,CH,Ph 2) H0 NHCO,CH,Ph

R=H or CH;3



f. 2’-Deoxyadenosine can be cleanly converted to its 5'-chloro analog by reaction
with 1.5 equivalent of SOCI, in HMPA. The reaction proceeds through an
intermediate of composition C,,H,,N;,Cl,OsS, which is converted to the
product on exposure to aqueous ammonia. With larger amounts of SOCI,, the
3’5’-dichloro derivative is formed.

NH

2
N 1) 1.5 SOCl N
7z . 2
¢ /BN HMPA ¢ N
HOCH, :O: N‘Z;: CICH, o N /N

2) NHjg, H,0 < 7 N

’
‘0,

HO HO

3.9. Short synthetic sequences have been used to obtain the material on the left from
the starting material on the right. Suggest an appropriate method. No more than
three steps should be required.

(a) O CHs;
PhCHCNHCHCH,CHs — thHCOZH
OCHs OCH,
(b) CH,
(CH3){CHCH,CH=CHCHCH,COCots == &o
o
CH,
© PhCHZSb‘ HO,
’Ij CO,CH; = Q‘COZH
CH,C=0 H
d
(d) N CH, /\/\(CH3
(CHs)ZCHW =  (CHy),CH
CH,CN CH,OH
(€) CHy0 COH CH40
C|ZHCH(CH2)4CH3 — CHCHs
CHZO CHs CH,O OH

3.10. Amino acids can be converted to epoxides of high enantiomeric purity by the
reaction sequence below. Analyze the stereochemistry of each step of the reaction

sequence.
CO,H -
%M Nano, LiAIH, KOH
H,N—C—H—— R(leCOZH - R?HCHzOH — JEO
H HClI H R
R Cl Cl

(S) (S) ©) (R)
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3.11. Indicate the product to be expected under the following reaction conditions:

3.12.

3.13.

3.14.

(@) HyC 0O,CCHjy g
0, CH,Cl,
CHy | O OH { NH03SC:H,
CHs3
25°C, 3h
(b) g OTBDMS OCH; POCl,
H | (cat)
>\/\/CHZOH * CH,=CCH; —
s CH,Cl,
CHj
(0] 0]
() i i Pd, cyclohexadiene
PhCH,OCNHCH,C —N W
HO,C
NH
ORI CICO,CH,
\C|Z<C02H + PhCH=0 —~
CH,SH
(e) ?H(SCH2CH3)2
—Cc— o
H—C—OH O tuso,
H—C—OH + CH3CCH; —— formulais Cy3H»50,4S,
I
HO—C—H
HO—C|:—H
CHj

A reagent that can introduce benzyloxycarbonyl protecting groups on amino
groups in nucleosides is prepared by allowing benzyl chloroformate to react first
with imidazole and then with trimethyloxonium tetrafluoroborate. What is the
structure of the resulting reagent (a salt) and why is it an especially reactive
acylating agent?

Triphenylphosphine reacts with peroxides to give intermediates that are related
to those formed in the Mitsunobu reaction. The following reactions are examples:

O (OJN0]
I THF 1l
PhCOOCPh + PhgP PhCOCPh + PhsP=0
7%
80% THF OO0
I 20% EtOH I
PhCOOCPh + PhgP PhCOCPh + PhsP=0 + PhCO,CsHg
ﬁ 0°c 71% <2%
PhCOOC(CH3); + PhgP PhCO,C(CHg); + (CH3),C=CH, + PhCO,H
41% 52%

What properties of the intermediates in the Mitsunobu reaction are suggested by
these reactions?

The scope of the reaction of Ph;P-Cl;CCOCCI; with allylic alcohols has been
studied. Primary and some secondary alcohols, such as 14A and 14B, give good



yields of unrearranged allylic chlorides. The reaction also exhibits retention of
E,Z-configuration at the allylic double bonds (14C and 14D). Certain other
alcohols, such as 14E and 14F, give more complex mixtures. What structural
features determine how cleanly the alcohol is converted to chloride? How are
these structural features related to the mechanism of the reaction?

H H
CHs; H >:< CHs3 CHs H CHs3
H  CHCH, ==
CH,OH [ H CH,OH  CH; CH,OH
OH
14A 14B 14C 14D
H H PhsP
CH,=CHC(CHy), + CICH,CH=C(CHs), + CH,= CHC =CH
C(CH3)2 C|3C(|.\|;CC|3 2 | ( 3)2 2 ( 3)2 2 | 2
[ CH
(|3H o) 21% ¢ 43% 18% 8
14E
H H PhsP
3" _ CH,=CHCHCH(CH3), + CICH,CH=CHCH(CH,),
H (l:HCH(CH3)ZC'3CﬁCC'3 al 27% 15%
OH o} + CH,=CHCH=C(CH3),
14F 58%

3.15. In each of the synthetic transformations shown, the reagents are appropriate for
the desired transformation but the reaction would not succeed as written. Suggest

a protective group strategy that would permit each transformation to be carried
out to give the desired product.

@
CHjy
(|3HCH20H
(b) CHy
Zh POCI, ?
pyidine
CHa CH,CH,CH,OH Ha CH,CH,CH,0H

CHs CH

O CHal
NaNH; cH,

S_ CHsg
HzNCH—(l( Hy (CH3)2CHN=C=NCH(CH3)2 N\%

o CHs,
HOC /" “co,cH,ph CO,CH,Ph

o
Hee § HsC
Ci CH;CH=PPh,
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3.16. Two heterocyclic ring systems that have found some use in the formation of

amides under mild conditions are N-alkyl-5-arylisoxazolium salts (16A) and
N-acyloxy-2-alkoxydihydroquinolines (16B).

A
. 0L
@) N~ TOR

/ N—R |
O=COR
16A 16B

Typical reaction conditions for these reagents are shown below. Propose mecha-
nisms by which these heterocyclic molecules can function to activate carboxy
groups under these conditions.

CoHs o

I
PhCH,0,CNHCH,CO,H PhCH,0,CNHCH,CNHCH,Ph

2) PhCH,NH,, 15h

gt
N“>0C,Hs

| o)
C,H;0C=0

I
PhCH,0,CNHCH,CO,H + PhNH, PhCH,0,CNHCH,CNHPh

25°C, 2h

3.17. Either because of potential interference with other functional groups present in

the molecule or because of special structural features, the following reactions
require careful selection of reagents and reaction conditions. Identify the special
requirements in each reactant and suggest appropriate reagents and reaction
conditions for each transformation.

@

OTHP
: : o}
THPO ' CO.H . RO /O CHs
, =
H /\(CH2)3CHCH3 H
I CH; CHs
OH o} 0,CCH,
(b) (CH3)sCS (o}
?I) <|3H3 C|>H HO, o
(CH3)3CSCCHZCH—C|:—COZH . w
CH, N
(c)
(CHg),CH N(CH3), (CHg),CH N(CHz),
CO,H — CO,C,Hs
(CH3),CH N(CH,), (CHa),CH N(CHg),

3.18. The preparation of nucleosides by reaction between carbohydrates and hetero-

cyclic bases is fundamental to the study of the important biological activity



of these substances. Several methods exist for forming the nucleoside bonds. 287
Application of 2-chloro-3-ethylbenzoxazolium chloride to this reaction was
investigated using 2,3,4,6-tetra-O-acetyl-3-D-glucopyranose. Good yields were
observed and the reaction was stereospecific for the (3-nucleoside. Suggest a
mechanism to explain the retention of configuration.

PROBLEMS

ek CH
AcOCH H N N 8
ACO—T——0 N CHs @[ —Cl ACOCH, ¢ D[
AC(XA/OH RS D: ° AcomN CH,
N AcO
AcO CHs 60°C, 10 h AcO

H

3.19. A route to a-glycosides involves treatment of a 2,3,4,6-tetra-O-benzyl-o-D-
glucopyranosyl bromide with an alcohol, tetraecthylammonium bromide, and
diisopropylethylamine in CH,Cl,. Explain the stereoselectivity of this reaction.

ROCH ROH
2 + ROCH,
RO o E4N'Br RO
RO EtN(i-Pr)2, RO
OR gy CH,Cl, OR o’
R = CH,Ph

3.20. Write mechanisms for formation of 2-pyridylthio esters by the following

methods:
@ N % 0 | A
RCO,H + @—s—s@ + PPh, — pl_o N7 + PhP=0
N N
(b) AN o X N
RCOH + | +RN — I | _J +CO, + RNH Cl
N SﬁCI RC-S~ N
(@]

3.21. The ionophoric antibiotic nonactin is a 32-membered macrocycle that contains
two units of (—)-nonactic acid and two units of (4)-nonactic acid in an alternating
sequence.

a. Assuming that you have access to both (4)- and (—)-nonactic acid, devise a
strategy and protecting group sequence that could provide the natural macro-
molecule in high stereochemical purity.



288 b. Suppose you had access to (4)-nonactic acid and the C(8) epimer of (—)-
nonactic acid, how could you obtain nonactin?

CHAPTER 3
Functional Group CH3 (@]
Interconversion | CHS
by Substitution, S B A O B
Including Protection and O |_-| o H CH Hd K/Q\A/COZH
Deprotection o CHj 3 H H CH
3
H H (+)-nonactic acid
Ol )
H
H CH,
CHy  CHy
CHs S HoH o HO oM
: ; ~0 H H cH,
0 CH,
(-)-nonactic acid
Nonactin

3.22. Because they are readily available from natural sources in enantiomerically
pure form, carbohydrates are very useful starting materials for the synthesis of
other enantiomerically pure substances. However, the high number of similar
functional groups present in the carbohydrates requires versatile techniques for
protection and deprotection. Show how appropriate manipulation of protecting
groups and other selective reactions could be employed to effect the following

transformations.
@) HO(|3H2
HOCH
HOCH _O 2 O
o
/)—CH
o HOCH, O 3
HOCH, O—f—CHz CH,
CHs
(b) Ph
HO cH,0H o
o) (e}
HO - 0
HO ocH, PhCH,0
PhCH,0 e,
© PhYO CH,OCPh;
0 Q HO Q
HaC
cH,0MCoch, CHZ0 3 OCHs3
(d) OCH,Ph
0-7"OH
O —
OH OH
oH Ho OHoH

HO



Electrophilic Additions
to Carbon-Carbon Multiple
Bonds

Introduction

Addition of electrophilic reagents is one of the most general and useful reactions
of alkenes and alkynes. This chapter focuses on reactions that proceed through
polar intermediates or transition structures. We discuss the fundamental mechanistic
characteristics of this class of reactions in Chapter 5 of Part A, including proton-
catalyzed additions of water and alcohols and the addition of hydrogen halides. Other
electrophilic reagents that we consider there are the halogens and positive halogen
compounds, electrophilic sulfur and selenium reagents, and mercuric salts. Hydrobo-
ration is another important type of electrophilic addition to alkenes. In the present
chapter, we emphasize synthetic application of these reactions. For the most part,
electrophilic additions are used to introduce functionality at double and triple bonds.
When the nucleophile addition step is intramolecular, a new heterocyclic ring is formed,
and this is a very useful synthetic method.

E* E* E
( ©n) E
(c(\= - \7—/ or /\\) — (O
|n) NU (©hn
Nu: \Nu:

exo —cyclization endo —cyclization

Carbonyl compounds can react with electrophiles via their enol isomers or equivalents,
and these reactions result in a-substitution.

0 OH 5+ & o)

A - A - R’)J\CHR

R’ CH,R R’ CHR
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Several other types of addition reactions of alkenes are also of importance and these
are discussed elsewhere. Nucleophilic additions to electrophilic alkenes are covered
in Section 2.6 and cycloadditions involving concerted mechanisms are encountered in
Sections 6.1 to 6.3. Free radical addition reaction are considered in Chapter 11.

4.1. Electrophilic Addition to Alkenes

4.1.1. Addition of Hydrogen Halides

Hydrogen chloride and hydrogen bromide react with alkenes to give addition
products. In early work, it was observed that addition usually takes place to give
the product with the halogen atom attached to the more-substituted carbon of the
double bond. This behavior is sufficiently general that the name Markovnikov’s rule
was given to the statement describing this mode of addition. The term regioselective
is used to describe addition reactions that proceed selectively in one direction with
unsymmetrical alkenes.! A rudimentary picture of the reaction mechanism indicates
the basis of Markovnikov’s rule. The addition involves either protonation or a partial
transfer of a proton to the double bond. The relative stability of the two possible
carbocations from an unsymmetrical alkene favors formation of the more-substituted
intermediate. Addition is completed when the carbocation reacts with a halide anion.

R
N
R2C=CH2 + HX — /Q—CH3 + X7 — chl:CH3

R X

Markovnikov’s rule describes a specific case of regioselectivity that is based on the
stabilizing effect of alkyl and aryl substituents on carbocations.

+ + + +
*CH,CH,R  CH3CHR  CHiCHAr  CHSCR,  CH4C(An),
— increasing stability —-

A more complete discussion of the mechanism of addition of hydrogen halides
to alkenes is given in Chapter 6 of Part A. In particular, the question of whether or
not discrete carbocations are involved is considered there. Even when a carbocation is
not involved, the regioselectivity of electrophilic addition is the result of attack of the
electrophile at the more electron-rich carbon of the double bond. Alkyl substituents
increase the electron density of the terminal carbon by hyperconjugation (see Part A,
Section 1.1.8).

Terminal and disubstituted internal alkenes react rather slowly with HCI in
nonpolar solvents. The rate is greatly accelerated in the presence of silica or alumina in
noncoordinating solvents such as dichloromethane or chloroform. Preparatively conve-
nient conditions have been developed in which HCl is generated in situ from SOCI, or
(CICO),.? These heterogeneous reaction systems also give a Markovnikov orientation.

- A. Hassner, J. Org. Chem., 33, 2684 (1968).
2P . Kropp, K. A. Daus, M. W. Tubergen, K. D. Kepler, V. P. Wilson, S. L. Craig, M. M. Baillargeon,
and G. W. Breton, J. Am. Chem. Soc., 115, 3071 (1993).



The mechanism is thought to involve an interaction of the silica or alumina surface

with HCI that facilitates proton transfer.
H . cl
NI Gl T G R =t
H——CI—Hf H cl

Another convenient procedure for hydrochlorination involves adding
trimethylsilyl chloride to a mixture of an alkene and water. Good yields of HCI addition
products (Markovnikov orientation) are formed.* These conditions presumably involve
generation of HCI by hydrolysis of the silyl chloride, but it is uncertain if the silicon
plays any further role in the reaction.

CH, CHg
| (CHg)5SiCl I
CH3CH=CCH,CH, CH3CH,CCH,CH,4
H,0 |
cl 98%

In nucleophilic solvents, products that arise from reaction of the solvent with
the cationic intermediate may be formed. For example, reaction of cyclohexene with
hydrogen bromide in acetic acid gives cyclohexyl acetate as well as cyclohexyl
bromide. This occurs because acetic acid acts as a nucleophile in competition with the
bromide ion.

0,CCHj

CH3CO2
+ HBr
40°
85% 15% Ref. 4

When carbocations are involved as intermediates, carbon skeleton rearrangement
can occur during electrophilic addition reactions. Reaction of z-butylethylene with
hydrogen chloride in acetic acid gives both rearranged and unrearranged chloride.’

CH4CO,H
(CH3)3CCH=CH2 e (CH3)3C(|:HCH3 + (CH3)2(|:CH(CH3)2 + (CH3)3C(|:HCH3
HCI
ol cl 0,CCHj
35-40% 40-50% 15-20%

The stereochemistry of addition of hydrogen halides to alkenes depends on the
structure of the alkene and also on the reaction conditions. Addition of hydrogen bromide
to cyclohexene and to E- and Z-2-butene is anti.® The addition of hydrogen chloride to
1-methylcyclopentene is entirely anti when carried out at 25° C in nitromethane.”

Me Me \\CI

3P, Boudjouk, B.-K. Kim, and B.-H. Han, Synth. Commun., 26, 3479 (1996); P. Boudjouk, B.-K. Kim,
and B.-H. Han, J. Chem. Ed., 74, 1223 (1997).

4 R. C. Fahey and R. A. Smith, J. Am. Chem. Soc., 86, 5035 (1964).

3 R. C. Fahey and C. A. McPherson, J. Am. Chem. Soc., 91, 3865 (1969).

6 D. J. Pasto, G. R. Meyer, and S. Kang, J. Am. Chem. Soc., 91, 4205 (1969).

7 Y. Pocker and K. D. Stevens, J. Am. Chem. Soc., 91, 4205 (1969).
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1,2-Dimethylcyclohexene is an example of an alkene for which the stereochemistry of
hydrogen chloride addition is dependent on the solvent and temperature. At —78°C
in dichloromethane, 88% of the product is the result of syn addition, whereas at 0° C
in ether, 95% of the product results from anti addition.® Syn addition is particularly
common with alkenes having an aryl substituent. Table 4.1 lists several alkenes for
which the stereochemistry of addition of hydrogen chloride or hydrogen bromide has
been studied.

The stereochemistry of addition depends on the details of the mechanism. The
addition can proceed through an ion pair intermediate formed by an initial protonation
step. Most alkenes, however, react via a complex that involves the alkene, hydrogen
halide, and a third species that delivers the nucleophilic halide. This termolecular
mechanism is generally pictured as a nucleophilic attack on an alkene-hydrogen halide
complex. This mechanism bypasses a discrete carbocation and exhibits a preference
for anti addition.

Cl

I
H

\O( 0,

A

The major factor in determining which mechanism is followed is the stability of the
carbocation intermediate. Alkenes that can give rise to a particularly stable carbocation

Table 4.1. Stereochemistry of Addition of Hydrogen Halides to Alkenes

Alkene Hydrogen halide Stereochemistry
1,2-Dimethylcyclohexene® HBr anti
1,2-Dimethylcyclohexene® HCl Solvent and temperature dependent
Cyclohexene® HBr anti
Z-2-Butene® DBr anti
E-2-Butene® DBr anti
1-Methylcyclopentene? HCl anti
1,2-Dimethylcyclopentene® HBr anti
Norbornene® HBr syn and rearrangement
Norbornene® HCl syn and rearrangement
E-1-Phenylpropene® HBr syn (9:1)
Z-1-Phenylpropene® HBr syn (8:1)
Bicyclo[3.1.0]hex-2-ene' DCl syn
1-Phenyl-4-(-butyl)cyclohexenel DCl syn

a. G.S. Hammond and T. D. Nevitt, J. Am. Chem. Soc., 76,4121 (1954); R. C. Fahey and C. A. McPherson,
J. Am. Chem. Soc., 93, 2445 (1971); K. B. Becker and C. A. Grob, Synthesis, 789 (1973).

b. R. C. Fahey and R. A. Smith, J. Am. Chem. Soc., 86, 5035 (1964).

c. D. J. Pasto, G. R. Meyer, and B. Lepeska, J. Am. Chem. Soc., 96, 1858 (1974).

d. Y. Pocker and K. D. Stevens, J. Am. Chem. Soc., 91, 4205 (1969).

e. G. S. Hammond and C. H. Collins, J. Am. Chem. Soc., 82, 4323 (1960).

f. H. Kwart and J. L. Nyce, J. Am. Chem. Soc., 86, 2601 (1964).

g. J. K. Stille, F. M. Sonnenberg, and T. H. Kinstle, J. Am. Chem. Soc., 88, 4922 (1966).

h. M. J. S. Dewar and R. C. Fahey, J. Am. Chem. Soc., 85, 3645 (1963).

i. P. K. Freeman, F. A. Raymond, and M. F. Grostic, J. Org. Chem., 32, 24 (1967).

j- K. D. Berlin, R. O. Lyerla, D. E. Gibbs, and J. P. Devlin, J. Chem. Soc., Chem. Commun., 1246 (1970).

8- K. B. Becker and C. A. Grob, Synthesis, 789 (1973).



are likely to react via the ion pair mechanism, which is not necessarily stereospecific,
as the carbocation intermediate permits loss of stereochemistry relative to the reactant
alkene. It might be expected that the ion pair mechanism would lead to a preference
for syn addition, since at the instant of formation of the ion pair, the halide is on the
same side of the alkene as the proton being added. Rapid collapse of the ion pair
intermediate would lead to syn addition. If the lifetime of the ion pair is longer and
the ion pair dissociates, a mixture of syn and anti addition products can be formed.
The termolecular mechanism is expected to give anti addition because the nucleophilic
attack occurs on the opposite side of the double bond from proton addition. Further
discussion of the structural features that affect the competition between the two possible
mechanisms can be found in Section 6.1 of Part A.

4.1.2. Hydration and Other Acid-Catalyzed Additions of Oxygen Nucleophiles

Oxygen nucleophiles can be added to double bonds under strongly acidic condi-
tions. A fundamental example is the hydration of alkenes in acidic aqueous solution.

H,0 -H*
R,C=CH, + H* —= R,CCH; —= R,CCH; — R2C|:CH3

*OH, OH

Addition of a proton occurs to give the more-substituted carbocation, so addition is
regioselective and in accord with Markovnikov’s rule. A more detailed discussion
of the reaction mechanism is given in Section 6.2 of Part A. Owing to the strongly
acidic and rather vigorous conditions required to effect hydration of most alkenes,
these conditions are applicable only to molecules that have no acid-sensitive functional
groups. The reaction is occasionally applied to the synthesis of tertiary alcohols.

O @)

[ H,SO, [
(CH3),C=CHCH,CH,CCH; ——~ (CH3)2(|ZCHZCHZCHZCCH3
H,O

2
OH Ref. 9

Moreover, because of the involvement of cationic intermediates, rearrangements can
occur in systems in which a more stable cation can result by aryl, alkyl, or hydrogen
migration. Oxymercuration-reduction, a much milder and more general procedure for
alkene hydration, is discussed in the next section.

Addition of nucleophilic solvents such as alcohols and carboxylic acids can be
effected by using strong acids as catalysts.'

HBF,
(CH3)2C=CH2 + CHSOH e (CHS)SCOCHs

HBF
CHyCH=CH, + CH;CO,H —— (CHy),CHO,CCH,

% J. Meinwald, J. Am. Chem. Soc., 77, 1617 (1955).
10- R. D. Morin and A. E. Bearse, Ind. Eng. Chem., 43, 1596 (1951); D. T. Dalgleish, D. C. Nonhebel, and
P. L. Pauson, J. Chem. Soc. C, 1174 (1971).
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Trifluoroacetic acid (TFA) is strong enough to react with alkenes under relatively mild
conditions.!! The addition is regioselective in the direction predicted by Markovnikov’s
rule.

CF3CO,H
CI(CH,);CH=CH,

CI(CH2)3C|:HCH3
0,CCF,

Ring strain enhances alkene reactivity. Norbornene, for example, undergoes rapid
addition of TFA at 0°C."?

4.1.3. Oxymercuration-Reduction

The addition reactions discussed in Sections 4.1.1 and 4.1.2 are initiated by the
interaction of a proton with the alkene. Electron density is drawn toward the proton and
this causes nucleophilic attack on the double bond. The role of the electrophile can also
be played by metal cations, and the mercuric ion is the electrophile in several synthet-
ically valuable procedures.!* The most commonly used reagent is mercuric acetate,
but the trifluoroacetate, trifluoromethanesulfonate, or nitrate salts are more reactive
and preferable in some applications. A general mechanism depicts a mercurinium ion
as an intermediate.'* Such species can be detected by physical measurements when
alkenes react with mercuric ions in nonnucleophilic solvents.!> The cation may be
predominantly bridged or open, depending on the structure of the particular alkene.
The addition is completed by attack of a nucleophile at the more-substituted carbon.
The nucleophilic capture is usually the rate- and product-controlling step.'> !¢

) H\92+ Hg+

SN | Nu
RCH=CH, + Hg(ll) === RCH=CH, or RCH—CH, — [R?HCHZ— Hal*
Nu

The nucleophiles that are used for synthetic purposes include water, alcohols,
carboxylate ions, hydroperoxides, amines, and nitriles. After the addition step is
complete, the mercury is usually reductively removed by sodium borohydride, the net
result being the addition of hydrogen and the nucleophile to the alkene. The regio-
selectivity is excellent and is in the same sense as is observed for proton-initiated
additions."’

- P, E. Peterson, R. J. Bopp, D. M. Chevli, E. L. Curran, D. E. Dillard, and R. J. Kamat, J. Am. Chem.
Soc., 89, 5902 (1967).

12. H. C. Brown, J. H. Kawakami, and K.-T. Liu, J. Am. Chem. Soc., 92, 5536 (1970).

13- (a) R. C. Larock, Angew. Chem. Int. Ed. Engl., 17,27 (1978); (b) W. Kitching, Organomet. Chem. Rev.,
3, 61 (1968).

148, J. Cristol, J. S. Perry, Jr., and R. S. Beckley, J. Org. Chem., 41, 1912 (1976); D. J. Pasto and
J. A. Gontarz, J. Am. Chem. Soc., 93, 6902 (1971).

13- G. A. Olah and P. R. Clifford, J. Am. Chem. Soc., 95, 6067 (1973); G. A. Olah and S. H. Yu, J. Org.
Chem., 40, 3638 (1975).

16- W, L. Waters, W. S. Linn, and M. C. Caserio, J. Am. Chem. Soc., 90, 6741 (1968).

7. H. C. Brown and P. J. Geoghegan, Jr., J. Org. Chem., 35, 1844 (1970); H. C. Brown, J. T. Kurek,
M.-H. Rei, and K. L. Thompson, J. Org. Chem., 49, 2511 (1984); H. C. Brown, J. T. Kurek, M.-H. Rei,
and K. L. Thompson, J. Org. Chem., 50, 1171 (1985).



The reductive replacement of mercury using sodium borohydride is a free radical
chain reaction involving a mercuric hydride intermediate.'®

RHg"X + NaBH, — RHg'H

In" + RHg"H — In-H + RH¢'
RH —— R+ H°

R- + RHg'H — RH + RHg'

The evidence for the free radical mechanism includes the fact that the course of the
reaction can be diverted by oxygen, an efficient radical scavenger. In the presence
of oxygen, the mercury is replaced by a hydroxy group. Also consistent with a
free radical intermediate is the formation of cyclic products when 5-hexenylmercury
compounds are reduced with sodium borohydride.!” This cyclization reaction is highly
characteristic of reactions involving 5-hexenyl radicals (see Part A, Section 11.2.3.3).
In the presence of oxygen, no cyclic product is formed, indicating that O, traps the
radical faster than cyclization occurs.

% CH,=CH(CH,);CH; + QCH3

CH,=CH(CH,),HgBr THF, H,0
NaBH,, O,
THF, Hzo CH2=CH(CH2)3CH20H

Tri-n-butyltin hydride can also be used for reductive demercuration.’’ An alternative
reagent for demercuration is sodium amalgam in a protic solvent. Here the evidence
is that free radicals are not involved and the mercury is replaced with retention of

configuration.?!
«QOCH; Na—Hg “1OCH,4

HgCl D

The stereochemistry of oxymercuration has been examined in a number of
systems. Conformationally biased cyclic alkenes such as 4-z-butylcyclohexene and
4-t-butyl-1-methycyclohexene give exclusively the product of anti addition, which is

consistent with a mercurinium ion intermediate.!”-??
OH
CH3 CH, NaBH, o
(CHuC— /7 HoOAD); (CHyC T (CHa)sC CHs
HgOAc

18- C. L. Hill and G. M. Whitesides, J. Am. Chem. Soc., 96, 870 (1974).

19 R. P. Quirk and R. E. Lea, J. Am. Chem. Soc., 98, 5973 (1976).

20- G. M. Whiteside and J. San Fillipo, Jr., J. Am. Chem. Soc., 92, 6611 (1970).

2l F.R. Jensen, J. J. Miller, S. J. Cristol, and R. S. Beckley, J. Org. Chem., 37, 434 (1972); R. P. Quirk,
J. Org. Chem., 37, 3554 (1972); W. Kitching, A. R. Atkins, G. Wickham, and V. Alberts, J. Org.
Chem., 46, 563 (1981).

22. H. C. Brown, G. J. Lynch, W. J. Hammar, and L. C. Liu, J. Org. Chem., 44, 1910 (1979).
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Norbornene, in contrast reacts by syn addition.?* This is believed to occur by internal
transfer of the nucleophile.

0,CCH,
( _,ng+ 0,CCH;
— Hg?*

The reactivity of different alkenes toward mercuration spans a considerable range
and is governed by a combination of steric and electronic factors.?* Terminal double
bonds are more reactive than internal ones. Disubstituted terminal alkenes, however,
are more reactive than monosubstituted cases, as would be expected for electrophilic
attack. (See Part A, Table 5.6 for comparative rate data.) The differences in relative
reactivities are large enough that selectivity can be achieved with certain dienes.

CH=CH, HOCHCHS
1) Hg(O,CCF3),
2) NaBH, 55%
Ref. 24

Diastereoselectivity has been observed in oxymercuration of alkenes having
nearby oxygen substituents. Terminal allylic alcohols show a preference for formation
of the anti 2,3-diols.

OH OH OH R anti syn

1) Hg(OAc) /k/ Et 76 24

RJ\/ TN, . CHs  ipr 80 20
2) NaBH, H t-Bu 98 2

OH OH Ph 88 12

This result can be explained in terms of a steric preference for conformation A over
B. The approach of the mercuric ion is directed by the hydroxy group. The selectivity
increases with the size of the substituent R.%

H Hg~ H
2 7' 0H Ho--HY ¢
A H H LN
H/\/®: H
H™ R H R
A . B
H,0 H,0"

The directive effect of allylic silyoxy groups has also been examined. The
reactions are completely regioselective for 1,3-oxygen substitution. The reaction of

2 T.G. Traylor and A. W. Baker, J. Am. Chem. Soc., 85, 2746 (1963); H. C. Brown and J. H. Kawakami,
J. Am. Chem. Soc., 95, 8665 (1973).

24 H. C. Brown and P. J. Geoghegan, Jr., J. Org. Chem., 37, 1937 (1972); H. C. Brown, P. J. Geoghegan,
Jr., G. J. Lynch, and J. T. Kurek, J. Org. Chem., 37, 1941 (1972); H. C. Brown, P. J. Geoghegan, Jr.,
and J. T. Kurek, J. Org. Chem., 46, 3810 (1981).

25- B. Giese and D. Bartmann, Tetrahedron Lett., 26, 1197 (1985).



Z-isomers of 2-pentenyloxy ethers show modest stereoselectivity, but the E-ethers
show no stereoselectivity.?® Trisubstituted allylic TBDPS ethers show good stereo-
selectivity.?’

RZ HgCl I;|gCI
—__CH; DHIOAc), g CHy , R._A_CH,
RE 2) NaCl H
OTBDPS CH,O OTBDPD CH,0 OTBDPS
RE R? syn anti
CH, H 1 1
H CH, 5 1
CH, CH, 20 1

These results are consistent with a directive effect by the silyloxy substituent through
the sterically favored conformation of the reactant.

no strong conformational
preference

strongly preferred
for the Z-isomer

With acetoxy derivatives, the 2,3-syn isomer is preferred as a result of direct nucle-
ophilic participation by the carbonyl oxygen.

| - * OH
/c\\ Hi» o o NaBH, CH,
o o \_J Ho R
RJ\/ R

CH,HgX OH

Polar substituents can exert a directing effect. Cyclohexenol, for example, gives
high regioselectivity but low stereoselectivity.?® This indicates that some factor other
than hydroxy coordination is involved.

1) Hg(0Ac), TS, e
CH4OH /
G OH <:>< OH + OH
2) NaBH,

95% 70:30 trans:cis

A computational study of remote directing effects was undertaken in substituted
norbornenes.? It was concluded that polar effects of EWGs favors mercuration at the

26- R, Cormick, J. Loefstedt, P. Perlmutter, and G. Westman, Tetrahedron Lett., 38, 2737 (1997).
27- R. Cormick, P. Perlmutter, W. Selajarern, and H. Zhang, Tetrahedron Lett., 41, 3713 (2000).
28. Y. Senda, S. Takayanagi, T. Sudo, and H. Itoh, J. Chem. Soc., Perkin Trans. 1, 270 (2001).
2. p, Mayo, G. Orlova, J. D. Goddard, and W. Tam, J. Org. Chem., 66, 5182 (2001).
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carbon that is closer to the substituent, which is attributed to a favorable polar effect
that stabilizes the negative charge on the mercurated carbon.

EWG favored site _
’.— for mercuration

EWG

Visual models, additional information and exercises on Oxymercuration can be
found in the Digital Resource available at: Springer.com/carey-sundberg.

Scheme 4.1 includes examples of oxymercuration reactions. Entries 1 and 2
illustrate the Markovnikov orientation under typical reaction conditions. The high exo
selectivity in Entry 3 is consistent with steric approach control on a weakly bridged
(or open) mercurinium ion. There is no rearrangement, indicating that the intermediate

is a localized cation.
+i

CH,Hg"

Entries 4 and 5 involve formation of ethers using alcohols as solvents, whereas the
reaction in Entry 6 forms an amide in acetonitrile. Entries 7 and 8 show use of other
nucleophiles to capture the mercurinium ion.

4.1.4. Addition of Halogens to Alkenes

The addition of chlorine or bromine to an alkene is a very general reaction.
Section 6.3 of Part A provides a discussion of the reaction mechanism. Bromination of
simple alkenes is extremely fast. Some specific rate data are tabulated and discussed
in Section 6.3 of Part A. As halogenation involves electrophilic attack, substituents on
the double bond that increase electron density increase the rate of reaction, whereas
EWG substituents have the opposite effect. Considerable insight into the mechanism
of halogen addition has come from studies of the stereochemistry of the reaction.
Most simple alkenes add bromine in a stereospecific manner, giving the product of
anti addition. Among the alkenes that give anfi addition products are Z-2-butene,
E-2-butene, maleic and fumaric acid, and a number of cycloalkenes.30 Cyclic,
positively charged bromonium ion intermediates provide an explanation for the
observed anti stereospecificity.

CHj CH, é Br CHg
r S
>—<_ + Br, — CH3""/A\\“\CH3 + Brr CHS\\\\\ #H
Br
H H H H H

30 J. H. Rolston and K. Yates, J. Am. Chem. Soc., 91, 1469, 1477 (1969).



Scheme 4.1. Addition via Mercuration Reactions

A. Alcohols
1) Hg(OAc),
" (CHYLCCH=CH, (CHg)sCCHCH;  + (CHg3)3CCH,CH,OH
2) NaBH, '
OH 9706 3%
2b =
(CHz)gCH=CH, (CH2)8(|3HCH3
o 1) Hg(OAc), o OH
2) NaBH,
0,
. o) o) 80%
1) Hg(OAc), Lb
2) NaBH, OH
B. Ethers
4d 1) Hg(OZCCF3)2,
(CHg),CHOH OCH(CHg),
2) NaBH, 98%
5e — Hg(O,CCF
CHy(CHp)sCH=CH, H3(0:CCF3), CH4(CH,)3CHCH;
. EtoH dem 97%
C. Amides 1) Hg(NO), 2% 0
6" CHy(CH,);CH=CH, _ CHsCN
. CH3CH,CH,CH,CHCH,
2) NaBH,, H,0
D. Peroxides HNCOCH: o
79 _ 1) Hg(OACc),,
CH3(CHR) CH=CHCH, ™, 00K CHa(CH,),CHCH,CH

40%
E. Amines 2) NaBH, OOC(CHz)s
h
8" cH,0 CH,CH=CH, 1) HY(CI0), ¢ 0 CH,CHCH,
|
\©/ * PhCHANHz o) NaBH, HNCH,Ph
70%
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The bridging by bromine prevents rotation about the remaining bond and back-side
nucleophilic opening of the bromonium ion by bromide ion leads to the observed anti
addition. Direct evidence for the existence of bromonium ions has been obtained from
NMR measurements.*! A bromonium ion salt (with Br;~ as the counterion) has been
isolated from the reaction of bromine with the very hindered alkene adamantylide-

neadamantane.?

3l G. A. Olah, J. M. Bollinger, and J. Brinich, J. Am. Chem. Soc., 90, 2587 (1968); G. A. Olah, P. Schilling,

P. W. Westerman, and H. C. Lin, J. Am. Chem. Soc., 96, 3581 (1974).
32 ], Strating, J. H. Wierenga, and H. Wynberg, J. Chem. Soc., Chem. Commun., 907 (1969).
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A substantial amount of syn addition is observed for Z-1-phenylpropene (27-80%
syn addition), E-1-phenylpropene (17-29% syn addition), and cis-stilbene (up to 90%
syn addition in polar solvents).

H H Br  Chs Br H
= + Br, AcQH S #H + saCHs
2 w H
Ph CH Br Br
8 Ph 28%  Ph  72%
CH H
Br 8 Br s
H L CH3 AcOH Huy SoH + . 3 CH3
>—< + Br, —— Br H Br
Ph H
Ph 83% Ph 17%

Ref. 30

A common feature of the compounds that give extensive syn addition is the presence
of a phenyl substituent on the double bond. The presence of a phenyl substituent
diminishes the strength of bromine bridging by stabilizing the cationic center. A weakly
bridged structure in equilibrium with an open benzylic cation can account for the loss
in stereospecificity.

o+ 5+

o4Br H B o+.BI
HZNH = TR = engg
PR 'CH, PH CH, H  CHy

The diminished stereospecificity is similar to that noted for hydrogen halide addition
to phenyl-substituted alkenes.

Although chlorination of aliphatic alkenes usually gives anti addition, syn addition
is often dominant for phenyl-substituted alkenes.*?

Ph CHs3 H cl
o AcOH (I N N
H H th}_(l Ph\\\}_(
H o C H H

(major) (minor)

These results, too, reflect a difference in the extent of bridging in the intermediates.
With unconjugated alkenes, there is strong bridging and high anti stereospecificity.
Phenyl substitution leads to cationic character at the benzylic site, and there is more
syn addition. Because of its smaller size and lesser polarizability, chlorine is not
as effective as bromine in bridging for any particular alkene. Bromination therefore
generally gives a higher degree of anti addition than chlorination, all other factors
being the same.**

3. M. L. Poutsma, J. Am. Chem. Soc., 87, 2161, 2172 (1965); R. C. Fahey, J. Am. Chem. Soc., 88, 4681
(1966); R. C. Fahey and C. Shubert, J. Am. Chem. Soc., 87, 5172 (1965).
3% R. J. Abraham and J. R. Monasterios, J. Chem. Soc., Perkin Trans. 1, 1446 (1973).



Chlorination can be accompanied by other reactions that are indicative of 301
carbocation intermediates. Branched alkenes can give products that are the result of
elimination of a proton from a cationic intermediate.?
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Electrophilic Addition to

CH3 cl Alkenes
.
Y=CH, —% (CHy),C—CH,Cl —= H,C=C—CHyCl
CHjz CH, 80%
CHs  cH; ¢ + ?I H C—C?CH
— =% (CH3),C—C(CHy), — 27 | (CHa)

CH; CHs HaC 99%

Skeletal rearrangements are observed in systems that are prone toward migration.

(CHy)C  H cl, Hzﬁ (|:I
—2 CH,CCHCHC(CHy);
H C(CHy)3 |

CHs Ref. 35
Ph,CCH=CH, _0'2 Ph3CC|:HCHZBr + PhZC=C|ZCHZBr
Br Ph

Ref. 36

Nucleophilic solvents can compete with halide ion for the cationic intermediate.
For example, the bromination of styrene in acetic acid leads to significant amounts of
the acetoxybromo derivative.

CH3CO,H PhCHCH,Br  + PhCHCH,Br

| |
Br 0,CCH,

80% 20%

PACH=CH, + g,

Ref. 30

The acetoxy group is introduced exclusively at the benzylic carbon. This is in accord
with the intermediate being a weakly bridged species or a benzylic cation. The addition
of bromide salts to the reaction mixture diminishes the amount of acetoxy compound
formed by shifting the competition for the electrophile in favor of the bromide ion.
Chlorination in nucleophilic solvents can also lead to solvent incorporation, as, for
example, in the chlorination of 1-phenylpropene in methanol.”’

CHsOH  PhCHCHCH; + PhCH—CHCH,
PhCH=CHCHz + Cl, —= | I

CHZ0 ClI cl cl
82% 18%

From a synthetic point of view, the participation of water in brominations, leading
to bromohydrins, is the most important example of nucleophilic capture of the interme-
diate by solvent. To favor introduction of water, it is desirable to keep the concentration

3. M. L. Poutsma, J. Am. Chem. Soc., 87, 4285 (1965).
3. R. 0. C. Norman and C. B. Thomas, J. Chem. Soc. B, 598 (1967).
37 M. L. Poutsma and J. L. Kartch, J. Am. Chem. Soc., 89, 6595 (1967).
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of the bromide ion as low as possible. One method for accomplishing this is to use
N-bromosuccinimide (NBS) as the brominating reagent.’®:* High yields of bromohy-
drins are obtained by using NBS in aqueous DMSO. The reaction is a stereospecific
anti addition. As in bromination, a bromonium ion intermediate can explain the anti
stereospecificity. It has been shown that the reactions in DMSO involve nucleophilic
attack by the sulfoxide oxygen. The resulting alkoxysulfonium ion intermediate reacts
with water to give the bromohydrin.

Br R R
N

Br /N + | H,0
RCH=CH, R—CH—CH, —~ (CHy), —\?—CHCHZBr —27  HOCHCH,Br
(CHg),5=0 H,0  H'

In accord with the Markovnikov rule, the hydroxy group is introduced at the carbon
best able to support positive charge.

CH
CH3 NBS 3
= > (CHg)3CC—CH,Br
(CH3)sCC=CH, (CHg)s 2
60%
H,O OH
Ref. 40
NBS
PhCH,CH=CH, — » PhCH2C|:HCHZBr
DMSO 89%
H,0 OH
Ref. 41

The participation of sulfoxy groups can be used to control the stereochemistry in acyclic
systems. In the reaction shown below, the internal sulfoxide captures the bromonium
ion and then undergoes inversion at sulfur in the hydrolytic step.

9 OTBDMS NBS Hzog OTBDMS 7 o
.« S Lo
Ar/s\/\/\ph H,Oltoluene Ar ﬁz;rPh T Ar/S \/Y\Ph
Ar = 4-methylpheny! Br
Ref. 42

A procedure that is useful for the preparation of both bromohydrins and iodohy-
drins involves in situ generation of the hypohalous acid from NaBrO; or NalO, by
reduction with bisulfite.*

38 A.J. Sisti and M. Meyers, J. Org. Chem., 38, 4431 (1973).

3. C. 0. Guss and R. Rosenthal, J. Am. Chem. Soc., 77, 2549 (1965).

40- D, R. Dalton, V. P. Dutta, and D. C. Jones, J. Am. Chem. Soc., 90, 5498 (1968).

4. A, W. Langman and D. R. Dalton, Org. Synth., 59, 16 (1979).

42.'S. Raghavan and M. A. Rasheed, Tetrahedron, 59, 10307 (2003).

43. H. Masuda, K. Takase, M. Nishio, A. Hasegawa, Y. Nishiyama, and Y. Ishii, J. Org. Chem., 59, 5550

(1994).



Br
NaBrO; O/
NaH& “uoH
@ H,0, CHsCN 750
Hm !
NaHSO; ,
“OH

H,0, CH,CN 80%

These reactions show the same regioselectivity and stereoselectivity as other reactions
that proceed through halonium ion intermediates.

Because of its high reactivity, special precautions must be taken with reactions
of fluorine and its use is somewhat specialized.44 Nevertheless, there is some basis
for comparison with the less reactive halogens. Addition of fluorine to Z- and E-1-
propenylbenzene is not stereospecific, but syn addition is somewhat favored.*> This
result is consistent with formation of a cationic intermediate.

F F
I:2
PhCH=CHCH; —~ Ph/'\/CHs + Ph/H/CHs

F

T

In methanol, the solvent incorporation product is formed, as would be expected for a
cationic intermediate.

Fa PhCHCHCH,
CHsOH CH,0 F

PhCH=CHCH,4

These results are consistent with the expectation that fluorine would not be an effective
bridging atom.

There are other reagents, such as CF;OF and CH;CO,F, that transfer an
electrophilic fluorine to double bonds. These reactions probably involve an ion pair
that collapses to an addition product.

PhCH=CHPh + CF;OF — Ph?H?HPh
CF0 F Ref. 46

CH3(CH,)gCH=CH, + CHzCO,F —= CHg(CH,)CHCH,F

CH3CO, 3094 Ref. 47

The stability of hypofluorites is improved in derivatives having electron-withdrawing
substituents, such as 2,2-dichloropropanoyl hypofluorite.** Various other fluorinating
agents have been developed and used, including N-fluoropyridinium salts such as the

4. H. Vypel, Chimia, 39, 305 (1985).

4. R. F. Merritt, J. Am. Chem. Soc., 89, 609 (1967).

4. D, H. R. Barton, R. H. Hesse, G. P. Jackman, L. Ogunkoya, and M. M. Pechet, J. Chem. Soc., Perkin
Trans. 1,739 (1974).

47-'S. Rozen, O. Lerman, M. Kol, and D. Hebel, J. Org. Chem., 50, 4753 (1985).

4-°S. Rozen and D. Hebel, J. Org. Chem., 55, 2621 (1990).
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triflate* and heptafluorodiborate.*® The reactivity of these reagents can be “tuned” by
varying the pyridine ring substituents. In contrast to the hypofluorites, these reagents
are storable.’! In nucleophilic solvents such as acetic acid or alcohols, the reagents
give addition products, whereas in nonnucleophilic solvents, alkenes give substitution
products resulting from deprotonation of a carbocation intermediate.

4
LL,
1N Cl
S PhCCH,F
PhC=CH, FE
(I:H (CHs),CHOH OCH(CHa)z 7094
3

wicl2

f\'L PhCCH,F

cl ‘r\r cl CH, 73%
F

Addition of iodine to alkenes can be accomplished by a photochemically initiated
reaction. Elimination of iodine is catalyzed by excess iodine, but the diiodo compounds
can be obtained if unreacted iodine is removed.>

RCH=CHR +I, =— R?H_?HR
I

The diiodo compounds are very sensitive to light and are seldom used in syntheses.

The elemental halogens are not the only sources of electrophilic halogen, and
for some synthetic purposes other “positive halogen” compounds may be preferable
as electrophiles. The utility of N-bromosuccinimide in formation of bromohydrins
was mentioned earlier. Both N-chlorosuccinimide and N-bromosuccinimide transfer
electrophilic halogen with the succinimide anion acting as the leaving group. As this
anion is subsequently protonated to give the weak nucleophile succinimide, these
reagents favor nucleophilic additions by solvent and cyclization reactions because there
is no competition from a halide anion. Other compounds that are useful for specific
purposes are indicated in Table 4.2. Pyridinium hydrotribromide (pyridinium hydro-
bromide perbromide), benzyltrimethyl ammonium tribromide, and dioxane-bromine
are examples of complexes of bromine in which its reactivity is somewhat atten-
uated, resulting in increased selectivity. In 2,4,4,6-tetrabromocyclohexadienone is a
very mild and selective source of electrophilic bromine; the leaving group is 2.4,6-
tribromophenoxide ion.

Br Br
Br.
o — “Br" + PBr (on
Br

Br Br

49 T. Umemoto, S. Fukami, G. Tomizawa, K. Harasawa, K. Kawada, and K. Tomita, J. Am. Chem. Soc.,

112, 8563 (1990).

30- A, J. Poss. M. Van Der Puy, D. Nalewajek, G. A. Shia, W. J. Wagner, and R. L. Frenette, J. Org.
Chem., 56, 5962 (1991).

S T, Umemoto, K. Tomita, and K. Kawada, Org. Synth., 69, 129 (1990).

52. P, S. Skell and R. R. Pavlis, J. Am. Chem. Soc., 86, 2956 (1964); R. L. Ayres, C. J. Michejda, and
E. P. Rack, J. Am. Chem. Soc., 93, 1389 (1971).



Table 4.2. Other Sources of Electrophilic Halogen

Reagents Synthetic applications®

A. Chlorinating agents

Sodium hypochlorite solution Formation of chlorohydrins from alkenes
N-Chlorosuccinimide Chlorination with solvent participation and cyclization
Chloramine-T" Formation of chlorohydrins in acidic aqueous solution.
B. Brominating agents
Pyridinium hydrotribromide (pyidinium Mild and selective substitute for bromine
hydrobromide perbromide)
Dioxane bromine complex Same as for pyridinium hydrotribromide
N-Bromosuccinimide Used in place of bromine when low bromide
concentration is required.
2,4,4,6-Tetrabromocyclohexadienone® Selective bromination of alkenes and carbonyl
compounds
Quaternary ammonium tribromides? Similar to pyridinium hydrotribromide
C. Iodinating agents
bis-(Pyridinium)iodonium® Selective iodination and iodocyclization.
tetrafluoroborate

a. For specific examples, consult M. Fieser and L. F. Fieser, Reagents for Organic Synthesis, John Wiley & Sons, New
York.

b. B. Damin, J. Garapon, and B. Sillion, Synthesis, 362 (1981).

c. F. Calo, F. Ciminale, L. Lopez, and P. E. Todesco, J. Chem. Soc., C, 3652 (1971) ;Y. Kitahara, T. Kato, and I. Ichinose,
Chem. Lett., 283 (1976)

d. S. Kaigaeshi and T. Kakinami, Ind. Chem. Libr., 7, 29 (1985); G. Bellucci, C. Chiappe, and F. Marioni, J. Am. Chem.
Soc., 109, 515 (1987).

e. J. Barluenga, J. M. Gonzalez, M. A. Garcia-Martin, P. J. Campos, and G. Asensio, J. Org. Chem., 58, 2058 (1993).

Electrophilic iodine reagents are extensively employed in iodocyclization (see
Section 4.2.1). Several salts of pyridine complexes with I™ such as bis-
(pyridinium)iodonium tetrafluoroborate and bis-(collidine)iodonium hexafluorophos-
phate have proven especially effective.’

4.1.5. Addition of Other Electrophilic Reagents

Many other halogen-containing compounds react with alkenes to give addition
products by mechanisms similar to halogenation. A complex is generated and the
halogen is transferred to the alkene to generate a bridged cationic intermediate. This
may be a symmetrical halonium ion or an unsymmetrically bridged species, depending
on the ability of the reacting carbon atoms to accommodate positive charge. The
direction of opening of the bridged intermediate is usually governed by electronic
factors. That is, the addition is completed by attack of the nucleophile at the more
positive carbon atom of the bridged intermediate. The regiochemistry of addition
therefore follows Markovnikov’s rule. The stereochemistry of addition is usually anti,
because of the involvement of a bridged halonium intermediate.* Several reagents of
this type are listed in Entries 1 to 6 of Scheme 4.2. The nucleophilic anions include
isocyanate, azide, thiocyanate, and nitrate.

Entries 7 to 9 involve other reagents that react by similar mechanisms. In the
case of thiocyanogen chloride and thiocyanogen, the formal electrophile is [NCS]*.
The presumed intermediate is a cyanothiairanium ion. The thiocyanate anion is an

3. Y. Brunel and G. Rousseau, J. Org. Chem., 61, 5793 (1996).
5% A. Hassner and C. Heathcock, J. Org. Chem., 30, 1748 (1965).
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Scheme 4.2. Addition Reactions of Other Electrophilic Reagents

CHAPTER 4 Reagent Preparation Poduct
Elec hilic Additions
1o Carbon-Carbon 12 |-N=C=0  AgCNO, I RCH—CHR
Multiple Bonds . I IlICO
2 Br—N=N=N-  HNjg Br, RCliH—CliHR
+ Br N3
3° |—N=N=N- NaNs, IC R?H_?HR
I Ng
4¢ | —s=C=N (NCS),, I, R?H_?HR
| S—C=N
5% |—ONO, AgNO;, ICI R?H_CIHR
| ONO,
f
6 ci—scN Pb(SCN),, Cl, RCH—CHR
o Cl  SCN
7 N=CcS—SC=N Pb(SCN),, Br, R?H—?HR and Rcl:H—cl:HR
N=CS SC=N N=CS N=C=S
8" o=N-—cI Rﬁ_?HR
HON ClI
9 O=N—0,CH CgH;ONO RC—CHR
HCO,H [—
HON O,CH

a. A. Hassner, R. P. Hoblitt, C. Heathcock, J. E. Kropp, and M. Lorber, J. Am. Chem. Soc., 92, 1326 (1970); A.
Hassner, M. E. Lorber, and C. Heathcock, J. Org. Chem., 32, 540 (1967).

. A. Hassner, F. P. Boerwinkle, and A. B. Levy, J. Am. Chem. Soc., 92, 4879 (1970).

. F. W. Fowler, A. Hassner, and L. A. Levy, J. Am. Chem. Soc., 89, 2077 (1967).

. R.J. Maxwell and L. S. Silbert, Tetrahedron Lett., 4991 (1978).

. J. W. Lown and A. V. Joshua, J. Chem. Soc., Perkin Trans. 1, 2680 (1973).

. R. G. Guy and L. Pearson, J. Chem. Soc., Perkin Trans. 1, 281 (1973); J. Chem. Soc., Perkin Trans. 2, 1359
(1973).

g. R. Bonnett, R. G. Guy, and D. Lanigan, Tetrahedron, 32, 2439 (1976); R. J. Maxwell, L. S. Silbert, and J. R.

Russell, J. Org. Chem., 42, 1510 (1977).
h. J. Meinwald, Y. C. Meinwald, and T. N. Baker, III, J. Am. Chem. Soc., 86, 4074 (1964).
i. H. C. Hamann and D. Swern, J. Am. Chem. Soc., 90, 6481 (1968).

-0 a0 o

ambident nucleophile and both carbon-sulfur and carbon-nitrogen bond formation can
be observed, depending upon the reaction conditions (see Entry 7 in Scheme 4.2).

I N\ A
| s s
~ RCH—CHR + ROH—CHR
RCH=CHR + (N=CS), —= RCH—CHR —~ i |
S\c\ N\\C
\¥ N

For nitrosyl chloride (Entry 8) and nitrosyl formate (Entry 9), the electrophile
is the nitrosonium ion NO*. The initially formed nitroso compounds can dimerize or
isomerize to the more stable oximes.



RCH=CHR — R?H—(l.THR —_— Rﬁ—?HR
N X N
Y N X

o HO

4.1.6. Addition Reactions with Electrophilic Sulfur and Selenium Reagents

Compounds having divalent sulfur and selenium atoms bound to more electroneg-
ative elements react with alkenes to give addition products. The mechanism is similar
to that in halogenation and involves of bridged cationic intermediates.

T,
St SR’
/ N\ ClI- |
R’'S—Cl + RCH=CHR — RCH—CHR — RCH(|2HR
R’ Cl
| SeR’
*Se cl- ©
N\

|
—_— / —_— —_—
R’Se—Cl + RCH=CHR RCH—CHR — R—CH (|3HR

Cl

In many synthetic applications, the sulfur or selenium substituent is subsequently
removed by elimination, as is discussed in Chapter 6.

A variety of electrophilic reagents have been employed and several examples are
given in Scheme 4.3. The sulfenylation reagents are listed in Section A. Both aryl and
alkyl sulfenyl chlorides are reactive (Entries 1 and 2). Dimethyl(methylthio)sulfonium
fluoroborate (Entry 3) uses dimethyl sulfide as a leaving group and can be utilized
to effect capture of hydroxylic solvents and anionic nucleophiles, such as acetate
and cyanide. Entries 4 and 5 are examples of sulfenamides, which normally require
a Lewis acid catalyst to react with alkenes. Entry 6 represents application of the
Pummerer rearrangement for in situ generation of a sulfenylation reagent. Sulfoxides
react with acid anhydrides to generate sulfonium salts. When a #-alkyl group is present,
fragmentation occurs and a sulfenylium ion is generated.”> TFAA is the preferred
anhydride in this application.

o) 0,CCF;
(CF4C0),0

[
R—S—C(CHy); R—S—C(CHy)s RS* + (CH3),CO,CCF,

The selenylation reagents include the arylselenenyl chlorides and bromides
(Entries 7 and 8), selenylium salts with nonnucleophilic counterions (Entry 9), and
selenenyl trifluoroacetates, sulfates, and sulfonates (Entries 10 to 13). Diphenyl-
diselenide reacts with several oxidation reagents to transfer electrophilic phenylsele-
nenylium ions (Entries 14 to 16). N-Phenylselenenylphthalimide is a useful synthetic
reagent that has the advantage of the nonnucleophilicity of the phthalimido leaving
group (Entry 18). The hindered selenenyl bromide in Entry 19 is useful for selenylcy-
clizations (see Section 4.2.2).

Selenylation can also be done under conditions in which another nucle-
ophilic component of the reaction captures the selenium-bridged ion. For

53 ML.-H. Brichard, M. Musick, Z. Janousek, and H. G. Viehe, Synth. Commun., 20, 2379 (1990).
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Scheme 4.3. Sulfur and Selenium Reagents for Electrophilic Addition Reactions

A. Sulfenylation reagents

1a 2a 3b 4C 5d
ArSCl RSCI (CH3),S*SCH; BF,~ PhS—N 0  ArSNHPh, BF,
_/
6° ﬁ
RSC(CH3)s
(CF5C0),0

B. Selenenylation reagents

7t 8¢ gh 10 11

PhSeCl PhSeBr PhSe*PFg~ PhSeO,CCF3 PhSeOSO,Ar
12k 13! 14m 15" 16°

PhSe0S0O,CF,4 PhSe0SO;~  (PhSe), (PhSe), (PhSe),

(NH,),S,04 DDQ PhI(OAc),

17° 184 197

PhSeO,H, HPO, P CH(CHy),

N—SePh  (CH3),CH SeBr
o} CH(CHjy),

a. G. Capozzi, G. Modena, and L. Pasquato in The Chemistry of Sulphenic Acids and Their Derivatives, S. Patai, ed.,
Wiley, Chichester, 1990, Chap. 10.

b. B. M. Trost, T. Shibata, and S. J. Martin, J. Am. Chem. Soc., 104, 3228 (1982).

c. P. Brownbridge, Tetrahedron Lett., 25, 3759 (1984); P. Brownbridge, J. Chem. Soc. Chem. Commun., 1280 (1987);

N. S. Zefirov, N. V. Zyk, A. G. Kutateldze, and S. I. Kolbasenko, Zh. Org. Khim., 23, 227 (1987).

d. L. Benati, P. C. Montevecchi, and P. Spagnolo, J. Chem. Soc., Perkin Trans. 1, 1691 (1990).

e. M.-H. Brichard, M. Musick, Z. Janousek, and H. G. Viehe, Synth. Commun., 20, 2378 (1990).

f. K. B. Sharpless and R. F. Lauer, J. Org. Chem., 39, 429 (1974).

g. T. G. Back, The Chemistry of Organic Selenium and Tellurium Compounds, S. Patai, ed., Wiley, 1987, pp. 91-312.
h. W. P. Jackson, S. V. Ley, and A. J. Whittle, J. Chem. Soc. 1173 (1980).

i. H. J. Reich, J. Org. Chem., 39, 428 (1974).

j. T. G. Back and K. R. Muralidharan, J. Org. Chem. 56, 2781 (1991).

k. S. Murata and T. Suzuki, Tetrahedron Lett., 28, 4297, 4415 (1987).
1
m
n
o
p
q
r

just

Tiecco, L. Testaferri, M. Tingoli, L. Bagnoli, and F. Marini, J. Chem. Soc., Perkin Trans. 1, 1989 (1993).
Tiecco, L. Testaferri, M. Tingoli, D. Chianelli, and D. Bartoli, Tetrahedron Lett., 30, 1417 (1989).
Tiecco, L. Testaferri, A. Temperinik, L. Bagnoli, F. Marini, and C. Santi, Synlett, 1767 (2001).

Tingoli, M. Tiecco, L. Testaferri, and Temperini, Synth. Commun., 28, 1769 (1998).
. Labar, A. Krief, and L. Hevesi, Tetrahedron Lett., 3967 (1978).

zzzzeo

~ O

. C. Nicolaou, N. A. Petasis, and D. A. Claremon, Tetrahedron, 41, 4835 (1985).
. H. Lipshutz and T. Gross, J. Org. Chem., 60, 3572 (1995).

w

example, the combination phenylselenylphthalimide and trimethylsilyl azide generates
B-azido selenides and phenylselenyl chloride used with AgBF, and ethyl carbamate
give B-carbamido selenides.

Phs?
RCH=CHR + PhSe-Phthal +  (CH3);SiNg

RCH—CliHR

N3 Ref. 56

3. A. Hassner and A. S. Amarasekara, Tetrahedron Lett., 28, 5185 (1987); R. M. Giuliano and F. Duarte,
Synlett, 419 (1992).



PhSe
RCH=CHR + PhSeCl + AgBF, + H,NCO,C,Hg

RCH—CHR
NHCO,CyH5
Ref. 57

In the absence of better nucleophiles, solvent can be captured, as in selenenylamidation,
which occurs in acetonitrile.

CH3(CH2)5CH=CH2

CH3(CH2)5(|:HCstePh + CHs(CHz)SCHCHzNHCOCHB

|
NHCOCH; SePh

85:15

3

Ref. 58

When reactions with phenylselenenyl chloride are carried out in aqueous acetonitrile
solution, B-hydroxyselenides are formed as the result of solvolysis of the chloride.”
(CH3),C=CH, m (CH53),CCH,SePh

CHZCN—H,0 |
OH 87%

Mechanistic studies have been most thorough with the sulfenyl halides.®® The
reactions show moderate sensitivity to alkene structure, with ERGs on the alkene
accelerating the reaction. The addition can occur in either the Markovnikov or anti-
Markovnikov sense.®! The variation in regioselectivity can be understood by focusing
attention on the sulfur-bridged intermediate, which may range from being a sulfonium
ion to a less electrophilic chlorosulfurane.

Compared to a bromonium ion, the C—S bonds are stronger and the TS for nucleophilic
addition is reached later. This is especially true for the sulfurane structures. Steric
interactions that influence access by the nucleophile are a more important factor in
determining the direction of addition. For reactions involving phenylsulfenyl chloride
or methylsulfenyl chloride, the intermediate is a fairly stable species and ease of
approach by the nucleophile is the major factor in determining the direction of ring
opening. In these cases, the product has the anti-Markovnikov orientation.®?

57
58
59
60

- C. G. Francisco, E. I. Leon, J. A. Salazar, and E. Suarez, Tetrahedron Lett., 27, 2513 (1986).

- A. Toshimitsu, T. Aoai, H. Owada, S. Uemura, and M. Okano, J. Org. Chem., 46, 4727 (1981).

- A. Toshimitsu, T. Aoai, H. Owada, S. Uemura, and M. Okano, Tetrahedron, 41, 5301 (1985).

© W. A. Smit, N. S. Zefirov, I. V. Bodrikov, and M. Z. Krimer, Acc. Chem. Res., 12, 282 (1979);
G. H. Schmid and D. G. Garratt, The Chemistry of Double-Bonded Functional Groups, S. Patai, ed.,
Wiley-Interscience, New York, 1977, Chap. 9; G. A. Jones, C. J. M. Stirling, and N. G. Bromby, J.
Chem. Soc., Perkin Trans., 2, 385 (1983).

W. H. Mueller and P. E. Butler, J. Am. Chem. Soc., 90, 2075 (1968); G. H. Schmid and D. I . Macdonald,
Tetrahedron Lett., 25, 157 (1984).

- G. H. Schmid, M. Strukelj, S. Dalipi, and M. D. Ryan, J. Org. Chem., 52, 2403 (1987).

61.

62
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CH5SCl
CH,=CHCH(CHj), — CICHz(i‘,HCH(CH3)2 + CH3SCH2(|:HCH(CH3)2
SCH3 94% Cl 6%
Ref. 61a
CH3CH,CH=CH, p-CILhS»CI CICH2(|3HCHZCH3 + ArSCH2(|§HCHZCH3
SAr Cl
7% 23%
Ref. 63

Terminal alkenes react with selenenyl halides with Markovnikov regioselectivity.®*
However, the B-selenyl halide addition products readily rearrange to the isomeric
products.®

ArStle
R,C=CH, + ArSeX _, R2(|:CHZSeAr == R,CCH,X
X

4.2. Electrophilic Cyclization

When unsaturated reactants contain substituents that can participate as nucle-
ophiles, electrophilic reagents frequently bring about cyclizations. Groups that can
act as internal nucleophiles include carboxy and carboxylate, hydroxy, amino and
amido, as well as carbonyl oxygen. There have been numerous examples of synthetic
application of these electrophilic cyclizations.®® The ring-size preference is usually
5> 6 > 3 > 4, but there are exceptions. Both the ring-size preference and the stereo-
selectivity reactions can usually be traced to structural and conformational features of
the cyclization TS. Baldwin called attention to the role of stereoelectronic factors in
cyclization reactions.®” He classified cyclization reactions as exo and endo and as tet,
trig, and dig, according to the hybridization at the cyclization center. The cyclizations
are also designated by the size of the ring being formed. For any given separation
(n=1,2,3, etc.) of the electrophilic and nucleophilic centers, either an exo or endo
mode of cyclization is usually preferred. The preferences for cyclization at trigonal
centers are 5-endo >> 4-exo for n = 2; 5-exo > 6-endo for n = 3; and 6-exo >>
7-endo for n = 4. These relationships are determined by the preferred trajectory of
the nucleophile to the electrophilic center. Substituents can affect the TS structure by
establishing a preferred conformation and by electronic or steric effects.

9. G. H. Schmid, C. L. Dean, and D. G. Garratt, Can. J. Chem., 54, 1253 (1976).

% D. Liotta and G. Zima, Tetrahedron Lett., 4977 (1978); P. T. Ho and R. J. Holt, Can. J. Chem., 60, 663
(1982).

- 'S. Raucher, J. Org. Chem., 42, 2950 (1977).

. M. Frederickson and R. Grigg, Org. Prep. Proced. Int., 29, 63 (1997).

7- J. E. Baldwin, J. Chem. Soc., Chem. Commun., 734, 738 (1976).
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Electrophilic cyclizations are useful for closure of a variety of oxygen-, nitrogen-,
and sulfur-containing rings. The product structure depends on the ring size and the
exo-endo selectivity. The most common cases are formation of five- and six-membered
rings.

+

E +
\\ E ) /vE
L) —_— < \ (\—\\\‘/\F — (—\:
NU™ Nu Nu'~ Nu
endo-5 exo-5
E+
B ) -
N — | . ‘\<E [e— \/_x
Nu * Nu Nu™ ° Nu
endo-6 exo-6
Nu = CO,~, OH, C=0, NHR, SH E* = Br, I, RS*, RSe", Hg**

4.2.1. Halocyclization

Brominating and iodinating reagents effect cyclization of alkenes that have a
nucleophilic group situated to permit formation of five-, six-, and, in some cases, seven-
membered rings. Hydroxy and carboxylate groups are the most common nucleophiles,
but the reaction is feasible for any nucleophilic group that is compatible with the
electrophilic halogen source. Amides and carbamates can react at either oxygen or
nitrogen, depending on the relative proximity. Sulfonamides are also potential nitrogen
nucleophiles. Carbonyl oxygens can act as nucleophiles and give stable products by
o-deprotonation.

Intramolecular reactions usually dominate intermolecular addition for favorable
ring sizes. Semiempirical (AM1) calculations found the intramolecular TS favorable
to a comparable intermolecular reaction.®® (See Figure 4.1) The intramolecular TS,
which is nearly 4 kcal/mol more stable, is quite productlike with a C—O bond distance
of 1.6A, and a bond order of 0.62. The bromonium ion bridging is unsymmetrical
and fairly weak. The bond parameters for the intra- and intermolecular TSs are quite
similar.

In general, cyclization can be expected in compounds having the potential for
formation of five- or six-membered rings. In addition to the more typical bromination
reagents, such as those listed in Table 4.2, the combination of trimethylsilyl bromide,
a tertiary amine, and DMSO can effect bromolactonization.

8- J. Sperka and D. C. Liotta, Heterocycles, 35, 701 (1993).
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Fig. 4.1. Comparison of intramolecular and intermolecular transition
structures for reaction of Br*, H,O and 4-penten-1-ol. The numbers in
parentheses are bond orders. From Heterocycles, 35, 701 (1993)

TMS-Br
CO,H DMSO CHy O (0] 60% Ref. 69

3-Phenylprop-2-enyl sulfates are cyclized stereospecifically and with Markovnikov
regiochemical control. These are endo-6 cyclizations.

Br Br
Phy - Ph
Ph
N Br, \/\ Br, \/H
pr Y Nos0,- 0...0 \—=""0s0, 0.0
AgNO, >S< AgNO3 >SS
0 o~ "o
Ref. 70

Iodine is a very good electrophile for effecting intramolecular nucleophilic
addition to alkenes, as exemplified by the iodolactonization reaction.”" Reaction of
iodine with carboxylic acids having carbon-carbon double bonds placed to permit
intramolecular reaction results in formation of iodolactones. The reaction shows a
preference for formation of five- over six-membered’? rings and is a stereospecific
anti addition when carried out under basic conditions.

CH,CO,H

Iy, I-
@'"'CH=CH2 NaHCO, I__O

iife)
" =0

0

“CH=CH, Ref. 73

8. R. Twata, A. Tanaka, H. Mizuno, and K. Miyashita, Hetereocycles, 31, 987 (1990).

70-J. G. Steinmann, J. H. Phillips, W. J. Sanders, and L. L. Kiessling, Org. Lett., 3, 3557 (2001).

71 M. D. Dowle and D. L. Davies, Chem. Soc. Rev., 8, 171 (1979); G. Cardillo and M. Orena, Tetra-
hedron, 46, 3321 (1990); S. Robin and G. Rousseau, Tetrahedron, 54, 13681 (1998); S. Ranganathan,
K. M. Muraleedharan, N. K. Vaish, and N. Jayaraman, Tetrahedron, 60, 5273 (2004).

723, Ranganathan, D. Ranganathan, and A. K. Mehrota, Tetrahedron, 33, 807 (1977); C. V. Ramana,
K. R. Reddy, and M. Nagarajan, Ind. J. Chem. B, 35, 534 (1996).

B L. A. Paquette, G. D. Crouse, and A. K. Sharma, J. Am. Chem. Soc., 102, 3972 (1980).



The anti addition is a kinetically controlled process that results from irreversible back-
side opening of an iodonium ion intermediate by the carboxylate nucleophile. Bartlett
and co-workers showed that the more stable frans product was obtained under acidic
conditions in which there is acid-catalyzed equilibration (thermodynamic control).”*

I, NaHCO; PN

Ph  CH,Cl,

r\A\O
\A/COZH 'CHz 0o
Iy,
CHsc

ICH,"
Ref. 75
Ph Ph
CO.H Ph CO,H
e ~ /H — s fe)
IcH,” ox 9 IcH," 0

Under kinetic conditions, iodolactonization reflects reactant conformation. Several
cases illustrate how the stereoselectivity of iodolactonization can be related to reactant
conformation. For example, the high stereoselectivity of 1 corresponds to proximity

of the carboxylate group to one of the two double bonds in the preferred reactant
conformation.”®

€0, I,, NaHCO,
=
/\‘/\E/\ CH,Cl, ICH, |CH2\\ .

CH13 CH, H, CH3 CH3H c':H
142 4.7 1

O

preferred reactant
conformation

Similarly, with reactants 2 and 3 conformational preference dominates in the selectivity
between CO, and CH,OH as the internal nucleophile. This conformational preference
even extends to CO,CHj;, which can cyclize in preference to CH,OH when it is in the
conformationally preferred position.”’

74 P. A. Bartlett and J. Myerson, J. Am. Chem. Soc., 100, 3950 (1978).

75- F. R. Gonzalez and P. A. Bartlett, Org. Synth., 64, 175 (1984).

76- M. J. Kurth and E. G. Brown, J. Am. Chem. Soc., 109, 6844 (1987).

- M. J. Kurth, R. L. Beard, M. Olmstead, and J. G. Macmillan, J. Am. Chem. Soc., 111, 3712 (1989).

313

SECTION 4.2

Electrophilic Cyclization



314

CHAPTER 4

Electrophilic Additions
to Carbon-Carbon
Multiple Bonds

ROC.Y Iy i o
2 CH 2
H2C |2, NaHCO3 o)

e CH,Cl, ICHZ“"
preferred not formed
conformer

I,, NaHCO4
HO CO,R
H,C CH,Cl,
preferred 3 R i H 66% 0 only products
conformer R =CH; 88%

On the other hand, when the competition is between a monosubstituted and a disub-
stituted double bond, the inherent reactivity difference between the two double bonds
overcomes reactant conformational preferences.”®

CO, CHj
—
= preferred reaction site,
CHs3 regardless of conformation

Several other nucleophilic functional groups can be induced to participate in
iodocyclization reactions. t-Butyl carbonate esters cyclize to diol carbonates.”

ICH CH,),CH=CH, ICH, (CH,),CH=CH
B ) zﬁ/\f( 2)2 2 'K\f 2)2 2
CHZ—CHCH2C|ZHCHZCHZCH2_> o, 0 o, O

O(lfOC(CHS)S

o (major) O (minor)

o

Lithium salts of carbonate monoesters can also be cyclized.®

i ICHZY\OKCH?'_ ICHZ/”"/YCH3
o__O
T
(@]

1) RLi

CH,=CHCH,CHCH; —— CH,=CHCH,CHCH,4 o
| 2) CO, \n/

OH 0OCO, *Li
o (major) (minor)
Enhanced stereoselectivity has been found using IBr, which reacts at a lower
temperature.®! (Compare Entries 6 and 7 in Scheme 4.4.) Other reagent systems that
generate electrophilic iodine, such as KI+ KHSOS,82 can be used for iodocyclization.

8- M. I. Kurth, E. G. Brown, E. J. Lewis, and J. C. McKew, Tetrahedron Lett., 29, 1517 (1988).

79 P. A. Bartlett, J. D. Meadows, E. G. Brown, A. Morimoto, and K. K. Jernstedt, J. Org. Chem., 47, 4013
(1982).

- A. Bogini, G. Cardillo, M. Orena, G. Ponzi, and S. Sandri, J. Org. Chem., 47, 4626 (1982).

- J. J.-W. Duan and A. B. Smith, III, J. Org. Chem., 58, 3703 (1993).

* M. Curini, F. Epifano, M. C. Marcotullio, and F. Montanari, Synlett, 368 (2004).



Analogous cyclization reactions are induced by brominating reagents but they
tend to be less selective than the iodocyclizations.®* The bromonium ion intermediates
are much more reactive and less selective.

The iodocyclization products have a potentially nucleophilic oxygen substituent
B to the iodide, which makes them useful in stereospecific syntheses of epoxides and
diols.

CH,=CHCH,CH, CH-l
Y\( b k,co, CHZM
\H/O MeOH OH

o Ref. 48

CH; cH, CHs
H CH3
: CH 29 CHs
Hozc\/\/ 1, CHs, | NaCOL o0
2

OH o} MeOH o)

T

O
O
T

O
Ref. 84

Positive halogen reagents can cyclize y- and 8-hydroxyalkenes to tetrahydro-
furan and tetrahydropyran derivatives, respectively.®® Iodocyclization of homoal-
lylic alcohols generates 3-iodotetrahydrofurans when conducted in anhydrous
acetonitrile.’® The reactions are stereospecific, with the E-alcohols generating the
trans and the Z-isomer the cis product. These are endo-5 cyclizations, which are
preferred to exo-4 reactions.

| 2 !
I NaHCO;
HO_/_\\_C2H5 NaHCO; / \ HO@ o C,H
CH3CN 0" “CyHs CoHs CH,CN 2

95% 60%

With the corresponding secondary alcohols, the preferred cyclization is via a confor-
mation with a pseudoequatorial conformation.

|
C,H
C2H5 I2 275
NaH003
Ho_\/_\\_C4Hg NaHCO3CH A/j o
cH oHg ™ CyHg 25 (@) C4Hg

" Hg CH,CN
90% 60%

" RZ
‘/—' RE
RY 9

83. B. B. Snider and M. 1. Johnston, Tetrahedron Lett., 26, 5497 (1985).

8. C. Neukome, D. P. Richardson, J. H. Myerson, and P. A. Bartlett, J. Am. Chem. Soc., 108, 5559 (1986).

85 A. B. Reitz, S. O. Nortey, B. E. Maryanoff, D. Liotta, and R. Monahan, III, J. Org. Chem., 52, 4191
(1981).

86. J. M. Banks, D. W. Knight, C. J. Seaman, and G. G. Weingarten, Tetrahedron Lett., 35, 7259 (1994); S.
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Trans. 1, 2143 (1999).
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Related O-TBS and O-benzyl ethers cyclize with loss of the ether substituent.

[
[ \_f
CH5CH,CH = CHCH,CH,OR 2
NaHCO, 2

O~ “CH,CHj
= TBS, benzyl

Ref. 87

Other nucleophilic functional groups can participate in iodocyclization. Amides
usually react at oxygen, generating imino lactones that are hydrolyzed to lactones.®

0
[ I,, H,O R.N*. O R H,0O o) R
Ry;NCCH,CH,CH=CHR ——r 2 W e O\Y\_?—<
DME ' ' Ref. 89

Use of a chiral amide can promote enantioselective cyclization.”

CH0CH,Ph O WCH,l
; o )
N{NCHZ THF, H,0
CHé\\ 12 CH;  90:10 trans:cis
0,
CH,OCH,Ph c6% e.e.

The TS preference is influenced by avoidance of A strain between the a-methyl
group and the piperidine ring.

PhCH?_O CHj , PhCHzo
PhCH,0 ’/\LI\ PhCH,0 —/‘>J/
25
preferred pro-trans TS pro-cis TS

Lactams can be obtained by cyclization of O,N-trimethylsilyl imidates.’!

ICH,

ZT

TMS—0,SCF, 1)1,
CH, =CHCH,CH,C=NTMS o

EtsN | 2) Na,SO;
OTMS 86%

I
CH,=CHCH,CH,CNH,

As compared with amides, where oxygen is the most nucleophilic atom, the silyl
imidates are more nucleophilic at nitrogen.

Examples of halolactonization and related halocyclizations can be found in
Scheme 4.4. The first entry, which involves NBS as the electrophile, demonstrates the
anti stereospecificity of the reaction, as well as the preference for five-membered rings.

S. P. Bew, J. M. Barks, D. W. Knight, and R. J. Middleton, Tetrahedron Lett., 41, 4447 (2000).
- S. Robin and G. Rousseau, Tetrahedron, 54, 13681 (1998).

Y. Tamaru, M. Mizutani, Y. Furukawa, S. Kawamura, Z. Yoshida, K. Yanagi, and M. Minobe, J. Am.
Chem. Soc., 106, 1079 (1984).

S. Najdi, D. Reichlin, and M. J. Kurth, J. Org. Chem., 55, 6241 (1990).
1 S. Knapp, K. E. Rodriquez, A. T. Levorse, and R. M. Ornat, Tetrahedron Lett., 26, 1803 (1985).
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Scheme 4.4. Iodolactonizations and Other Halocyclizations
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(Continued)
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Entry 2 is a 5-exo bromocyclization. The reaction in Entry 3 involves formation of a
d-lactone in an acyclic system. This reaction was carried out under conditions that
lead to the thermodynamically favored trans isomer. Entry 4 shows typical iodolac-
tonization conditions and illustrates both the anti stereoselectivity and preference for
formation of five-membered rings. In Entry 5, a six-membered lactone is formed,
again with anti stereospecificity. Entry 6 is a cyclization of a ¢-butyl carbonate ester.
The selectivity between the two double bonds is the result of the relative proximity
of the nucleophilic group. Entry 7 is a closely related reaction, but carried out at a
much lower temperature by the use of IBr. The cis:trans ratio was improved to nearly
26:1. The ratio was also solvent dependent, with toluene being the best solvent. Entry
8 is a variation using a lithium carbonate as the nucleophile. Entries 9 and 10 involve
hydroxy groups as nucleophiles. Entry 9 is a 6-endo iodocyclization. In Entry 10,
a primary hydroxy group serves as the nucleophile. Entry 11 is another cyclization
involving a hydroxy group, in this case forming a 7-oxabicyclo[2.2.1]heptane structure.
Entry 12 is a rather unusual 5-endo cyclization.

Entry 13 shows cyclization with concomitant loss of the benzyloxycarbonyl group.
The TS for this reaction is 5-exo with conformation determined by the pseudoequatorial
position of the methyl group.

CH3
O\\ "”COzCHS

PhCHz/O_\",/ AN
N

CH,

Entry 14 involves formation of a lactam by cyclization of a bis-trimethylsilylimidate.
The stereoselectivity parallels that of iodolactonization.

Entries 15 to 18 are examples of use of iodocyclization in multistep syntheses.
In Entry 15, iodolactonization was followed by elimination of HI from the bicyclic
lactone. In Entry 16, a cyclic peroxide group remained unaffected by the standard
iodolactonization and subsequent Bu;SnH reductive deiodination. (See Section 5.5 for
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a discussion of this reaction.) In Entry 17, the primary iodo substituent was replaced by
a benzoate group. In Entry 18, the reactant was prepared with high anti selectivity by
an auxiliary-directed aldol reaction. The acyloxazolidinone auxiliary then participated
in the iodocyclization and was cleaved in the process.

H_ | OH H. OH
|
CHg CH, CHg CH,
PhCH,0" N0 PhCH,0" [~ O
CH3 Oxaz CH; o

The reaction in Entry 19 was effected using NBS.

4.2.2. Sulfenylcyclization and Selenenylcyclization

Reactants with internal nucleophiles are also subject to cyclization by electrophilic
sulfur reagents, a reaction known as sulfenylcyclization.> As for iodolactonization,
unsaturated carboxylic acids give products that result from anti addition.*?

CO,H

PhsCl

EN 70%

SPh
PhsCI
EtsN
CO,H d
o 95%

Similarly, alcohols undergo cyclization to ethers.

The corresponding reactions using selenium electrophiles are called Selenenylcy-
clization.”** Carboxylate (selenylactonization), hydroxy (selenyletherification), and
nitrogen (selenylamidation) groups can all be captured in appropriate cases.

PhSeCl
CH,CO,H —=

Phse O SO 93%

Internal nucleophilic capture of seleniranium ion is governed by general principles
similar to those of other electrophilic cyclizations.”® The stereochemistry of cyclization
can usually be predicted on the basis of a cyclic TS with favored pseudoequatorial
orientation of the substituents.
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Although exo cyclization is usually preferred, there is no strong prohibition of endo
cyclization and aryl-controlled regioselectivity can override the exo preference.

PhSeCl wnSeph
CH,Cl, o

Ph Ref. 97
OH le) OH OH
PhSeBr “1SePh
A\ COH =227, %SePh m
Ph 2 equiv 07 o0 Ph

Ph
93.7
Ref. 98

Various electrophilic selenium reagents such as those described in Scheme 4.3
can be used. N-Phenylselenylphthalimide is an excellent reagent for this process
and permits the formation of large ring lactones.”” The advantage of the reagent in
this particular application is the low nucleophilicity of phthalimide, which does not
compete with the remote internal nucleophile. The reaction of phenylselenenyl chloride
or N-phenylselenenylphthalimide with unsaturated alcohols leads to formation of [3-
phenylselenenyl ethers.

O
PhSe,, o
CH,CH,OH + PhSeN —
(6] Ref. 100

Another useful reagent for selenenylcyclization is phenylseleneny] triflate. This reagent
is capable of cyclizing unsaturated acids'®' and alcohols.!”? Phenylselenenyl sulfate
can be prepared in situ by oxidation of diphenyl diselenide with ammonium peroxy-
disulfate.!®

CH3CHCH,CH=C(CH,) (PhSe) L\
T - (NH;") s<232- 0" (CH: 90%
H
O 4 )222Y8 SePh

Several examples of sulfenylcyclization are given in Section A of Scheme 4.5.
Entry 1 is a 6-exo sulfenoetherification induced by phenylsulfenyl chloride. Entry 2
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Scheme 4.5. Sulfenyl- and Selenenylcyclization Reactions
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is mediated by dimethyl(methylthio)sulfonium tetrafluoroborate. Entries 3 and 4 are
other examples of 5-exo cyclizations. Entries 5 and 6 involve use of sulfenamides as
the electrophiles. Entry 7 shows the cyclization of a carbamate involving the carbonyl
oxygen. Entry 8 is an 5-endo aminocyclization.

Part B of Scheme 4.5 gives some examples of cyclizations induced by selenium
electrophiles. Entries 9 to 13 are various selenyletherifications. All exhibit anti stereo-
chemistry. Entries 14 and 15 are selenyllactonizations. Entries 17 and 18 involve amido
groups as the internal nucleophile. Entry 17 is an 5-exo cyclization in which the amido
oxygen is the more reactive nucleophilic site, leading to an iminolactone. Geometric
factors favor N-cyclization in the latter case.

Chiral selenenylating reagents have been developed and shown to be capable
of effecting enantioselective additions and cyclizations. The reagent 4, for example,
achieves more than 90% enantioselectivity in typical reactions.'

SeAr*
Ph
/\CH3 — <" “CH,
(_)CH3 0,
rrse 95% d.e.
Ph._~_ CH,0H — ,O
3 NN Ph™\g
0,
et O searr 9% de.
PFg . :
"y e o
(0]
95% d.e.

4.2.3. Cyclization by Mercuric Ion

Electrophilic attack by mercuric ion can effect cyclization by intramolecular
capture of a nucleophilic functional group. A variety of oxygen and nitrogen nucle-
ophiles can participate in cyclization reactions, and there have been numerous synthetic
applications of the reaction. Mechanistic studies have been carried out on several
alkenol systems. The ring-size preference for cyclization of 4-hexenol depends on the
mercury reagent that is used. The more reactive mercuric salts favor 6-endo addition.
It is proposed that reversal of formation of the kinetic exo product is responsible.!%
Equilibration to favor the thermodynamic addition products occurs using Hg(O;SCF;),
and Hg(NO,),. The equilibration does not seem to be dependent on acid catalysis,
since the thermodynamically favored product is also formed in the presence of the
acid-scavenger TMU.

104, g Fujita, K. Murata, M. Iwaoka, and S. Tomoda, Tetrahedron, 53, 2029 (1997); K. Fujita, Rev.
Heteroatom Chem., 16, 101 (1997); T. Wirth, Tetrahedron, 55, 1 (1999).

105. M. Nishizawa, T. Kashima, M. Sakakibara, A. Wakabayashi, K. Takahasi, H. Takao, H. Imagawa, and
T. Sugihara, Heterocycles, 54, 629 (2001).
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In S-aryl-4-hexenols with ERG substituents, electronic factors outweigh the exo
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13
0
0
0

CHs;

HgCl
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WOH //H
CHs “

HgCI

87
88
100
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preference.!® The ERG substituents increase the cationic character at C(5).

1) Hg(OAc),

t—BuOH ArCH
x@ CH=CH(CH_);0H " o
2) NaBH, J

X

H
CHj3

CH,0

Cyclization of 8, e-enols is controlled by a conformation-dependent strain in the
exo TS.'"" The C(5)—C(6) bond is rotated to minimize A'* strain.

1) Hg(OAc),,

81:19
47:53
0:100

Ar<_ _O

TBDPS
LT
O : R

TBDPS
CH4CN TBDPS
Ho—/ \=-N, LA
2) n-BusSnH O h R
AIBN
R ratio
CH, 19:1
CH3CH2CH2 10:1
Ph 10:1
Ho™
AT TBDPS
=\ favored
T
s YR

Lo s

106- Y Senda, H. Kanto, and H. Itoh, J. Chem. Soc., Perkin Trans. 2, 1143 (1997).
107 K. Bratt, A. Garavelas, P. Perlmutter, and G. Westman, J. Org. Chem., 61, 2109 (1996).
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In the corresponding E-alkene, where this factor is not present, the cyclization is much
less stereoselective. A stabilizing interaction between the siloxy oxygen and the Hg>*
center has also been suggested.'®

Reaction of Hg(O,CCF;), or Hg(O,;SCF;), with a series of dibenzylcarbinols gave
exo cyclization for formation of five-, six-, and seven-, but not eight-membered rings. 109

1) Hg(O,CCFy)
OH 2CCF3), ; exo:
[ or Hg(03SCF,),  PhCHz o CH,Hgcl " ggge endo
(PhCH,),CCH,(CH,),CH = CH, BheH
2) NaCl 2 )n 1 5  >991
2 6 >09:1
3 7 >099:1
4 8 -

Benzyl carbamates have been used to form both five- and six-membered nitrogen-
containing rings. The selectivity for N over O nucleophilicity in these cases is the
result of the nitrogen being able to form a better ring size (5 or 6 versus 7 or 8) than
the carbonyl oxygen.

1) Hg(OAc),

/\/\‘/NHCOZCHZPh (O
2) NaBH4 CH "’/CH3

CHs3 3 N
CO,CH,Ph  86%  Ref. 110
CHs
W 1) Hg(O,CCF3),
NHCO,CH,Ph

2) KBr CHY™ N “CH,HgBr
CO,CH,Ph 98%

Ref. 111

The trapping of the radical intermediate in demercuration by oxygen can be exploited
as a method for introduction of a hydroxy substituent (see p. 295). The example below
and Entries 3 and 4 in Scheme 4.6 illustrate this reaction.

S
OCH,NHCO,CH,Ph 0~ “NCO,CH,Ph
72 22 ) HgNOY 0" ONCO,CH,Ph O, e
CH3CH 9(NO3)> — > CH CH,OH
| g CH3MCH2HgBr NaBH. 2
CH,CH,=CH 2) KBr abhy 80%
Ref. 112

Cyclization induced by mercuric ion is often used in multistep syntheses to form
five- and six-membered hetereocyclic rings, as illustrated in Scheme 4.6. The reactions
in Entries 1 to 3 involve acyclic reactants that cyclize to give exo-5 products. Entry 4
is an exo-6 cyclization. In Entries 1 and 2, the mercury is removed reductively, but in
Entries 3 and 4 a hydroxy group is introduced in the presence of oxygen. Inclusion of
triethylboron in the reduction has been found to improve yields (Entry 1).!!3

108." A Garavelas, 1. Mavropoulos, P. Permutter, and G. Westman, Tetrahedron Lett., 36, 463 (1995).

109 H. Imagawa, T. Shigaraki, T. Suzuki, H. Takao, H. Yamada, T. Sugihara, and M. Nishizawa, Chem.
Pharm. Bull., 46, 1341 (1998).

10T, Yamakazi, R. Gimi, and J. T. Welch, Synlert, 573 (1991).

L. H, Takahata, H. Bandoh, and T. Momose, Tetrahedron, 49, 11205 (1993).

2. K. E. Harding, T. H. Marman, and D.-H. Nam, Tetrahedron Lett., 29, 1627 (1988).

113-'S. H. Kang, J. H. Lee, and S. B. Lee, Tetrahedron Lett., 39, 59 (1998).



Scheme 4.6. Cyclization Effected by Mercuration
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The reaction in Entry 5 was used in the syntheses of linetin, which is an aggre-
gation pheromone of the ambrosia beetle. In Entry 6, a transannular 5-exo cyclization
occurs. Entry 7 is an example of formation of a lactone by carboxylate capture. In this
case, the product was isolated as the mercurochloride.

Some progress has been made toward achieving enantioselectivity in mercuration-
induced cyclization. Several bis-oxazoline (BOX) ligands have been investigated. The
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diphenyl BOX ligand, in conjunction with Hg(O,CCF;),, results in formation of
tetrahydrofuran rings with 80% e.e. Other bis-oxazoline ligands derived from tartaric
acid were screened and the best results were obtained with a 2-naphthyl ligand, which
gave more than 90% e.e. in several cases.

Hg(O,CCF
TBDPSO,_~_~—\_A_OH 9(0CCF), TBDPSO\/\/\@
cat

68% yield, 86% e.e.

CHs._ CHs CH3><CZH5
O\R%O o 0
| =
</|N N\g O\/_<(O
$ </I \
Ph Ph ) N N
PhBOX Napth Napth Ref. 114

4.3. Electrophilic Substitution « to Carbonyl Groups

4.3.1. Halogenation « to Carbonyl Groups

Although the reaction of ketones and other carbonyl compounds with electrophiles
such as bromine leads to substitution rather than addition, the mechanism of the
reaction is closely related to electrophilic additions to alkenes. An enol, enolate, or
enolate equivalent derived from the carbonyl compound is the nucleophile, and the
electrophilic attack by the halogen is analogous to that on alkenes. The reaction is
completed by restoration of the carbonyl bond, rather than by addition of a nucleophile.
The acid- and base-catalyzed halogenation of ketones, which is discussed briefly in
Section 6.4 of Part A, provide the most-studied examples of the reaction from a
mechanistic perspective.

O OH OH
I H* | Bry { I
R,CHCR® =— R,C=CR" ~—~ RZC)=CR’H RZ?CR’
Br-—Br Br
O -OH o -~ o
Il | Br, ! Il
R,CHCR® =— R,C=CR’ — R,C=CR’— R,CCR’
) [
— Br
BI/ Br

The reactions involving bromine or chlorine generate hydrogen halide and are
autocatalytic. Reactions with N-bromosuccinimide or tetrabromocyclohexadienone do
not form any hydrogen bromide and may therefore be preferable reagents in the
case of acid-sensitive compounds. Under some conditions halogenation is faster than
enolization. When this is true, the position of substitution in unsymmetrical ketones
is governed by the relative rates of formation of the isomeric enols. In general,
mixtures are formed with unsymmetrical ketones. The presence of a halogen substituent

114.'S. H. Kang and M. Kim, J. Am. Chem. Soc., 125, 4684 (2003).



decreases the rate of acid-catalyzed enolization and thus retards the introduction of
a second halogen at the same site, so monohalogenation can usually be carried out
satisfactorily. In contrast, in basic solution halogenation tends to proceed to polyhalo-
genated products because the polar effect of a halogen accelerates base-catalyzed
enolization. With methyl ketones, base-catalyzed reaction with iodine or bromine
leads ultimately to cleavage to a carboxylic acid.!'"®> These reactions proceed to the
trihalomethyl ketones, which are susceptible to base-induced cleavage.

O (0] -0 -
I X2 I | RCO,
R—C—CH; —= R—C—CX;—= R—C—CX; —~
~OH [ + HCXg

OH

The reaction can also be effected with hypochlorite ion, and this constitutes a useful
method for converting methyl ketones to carboxylic acids.

o
[
(CH3),C=CHCCH; + ~OCl — (CHj3),C=CHCO,H

49-53%
Ref. 116

The most common preparative procedures involve use of the halogen,
usually bromine, in acetic acid. Other suitable halogenating agents include
N-bromosuccinimide, tetrabromocyclohexadienone, and sulfuryl chloride.

(”3 Br, (”3
Br OCCHB CHLCOH BrO—CCHZBr
69-72% .
Ref. 117
o (o}
N Br
N-bromosuccinimide
CCl,
Ref. 118
fe) (0]
CH;  SO,Cl, CH,
— Cl
83-85%
Ref. 119

1

58T Chakabartty, in Oxidations in Organic Chemistry, Part C, W. Trahanovsky, ed., Academic Press,

New York, 1978, Chap. V.
1161, J. Smith, W. W. Prichard, and L. J. Spillane, Org. Synth., III, 302 (1955).
7-W. D. Langley, Org. Synth., 1, 122 (1932).
18- E. J. Corey, J. Am. Chem. Soc., 75, 2301 (1954).
119- B, W. Warnhoff, D. G. Martin, and W. S. Johnson, Org. Synth., IV, 162 (1963).
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Br. Br

Br Br

i i
@CH=CHCCH3 @CH=CHCCHZBr

Another preparatively useful procedure for monohalogenation of ketones involves
reaction with cupric chloride or cupric bromide.'?!

91% Ref. 120

CuBr,

Cijo ’
HCCI Ci:/[
3 Br

CH3CO,CoHs Ref. 122

Instead of direct halogenation of ketones, reactions with more reactive derivatives
such as silyl enol ethers and enamines have advantages in certain cases.

OSi(CHg)3 o
1) I,, AgOAC I

R4sN 7F 84% Ref. 123

cl cl
cl

DD s DB o)
-78°C

There are also procedures in which the enolate is generated quantitatively and allowed
to react with a halogenating agent. Regioselectivity can then be controlled by the
direction of enolate formation. Among the sources of halogen that have been used
under these conditions are bromine,'* N-chlorosuccinimide,'?® trifluoromethanesul-
fonyl chloride,'”” and hexachloroethane.'?®

65% Ref. 124

CHy CHy
© 1)Lpa ©
2) CF3S0,Cl al
CHy—C—CH, CHy;—C—CHg,
(l)CH3 (l)CH3

120- 'y, Calo, L. Lopez, G. Pesce, and P. E. Todesco, Tetrahedron, 29, 1625 (1973).

121 E. M. Kosower, W. J. Cole, G.-S. Wu, D. E. Cardy, and G. Meisters, J. Org. Chem., 28, 630 (1963);
E. M. Kosower and G.-S. Wu, J. Org. Chem., 28, 633 (1963).

122- D, P. Bauer and R. S. Macomber, J. Org. Chem., 40, 1990 (1975).

123 G. M. Rubottom and R. C. Mott, J. Org. Chem., 44, 1731 (1979); G. A. Olah, L. Ohannesian,
M. Arvanaghi, and G. K. S. Prakash, J. Org. Chem., 49, 2032 (1984).

124-W, Seufert and F. Effenberger, Chem. Ber., 112, 1670 (1979).

125 T. Woolf, A. Trevor, T. Baille, and N. Castagnoli, Jr., J. Org. Chem., 49, 3305 (1984).

126 A, D. N. Vaz and G. Schoellmann, J. Org. Chem., 49, 1286 (1984).

127. P, A. Wender and D. A. Holt, J. Am. Chem. Soc., 107, 7771 (1985).

128- M. B. Glinski, J. C. Freed, and T. Durst, J. Org. Chem., 52, 2749 (1987).



a-Fluoroketones are made primarily by reactions of enol acetates or silyl
enol ethers with fluorinating agents such as CF,OF'%, XeF,,'** or dilute
F,.13! Other fluorinating reagents that can be used include N-fluoropyridinium
salts,’®?  1-fluoro-4-hydroxy-1,4-diazabicyclo[2.2.2]octane,'** and 1,4-difluoro-1,4-
diazabicyclo[2.2.2]octane.'** These reagents fluorinate readily enolizable carbonyl
compounds and silyl enol ethers.

O (0]

I T\ [
PhCCH,CH; + F—N*  N*OH — PhCCHCH,
N/

E 88% Ref. 135

The a-halogenation of acid chlorides also has synthetic utility. The mechanism
is presumed to be similar to ketone halogenation and to proceed through an enol. The
reaction can be effected in thionyl chloride as solvent to give a-chloro, a-bromo, or
a-iodo acyl chlorides, using, respectively, N-chlorosuccinimide, N-bromosuccinimide,
or molecular iodine as the halogenating agent.!*® Since thionyl chloride rapidly converts
carboxylic acids to acyl chlorides, the acid can be used as the starting material.

N-chlorosuccinimide

CHy(CH,)3CH,CO,H CH4(CH,)3CHCOCI
3 2)3 2 2 SOCIZ 3 2 3|

cl 87%
|

2
PhCH,CH,CO,H  ——  PhCH,CHCOCI
socl,
' 95%

Direct chlorination can be carried out in the presence of CISO;H, which acts as a strong
acid catalyst. These procedures use various compounds including 1,3-dinitrobenzene,
chloranil, and TCNQ to inhibit competing radical chain halogenation.'?’

Cl,, CISO5H
140°C

chloranil

(CH3),CHCH,CO,H (CH3)2CH(|3HCOZH

Cl

4.3.2. Sulfenylation and Selenenylation « to Carbonyl Groups

8 9

The «-sulfenylation'® and «-selenenylation'* of carbonyl compounds are
synthetically important reactions, particularly in connection with the introduction of

129- W. J. Middleton and E. M. Bingham, J. Am. Chem. Soc., 102, 4845 (1980).

130 B, Zajac and M. Zupan, J. Chem. Soc., Chem. Commun., 759 (1980).

131.'S. Rozen and Y. Menahem, Tetrahedron Lett., 725 (1979).

132- T. Umemoto, M. Nagayoshi, K. Adachi, and G. Tomizawa, J. Org. Chem., 63, 3379 (1998).

133.°S. Stavber, M. Zupan, A. J. Poss, and G. A. Shia, Tetrahedron Lett., 36, 6769 (1995).

134 T. Umemoto and M. Nagayoshi, Bull. Chem. Soc. Jpn., 69, 2287 (1996).

135S, Stavber and M. Zupan, Tetrahedron Lett., 37, 3591 (1996).

136. D, N. Harpp, L. Q. Bao, C. J. Black, J. G. Gleason, and R. A. Smith, J. Org. Chem., 40, 3420 (1975);
Y. Ogata, K. Adachi, and F.-C. Chen, J. Org. Chem., 48, 4147 (1983).

137- Y. Ogata, T. Harada, K. Matsuyama, and T. Ikejiri, J. Org. Chem., 40, 2960 (1975); R. J. Crawford, J.
Org. Chem., 48, 1364 (1983).

138 B. M. Trost, Chem. Rev., 78, 363 (1978).
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CHAPTER 4

Electrophilic Additions
to Carbon-Carbon
Multiple Bonds

CO,C,H5

3
) N 'CH3

2) CH3SSCH,

1) Li, NH, SCHs
2) CH3SSCH3 62%

69%

4d ” t-BuOK (o)

PhCCH,

[
PhS PhCCH,SPh

N O 83%

i Ph o)
g OSICHPIN sph
V4

TsN SlPh

82%
\ OSiRs
"0
CH,OSIR,

1) KN(SiMeg), PhSe

o

D\f( 1) LiNR,

2) (PhSe),

2) (PhSe), o

Seph H20

Ph —

1) L|NR2

—_—

2) PhseCl

PhCH,CH,CO,C,Hs PhCH,CHCO,CHs

SePh

H,0,
1) NaH CH,
2) PhSeCl SePh
2) PhSeBr Cfmj

3)H,0, 82%

1) LiNR,
o)
CH, O

0,CCHj o o)
PhseBr _ |l H,0, I

U\th
87%
O

1) LINR2 CO,C,Hs 1) NaIO4
CO,C5H5
2) PhSSPh 2) H,0, 7

84%

_OSiR,

H «
Ty (”\O
CHj S
= O
CHs H

PhC=CHCH,CH3 ——= PhCCHCH,CHz —> PhCCH = CHCH,

SePh 83%
12k OSi(CH3)3
CH,C=CH,

PhSeBr

R —

I
CH4CCH,SePh

80%

CH,OSIR,

82%

PhCH=CHCO,C,Hs

80%

(Continued)



Scheme 4.7. (Continued)

G. Gassman, D. P. Gilbert, and S. M. Cole, J. Org. Chem., 42, 3233 (1977).
G. Gassman and R. J. Balchunis, J. Org. Chem., 42, 3236 (1977).

oray, A. Penenory, and A. Rossi, Tetrahedron Lett., 38, 2035 (1997).
Magnus and P. Rigollier, Tetrahedron Lett., 33, 6111 (1992).

. B. Smith, III, and R. E. Richmond, J. Am. Chem. Soc., 105, 575 (1983).

. J. Reich, J. M. Renga, and L. L. Reich, J. Am. Chem. Soc., 97, 5434 (1975).
. M. Renga and H. J. Reich, Org. Synth., 59, 58 (1979).
. Wakamatsu, K. Akasaka, and Y. Ban, J. Org. Chem., 44, 2008 (1979).
. Reich, I. L. Reich, and J. M. Renga, J. Am. Chem. Soc., 95, 5813 (1973).
yu, S. Murai, I. Niwa, and N. Sonoda, Synthesis, 874 (1977).

. M. Trost, T. N. Salzmann, and K. Hiroi, J. Am. Chem. Soc., 98, 4887 (1976).
.F

a
b
c.
d.
e
f.

THESID»>vQUTw

7

g
h
1
j. H.

k.

—

unsaturation. The products can subsequently be oxidized to sulfoxides and selenoxides
that readily undergo elimination (see Section 6.8.3), generating the corresponding o,[3-
unsaturated carbonyl compound. Sulfenylations and selenenylations are usually carried
out under conditions in which the enolate of the carbonyl compound is the reactive
species. If a regiospecific enolate is generated by one of the methods described in
Chapter 1, the position of sulfenylation or selenenylation can be controlled.'*® Disul-
fides are the most common sulfenylation reagents, whereas diselenides or selenenyl
halides are used for selenenylation.

Scheme 4.7 gives some specific examples of these types of reactions. Entry
1 shows the use of sulfenylation followed by oxidation to introduce a conjugated
double bond. Entries 2 and 3 are a-sulfenylations of a ketone and lactam, respectively,
using dimethyl disulfide as the sulfenylating reagent. Entries 4 and 5 illustrate the
use of alternative sulfenylating reagents. Entry 4 uses N-phenylsulfenylcaprolactam,
which is commercially available. The reagent in Entry 5 is generated by reaction of
diphenyldisulfide with chloramine-T. Entries 6 to 10 are examples of reactions of
preformed enolates with diphenyl diselenide or phenylselenenyl chloride. As Entries
11 and 12 indicate, the selenenylation of ketones can also be effected by reactions of
enol acetates or enol silyl ethers.

4.4. Additions to Allenes and Alkynes

Both allenes'*! and alkynes'*? require special consideration with regard to mecha-
nisms of electrophilic addition. The attack by a proton on allene might conceivably
lead to the allyl cation or the 2-propenyl cation.

H* +

H +
*CH,—CH=CH, —=— CH,=C=CH, — CH3—C=CH,

An immediate presumption that the more stable allyl ion will be formed overlooks
the stereoelectronic facets of the reaction. Protonation at the center carbon without
rotation of one of the terminal methylene groups leads to a primary carbocation

140- P G. Gassman, D. P. Gilbert, and S. M. Cole, J. Org. Chem., 42, 3233 (1977).

41 H. F. Schuster and G. M. Coppola, Allenes in Organic Synthesis, Wiley, New York, 1984 ; W. Smadja,
Chem. Rev., 83, 263 (1983); S. Ma, in Modern Allene Chemistry, N. Krause and A. S. K. Hashmi, eds.,
Wiley-VCH, Weinheim, 2004, pp. 595-699.

142. 'W. Drenth, in The Chemistry of Triple Bonded Functional Groups, Supplement C2, Vol. 2, S. Patai,
ed., John Wiley & Sons, New York, 1994, pp. 873-915.
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that is not stabilized by resonance, because the adjacent 7 bond is orthogonal to the
empty p orbital.

—C

H
HO QoM PO al o H
EH R T

H

As a result, protonation both in solution'*? and gas phase'** occurs at a terminal carbon
to give the 2-propenyl cation, not the allylic cation.

The addition of HCI, HBr, and HI to allene has been studied in some detail.'*® In
each case a 2-halopropene is formed, corresponding to protonation at a terminal carbon.
The initial product can undergo a second addition, giving rise to 2,2-dihalopropanes.
The regiochemistry reflects the donor effect of the halogen. Dimers are also formed,
but we have not considered them.

>|< X
|

CH,=C=CH, + HX — CH3C=CH, + CH3(|:CH3
X

The presence of a phenyl group results in the formation of products from proto-
nation at the center carbon.!4®

HCI
PhCH=C=CH, —— PhCH=CHCH,CI
HOAc

Two alkyl substituents, as in 1,1-dimethylallene, also lead to protonation at the center
carbon.'¥’

(CH3),C=C=CH, — (CH3),C=CHCH,CI

These substituent effects are due to the stabilization of the carbocations that result from
protonation at the center carbon. Even if allylic conjugation is not important, the aryl
and alkyl substituents make the terminal carbocation more stable than the alternative,
a secondary vinyl cation.

Acid-catalyzed additions to terminal alkynes follow the Markovnikov rule.

Et,N*HBr
4 2 CH3(CH,)sC=CH,

Br 7% Ref. 148

CHa(CH,)sC=CH

The rate and selectivity of the reaction can be considerably enhanced by using an
added quaternary bromide salt in 1:1 TFA:CH,Cl,. Note that the reactions are quite

143 P, Cramer and T. T. Tidwell, J. Org. Chem., 46, 2683 (1981).

144 M. T. Bowers, L. Shuying, P. Kemper, R. Stradling, H. Webb, D. H. Aue, J. R. Gilbert, and
K. R. Jennings, J. Am. Chem. Soc., 102, 4830 (1980); S. Fornarini, M. Speranza, M. Attina, F. Cacace,
and P. Giacomello, J. Am. Chem. Soc., 106, 2498 (1984).

145. K. Griesbaum, W. Naegele, and G. G. Wanless, J. Am. Chem. Soc., 87, 3151 (1965).

146 T, Okuyama, K. Izawa, and T. Fueno, J. Am. Chem. Soc., 95, 6749 (1973).

47T, L. Jacobs and R. N. Johnson, J. Am. Chem. Soc., 82, 6397 (1960).

148- 3. Cousseau, Synthesis, 805 (1980).



slow, even under these favorable conditions, but there is clean formation of the anti

addition product.'®
LOMBUN'Br Br
CH3CH,CH,C=CCH,CH,CHj 3aCHy 2\%\
1:4 TFA:CH,Cl, CH,CH,CHs3
144 h H 100%
1.0 M Bu,N*Br-
HC=C(CH,)sCH, CH;=C(CH,)sCH3
1:4 TFA:CH,Cl, I 08%

336 h

Surface-mediated addition of HCI or HBr can be carried out in the presence of
silica or alumina.'>® The hydrogen halides can be generated from thionyl chloride,
oxalyl chloride, oxalyl bromide, phosphorus tribromide, or acetyl bromide. The kinetic
products from HCI and 1-phenylpropyne result from syn addition, but isomerization
to the more stable Z-isomer occurs upon continued exposure to the acidic conditions.

socl, Cl H 3h Cl CHj

PhC=CCH; —~ . >:<

S0 pr  cH
202 5 PH H

The initial addition products to alkynes are not always stable. Addition of acetic
acid, for example, results in the formation of enol acetates, which are converted to the
corresponding ketone under the reaction conditions.'>!

H+
C,HsC=CC,H;

C,H;C=CHCH,CH; — C2H5CCH,CH,CH;
CH5CO,H | |
0,CCH,4 o

The most synthetically valuable method for converting alkynes to ketones is by
mercuric ion—catalyzed hydration. Terminal alkynes give methyl ketones, in accor-
dance with the Markovnikov rule. Internal alkynes give mixtures of ketones unless
some structural feature promotes regioselectivity. Reactions with Hg(OAc), in other
nucleophilic solvents such as acetic acid or methanol proceed to [3-acetoxy- or
B-methoxyalkenylmercury intermediates,'>?> which can be reduced or solvolyzed to
ketones. The regiochemistry is indicative of a mercurinium ion intermediate that is
opened by nucleophilic attack at the more positive carbon, that is, the additions follow
the Markovnikov rule. Scheme 4.8 gives some examples of alkyne hydration reactions.

Addition of chlorine to 1-butyne is slow in the absence of light. When addition
is initiated by light, the major product is E-1,2-dichlorobutene if butyne is present in
large excess.'>?

CH3CH, Cl

CH3CH2CECH + C|2_>
Cl H

149 H. M. Weiss and K. M. Touchette, J. Chem. Soc., Perkin Trans. 2, 1523 (1998).
130 p_J. Kropp and S. D. Crawford, J. Org. Chem., 59, 3102 (1994).
1R, C. Fahey and D.-J. Lee, J. Am. Chem. Soc., 90, 2124 (1968).
152- M. Uemura, H. Miyoshi, and M. Okano, J. Chem. Soc., Perkin Trans. 1, 1098 (1980); R. D. Bach,
R. A. Woodward, T. J. Anderson, and M. D. Glick, J. Org. Chem., 47, 3707 (1982); M. Bassetti,
B. Floris, and G. Spadafora, J. Org. Chem., 54, 5934 (1989).
- M.

153 L. Poutsma and J. L. Kartch, Tetrahedron, 22, 2167 (1966).
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Scheme 4.8. Ketones by Hydration of Alkynes

12 (e}
H>SO4 I
CHa(CH,);C=CH  ——  CHy(CH,);CCHs
HgSO, o 79%
2b H,S0, i
Oromon 22 O
HOAc—H,0
3 7
Ho C=CH HISO. 15 con,
H,S0,
H,O
65-67%
Hg?*, o__OcH,
Dowex 50 CH,CCH,
CH,C=CH
H2504 O  100%
CHsy
s OH 1)ng+,
HgSO,, H,O

H Il
CH(CHg3), ~60%

a. R. J. Thomas, K. N. Campbell, and G. F. Hennion, J. Am. Chem. Soc., 60, 718 (1938).
b. R. W. Bott, C. Eaborn, and D. R. M. Walton, J. Chem. Soc., 384 (1965).

c. G. N. Stacy and R. A. Mikulec, Org. Synth., IV, 13 (1963).

d. W. G. Dauben and D. J. Hart, J. Org. Chem., 42, 3787 (1977).

e. D. Caine and F. N. Tuller, J. Org. Chem., 38, 3663 (1973).

In acetic acid, both 1-pentyne and 1-hexyne give the syn addition product.
With 2-butyne and 3-hexyne, the major products are [3-chlorovinyl acetates of
E-configuration.'"” Some of the dichloro compounds are also formed, with more of
the E- than the Z-isomer being observed.

Cly R__O:CCH; R

RC=CR ch,co,H CI>:<R >:< >:<

The reactions of the internal alkynes are considered to involve a cyclic halonium ion
intermediate, whereas the terminal alkynes seem to react by a rapid collapse of a vinyl
cation.

Alkynes react with electrophilic selenium reagents such as phenylselenenyl
tosylate.'” The reaction occurs with anti stereoselectivity. Aryl-substituted alkynes
are regioselective, but alkyl-substituted alkynes are not.

154 K. Yates and T. A. Go, J. Org. Chem., 45, 2385 (1980).
155 T, G. Back and K. R. Muralidharan, J. Org. Chem., 56, 2781 (1991).



PhSeOSO,Ar ArsO,0 H PhSe H
CHg(CH,);C=CH __. — + —
CHy(CHy);  SePN CHy(CHy);  OSOA!
PhSeOSO,Ar ArSO,0  CHs 85% 55:45
PhC=CCH,4
Ph SePh  75%

Some of the most synthetically useful addition reactions of alkynes are with
organometallic reagents, and these reactions, which can lead to carbon-carbon bond
formation, are discussed in Chapter 8.

4.5. Addition at Double Bonds via Organoborane Intermediates

4.5.1. Hydroboration

Borane, BH;, having only six valence electrons on boron, is an avid electron pair
acceptor. Pure borane exists as a dimer in which two hydrogens bridge the borons.

H
H, -7
B e
H Sy TH

In aprotic solvents that can act as electron pair donors such as ethers, tertiary amines,
and sulfides, borane forms Lewis acid-base adducts.

+ -

+ _ + _
R,0—BH; RN —BH; R,S —BH;

Borane dissolved in THF or dimethyl sulfide undergoes addition reactions rapidly with
most alkenes. This reaction, which is known as hydroboration, has been extensively
studied and a variety of useful synthetic processes have been developed, largely through
the work of H. C. Brown and his associates.

Hydroboration is highly regioselective and stereospecific. The boron becomes
bonded primarily to the less-substituted carbon atom of the alkene. A combination of
steric and electronic effects works to favor this orientation. Borane is an electrophilic
reagent. The reaction with substituted styrenes exhibits a weakly negative p value
(—0.5).'% Compared with bromination (p™ = —4.3),' this is a small substituent
effect, but it does favor addition of the electrophilic boron at the less-substituted end of
the double bond. In contrast to the case of addition of protic acids to alkenes, it is the
boron, not the hydrogen, that is the more electrophilic atom. This electronic effect is
reinforced by steric factors. Hydroboration is usually done under conditions in which
the borane eventually reacts with three alkene molecules to give a trialkylborane. The

136. 1. C. Vishwakarma and A. Fry, J. Org. Chem., 45, 5306 (1980).
157 J. A. Pincock and K. Yates, Can. J. Chem., 48, 2944 (1970).
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second and third alkyl groups would increase steric repulsion if the boron were added
at the internal carbon.

T !
CH;—C—CH
CH;—C—CHg 8 8

we [ o mom
H3C—(|:—B—(|Z—CH3 CH3—(|)—CH2—B—CH2—C—CH3
I

H3C CH3 CH3 CH3
nonbonded nonbonded repulsions
repulsions reduced

Table 4.3 provides some data on the regioselectivity of addition of diborane and
several of its derivatives to representative alkenes. Table 4.3 includes data for some
mono- and dialkylboranes that show even higher regioselectivity than diborane itself.
These derivatives are widely used in synthesis and are frequently referred to by the
shortened names shown with the structures.

o o o
((CH3)2CHCH*) ,BH (CHg),CHC—BH, ﬁq
CHs
disiamylborane thexylborane 9-BBN
bis(1,2-dimethylpropyl)  1,1,2-trimethylpropylborane 9-borabicyclo[3.3.1]nonane
borane

Table 4.3. Regioselectivity of Diborane and Alkylboranes toward Some Alkenes

Percent boron at less substituted carbon

Hydroborating agent 1-Hexene 2-Methyl-1-butene 4-Methyl-2-pentene Styrene
Diborane® 94 99 57 80
Chloroborane-dimethyl 99 99.5 — 98
sulfide®

Disiamylborane® 99 - 97 98

Thexylborane-dimethyl 94 - 66 95
sulfide®

Thexylchloroborane-dimethyl 99 99 97 99
sulfide

9-Borabicyclo[3.3.1]borane 99.9 99.8f 99.3 98.5

o

. G. Zweifel and H. C. Brown, Org. React., 13, 1 (1963).

H. C. Brown, N. Ravindran, and S. U. Kulkarni, J. Org. Chem., 44, 2417 (1969); H. C. Brown and U. S. Racherla,
J. Org. Chem., 51, 895 (1986).

. H. C. Brown and G. Zweifel, J. Am. Chem. Soc., 82, 4708 (1960).

H. C. Brown, J. A. Sikorski, S. U. Kulkarni, and H. D. Lee, J. Org. Chem., 45, 4540 (1980).

H. C. Brown, E. F. Knight, and C. G. Scouten, J. Am. Chem. Soc., 96, 7765 (1974).

. Data for 2-methyl-1-pentene.

S

-0 e



These reagents are prepared by hydroboration of the appropriate alkene, using control
of stoichiometry to terminate the hydroboration at the desired degree of alkylation.

T
2 (CH4),C=CHCH; + BHz; — ((CH3)2CHCH—)ZBH
CHs

(CH3),C=C(CHg), + BH —

CHs3
BH
+ BH3 > f { 5

Hydroboration is a stereospecific syn addition that occurs through a four-center
TS with simultaneous bonding to boron and hydrogen. The new C—B and C—H bonds
are thus both formed from the same face of the double bond. In molecular orbital terms,
the addition is viewed as taking place by interaction of the filled alkene  orbital with
the empty p orbital on boron, accompanied by concerted C—H bond formation. '

I
(CH3)ZCH(|3—BH2

As is true for most reagents, there is a preference for approach of the borane from the
less hindered face of the alkene. Because diborane itself is a relatively small molecule,
the stereoselectivity is not high for unhindered alkenes. Table 4.4 gives some data
comparing the direction of approach for three cyclic alkenes. The products in all cases
result from syn addition, but the mixtures result from both the low regioselectivity and
from addition to both faces of the double bond. Even 7,7-dimethylnorbornene shows
only modest preference for endo addition with diborane. The selectivity is enhanced
with the bulkier reagent 9-BBN.

Table 4.4. Stereoselectivity of Hydroboration of Cyclic Alkenes*

Product composition®

3-Methyl 4-Methyl 7,7-Dimethylbi-
cyclopentene cyclohexene cyclo[2.2.1]heptene
trans-2  cis-3  trans-3  cis-2  trans-2  cis-3  trans-3  exo endo
Diborane 45 55 16 34 18 32 22 78¢
Disiamylborane 40 60 18 30 27 25 — -
9-BBN 25 50 25 0 20 40 40 3 97

a. Data from H. C. Brown, R. Liotta, and L. Brener, J. Am. Chem. Soc., 99, 3427 (1977), except where otherwise noted.
b. Product composition refers to methylcycloalkanols formed by oxidation.
c. H. C. Brown, J. H. Kawakami, and K.-T. Liu, J. Am. Chem. Soc., 95, 2209 (1973).

158 D. J. Pasto, B. Lepeska, and T.-C. Cheng, J. Am. Chem. Soc., 94, 6083 (1972); P. R. Jones, J. Org.
Chem., 37, 1886 (1972); S. Nagase, K. N. Ray, and K. Morokuma, J. Am. Chem. Soc., 102, 4536
(1980); X. Wang, Y. Li, Y.-D. Wu, M. N. Paddon-Row, N. G. Rondan, and K. N. Houk, J. Org. Chem.,
55,2601 (1990); N. J. R. van Eikema Hommes and P. v. R. Schleyer, J. Org. Chem., 56, 4074 (1991).
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The haloboranes BH,Cl, BH,Br, BHCI,, and BHBTr, are also useful hydroborating
reagents.'> These compounds are somewhat more regioselective than borane itself, but
otherwise show similar reactivity. A useful aspect of the chemistry of the haloboranes
is the potential for sequential introduction of substituents at boron. The halogens can
be replaced by alkoxide or by hydride. When halogen is replaced by hydride, a second
hydroboration step can be carried out.

R,BX + NaOR" — R,BOR’
R,BX + LiAH, —» R,BH

RBX, + LIAH; — RBH,
X=Cl, Br

Examples of these transformations are discussed in Chapter 9, where carbon-carbon
bond-forming reactions of organoboranes are covered.

Amine-borane complexes are not very reactive toward hydroboration, but the
pyridine complex of borane can be activated by reaction with iodine.!®® The active
reagent is thought to be the pyridine complex of iodoborane.

Q N*—BH; Q N-BHl + 05H,

The resulting boranes can be subjected to oxidation or isolated as potassium trifluo-
roborates.

1) pyrBHzl CH
PhC=CCH, CH; . s
2) NaO,H Ph)lv P /ﬁo(
15:1
1) pyrBH,l
CaHgCH=CH, CHj3(CH,),CH,BF;K*
2) KHF,

Catecholborane and pinacolborane, in which the boron has two oxygen
substituents, are much less reactive hydroborating reagents than alkyl or haloboranes
because the boron electron deficiency is attenuated by the oxygen atoms. Never-
theless, they are useful reagents for certain applications.!®! The reactivity of catechol-
borane has been found to be substantially enhanced by addition of 10-20% of N,N-
dimethylacetamide to CH,Cl,.'%

CHs  CH,4
CH34>_ECH3

O O
O\ /O N,
B
I I
H H
catecholborane pinacolborane

199 H. C. Brown and S. U. Kulkarni, J. Organomet. Chem., 239, 23 (1982).
160. M. Clay and E. Vedejs, J. Am. Chem. Soc., 127, 5766 (2005).
161 C, E. Tucker, J. Davidson, and P. Knockel, J. Org. Chem., 57, 3482 (1992).
162 C. E. Garrett and G. C. Fu, J. Org. Chem., 61, 3224 (1996).



Catecholborane and pinacolborane are especially useful in hydroborations
catalyzed by transition metals.'> Wilkinson’s catalyst Rh(PPh;);Cl is among those
used frequently.'® The general mechanism for catalysis is believed to be similar to
that for homogeneous hydrogenation and involves oxidative addition of the borane to
the metal, generating a metal hydride.'®’

|
\ s/ -
cl c=C N\ / /C\ / H 0~
[ o7 N c=¢ H  “c—o B
/ TN 0 , N
L.Rh—B — | L 0~¢ L,RhCl + c—c” N\g
2 L,Rh—B —
| No~ 2 L,Rh—B /\ /\
H H © ~o

Variation in catalyst and ligand can lead to changes in both regio- and enantio-
selectivity. For example, the hydroboration of vinyl arenes such as styrene and 6-
methoxy-2-vinylnaphthalene can be directed to the internal secondary borane by use
of Rh(COD),BF, as a catalyst.'®® These reactions are enantioselective in the presence
of a chiral phosphorus ligand.

CH;  CH,
CHs CHs 5 mol % Rh(COD),BF; Ar—CH—CH, ArCH,CH,OH
ArCH=CH, + O O —_— [ "
\_/ 5 mol % Josiphos OH
Ill Ar ratio yield e.e.
Phenyl 83:17 87% 84%
6-Methoxynaphthyl  95:5 83% 88%

On the other hand, iridium catalysts give very high selectivity for formation of the
primary borane.'®” Several other catalysts have been described, including, for example,

dimethyltitanocene. 68
e ooy s
RCH=CH, RCH,CH, —B__ HO RCH,CH,0H
(CP)Ti(CHa), ° 2

(Cp =1°~CsHs)

Catalyzed hydroboration has proven to be valuable in controlling the stereose-
lectivity of hydroboration of functionalized alkenes.'® For example, allylic alcohols

163. 1, Beletskaya and A. Pelter, Tetrahedron, 53, 4957 (1997); H. Wadepohl, Angew. Chem. Int. Ed. Engl.,
36, 2441 (1997); K. Burgess and M. J. Ohlmeyer, Chem. Rev., 91, 1179 (1991); C. M. Crudden and

. Edwards, Eur. J. Org. Chem., 4695 (2003).

A. Evans, G. C. Fu, and A. H. Hoveyda, J. Am. Chem. Soc., 110, 6917 (1988); D. Maenning and

. Noeth, Angew. Chem. Int. Ed. Engl., 24, 878 (1985).

A. Evans, G. C. Fu, and B. A. Anderson, J. Am. Chem. Soc., 114, 6679 (1992).

M. Crudden, Y. B. Hleba, and A. C. Chen, J. Am. Chem. Soc., 126, 9200 (2004).

Yamamoto, R. Fujikawa, T. Unemoto, and N. Miyaura, Tetrahedron, 60, 10695 (2004).

. He and J. F. Hartwig, J. Am. Chem. Soc., 118, 1696 (1996).

. A. Evans, G. C. Fu, and A. H. Hoveyda, J. Am. Chem. Soc., 114, 6671 (1992).

164.

165.
166.
167.
168.
169.

UX<OUEZOU
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and ethers give mainly syn product when catalyzed by Rh(PPh;);Cl, whereas direct
hydroboration with 9-BBN gives mainly anti product.

OR hydro- oR /\/C'f
YKCHS bm oxdn. HO CHy, + HO H CH,
CsH; CsHs CsH;
syn anti
catecholborane

9-BBN 3 mol % Rh(PPh),Cl
R yield syn:anti yield syn:anti
H 91 17:83 79 81:19
PhCH, 82 2575 63 80:20
TBDMS 85 13:87 79 937

The stereoselectivity of the catalyzed reaction appears to be associated with the
complexation step, which is product determining. The preferred orientation of approach
of the complex is anti to the oxygen substituent, which acts as an electron acceptor
and more electronegative groups enhance reactivity. The preferred conformation of
the alkene has the hydrogen oriented toward the double bond and this leads to a syn
relationship between the alkyl and oxygen substituents.'”

H—Rh—B(OR),

CH;, H.7 CH, IT H CHj, T H CHjy '? H
R—f=CH, — (Rh—B(OR)
2 R V4 ,/ 2 R —_— R
OX ox CHe Ox CHzB(ORY), Ox CHoOH

The use of chiral ligands in catalysts can lead to enantioselective hydroboration.
Rh-BINAP!"! C and the related structure D'”> have shown good stereoselectivity in
the hydroboration of styrene and related compounds (see also Section 4.5.3).

COr e
_Ph

P
2\
||3\ 2\ /N\Rh: \,
., | ~
P/Rh‘ ) \
N N
ph N | “Ph
Ph Ph

C D
styrene indene

C 96%e.e. 13%e.e.
D 67%e.e. 84% e.e.

Hydroboration is thermally reversible. B—H moieties are eliminated from alkyl-
boranes at 160° C and above, but the equilibrium still favors of the addition products.

170. K. Burgess, W. A. van der Donk, M. B. Jarstfer, and M. J. Ohlmeyer, J. Am. Chem. Soc., 113, 6139
(1991).

171 T, Hayashi and Y. Matsumoto, Tetrahedron: Asymmetry, 2, 601 (1991).

172. J. M. Valk, G. A. Whitlock, T. P. Layzell, and J. M. Brown, Tetrahedron: Asymmetry, 6, 2593 (1995).



This provides a mechanism for migration of the boron group along the carbon chain
by a series of eliminations and additions.
R R R H R
| I L I /
R—C—CH—CH; == R—C=CH—CHj + R—?—C=CH2 = R—?—CHZ—CHZ—B\
[

B / H / H
7N H—B H—B
N N

H

Migration cannot occur past a quaternary carbon, however, since the required elimi-
nation is blocked. At equilibrium the major trialkyl borane is the least-substituted
terminal isomer that is accessible, since this isomer minimizes unfavorable steric
interactions.

HsC H
‘\\\H 16000 “\\CHZ
il B —_— B
3 3 Ref. 173
1) ByHg
CH3(CH,);3CH=CH(CH,),3CH3 [CH3(CHy)20]5B
2) 80°C, 14 h Ref. 174

Migrations are more facile for fetra-substituted alkenes and occur at 50°-60°C.!"
Bulky substituents on boron facilitate the migration. bis-Bicyclo[2.2.2]octanylboranes,
in which there are no complications from migrations in the bicyclic substituent, were
found to be particularly useful.

A
B—H + CHsCH=C(CH,), — — BCH,CH,CH(CHz),

Ref. 176

There is evidence that boron migration occurs intramolecularly.!”” A TS involving an
electron-deficient ™ complex about 20-25 kcal above the trialkylborane that describes
the migration has been located computationally.'”®

BT~
B e
H H H

173 G. Zweifel and H. C. Brown, J. Am. Chem. Soc., 86, 393 (1964).

174. K. Maruyama, K. Terada, and Y. Yamamoto, J. Org. Chem., 45, 737 (1980).

175 1., 0. Bromm, H. Laaziri, F. Lhermitte, K. Harms, and P. Knochel, J. Am. Chem. Soc., 122, 10218
(2000).

176. H, C. Brown and U. S. Racherla, J. Am. Chem. Soc., 105, 6506 (1983).

177.°S. E. Wood and B. Rickborn, J. Org. Chem., 48, 555 (1983).

178- N. J. R. van Eikema Hommes and P. v. R. Schleyer, J. Org. Chem., 56, 4074 (1991).
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Migration of boron to terminal positions is observed under much milder conditions
in the presence of transition metal catalysts. For example, hydroboration of 2-methyl-3-
hexene by pinacolborane in the presence of Rh(PPh,),Cl leads to the terminal boronate
ester.

CHs;

pinacol- 0 _CH
(CH3),CHCH=CHCH,CH, borane (CHa),CH(CHZ),—B j‘: :

O T~CHs
Rh(PPh,),Cl CH,

Ref. 179

4.5.2. Reactions of Organoboranes

The organoboranes have proven to be very useful intermediates in organic
synthesis. In this section we discuss methods by which the boron atom can be replaced
by hydroxy, carbonyl, amino, or halogen groups. There are also important processes
that use alkylboranes in the formation of new carbon-carbon bonds. These reactions
are discussed in Section 9.1.

The most widely used reaction of organoboranes is the oxidation to alcohols, and
alkaline hydrogen peroxide is the reagent usually employed to effect the oxidation.
The mechanism, which is outlined below, involves a series of B to O migrations of
the alkyl groups. The R—O—B bonds are hydrolyzed in the alkaline aqueous solution,
generating the alcohol.

R R

_ I
RsB + HOO~ —R—B— 0" 0OH —R—B—OR + OH

R
R—O RO

I |
R,BOR + HOO™ —= R—?JOCO—H—» R—B + OH
R RO

_ — ~ _
(RO),BR + HOO~ — (RO)2||330—O—H—> (RO);B + ~OH
R
(RO);B + 3H,0 — 3ROH + B(OH);

The stereochemical outcome is replacement of the C—B bond by a C—O bond with
retention of configuration. In combination with stereospecific syn hydroboration, this
allows the structure and stereochemistry of the alcohols to be predicted with confidence.
The preference for hydroboration at the least-substituted carbon of a double bond
results in the alcohol being formed with regiochemistry that is complementary to that
observed by direct hydration or oxymercuration, that is, anti-Markovnikov.

Several other oxidants can be used to effect the borane to alcohol conversion.
Oxone® (2K,SO05 KHSO, K,S0O,) has been recommended for oxidations done on a

179.'S. Pereira and M. Srebnik, J. Am. Chem. Soc., 118, 909 (1996); S. Pereira and M. Srebnik, Tetrahedron
Lett., 37, 3283 (1996).



large scale.'® Conditions that permit oxidation of organoboranes to alcohols using
molecular oxygen,'8! sodium peroxycarbonate'®?> or amine oxides'? as oxidants have
also been developed. The reaction with molecular oxygen is particularly effective in
perfluoroalkane solvents.!'3*

1) HB(C3Hg),
2 OH
2) O,, Br(CF,);,CF5

82%

More vigorous oxidants such as Cr(VI) reagents effect replacement of boron and
oxidation to the carbonyl level.'®3

Ph Ph
1) BoHg 0

2) K,Cr,0,

An alternative procedure for oxidation to ketones involves treatment of the alkylborane
with a quaternary ammonium perruthenate salt and an amine oxide'®® (see Entry 6 in
Scheme 4.9). Use of dibromoborane-dimethyl sulfide for hydroboration of terminal
alkenes, followed by hydrolysis and Cr(VI) oxidation gives carboxylic acids.'®’

1) BHBI,S(CHs), Cr(VI)
RCH=CH, =~ —————="" RCH,CH,B(OH), RCH,CO,H
2) H,0 HOAc, H,0

The boron atom can also be replaced by an amino group.'3® The reagents that effect
this conversion are chloramine or hydroxylamine-O-sulfonic acid, and the mechanism
of these reactions is very similar to that of the hydrogen peroxide oxidation of organo-
boranes. The nitrogen-containing reagent initially reacts as a nucleophile by adding at
boron and a B to N rearrangement with expulsion of chloride or sulfate ion follows.
Usually only two of the three alkyl groups migrate. As in the oxidation, the migration
step occurs with retention of configuration. The amine is freed by hydrolysis.

NH,X PR NH,X H,O
RB  — R2||3:/4NH—X —>RZB—I|\IH — RB(NHR), —= 2 RNH,

R R
X =Clor 0SO4

180- D H. B. Ripin, W. Cai, and S. T. Brenek, Tetrahedron Lett., 41, 5817 (2000).
C.
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182. G. W. Kabalka, P. P. Wadgaonkar, and T. M. Shoup, Tetrahedron Lett., 30, 5103 (1989).

183. G. W. Kabalka and H. C. Hedgecock, Jr., J. Org. Chem., 40, 1776 (1975); R. Koster and Y. Monta,
Liebigs Ann. Chem., 704, 70 (1967).

184 1, Klement and P. Knochel, Synlert, 1004 (1996).

185- H. C. Brown and C. P. Garg, J. Am. Chem. Soc., 83,2951 (1961); H. C. Brown, C. Rao, and S. Kulkarni,
J. Organomet. Chem., 172, C20 (1979).

186- M. H. Yates, Tetrahedron Lett., 38, 2813 (1997).

187- H., C. Brown, S. V. Kulkarni, V. V. Khanna, V. D. Patil, and U. S. Racherla, J. Org. Chem., 57, 6173
(1992).

188. M. W. Rathke, N. Inoue, K. R. Varma, and H. C. Brown, J. Am. Chem. Soc., 88, 2870 (1966);
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The alkene can be used more efficiently if the hydroboration is done with dimethyl-
borane.'®’

(CH3)3BH

RCH=CH, RCH,CH,B(CH,), (CH3),BNCH,CH,R RCH,CH,NH,

Secondary amines are formed by reaction of trisubstituted boranes with alkyl or
aryl azides. The most efficient borane intermediates are monoalkyldichloroboranes,
which are generated by reaction of an alkene with BHCI, Et,0.!”° The entire sequence
of steps and the mechanism of the final stages are summarized by the equation below.

BHCI, + RCH=CH,—= RCH,CH,BCl,
R’ R’
I+ | H,0
RCHZCH;BCl, + R'—Ns—= CB™—N—N=N —CLBNCH,CHR —= RNHCH,CH;R
—

RCH,CH,

This reaction has been used to prepare «-N-methylamino acids using (CH;),BBr.!"!

(CH5),BBr
PhCHCO,H ——= PhCHCO,H

Ns NHCH,

Secondary amines can also be made using the N-chloro derivatives of primary
amines.'”?

i |
(CH3CH,)3B + HN(CH,);CH; — CH3CH,N(CH,);CHs
90%

Organoborane intermediates can also be used to synthesize alkyl halides.
Replacement of boron by iodine is rapid in the presence of base.'®> The best yields are
obtained using sodium methoxide in methanol.'®* If less basic conditions are desirable,
the use of iodine monochloride and sodium acetate gives good yields.!”> As is the
case in hydroboration-oxidation, the regioselectivity of hydroboration-halogenation is
opposite to that observed by direct ionic addition of hydrogen halides to alkenes.
Terminal alkenes give primary halides.

1) BzHe
RCH= CH,

RCH,CH,Br
2) Bry, NaOH

189.
190.
191.
192.
193.
194.
195.

. Brown, K.-W. Kim, M. Srebnik, and B. Singaram, Tetrahedron, 43, 4071 (1987).
. Brown, M. M. Midland, and A. B. Levy, J. Am. Chem. Soc., 95, 2394 (1973).
. Dorow and D. E. Gingrich, J. Org. Chem., 60, 4986 (1995).

. Kabalka, G. W. McCollum, and S. A. Kunda, J. Org. Chem., 49, 1656 (1984).
. Brown, M. W. Rathke, and M. M. Rogic, J. Am. Chem. Soc., 90, 5038 (1968).
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Scheme 4.9 gives some examples of the use of boranes in syntheses of alcohols,
aldehydes, ketones, amines, and halides. Entry 1 demonstrates both the regioselec-
tivity and stereospecificity of hydroboration, resulting in the formation of trans-2-
methylcyclohexanol. Entry 2 illustrates the facial selectivity, with the borane adding
anti to the endo methyl group.

/
H—B"
\=CH,
CHs;
CHs;

Entry 3 illustrates all aspects of the regio- and stereoselectivity, with syn addition
occurring anti to the dimethyl bridge in the pinene structure. The stereoselectivity in
Entry 4 is the result of the preferred conformation of the alkene and approach syn to
the smaller methyl group, rather than the 2-furyl group.

wnQ
I

H  CH,0CH,Ph B
T\ ~CHs = NN OCH,Ph

H CHj3 CH4

Entries 5 to 7 are examples of oxidation of boranes to the carbonyl level. In Entry
5, chromic acid was used to obtain a ketone. Entry 6 shows 5mol % tetrapropylam-
monium perruthenate with N-methylmorpholine-N-oxide as the stoichiometric oxidant
converting the borane directly to a ketone. Aldehydes were obtained from terminal
alkenes using this reagent combination. Pyridinium chlorochromate (Entry 7) can also
be used to obtain aldehydes. Entries 8 and 9 illustrate methods for amination of alkenes
via boranes. Entries 10 and 11 illustrate the preparation of halides.

4.5.3. Enantioselective Hydroboration

Several alkylboranes are available in enantiomerically enriched or pure form
and can be used to prepare enantiomerically enriched alcohols and other compounds
available via organoborane intermediates.'”® One route to enantiopure boranes is
by hydroboration of readily available terpenes that occur naturally in enantiomer-
ically enriched or pure form. The most thoroughly investigated of these is bis-
(isopinocampheyl)borane; (Ipc),BH), which can be prepared in 100% enantiomeric
purity from the readily available terpene a-pinene.'”” Both enantiomers are available.

+ BHy—
2

196. H. C. Brown and B. Singaram, Acc. Chem. Res., 21, 287 (1988); D. S. Matteson, Acc. Chem. Res., 21,
294 (1988).

197 H. C. Brown, P. K. Jadhav, and A. K. Mandal, Tetrahedron, 37, 3547 (1981); H. C. Brown and
P. K. Jadhav, in Asymmetric Synthesis, Vol. 2, J. D. Morrison, ed., Academic Press, New York, 1983,
Chap. 1.
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Scheme 4.9. Synthesis of Alcohols, Aldehydes, Ketones, and Amines from

Organoboranes
A. Alcohols
1a
CHs HiC |
1)ByHs < WOH
2)H,0,, "OH 85%
2b
1) B,H H
cH, DB W CH,OH
CH; 2) HyOp "OH CHj,
CH CH
3 3 76%
3 CHg CH,
wH
1) BZHG . \\\\OH
2) Hzoz, _OH 85%
4d
H. CH,0OCH,Ph OH
/\ o 1) B,Hg, THF // \ CH,OCH,Ph
“, 3 (0) H
7 2) H,0,, "OH H
H CHs ) H20, CH3 CHs; 85%
B. Ketones and aldehydes
O
2) Cro,
50%

N-oxide, R,N*RuO,~

3 H\\\\\CHZOAC d|5|amylborane \\“CH?OAC
pyr|d|n|um

1) BH3/S(CH3),
2) N- methylmorpholme-@
CH

""CH CH=0
"y chlorochromate 2
CH=CH, 80%
C. Amines
CHjz CH,
1) B,Hg «NH,
2) H,NOSO3H

42%

1) BHCI,
0 e
2) PhN3, H,0

84%

(Continued)
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D. Halides SECTION 4.5
. Addition at Double
10/ 1) BoHg, THF Bonds via Organoborane
(CH3)3CCH2(|:—CH2 > (CH3)3CCH2C|ZHCH2I Intermediates
2
CHs  3) CH,0H, OH CHs  92%
11k CHs 1) B,Hg, THF CHj
TBSO\/k/\ TBSO\/'\/\/|
N\ 2) CH3OH, NaOAc
3) ICl 60%
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Other examples of chiral organoboranes derived from terpenes are E, F, and G, which

are derived from longifolene,'”® 2-carene,' and limonene,*” respectively.
CHy CH
3 CH
CH; B A
,
HB

CH
HB } 8

CHy 2 CHs CHs

E F G

(Ipc),BH adopts a conformation that minimizes steric interactions. This confor-
mation can be represented schematically as in H and I, where the S, M, and L
substituents are, respectively, the 3-H, 4-CH,, and 2-CHCH, groups of the carbocyclic
structure. The steric environment at boron in this conformation is such that Z-alkenes
encounter less steric encumbrance in TS I than in H.

L L L
N S\c':\ R\c < S\c':\\ H\c &
2 R B—H /C e = b =
MT Sy M7 ey “BAH R
, MaL o M 7 H M 7 R
2 &
S Nl Nl
L L L
H I

The degree of enantioselectivity of (Ipc),BH is not high for all simple alkenes.
Z-Disubstituted alkenes give good enantioselectivity (75-90%) but E-alkenes and

198 P, K. Jadhav and H. C. Brown, J. Org. Chem., 46, 2988 (1981).
199- H. C. Brown, J. V. N. Vara Prasad, and M. Zaidlewicz, J. Org. Chem., 53, 2911 (1988).
200- p, K. Jadhav and S. U. Kulkarni, Heterocylces, 18, 169 (1982).
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simple cycloalkenes give low enantioselectivity (5-30%). Interestingly, vinyl ethers
exhibit good enantioselectivity for both the E- and Z-isomers.?"!

CH30 1) Ipc,BH CHsoHOH CH3O>_/CH3 1) Ipc,BH CH3Q¢._ _:‘QH
/\_\ — _— /N
CHy  CH; 2) H;0,,O0H  CH;  CHj CHj 2) H0, "OH  CH3  CH,
72% yield 77% yield
>97% e.e. 90% e.e.

Monoisocampheylborane (IpcBH,) can be prepared in enantiomerically pure form
by purification of a TMEDA adduct.’”> When this monoalkylborane reacts with a
prochiral alkene, one of the diastereomeric products is normally formed in excess and
can be obtained in high enantiomeric purity by an appropriate separation.”® Oxidation
of the borane then provides the corresponding alcohol having the enantiomeric purity
achieved for the borane.

3 1 3 1 3 1

"\\\BH2+ R\c C/R | ER\C C/RH [ ER\C C/RH
= — cBw=—C—C—=H or IpcB1C—C:-«
ST PeEE TS, peBm L =

H R H R H R?

As oxidation also converts the original chiral terpene-derived group to an alcohol,
it is not directly reusable as a chiral auxiliary. Although this is not a problem with
inexpensive materials, the overall efficiency of generation of enantiomerically pure
product is improved by procedures that can regenerate the original terpene. This can
be done by heating the dialkylborane intermediate with acetaldehyde. The a-pinene is

released and a diethoxyborane is produced.?’*

Me
Hs CH, CHg CH,
«BH,
CHyCH=0
@ @ IpcBu,é HaCH= (CZHSO)ZB,,,,é . @

The usual oxidation conditions then convert this boronate ester to an alcohol.?”

The corresponding haloboranes are also useful for enantioselective hydrobo-
ration. Isopinocampheylchloroborane can achieve 45-80% e.e. with representative
alkenes.””® The corresponding bromoborane achieves 65-85% enantioselectivity with
simple alkenes when used at —78° C.2"
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CHj3

H
WBHCI H_ CH, i -
" OH CH
+ >:\/ —_— CHg/'\/ 3
CHj3 H H,0,

mQ

64% e.e.

CHs3
H

nQ

wBBr, CHs :CH3 (CH4);SH -OH

4 CEe PN “__CH,
H  CHs H0, cH; Y 65% o.0.
CH,

Procedures for synthesis of chiral amines®® and halides?” based on chiral
alkylboranes involve applying the methods discussed earlier to the enantiomerically
enriched organoborane intermediates. For example, enantiomerically pure terpenes can
be converted to trialkylboranes and then aminated with hydroxylaminesulfonic acid.

CHy CH, CH,
1) BHCl,"S(CHa), B 1) NH,0805H NH,
CH, 2) (CHa)sAl CH, éi . -
CHj CHs 2 CHj
Ref. 210

Combining catalytic enantioselective hydroboration (see p. 342) with amination has
provided certain amines with good enantioselectivity. In this procedure the catechol
group is replaced by methyl prior to the amination step.

H

O O
1mol % N,/ NH,

AN B
CH;0 catechol- CHy 2 NH.OSO.H
borane ) NH0S05H oy o
@ CH30
ON* PPh
NV
Rh(COD)
catalyst J

Ref. 211
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4.5.4. Hydroboration of Alkynes

Alkynes are reactive toward hydroboration reagents. The most useful procedures
involve addition of a disubstituted borane to the alkyne, which avoids complications
that occur with borane and lead to polymeric structures. Catechol borane is a partic-
ularly useful reagent for hydroboration of alkynes.?'? Protonolysis of the adduct with
acetic acid results in reduction of the alkyne to the corresponding cis-alkene. Oxidative
workup with hydrogen peroxide gives ketones via enol intermediates.

D H

CHSCW R R’

(@) HO, H ?l)

) [e) H,0,, "OH
©: /BH + RC=CR — é H 2z - /E< — RCCH,R’
o o~ : : R R’
R R’ Br2 ,
Br R
*om >

R H

Treatment of the vinylborane with bromine and base leads to vinyl bromides. The
reaction occurs with net anti addition, and the stereoselectivity is explained on the
basis of anti addition of bromine followed by a second anti elimination of bromide
and boron.

LB H H LB H R H
: ;' Br Br R 2 3

/ \ - L B\\\\\ aR = R'"Y \\‘R \_//\
R R 2 5 Br Br Br Br R

Exceptions to this stereoselectivity have been noted.?"

The adducts derived from catechol borane are hydrolyzed by water to vinylboronic
acids. These materials are useful intermediates for the preparation of terminal vinyl
iodides. Since the hydroboration is a syn addition and the iodinolysis occurs with
retention of the alkene geometry, the iodides have the E-configuration.?'*

o) H,O (HO2)B H |y |
1 —_— —_—

o—B: :H H R H
H R

215 6

The dimethyl sulfide complex of dibromoborane and pinacolborane®'® are also

useful for synthesis of E-vinyl iodides from terminal alkynes.

- . BroB H 1)-OH, H,0 | H
Br,BH—S(CH3), + HC=CR —= )_—» D=4
H R 2)OH, I R
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Other disubstituted boranes have also been used for selective hydroboration of
alkynes. 9-BBN can be used to hydroborate internal alkynes. Protonolysis can be
carried out with methanol and this provides a convenient method for formation of a
disubstituted Z-alkene.?!”

R R MeOH R R
R—C=C—R + 9BBN — > — =<
H B) H H

A large number of procedures that involve carbon-carbon bond formation have
been developed based on organoboranes. These reactions are considered in Chapter 9.

4.6. Hydroalumination, Carboalumination, Hydrozirconation,
and Related Reactions

Aluminum is the immediate congener of boron, and dialkyl and trialkyl aluminum
compounds, which are commercially available, have important industrial applica-
tions. They also have some similarities with organoboranes that can be exploited for
synthetic purposes. Aluminum is considerably less electronegative than boron and as a
result the reagents also share characteristics with the common organometallic reagents
such as organomagnesium and organolithium compounds. The addition reactions of
alkenes and dialkylaluminum reagents occur much less easily than hydroboration.
Only terminal or strained alkenes react readily at room temperature.?'® With internal
and branched alkenes, the addition does not go to completion. Addition of dialkyl-
alanes to alkynes occurs more readily, and the regiochemistry and stereochemistry
are analogous to hydroboration. The resulting vinylalanes react with halogens with
retention of configuration at the double bond.?"”

R H
[

RC=CH + (i-BupAH — )= —2

H  Al(i-Bu), H 1719

With trialkylaluminum compounds, the addition reaction is called carboalumination.
As discussed below, this reaction requires a catalyst to proceed.

R

, catalyst | ,
RsAl + CH,=CHR’ —> R,AICH,—CHR

Computational studies of both hydroalumination and carboalumination have
indicated a four-center TS for the addition.??® The aluminum reagents, however, have
more nucleophilic character than do boranes. Whereas the TS for hydroboration is
primarily electrophilic and resembles that for attack of CH;* on a double bond, the

217- H. C. Brown and G. A. Molander, J. Org. Chem., 51, 4512 (1986); H. C. Brown and K. K. Wang,
J. Org. Chem., 51, 4514 (1986).
- F. Ansinger, B. Fell, and F. Thiessen, Chem. Ber., 100, 937 (1967); R. Schimpf and P. Heimbach,
Chem. Ber., 103, 2122 (1970).
% G. Zweifel and C. C. Whitney, J. Am. Chem. Soc., 89, 2753 (1967).
220- J. W. Bunders and M. M. Francl, Organometallics, 12, 1608 (1993); J. W. Bunders, J. Yudenfreund,
and M. M. Francl, Organometallics, 18, 3913 (1999).
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reaction with CH;AIH, has a closer resemblance to reaction of CH,~ with ethene and
the strongest interaction is with the ethene LUMO. This interpretation is consistent with
relative reactivity trends in which the reactivity of alkenes decreases with increasing
alkyl substitution and alkynes are more reactive than alkenes.

Effective catalysts have recently been developed for the addition of trialkyl-
aluminum reagents to alkenes (carboalumination). bis-(Pentamethylcyclopentadienyl)
zirconium dimethylide activated by tris-(pentafluorophenyl)boron promotes the
addition of trimethylaluminum to terminal alkenes.?!

CH
(Cp*),Zr(CH3) o 3
CH3(CHp),CH=CH, + (CHg)Al b 2 A_on
(CoF5)sB CH3(CHy);
Cp*=1,2,3,4,5 - pentamethyl- 71%

cyclopentadienide

A chiral indene derivative, structure K, has been most commonly used.???> The catalyst
interacts with the trialkylaluminum to generate a bimetallic species that is the active
catalyst.

CHs3 ]
(|:H3 ?HZCH(CHs)2
CHy dH zrcl, (—Al—O—)n (—Al—O—)n
82 methylalumoxane isobutylalumoxane
MAO IBAO

The detailed mechanism of the catalysis is not known, but it is believed that the Lewis
acid character of the zirconium is critical.?*® The reaction is further accelerated by
inclusion of partially hydrolyzed trialkylaluminum reagents known as alumoxanes.?**

I AN 5mol% catK H* )\/\
CH3(CH,)6AI(IBU), + 2 —
3(CH2)6AI BU), CH; OTBDMS BAO CH4(CH,), OH

IBAO =isobutylaluminoxane 77% yield, 91% e.e.

The adducts can be protonolyzed or converted to halides or alcohols.

cat
H+
RCH=CH, + R%Al

RCHCH,AIR’, RCHCH,Z
| or O,, |
R’ X, R’

Z=H, OH, X
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This methodology has been used to create chiral centers in saturated hydrocarbon

chains such as those found in vitamin E, vitamin K, and phytol.??
85% CH,
1) (CHZ)zAl CH, MaBr H
A\/\ CH(CHy), catK : Mg CH(CHs),
CH, ¥+ ch N\CHCH), ————~ 7
21, 2 Li,Cucl,
1) (CHa)sAl
catK
2) 0,
CH3 CHy
HO\/?\/\/:\/\/ CH(CHy),

76%. 74% e.e.

By converting the primary alcohol group to an alkene by oxidation and a Wittig
reaction, the reaction can be carried out in iterative fashion to introduce several methyl

groups.??
CH,
ANon s g s etk Gy o Ve
H o+ 1 eq IBAO —
CHZ 2115/3f q Csz\)\/\OH 2) Ph3P=CH2 CZHS\/kACH

2

5 mol % cat K
2) 0,
CH, CH,
CZHS\/L)\/OH

j 1) (CHy);Al, MAO

At this point in time carboalumination of alkynes has been more widely applied
in synthesis. The most frequently used catalyst is (Cp),ZrCl,. It is believed that a
bimetallic species is formed.??’

.Cl.
Cp),ZrCl, +  RAl  ——= (CH3)2AI1\CI;Zr(Cp)2CH3

cl R R

(CHa),AlL__Zr(Cp),CH; + RC=CR Y—(
¥ 2 (CHa),AI”  CHy

Small amounts of water accelerate carboalumination of alkynes.??® This acceleration
may be the result of formation of aluminoxanes.

1) 0.2 eq (Cp),ZrCl, CHy(CH2)s _cH,  CHy(CH,), N
CH3(CH,);C=CH + (CHj,)sAl —_— + CHs
H,0 CHg
2)H*

97:3
1) 0.2 eq (Cp),ZrCl, HOCH,CH
) q (Cp),ZrCl, 2 2\/\|
H,0O CH
21, 3
85%

HOCH,CH,C=CH + (CHa),Al

225-°S. Huo and E. Negishi, Org. Lett., 3, 3253 (2001).

226 E. Negishi, Z. Tan, B. Liang, and T. Novak, Proc. Natl. Acad. Sci. USA, 101, 5782 (2004);
M. Magnin-Lachaux, Z. Tan, B. Liang, and E. Negishi, Org. Lett., 6, 1425 (2004).

227- E. Negishi and D. Y. Kondakov, Chem. Soc. Rev., 25, 417 (1996).

228- P, Wipf and S. Lim, Angew. Chem. Int. Ed. Engl., 32, 1068 (1993).
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Scheme 4.10. Carbomethylations of Alkynes

3 AU TBDMSOW
TBDMSO : Sch + (CHy),Al  (CP)ZICl, o oon Al(CH,),
cH, CHj, 3
2 cH 1) 10 mol % CH
3 _CH, > CH (Cp),ZrCl, CHy _cH, \3
+ (CHy),Al  1equivH,0 OH
2 O
CH, ) CH, 62%
3C
CoHs _CH Cp,zrcl,  CaMs s
MC +  (CHg)sAl MI
CH, 2)1, CH, 83%
4 CH CH
HO 7 (Cp),2ZrCl, ’
\/\( +  (CHg)sAl HO A S
L 65%
CH, CHs
5e (E)H _CH (Cp)p2rCly ?H CHs
C 7 + (CHg)Al : S|
AN
A N 21 B Y N
63%
1) (Cp),ZrCl
f ) (Cp),2ZrCly CH, CH;
6 HO=C(CH);:C=CH + (CH:Al ) By o /\/MAOH
H
3) (CH,0)n 85%

a. R. E. Ireland, L. Liu, and T. D. Roper, Tetrahedron, 53, 13221 (1997).
b. A. Pommier, V. Stephanenko, K. Jarowicki, and P. J. Kocienski, J. Org. Chem., 68, 4008 (2003).
c. K. Mori and N. Murata, Liebigs Ann. Chem., 2089 (1995).

d. T. K. Chakraborty and D. Thippeswamy, Synlert, 150 (1999).

e. M. Romero-Ortega, D. A. Colby, and H. F. Olivo, Tetrahedron Lett., 47, 6439 (2002).

f. G. Hidalgo-Del Vecchio and A. C. Oehlschlager, J. Org. Chem., 59, 4853 (1994).

As indicated by the mechanism, carboalumination is a syn addition. The resulting
vinylalanes react with electrophiles with net retention of configuration. The
electrophiles that have been used successfully include iodine, epoxides, formaldehyde,
and ethyl chloroformate.?” We will also see in Chapter 8 that the vinylalanes can
undergo exchange reactions with transition metals, opening routes for formation of
carbon-carbon bonds.

Scheme 4.10 gives some examples of application of alkyne carboalumination
in synthesis. The reaction in Entry 1 was carried out as part of a synthesis of the
immunosuppressant drug FK-506. The vinyl alane was subsequently transmetallated to
a cuprate reagent (see Chapter 8). In Entry 2, the vinyl alane was used as a nucleophile
for opening an epoxide ring and extending the carbon chain by two atoms. In Entries
3 to 5, the vinyl alane adducts were converted to vinyl iodides. In Entry 6, the vinyl
alane was converted to an “ate” reagent prior to reaction with formaldehyde.

Derivatives of zirconium with a Zr—H bond also can add to alkenes and alkynes.
This reaction is known as hydrozirconation.”** The reagent that is used most frequently

229 N. Okukado and E. Negishi, Tetrahedron Lett., 2357 (1978); M. Kobayashi, L. F. Valente, E. Negishi,
W. Patterson, and A. Silveira, Jr., Synthesis, 1034 (1980); C. L. Rand, D. E. Van Horn, M. W. Moore,
and E. Negishi, J. Org. Chem., 46, 4093 (1981).

230- P, Wipf and H. Jahn, Tetrahedron, 52, 1283 (1996); P. Wipf and C. Kendall, Topics Organmetallic
Chem., 8, 1 (2004).



in synthesis is bis-(cyclopentadienido)hydridozirconium(IV) chloride. Reduction of
(Cp),ZrCl, generates a reactive species that can add to alkenes and alkynes.”! Various
reductants such as LiAlH,?*? and LiEt;BH** can be used. Alkynes readily undergo
hydrozirconation. With internal alkynes, this reagent initially gives a regioisomeric
mixture but isomerization occurs to give the less sterically hindered isomer.

(Cp),zrHCI CHs  CH,CH(CH3), CH;  CH,CH(CHg),
CH5C = CCH,CH(CHj), —
-z H —Z7r
/"N 4 cHy  CHCH(CHy), / N
55:45 = 955

H /Z\r —

The adducts react with electrophiles such as NCS, NBS, and I, to give vinyl halides.

CH PMBO PMBO Br
PMBO _ 3 1) (Cp),HzrCl Br
Z — CeHyq N Y oh X
CgHyy 2) NBS oH 57111 oH
3 3

94:6; 78% yield

Ref. 234
(CH3)3CO,CNH
| 1) (Cp),HZrCl  (CH3);CO,CNH
(CHg),CHCC=CH ———— P
F|| 2) 1, (CH3),CH |
51%
Ref. 235

Alkenes are less reactive and reactivity decreases with increasing substitution.
The adducts from internal alkenes undergo isomerization to terminal derivatives.?*

CsHy (Cp),ZrHClI t-BUOOH
N\, P2 CHa(CH,);Zr(Cp),Cl

CHa(CH,);0H

Carbon-carbon bond formation from alkyl and alkenyl zirconium reagents usually
involves transmetallation reactions and are discussed in Chapter 8.

1. D. W. Hart, T. F. Blackburn, and J. Schwartz, J. Am. Chem. Soc., 97, 679 (1975); J. Schwartz and
J. A. Labinger, Angew. Chem. Int. Ed. Engl., 15, 333 (1976).
232. S, L. Buchwald, S. J. La Maire, R. B. Nielsen, B. T. Watson, and S. M. King, Tetrahedron Lett., 28,
3895 (1987).
233. B. H. Lipshutz, R. Kell, and E. L. Ellsworth, Tetrahedron Lett., 31, 7257 (1990).
234. A. B. Smith, III, S. S.-Y. Chen, F. C. Nelson, J. M. Reichert, and B. A. Salvatore, J. Am. Chem. Soc.,
119, 10935 (1997).
- J. R. Hauske, P. Dorff, S. Julin, J. Di Brino, R. Spencer, and R. Williams, J. Med. Chem., 35, 4284
(1992).
236 D, W. Hart and J. Schwartz, J. Am. Chem. Soc., 96, 8115 (1974); T. Gibson, Tetrahedron Lett., 23, 157
(1982).
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Problems

(References for these problems will be found on page 1277.)

4.1. Predict the products, including regio- and stereochemistry, for the following

reactions:
HOBr
@ chycH=CH, + OzNQSCI — (b)<:>:CH2 —
NO,

(c) 1) disiamylborane (d) IN3

(CH3),C =CHCHj CH,CH,CH,CH,CH=CH, —~

2) H,0,, HO ™

© IN; ® INg

(CH3)3CCH=CHCHjz — CegHsCH=CHCH(OCH3), —
(@) PhSeBr NaHCO; (h) Hg(OAc), H,0, NaHCO,

<:>—03i((:H3)3 - HC = CCH,CH,CO,H —_—

ether, -78°C  H,0O CH,Cl, 10 min

0] 1) Hg(CAc), () I, NaN3

H,C = CHCH,CH,CH,CH,OH O —

2) NaBH, CHCl,,

crown ether

(k) NOCI 0 PhSCI, Hg(OAC),
— Q Cy4H1oNOS
LiCIO,, CH4CN
( |

m) 2
PhCHCH,CO,H =~ ——
CH4CN

CH=CH,

4.2. Bromination of 4-z-butylcyclohexene in methanol gives a 45:55 mixture of
two compounds, each of composition C; H,,BrO. Predict the structure and
stereochemistry of these two products. How would you confirm your prediction?



4.3. Oxymercuration of 4-z-butylcyclohexene, followed by NaBH, reduction, gives
cis-4-t-butylcyclohexanol and trans-3-t-butylcyclohexanol in approximately
equal amounts. 1-Methyl-4-z-butylcyclohexanol under similar conditions gives
only cis-4-t-butyl-1-methylcyclohexanol. Formulate an explanation for these
observations.

4.4. Treatment of compound C with N-bromosuccinimide in acetic acid containing
sodium acetate gives a product C,;;H,qBrO;. Propose a structure, including
stereochemistry, and explain the basis for your proposal.

AL

H
C

4.5. The hydration of 5-undecyn-2-one with HgSO, and H,SO, in methanol is regio-
selective, giving 2,5-undecadione in 85% yield. Suggest an explanation for the
high regioselectivity of this internal alkyne.

4.6. A procedure for the preparation of allylic alcohols uses the equivalent of
phenylselenenic acid and an alkene. The reaction product is then treated with
t-butylhydroperoxide. Suggest a mechanistic rationale for this process.

1) “CgHsSeOH”

CH3CH,CH,CH=CHCH,CH,CH, CHscHzCHz?HCH=CHCHzCH3

2) t-BUOOH
OH 88%

4.7. Suggest reaction conditions or short synthetic sequences that could provide the
desired compound from the suggested starting material.

@) ?

(b) CHOTHP CH; OTHP
' Q  co,C,Hs
=
setise s Ie oy
3 CH3
© cH, CH, (d)
H
CH, 0 CH,
h o= L (ree= (r
W RO N C(CHa),
CH,
ey O i i
3 273
H — CH,cHy).c=cH == CH,CCH,CH,CH=C(CHj),
H I (CH,),CH

CH3\ CH,
C=CH, C=CH,

(h)
o} (CHy)3l CH,CH=CH
=] _ O = Sy
CH,CH,OH CH=CH, o) o

CHs CHs
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0]

CH,

CHs 0 HC(OCH,)
= H(li(OCH3)2 N (OCHs),
X — N e _
G CHpcH=0 Q) Ny CHCHCHCHCH,CH,gr  CHsCHLCHCH,CH=CH,

(k)

CH3(CH,)s H O O\A CHyxe o
S==< == CH4(CH,)sC=CH —
H Br “, O
[N
I

HOCH, HN" %~ O
CO,C(CHy), CO,C(CHy),
(m) CH,OCH, CH,OCH,
POC
—
cHy " chy " '
© Hocnj2

4.8. Three methods for the preparation of nitroalkenes are outlined below. Describe

4.9.

4.10.

4.11.

4.12.

the mechanism by which each of these transformations occurs.

1) HgCl,,

(a) NaN02
O (e
2) NaOH
Sn(CH
(b) : . SNn(CHs)z C(NO,), @
(© @ NO,* BF,~
Oy

Hydroboration-oxidation of 1,4-di-z-butylcyclohexene gave three alcohols:
9-A (77%), 9-B (20%), and 9-C (3%). Oxidation of 9-A gave a ketone 9-D
that was readily converted by either acid or base to an isomeric ketone 9-E.
Ketone 9-E was the only oxidation product of alcohols 9-B and 9-C. What are
the structures of compounds 9A-9E?
Show how by using regioselective enolate chemistry and organoselenium
reagents, you could convert 2-phenylcyclohexanone to either 2-phenyl-2-
cyclohexen-1-one or 6-phenyl-2-cyclohexen-1-one.
On the basis of the mechanistic pattern for oxymercuration-demercuration,
predict the structure and stereochemistry of the alcohol(s) to be expected by
application of the reaction to each of the following substituted cyclohexenes.
@ (b)

Q/C(CH?’)?’ ©/CH3 Q/CHs

Give the structure, including stereochemistry, of the expected products of the
following reactions. Identify the critical factors that determine the regio- and
stereochemistry of the reaction.

(©)



(@) THZCHZCHZOH (b) H 361

0 CH,CONHBr
N 1, NaHco, /)~ ° Ho C/H,BrO, PROBLEMS
‘ | ClOH14N03| H 2

“IOH
CH,0,C
(© 1) Hg(O,SCF,), (d) CH, -
CH,CN = CO,H z
(PhCH,),C(CH,),CH =CH, ——>—= C,H,,OCIHg 2 Nahco Cy4Hy704l
| 2) NaCl CH,CH,0CH, o ~s
OH
CH,
(e) Si(CH,),Ph 0] CH,OC,¢Ha; 1) (+)-(Ipc),BH
CiiHas H - H,C :< _ C21H4.04
1) 9-BBN » CH,OCH;  2) "OH, H,0,
OTBDMS - CagH700,Si,
H Hecu H, H,0,
6' 13
© COH ! (h O_
ne” : 2 CgHys0,l CO,H
2 CH,CN N
CH, CH, 1) NBS
Ph X C,Hp,NO
CH 2) NaOCH,
3
0] OTBDMS
I\ 1) B,Hg
CpH1,0,Si
o 7 (o) CH, 2) ~OH, 1,0, 24444
CH; CH,

4.13. Some synthetic transformations are shown in the retrosynthetic format. Propose

a short series of reactions (no more than three steps should be necessary) that
could effect each conversion.

2 !
CH(CH
o) NJ\r’ (CHa)2 o N)kaCH&ng
NH, =
CH,Ph CH,Ph
CH,OH
(b)
=
(€  1—CHCH,CH,CH,CO,CH, CHZCH,CHCO,CH;,
s . H
~5 H H H
\ CH(CH,),CH
> CH(CH,),CH, s (CH2(CHs
: g HO A
HoC 0,CCH
HO OH 2 3
(d) O

CNH,
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4.14.

4.15.

4.16.

4.17.

(e) CH,
CH,0,CCH; =— E>~CHZOZCCH3
CH3CHCH=0 C CH,
CH3
Write mechanisms for the following reactions:
(a) 0 ?Hs
CHg NaOCl HOZCCH2(|:CHZCOZH
CH3 CHs
© 0" NCO,CH,Ph
1) Hg(NO3), NaBH N H,P
(b) CHy=CHCH,CHOCH,NHCO,CH,Ph ) Ho(NOg), NaBH, -
CH, 2) KBr 02  cH; CH,OH
3:1cis:trans

4-Pentenyl amides such as 15A cyclize to lactams 15B on reaction with phenyl
selenenyl bromide. The 3-butenyl compound 15C, on the other hand, cyclizes
to an imino ether 15D. What is the basis for the differing reactions?

R
R (0]
| I PhSeBr /d
CH,=CHCH,CHCH,NHCCH; ~ ——= PhSeCH,™
15A | 158
CCH
Y 3
O/
PhSeCH,
PhSeBr %
CH,=CHCH,CH,NHCCH3 e —— OYN 15D
15C CHa

Procedures for enantioselective preparation of a-bromo acids based on reaction
of NBS with enol derivatives 16A and 16B have been developed. Predict the
absolute configuration of the halogenated compounds produced from both 16A
and 16B. Explain the basis of your prediction.

Bu Bu
(@) CH;_ CHj (b) \B/
~ O\
R NBS @ 9 NBS
_— )\ xR
° O
H H
CgH NSO,CH
(CeH13)oNSOCHy 1y oo CH,Ph
16A 16B

The stereochemical outcome of the hydroboration-oxidation of 1, 1'-
bicyclohexenyl depends on the amount of diborane used. When 1.1 equivalent



is used, the product is a 3:1 mixture of 17A and 17B. When 2.1 equivalent is
used, 17A is formed nearly exclusively. Offer an explanation of these results.

O3 (OF A
2) OH, QLO *
H,0 :
2¥2 OHHO OHHO
17A 17B

4.18. Predict the absolute configuration of the products obtained from the following
enantioselective hydroborations.

(@  CH, CHs
H,B CHsCH=0 H,0,
\‘ ~OH
()
— 20
B—H—— —_—
H H
CH;  CH, ~OH

4.19. The regioselectivity and stereoselectivity of electrophilic additions to
2-benzyl-3-azabicyclo[2.2.1]hept-5-en-3-one are quite dependent on the specific
electrophile. Discuss the factors that could influence the differing selectivity
patterns that are observed.

% P ﬁE\?o PhSCl E15 |\ -CHzPh

\
© PhSeBr ~ CHh 1) Hg(OAc)2
"\ 2) NaBH,

HEY oﬁ\% AEY ﬁ\?
O HOM"", (0] (0]

Phse™ N + N + HO \

CHzPh \ \ \

CH,Ph CH,Ph CH,Ph

4.20. Offer mechanistic explanations of the following observations:

a. In the cyclization reactions shown below, 20A is the preferred product for
R =H, but 20B is the preferred product for R = methyl or phenyl.

o Q ? |
CH%N/CHZCECR b, CHg%j\/[‘\j\/Hl . CH3>2¥JN\A/|[
CH; NN R CHz NT>NR
NHPh b 'Lh
20A 208

b. The pent-4-enoyl group has been developed as a protecting group for primary
and secondary amines. The conditions for cleavage involve treatment with
iodine and a aqueous solution with either THF or acetonitrile as the cosolvent.
Account for the mild deprotection under these conditions.
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4.21. Analyze the data below concerning the effect of allylic and homoallylic

benzyloxy substituents on the regio- and stereoselectivity of hydroboration-
oxidation. Propose a TS that is consistent with the results.

HO

SR
OCH,Ph OCH,Ph
21A 80%, only product
OCH,Ph
OCH,Ph CH 2 oH OCH,Ph
CHy 3 CH; , CHs cH
4 CH; —— 3
OH _ _
21B 25% 1:1 mixture 56% 1:1 mixture
17%
OCH,Ph OCH,Ph OH OCH,Ph
HO oH
+
CH,” Y CHy  — Y" "Chs 3 Y CH,
21C  OCH,Ph OCH,Ph OCH,Ph
47% 27%
OCH,Ph OCH,Ph OH OCH,Ph
R HO H :
CHZ/\E/\CH3 — \/\/\CHS CHCS/\E/\CH3
OCH,Ph = O
21D 2 OCH,Ph OCH,Ph
55% 25%
OCH,Ph OCH,Ph OH OCH,Ph
CH CH CH :
N CHy, —=  ° CHs s CH,
21E OCH,Ph OH QCH,Ph OCH,Ph
17% 1:1 mixture 50%
OCH,Ph OCH,Ph OH OCH,Ph
CH/\_/-\/OCHzP_h» HO A A OCHPh + _\_-OCH,Ph
H H 3z
54% 28%

shown.

H

:

CH;0,C
3Y2 T CH,
cui H

(+)-methyl nonactate

> O=CH

4.22. Propose an enantioselective synthesis of (+) methyl nonactate from the aldehyde

OTBDPS

—/ “CHj,

4.23. On page 313, the effect of methyl substitution on the stereoselectivity of
a,a-diallylcarboxylic acids under iodolactonization conditions was discussed.
Consider the two compounds shown and construct a reaction energy profile for



each compound that illustrates the role of conformational equilibrium, facial
selectivity, and substituent effects on AG* on the stereochemical outcome.

CO,™
z l,, NaHCO,
7 —_— +
/Y\EA\ CH,Cl,
CH3 CH4

ratio 30:1

(6] © (e} ©
CH3 CO,~ ICH, i1 +
M/\ AN I AN\

X H,C H : H
H H
Hy 5 ratio 4.9:1 3~ CHs

Qm
On
Om

[@1k

4.24. Tt has been found that when §,e-enolates bearing B-siloxy substituents are subject
to iodolactonization, the substituent directs the stereochemistry of cyclization in
a manner opposite to an alkyl substituent. Suggest a TS structure that would
account for this difference.

X
X
I, OH™
AN e}
:H
|
major product major product

for X =alkyl for X =trialkylsiloxy
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Reduction of Carbon-Carbon
Multiple Bonds, Carbonyl
Groups, and Other Functional
Groups

Introduction

The subject of this chapter is reduction reactions that are especially important in
synthesis. Reduction can be accomplished by several broad methods including addition
of hydrogen and/or electrons to a molecule or by removal of oxygen or other electroneg-
ative substituents. The most widely used reducing agents from a synthetic point of
view are molecular hydrogen and hydride derivatives of boron and aluminum, and
these reactions are discussed in Sections 5.1 through 5.3. A smaller group of reactions
transfers hydride from silicon or carbon, and these are the topic of Section 5.4. Certain
reductions involving a free radical mechanism use silanes or stannanes as hydrogen
atom donors, and these reactions are considered in Section 5.5. Other important proce-
dures use metals such as lithium, sodium, or zinc as electron donors. Reduction by
metals can be applied to carbonyl compounds and aromatic rings and can also remove
certain functional groups.

Addition of Hydrogen

H, [MH,™] 2 M.
R,C=X——= R,CH—XH R,C=X — R,CH—XH R,C=X W R,CH— XH

catalytic hydrogenation

hydride reduction reduction by metals

X =CR’,, O, NR' X =0, NR’
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Reductive Removal of Functional Groups

R,C—Y —»le R,C—H + H—Y R'aZH ,
3 SHT 3 R;C—Y — R;C—H + R3Z—Y
dissolving metals hydrogen atom donors
Y = halogen, oxygen substituents, Y = halogen, thio ester
o~to carbonyl groups Z=Sn,Si

There are also procedures that form carbon-carbon bonds. Most of these reactions begin
with an electron transfer that generates a radical intermediate, which then undergoes a
coupling or addition reaction. These reactions are discussed in Section 5.6.

1 T
l .
R,C=X + M —— R,CT — R, C—CR, or R,C=CR,

X=0 M- = Na°, Ti'", sSm"

reductive coupling

Reductive removal of oxygen from functional groups such as ketones and aldehydes,
alcohols, a-oxy ketones, and diols are also important in synthesis. These reactions,
which provide important methods for interconversion of functional groups, are
considered in Section 5.7

o o H<|) (l)H
— > R—CH,— _ _ tm — R,C=CR,
R)(R R—CH,—R R)K/R —+ RCH=CHR R,C—CR,

carbonyl — methylene carbonyl —— alkene diol — alkene

reductive deoxygenation

5.1. Addition of Hydrogen at Carbon-Carbon Multiple Bonds

The most widely used method for adding the elements of hydrogen to carbon-
carbon double bonds is catalytic hydrogenation. Except for very sterically hindered
alkenes, this reaction usually proceeds rapidly and cleanly. The most common catalysts
are various forms of transition metals, particularly platinum, palladium, rhodium,
ruthenium, and nickel. Both the metals as finely dispersed solids or adsorbed on
inert supports such as carbon or alumina (heterogeneous catalysts) and certain
soluble complexes of these metals (homogeneous catalysts) exhibit catalytic activity.
Depending upon conditions and catalyst, other functional groups are also subject to
reduction under these conditions.

catalyst
RCH=CHR + H, —2= RCH,CH,R

5.1.1. Hydrogenation Using Heterogeneous Catalysts

The mechanistic description of catalytic hydrogenation of alkene is somewhat
imprecise, partly because the reactive sites on the metal surface are not as well



described as small-molecule reagents in solution. As understanding of the chemistry
of soluble hydrogenation catalysts developed, it became possible to extrapolate the
mechanistic concepts to heterogeneous catalysts. It is known that hydrogen is adsorbed
onto the metal surface, forming metal hydrogen bonds similar to those in transition
metal hydrides. Alkenes are also adsorbed on the catalyst surface and at least three
types of intermediates have been implicated in hydrogenation. The initially formed
intermediate is pictured as attached at both carbon atoms of the double bond by
m-type bonding, as shown in A. The bonding involves an interaction between the
alkene m and 7* orbitals with corresponding acceptor and donor orbitals of the metal.
A hydride can be added to the adsorbed group, leading to B, which involves a o-
type carbon-metal bond. This species can react with another hydrogen to give the
alkane, which is desorbed from the surface. A third intermediate species, shown
as C, accounts for double-bond isomerization and the exchange of hydrogen that
sometimes accompanies hydrogenation. This intermediate is equivalent to an allyl
group bound to the metal surface by m bonds. It can be formed from absorbed
alkene by abstraction of an allylic hydrogen atom by the metal. The reactions of
transition metals with organic compounds are discussed in Chapter 8. There are well-
characterized examples of structures corresponding to each of the intermediates A, B,
and C that are involved in hydrogenation. However, one issue that is left unresolved
by this mechanism is whether there is cooperation between adjacent metal atoms, or
if the reactions occur at a single metal center, which is usually the case with soluble
catalysts.

00 R, CHR R
RY UR o— R R
R>8—8‘CH2R RE"C/C H R:C/,E:\TC‘\‘H
A B B A
M M M M M M M M M
A m-complex B o-bond C m-allyl complex

Catalytic hydrogenations are usually very clean reactions with little by-product
formation, unless reduction of other groups is competitive, but careful study reveals
that sometimes double-bond migration takes place in competition with reduction. For
example, hydrogenation of 1-pentene over Raney nickel is accompanied by some
isomerization to both E- and Z-2-pentene.! The isomerized products are converted to
pentane, but at a slower rate than 1-pentene. Exchange of hydrogen atoms between
the reactant and adsorbed hydrogen can be detected by isotopic exchange. Allylic
positions undergo such exchange particularly rapidly.> Both the isomerization and
allylic hydrogen exchange can be explained by the intervention of the m-allyl inter-
mediate C in the general mechanism for hydrogenation. If hydrogen is added at the
alternative end of the allyl system, an isomeric alkene is formed. Hydrogen exchange
occurs if a hydrogen from the metal surface, rather than the original hydrogen, is
transferred prior to desorption.

In most cases, both hydrogen atoms are added to the same face of the double
bond (syn addition). If hydrogenation occurs by addition of hydrogen in two steps, as

Brown and C. A. Brown, J. Am. Chem. Soc., 85, 1005 (1963).
S

" H.C
2~ G. V. Smith and J. R. Swoap, J. Org. Chem., 31, 3904 (1966).
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implied by the above mechanism, the intermediate must remain bonded to the metal
surface in such a way that the stereochemical relationship is maintained. Adsorption to
the catalyst surface normally involves the less sterically congested side of the double
bond, and as a result hydrogen is added from the less hindered face of the double
bond. There are many hydrogenations in which hydrogen addition is not entirely syn,
and independent corroboration of the stereochemistry is normally necessary.

Scheme 5.1 illustrates some hydrogenations in which the syn addition from the
less hindered side is observed. Some exceptions are also included. Entry 1 shows the
hydrogenation of an exocyclic methylene group. This reaction was studied at various
H, pressures and over both Pt and Pd catalysts. 4-Methyl- and 4-z-butylmethylene
cyclohexane also give mainly the cis product.® These results are consistent with a
favored (2.3:1) equatorial delivery of hydrogen.

The Entry 2 reactant, 1,2-dimethylcyclohexene, was also studied by several groups
and a 2:1-4:1 preference for syn addition was noted, depending on the catalyst and
conditions. In the reference cited, the catalyst was prepared by reduction of a Pt salt
with NaBH,. A higher ratio of the cis product was noted at 0°C (5.2:1) than at 25°C
(2.5:1). In Entry 3, the 2,6-dimethycyclohexene gives mainly cis product with a Pt
catalyst but trans product dominates with a Pd catalyst. These three cases indicate
that stereoselectivity for unhindered alkenes is modest and dependent on reaction
conditions. Entries 4 and 5 involve more rigid and sterically demanding alkenes. In
both cases, syn addition of hydrogen occurs from the less hindered face of the molecule.
Entries 6 to 8 are cases in which hydrogen is added from the more-substituted face
of the double bond. The compound in Entry 6 gives mainly trans product at high H,
pressure, where the effects of alkene isomerization are minimized. This result indicates
that the primary adsorption must be from the methyl-substituted face of the molecule.
This may result from structural changes that occur on bonding to the catalyst surface.
In the cis approach, the methyl substituent moves away from the cyclopentane ring
as rehybridization of the double bond occurs. In the trans approach, the methyl group
must move closer to the adjacent cyclopentane ring.

e N

N
N

The preference for addition from the more hindered of the substituents in Entries
7 and 8 can be attributed to functional group interactions with the catalyst. Polar

3. J.-F. Sauvage, R. H. Baker, and A. S. Hussey, J. Am. Chem. Soc., 82, 6090 (1960).



Scheme 5.1. Stereochemistry of Hydrogenation of Some Alkenes

A. Examples of preferential syn addition from less hindered side
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groups sometimes favor cis addition of hydrogen, relative to the substituent. This is a
very common observation for hydroxy groups, but less so for esters (vide infra).

The facial stereoselectivity of hydrogenation is affected by the presence of polar
functional groups that can govern the mode of adsorption to the catalyst surface. For
instance, there are many of examples of hydrogen being introduced from the face of
the molecule occupied by the hydroxy group, which indicates that the hydroxy group
interacts with the catalyst surface. This behavior can be illustrated with the alcohol 1a
and the ester 1b.* Although the overall shapes of the two molecules are similar, the
alcohol gives mainly the product with a cis ring juncture (2a), whereas the ester gives
a product with trans stereochemistry (3b). The stereoselectivity of hydroxy-directed
hydrogenation is a function of solvent and catalyst. The cis-directing effect is strongest
in nonpolar solvents such as hexane. This is illustrated by the results from compound
4. In ethanol, the competing interaction of the solvent molecules evidently swamps
out the effect of the hydroxymethyl group.

o] H Oj
St e ot
CH;0 X CH30 X CH30

la X=CH,OH 2a 94% 3a 6%
1b X=CO,CHj 2b 15% 3b 85%

‘ Solvent %cis % trans
Hexane 61 39
O‘ CHOH  pye 20 80
CH30 4 6 94

EtOH

Thompson and co-workers have explored the range of substituents that can
exert directive effects using polycyclic systems. For ring system 1, hydroxymethyl
and formyl showed strong directive effects; cyano, oximino, and carboxylate were
moderate; and carboxy, ester, amide, and acetyl groups were not directive (see
Table 5.1).4*5 As with 4, the directive effects were shown to be solvent dependent.
Strong donor solvents, such as ethanol and DMF, minimized the substituent-directing
effect. Similar studies were carried out with ring system 5.° The results are given
in Table 5.1. It would be expected that the overall shape of the reactant molecule
would influence the effectiveness of the directive effect. The trends in ring systems 1
and S are similar, although ring system S appears to be somewhat less susceptible to
directive effects. These hydrogenations were carried out in hydroxylic solvents and it
would be expected that the directive effects would be enhanced in less polar solvents.

4 (a) H. W. Thompson, J. Org. Chem., 36, 2577 (1971); (b) H. W. Thompson, E. McPherson, and
B. L. Lences, J. Org. Chem., 41, 2903 (1976).

>~ H. W. Thompson and R. E. Naipawer, J. Am. Chem. Soc., 95, 6379 (1973).

6 H. W. Thompson and S. Y. Rashid, J. Org. Chem., 67, 2813 (2002).



Table 5.1. Substituent Directive Effects for Ring Systems 1 and 5

Ring system 1* Ring system 5°

Substituent X % cis % trans % cis % trans
(Directive) (Nondirective) (Directive) (Nondirective)
CH,NH, 87 13
CH,N(CHj;), 62 38
CH,OH 95 5 48 52
CH=0 93 7 42 58
CN 75 25 20 80
CH=NOH 65 35 45 55
CH,OCH; 44 56
CH,NHCOCH;4 33 67
CO,Na (or K) 55 45 30 70
CO,H 18 82 17 83
CO,CH; 15 85 16 84
CONH, 10 90 33 67
COCH; 14 86 22 78

a. In methoxyethanol.
b. In ethanol.

The general ordering of aminomethyl > hydroxymethyl > CH=0 > ester suggests
that Lewis basicity is the dominant factor in the directive effect. Problem 5.2 involves
considering the ordering of the various acyl substituents in more detail.

Hc ~ ©Hs CHy, FMs

X X
X pac TS
D) e L

5

Substituted indenes provide other examples of substituent directive effects. Over
Pd-alumina, the indenols 6a-c show both cis stereoselectivity and a syn directive effect.
The directive effect is reinforced by steric effects as the alkyl group becomes larger.”

CHg H. .CHs
O‘ cH,  Pd-ALOs \CHs
H, L H
R OH R\ OH
6 trans,trans-7 cis,cis-7
R
CH,q 88 12
C,Hs 97 3
(CH3),CH 100 0

Several indanes (8) were reduced to hexahydroindanes over Rh-Al,O;. The stereo-
chemistry of the ring junction is established at the stage of the reduction of the
tetrasubstituted double bonds. Only the amino group shows a strong directive effect.®

7 K. Borszeky, T. Mallat, and A. Baiker, J. Catalysis, 188, 413 (1999).
8- V. S. Ranade, G. Consiglio, and R. Prins, J. Org. Chem., 65, 1132 (2000); V. S. Ranade, G. Consiglio,
and R. Prins, J. Org. Chem., 64, 8862 (1999).
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X
H JH
+
H
X cis,cis-9 cis,trans-9

OH 67 33
CH,0OH 52 48
NH, 15 98.5
CH; 64 36
OCHjs 88 12
CO,CH3 85 15
CONH, 81 19

5.1.2. Hydrogenation Using Homogeneous Catalysts

In addition to solid transition metals, numerous soluble transition metal
complexes are active hydrogenation catalysts.” One of the first to be used was
tris-(triphenylphosphine)rhodium chloride, known as Wilkinson’s catalyst.'® Hydro-
genation by homogeneous catalysts is believed to take place by initial formation of a
a complex. The addition of hydrogen to the metal occurs by oxidative addition and
increases the formal oxidation state of the metal by two. This is followed by transfer of
hydrogen from rhodium to carbon to form an alkylrhodium intermediate. The final step
is a second migration of hydrogen to carbon, leading to elimination of the saturated
product (reductive elimination) and regeneration of active catalyst.

H

| | |
I —Rh— H, —_Rh— —Rh—H
—Rh— + RCH=CHR — —Rh— T —Rh—H | — RCH,CHR

| RCH=CHR RCH=CHR RCH,CHR

In some cases an alternative sequence involving addition of hydrogen at rhodium
prior to complexation of the alkene may operate.'' The phosphine ligands serve both
to provide a stable soluble complex and to adjust the reactivity at the metal center.
The o-bonded intermediates have been observed for Wilkinson’s catalyst'? and for
several other related catalysts.'> For example, a partially hydrogenated structure has
been isolated from methyl a-acetamidocinnamate.'

9 A.J. Birch and D. H. Williamson, Org. React., 24, 1 (1976); B. R. Jones, Homogeneous Hydrogenation,
Wiley, New York, 1973.

10- J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson, J. Chem. Soc. A, 1711 (1966).

! 1. D. Gridnev and T. Imamoto, Acc. Chem. Res., 37, 633 (2004).

12. D. Evans, J . A. Osborn and G. Wilkinson, J. Chem. Soc. A, 3133 (1968); V. S. Petrosyan, A. B. Permin,
V. . Bogdaskina, and D. P. Krutko, J. Orgmet. Chem., 292, 303 (1985).

- H. Heinrich, R. Giernoth, J. Bargon, and J. M. Brown, Chem. Commun., 1296 (2001); I. D. Gridnev,
N. Higashi and T. Imamoto, Organometallics, 20, 4542, (2001).

14 J. A. Ramsden, T. D. Claridge and J. M. Brown, J. Chem. Soc., Chem. Commun., 2469 (1995).
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The regioselectivity of the hydride addition step has been probed by searching for
deuterium exchange into isomerized alkenes that have undergone partial reduction.'
The results suggest that Rh is electrophilic in the addition step and that the hydride
transfer is nucleophilic.

100% D
CHs PhaA
CO,H CO,H Ph
A NN
OCH,4
100% D 100% D

The stereochemistry of reduction by homogeneous catalysts is often controlled by
functional groups in the reactant. Delivery of hydrogen occurs cis to a polar functional
group. This behavior has been found to be particularly characteristic of an iridium-
based catalyst that contains cyclooctadiene, pyridine, and tricyclohexylphosphine as
ligands, known as the Crabtree catalyst."® Homogeneous iridium catalysts have been
found to be influenced not only by hydroxy groups, but also by amide, ester, and ether
substituents.!’

OH OH
CH,z :
m [RsP—Ir(COD)pylPF, Lfl/'tj
0 Ha o B
H Ref. 18
[R3P—Ir(COD)py]PF,
H2 ",
CHy h “CHj
Ref. 19

> J. Yu and J. B. Spencer, J. Am. Chem. Soc., 119, 5257 (1997); J. Yu and J. B. Spencer, Tetrahedron,

54, 15821 (1998).

- R. Crabtree, Acc. Chem. Res., 12, 331 (1979).

- R. H. Crabtree and M. W. Davis, J. Org. Chem., 51, 2655 (1986); P. J. McCloskey and A. G. Schultz,
J. Org. Chem., 53, 1380 (1988).

8- G. Stork and D. E. Kahne, J. Am. Chem. Soc., 105, 1072 (1983).

19 A. G. Schultz and P. J. McCloskey, J. Org. Chem., 50, 5905 (1985).

o
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The Crabtree catalyst also exhibited superior stereoselectivity in comparison with other
catalysts in reduction of an exocyclic methylene group.?

OH OH

[Ir(cod)(pyr)PR3] PFg >99:1
Rh(nbd)(dppb) BF, 90:10
Rh(Ph3P);Cl 6:94
Pd/C 5:95

Presumably, the stereoselectivity in these cases is the result of coordination of iridium
by the functional group. The crucial property required for a catalyst to be stereodirective
is that it be able to coordinate with both the directive group and the double bond and
still accommodate the metal hydride bonds necessary for hydrogenation. In the iridium
catalyst illustrated above, the cyclooctadiene ligand (COD) in the catalysts is released
by hydrogenation, permitting coordination of the reactant and reaction with hydrogen.
Scheme 5.2 gives some examples of hydrogenations carried out with homoge-
neous catalysts. Entry 1 is an addition of deuterium that demonstrates net syn addition
with the Wilkinson catalyst. The reaction in Entry 2 proceeds with high stereoselec-
tivity and is directed by steric approach control, rather than a substituent-directing
effect. One potential advantage of homogeneous catalysts is the ability to achieve
a high degree of selectivity among different functional groups. Entries 3 and 4 are
examples that show selective reduction of the unconjugated double bond. Similarly
in Entry 5, reduction of the double bond occurs without reduction of the nitro group,
which is usually rapidly reduced by heterogeneous hydrogenation. Entries 6 and 7 are
cases of substituent-directed hydrogenation using the iridium (Crabtree) catalyst. The
catalyst used in Entry 8 is related to the Wilkinson catalyst, but on hydrogenation
of norbornadiene (NBD) has two open coordination positions. This catalyst exhibits
a strong hydroxy-directing effect. The Crabtree catalyst gave excellent results in the
hydrogenation of 3-methylpentadeca-4-enone to R-muscone. (Entry 9) A number of
heterogeneous catalysts led to 5—15% racemization (by allylic exchange).

5.1.3. Enantioselective Hydrogenation

The fundamental concepts of enantioselective hydrogenation were introduced in
Section 2.5.1 of Part A, and examples of reactions of acrylic acids and the important
case of a-acetamido acrylate esters were discussed. The chirality of enantioselective
hydrogenation catalysts is usually derived from phosphine ligands. A number of chiral
phosphines have been explored in the development of enantioselective hydrogenation
catalysts,?' and it has been found that some of the most successful catalysts are derived
from chiral 1, 1’-binaphthyldiphosphines, such as BINAP.?

20. J. M. Bueno, J. M. Coteron, J. L. Chiara, A. Fernandez-Mayoralas, J. M. Fiandor, and N. Valle,
Tetrahedron Lett., 41, 4379 (2000).

21 B. Bosnich and M. D. Fryzuk, Top. Stereochem., 12, 119 (1981); W. S. Knowles, W. S. Chrisopfel,
K. E. Koenig, and C. F. Hobbs, Adv. Chem. Ser., 196, 325 (1982); W. S. Knowles, Acc. Chem. Res.,
16, 106 (1983).

22- R. Noyori and H. Takaya, Acc. Chem. Res., 23, 345 (1990).



Scheme 5.2. Homogeneous Catalytic Hydrogenation
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O ! PPh,

BINAP

Ruthenium complexes containing this ligand are able to reduce a variety of double
bonds with e.e. above 95%. In order to achieve high enantioselectivity, the reactant
must show a strong preference for a specific orientation when complexed with the
catalyst. This ordinarily requires the presence of a functional group that can coordinate
with the metal. The ruthenium-BINAP catalyst has been used successfully with unsat-
urated amides,? allylic and homoallylic alcohols,?* and unsaturated carboxylic acids.?

CHg CHs Ru(S-BINAP)(OAc),  CHg CHj

CH; OH CH; OH
99% e.e. et 12

The mechanism of such reactions using unsaturated carboxylic acids and
Ru(BINAP)(0,CCHs;), is consistent with the idea that coordination of the carboxy
group establishes the geometry at the metal ion.?® The configuration of the new stereo-
center is then established by the hydride transfer. In this particular mechanism, the
second hydrogen is introduced by protonolysis, but in other cases a second hydride
transfer step occurs.

R R -
o R 0
p_l O Pl _0O
e Ehe
_— U\ - U\
P P” | So_,0
H

23- R. Noyori, M. Ohta, Y. Hsiao, M. Kitamura, T. Ohta, and H. Takaya, J. Am. Chem. Soc., 108, 7117
(1986).

2. H. Takaya, T. Ohta, N. Sayo, H. Kumobayashi, S. Akutagawa, S. Inoue, I. Kasahara, and R. Noyori,
J. Am. Chem. Soc., 109, 1596 (1987).

25- T. Ohta, H. Takaya, M. Kitamura, K. Nagai, and R. Noyori, J. Org. Chem., 52, 3174 (1987).

26- M. T. Ashby and J. T. Halpern, J. Am. Chem. Soc., 113, 589 (1991).



This reaction has been used in the large-scale preparation of an intermediate in the
synthesis of a cholesterol acyl-transferase inhibitor.?’

OCH,

OCHg
CH.).CH Ru(R-BINAP)(OAC), (CH)4CH3
CH,0 < (CH3)4CH3 v CH30 3\ COH
2 H 100% yield
CO,H on 100 g scale
97% e.e.

An enantioselective hydrogenation of this type is also of interest in the production
of a-tocopherol (vitamin E). Totally synthetic a-tocopherol can be made in racemic
form from 2,3,5-trimethylhydroquinone and racemic isophytol. The product made in
this way is a mixture of all eight possible stereoisomers.

CH,
HO CHy  CHy CHy  CHy
+ WW
CH, OH OH
CH,4 isophytol

CHj

CHj

Tocopherol can be produced as the pure 2R,4'R,8 R stereoisomer from natural
vegetable oils. This is the most biologically active of the stereoisomers. The
correct side-chain stereochemistry can be obtained using a process that involves two
successive enantioselective hydrogenations.”® The optimum catalyst contains a 6, 6'-
dimethoxybiphenyl phosphine ligand. This reaction has not yet been applied to the
enantioselective synthesis of a-tocopherol because the cyclization step with the phenol

is not enantiospecific.
Ph
/
CH,0 PCPh

Ru(0,CCF,)
CH;0%,, pl
Q ~ph
Ph
catalyst
CH,  CH, CHy  ch, chan CHy  CHs  cp,
/\M Hz’ “ w e W\W
HO
HO CHy HO CH;  (several CH,
steps)
Hy S cn, CHy  CHy

27 M. Murakami, K. Kobayashi, and K. Hirai, Chem. Pharm. Bull., 48, 1567 (2000).
28. T. Netscher, M. Scalione, and R. Schmid, in Asymmetric Catalysis on an Industrial Scale: Challenges,
Approaches and Solutions, H. U. Blaser and E. Schmidt, eds., Wiley-VCH, Weinhem, 2004, pp. 71-89.
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An especially important case is the enantioselective hydrogenation of
a-amidoacrylic acids, which leads to a-aminoacids.?® A particularly detailed study has
been carried out on the mechanism of reduction of methyl Z-a-acetamidocinnamate by
a thodium catalyst with a chiral diphosphine ligand DIPAMP.* It has been concluded
that the reactant can bind reversibly to the catalyst to give either of two complexes.
Addition of hydrogen at rhodium then leads to a reactive rhodium hydride and
eventually to product. Interestingly, the addition of hydrogen occurs most rapidly in
the minor isomeric complex, and the enantioselectivity is due to this kinetic preference.

L0

S ”,
S 2
N v

a veon: @

DIPAMP
/Cone
PhCH=C
NHAc
slower major minor faster
complex complex
Rh
Rh-hydride Rh-hydride
complex complex

minor (R) major (S)
product product

A thorough computational study of this process has been carried out using
B3LYP/ONIOM calculations.?! The rate-determining step is found to be the formation
of the rhodium hydride intermediate. The barrier for this step is smaller for the minor
complex than for the major one. Additional details on this study can be found at:

Visual models and additional information and exercises on Asymmetric Hydro-
genation can be found in the Digital Resource available at: Springer.com/carey-
sundberg.

2.7, Halpern, in Asymmetric Synthesis, Vol. 5, J. D. Morrison, ed., Academic Press, Orlando, FL, 1985;
A. Pfaltz and J. M. Brown, in Stereoselective Synthesis, G. Helmchen, R. W. Hoffmann, J. Mulzer, and
E. Schauman, eds., Thieme, New York, 1996, Part D, Sect. 2.5.1.2; U. Nagel and J. Albrecht, Catalysis
Lett., 5, 3 (1998).

30-C. R. Landis and J. Halpern, J. Am. Chem. Soc., 109, 1746 (1987).

31-°S. Feldgus and C. R. Landis, J. Am. Chem. Soc., 122, 12714 (2000).



Another mechanistic study, carried out using S-BINAP-ruthenium(Il) diacetate
catalyst, concluded that the mechanism shown in Figure 5.1 was operating.’> The
rate-determining step is the hydrogenolysis of intermediate 13, which has an E, of
about 19 kcal/mol. This step also determines the enantioselectivity and proceeds with
retention of configuration. The prior steps are reversible and the relative stability of
13, > 13, determines the preference for the S-enantiomer. The energy relationships
are summarized in Figure 5.2. The major difference between the major and minor
pathways is in the precursors 12, (favored) and 12; (disfavored). There is a greater
steric repulsion between the carboxylate substituent and the BINAP ligand in 12 than
in 12,, (Figure 5.3.).

A related study with a similar ruthenium catalyst led to the structural and NMR
characterization of an intermediate that has the crucial Ru—C bond in place and
also shares other features with the BINAP-ruthenium diacetate mechanism.** This
mechanism, as summarized in Figure 5.4, shows the formation of a metal hydride
prior to the complexation of the reactant. In contrast to the mechanism for acrylic
acids shown on p. 378, the creation of the new stereocenter occurs at the stage of the
addition of the second hydrogen.

SOESs
P\ /O

u
[ Do
Ph, 0_/<

(s)-BINAP—Ru(ll)
COOR1 Rz
(P P)(AcO)HRu ~ (P P)(AcO)HRu NH
Rl
R100C NHCOR? COO
minor cycle major cycle %
1
COOR OYRZ
(P P)(AcO)HRu 4‘\ RuH(AcO)(P P) (P P)(Aig)HRu)(NH
Rlooc NHCOR? 4 N ) " COOR!
3 ; " R!OOC._ NHCOR ;
H /% CHOH <% H --#CH,0H
SN u y 3 . H {
N =
BN < H H RIOOC._ NH,COR?
1, 2 2 2
R!00C RNHCOR RU(ACO)(CH,0)(P-P) Ru(AcO)(CH O)(P- P) Hj/
H 14 14

H

Fig. 5.1. Mechanism of ruthenium catalyzed enantioselective hydrogenation of a-acetamidoacrylate
esters. Reproduced from J. Am. Chem. Soc., 124, 6649 (2002), by permission of the American
Chemical Society.

32. M. Kitamura, M. Tsukamoto, Y. Bessho, M. Yoshimura, U. Kobs, M. Widhalm, and R. Noyori, J. Am.
Chem. Soc., 124, 6649 (2002).

3. 7. A. Wiles and S. H. Bergens, Organometallics, 17, 2228 (1998); J. A. Wiles and S. H. Bergens,
Organometallics, 18, 3709 (1999).
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13+ H,

AG¥=18.9 kcal

AG = 23.9 kcal

Fig. 5.2. Summary energy diagram for enantioselective ruthenium-catalyzed hydrogenation of
a-acetamidoacrylate esters. Reproduced from J. Am. Chem. Soc., 124, 6649 (2002), by permission of
the American Chemical Society.

favored disfavored
major minor
R'0OC NHCOR? R20CHN COOR*

SORe R H
H

Fig. 5.3. (a) View of (S§)-BINAP-ruthenium complex
showing the chiral environment. (b) Relationship of reactant
to chiral environment showing preferred orientation. The
binaphthyl rings are omitted for clarity. Adapted from J.
Am. Chem. Soc., 124, 6649 (2002), by permission of the
American Chemical Society.
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Fig. 5.4. Schematic mechanism for enantioselective hydrogenation of methyl
acetamidocinnamate (MAC) over a cationic ruthenium catalyst. Reproduced
from Organometallics, 18,3709 (1999), by permission of the American Chemical Society.

Catalyst reactivity and enantioselectivity can be affected by substituents on
ligands. In the Rh-catalyzed hydrogenation of methyl Z-a-acetamidocinnamate, for
example, BINOL phosphites with ERGs give much higher enantioselectivity than
those with EWGs. The ligand substituents modify the electron density at the metal
center and change the energy balance between the competing pathways. This example
demonstrates the potential for fine-tuning of the catalysts by changes that are relatively
remote from the catalytic site.*

" (I
COCHs  Rn(COD),BF, "OPA,

/:< Rh(COD),BF ph - COCHs

PR NHCCH, phosphite NHCCHs OPAr,
1] ligand I
o] o]

Ar substituent % e.e.

3,5-di-CF3 31
4-CF3 49
4-CHj3 93
3,5-di-CHj3 94
4-CH30 99

Many other catalysts and ligands have been examined for the enantioselective
reduction of a-acetamidoacrylates and related substrates. Phosphoramidites derived
from BINOL and the cyclic amines piperidine and morpholine give excellent results.®

ML Gergely, C. Hegedus, A. Szollosy, A. Monsees, T. Riermeier, and J. Bakos, Tetrahedron Lett., 44,
9025 (2003).

35. H. Bernsmann, M. van der Berg, R. Hoen, A. J. Minnaard, G. Mehler, M. T. Reetz, J. G. De Vries, and
B. L. Feringa, J. Org. Chem., 70, 943 (2005).
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2 mol % ”
CO,CH,4 Rh(COD),BF, O /N

— Ph H / s
0, i N O
PH NHﬁCH3 4 mol % ligand NHCCHg OO
! g X = CH,or O
>99% e.e. ligand

These ligands also give excellent results with dimethyl itaconate and o-arylenamides.

Scheme 5.3 shows the enantioselectivity of some hydrogenations of unsaturated
acids and amides. Entries 1 to 5 are examples of hydrogenations of a-acetamidoacrylate
and a-acetamidocinnamate esters. The catalyst in Entries 1 and 2 uses chiraphos as
the chiral phosphine ligand and norbornadiene as the removable ligand. The catalyst in
Entry 3 uses DIPAMP as the chiral ligand. BINAP is the ligand in Entry 4. The ligand
in Entry 5, known as EtDuPHOS, gave highly selective reduction of the o,3-double
bond in the conjugated system. Entries 6 and 7 show reduction of acrylate esters
having other types of substituents that give good results with the DIPAMP catalyst.
Entries 8 to 10 show examples of several alkylidene succinate half-esters.

There can be significant differences in the detailed structure and mechanism of
these catalysts. For example, the geometry of the phosphine ligands may affect the
reactivity at the metal ion, but the basic elements of the mechanism of enantioselection
are similar. The phosphine ligands establish a chiral environment and provide an
appropriate balance of reactivity and stability for the metal center. The reactants bind
to the metal through the double bond and at least one other functional group, and
mutual interaction with the chiral environment is the basis for enantioselectivity. The
new stereocenters are established under the influence of the chiral environment.

The enantioselective hydrogenation of unfunctionalized alkenes presents special
challenges. Functionalized reactants such as acrylate esters can coordinate with the
metal in the catalyst and this point of contact can serve to favor a specific orientation
and promote enantioselectivity. Unfunctionalized alkenes do not have such coordi-
nation sites and enantioselectivity is based on steric factors. A number of iridium-based
catalysts have been developed. One successful type of catalyst incorporates phosphine
or phosphite groups and a chiral oxazoline ring as donars.* The catalysts also incor-
porate cyclooctadiene as a removable ligand. These catalysts are extremely sensitive to
even weakly coordinating anions and the preferred anion for alkene hydrogenation is
tetrakis-[(3,5-trifluoromethyl)phenyl|borate. Most of the examples to date have been
with aryl-substituted double bonds.

Oj CHaOﬁE K\(Oj

\ 1 “, N—.,
PAr, N7 PAr; C(CHa)3 PAr, ‘C(CHy)s
(CHa)s Ar=o0-tolyl Ar=phenyl
Ar=o-tolyl
A%7 B38 c3

3 G. Helmchen and A. Pfaltz, Acc. Chem. Res., 33, 336 (2000).

37- F. Menges, M. Neuburger, and A. Pfaltz, Org. Lett., 4, 4713 (2002).

3. S. P. Smidt, F. Menges, and A. Pfaltz, Org. Lett., 6, 2023 (2004).

3 D.R. Hou, J. Reibenspies, T. J. Colacot, and K. Burgess, Chem. Eur. J., 7, 5391 (2001).



Scheme 5.3. Enantioselectivity for Catalytic Hydrogenation of Substituted
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CHAPTER 5 Reactant Catalyst Product Configuration % e.e.
Reduction of 99
Carbon-Carbon Multiple he” Ph -PPh; s 595
Bonds, Carbonyl )K/CO H A an PhCH,
Groups, and Other CH.O.C 2 ,-Rh < > )\/COZH
. 302! 70 iON HO,C
Functional Groups SN
Ph,PCH, CNHPh
Vi
10"
CHZ (C6Hll)2
)K/COZ"' s $ CO,H ° *
- 2
CHy0,C RH. HO,C
P
, O
(CeH11)2

a. M. D. Fryzuk and B. Bosnich, J. Am. Chem. Soc. 99, 6262 (1977).
b. B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachman, and D. J. Weinkauff, J. Am.
Chem. Soc., 99, 5946 (1977).
c. A. Miyashita, H. Takaya, T. Souchi, and R. Noyori, Tetrahedron, 40, 1245 (1984).
d. M. J. Burk, J. G. Allen, and W. F. Kiesman, J. Am. Chem. Soc., 120, 657 (1998).
e. W. C. Christopfel and B. D. Vineyard, J. Am. Chem. Soc., 101, 4406 (1979).
f. M. J. Burk, F. Bienewald, M. Harris, and A. Zanotti-Gerosa, Angew. Chem. Int. Ed. Engl. 37,
1931 (1998).
g. H. Jendralla, Tetrahedron Lett., 32, 3671 (1991).
h. T. Chiba, A. Miyashita, H. Nohira, and H. Takaya, Tetrahedron Lett., 32, 4745 (1991).
CH
CHs O CH, 3
A X -CHsz X
g EH,
e CH,0
Catalyst Percent e.e.
A 98 81 63
B 98 91 66
C 89 86 75

These catalysts also provide excellent results with acrylate esters and allylic alcohols.

e CH,OH
X CO,CoHs X
Catalyst Percent e.e.
A 84 96
B 94 97

These catalysts are activated by hydrogenation of the cyclooctadiene ligand, which
releases cyclooctane and opens two coordination sites at iridium. The mechanism has
been probed by computational studies.* It is suggested that the catalytic cycle involves

40- P, Brandt, C. Hedberg, and P. G. Andersson, Chem. Eur. J., 9, 339 (2003).



the addition of two hydrogens to the alkene-catalyst complex, followed by formation 387
of an alkyliridium intermediate and reductive elimination.
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The enantioselectivity is thought to result from both steric blocking by the #-butyl

substituent on the oxazoline ring and an attractive van der Waals interaction of an aryl
ring and the oxazoline ring, as shown in Figure 5.5.

R

5.1.4. Partial Reduction of Alkynes

Partial reduction of alkynes to Z-alkenes is an important synthetic application of
selective hydrogenation catalysts. The transformation can be carried out under hetero-
geneous or homogeneous conditions. Among heterogeneous catalysts, the one that

Recognition site for the least
substituted alkene position.

Expected
vdW attraction

Fig. 5.5. Suggested basis of enantioselectivity in hydrogenation of o-methylstilbene by a
phosphinoaryl oxazoline—iridium catalyst. Reproduced from Chem. Eur. J., 9, 339 (2003), by
permission of Wiley-VCH.
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is most successful is Lindlar’s catalyst, a lead-modified palladium-CaCO, catalyst.*!
A nickel-boride catalyst prepared by reduction of nickel salts with sodium hydride is
also useful.*? Rhodium catalysts have also been reported to show good selectivity.*

5.1.5. Hydrogen Transfer from Diimide

Catalytic hydrogenation transfers the elements of molecular hydrogen through
a series of complexes and intermediates. Diimide, HN=NH, an unstable hydrogen
donor that can be generated in situ, finds specialized application in the reduction
of carbon-carbon double bonds. Simple alkenes are reduced efficiently by diimide,
but other easily reduced functional groups, such as nitro and cyano are unaffected.
The mechanism of the reaction is pictured as a concerted transfer of hydrogen via a
nonpolar cyclic TS.

/
_C_ J—

N2 RS

HN=NH+ Cc=C— H H — £7&

/ N L H \H

N=N N=N

In agreement with this mechanism is the fact that the stereochemistry of addition is
syn.** The rate of reaction with diimide is influenced by torsional and angle strain in
the alkene. More strained double bonds react at accelerated rates.* For example, the
more strained trans double bond is selectively reduced in Z,E-1,5-cyclodecadiene.

ool--Jou
cu? 0,

Diimide selectively reduces terminal over internal double bonds in polyunsaturated

systems.*’

Reduction by diimide can be advantageous when compounds contain functional
groups that would be reduced by other methods or when they are unstable to hydro-
genation catalysts. There are several methods for generation of diimide and they are
illustrated in Scheme 5.4. The method in Entry 1 is probably the one used most
frequently in synthetic work and involves the generation and spontaneous decar-

boxylation of azodicarboxylic acid. Entry 2, which illustrates another convenient
method, thermal decomposition of p-toluenesulfonylhydrazide, is interesting in that it

Ref. 46

- H. Lindlar and R. Dubuis, Org. Synth., V, 880 (1973).

42 H. C. Brown and C. A. Brown, J. Am. Chem. Soc., 85, 1005 (1963); E. J. Corey, K. Achiwa, and
J. A. Katzenellenbogen, J. Am. Chem. Soc., 91, 4318 (1969).

43- R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc., 98, 2143 (1976); J. M. Tour, S. L. Pendalwar,
C. M. Kafka, and J. P. Cooper, J. Org. Chem., 57, 4786 (1992).

4. E. J. Corey, D. J. Pasto, and W. L. Mock, J. Am. Chem. Soc., 83, 2957 (1961).

4. E. W. Garbisch, Jr., S. M. Schildcrout, D. B. Patterson, and C. M. Sprecher, J. Am. Chem. Soc., 87,
2932 (1965).

4. 7. G. Traynham, G. R. Franzen, G. A. Kresel, and D. J. Northington, Jr., J. Org. Chem., 32, 3285 (1967).

47- E. I. Corey, H. Yamamoto, D. K. Herron, and K. Achiwa, J. Am. Chem. Soc., 92, 6635 (1970);

E. J. Corey and H. Yamamoto, J. Am. Chem. Soc., 92, 6636, 6637 (1970).
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Scheme 5.4. (Continued)
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KO,CN=NCO,K N

CH4CO,H

CHj 86%

. E. E. van Tamelen, R. S. Dewey, and R. J. Timmons, J. Am. Chem. Soc., 83, 3725 (1961).
. E. E. van Tamelen, R. S. Dewey, M. F. Lease, and W. H. Pirkle, J. Am. Chem. Soc., 83, 4302 (1961).
. M Ohno, and M. Okamoto, Org. Synth., 49, 30 (1969).
. W. Durckheimer, Liebigs Ann. Chem., 712, 240 (1969).
. L. A. Paquette, A. R. Browne, E. Chamot, and J. F. Blount, J. Am. Chem. Soc., 102, 643 (1980).
J.-M. Durgnat and P. Vogel, Helv. Chim. Acta, 76, 222 (1993).
. P. A. Grieco, R. Lis, R. E. Zelle, and J. Finn, J. Am. Chem. Soc., 108, 5908 (1986).
. P. Magnus, T. Gallagher, P. Brown, and J. C. Huffman, J. Am. Chem. Soc., 106, 2105 (1984).
M. Squillacote, J. DeFelippis, and Y. L. Lai, Tetrahedron Lett., 34, 4137 (1993).
j. K. Biswas, H. Lin, J. T. Njgardson, M. D. Chappell, T.-C. Chou, Y. Guan, W. P. Tong, L. He, S. B. Horwitz,
and S. J. Danishefsky, J. Am. Chem. Soc., 124, 9825 (2002).

o o

(=%

=5 o

demonstrates that the very easily reduced disulfide bond is unaffected by diimide.
Entry 3 involves generation of diimide by oxidation of hydrazine and also illustrates
the selective reduction of trans double bonds in a medium-sized ring. Entry 4 shows
that nitro groups are unaffected by diimide. Entries 5 to 7 involve sensitive molecules
in which double bonds are reduced successfully. Entry 8, part of a synthesis of the
kopsane group of alkaloids, successfully retains a sulfur substituent. Entry 9 illustrates
a more recently developed diimide source, photolysis of 1,3,4-thiadiazolin-2,5-dione.
Entry 10 is a selective reduction of a trans double bond in a macrocyclic lactone and
was used in the synthesis of epothilone analogs.*?

5.2. Catalytic Hydrogenation of Carbonyl
and Other Functional Groups

Many other functional groups are also reactive under conditions of catalytic hydro-
genation. Ketones, aldehydes, and esters can all be reduced to alcohols, but in most cases
these reactions are slower than alkene reductions. For most synthetic applications, the
hydride transfer reagents, discussed in Section 5.3, are used for reduction of carbonyl
groups. The reduction of nitro compounds to amines, usually proceeds very rapidly.
Amides, imines, and also nitriles can be reduced to amines. Hydrogenation of amides
requires extreme conditions and is seldom used in synthesis, but reductions of imines and
nitriles are quite useful. Table 5.2 gives a summary of the approximate conditions for
catalytic hydrogenation of some common functional groups.

48. For another example, see J. D. White, R. G. Carter, and K. F. Sundermann, J. Org. Chem., 64, 684
(1999).
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Reactant Product Catalyst Conditions
N,/ L] . .

CcC=C —C—C— Pd, Pt, Ni, Rapid at room temperature (R.T.) and 1 atm
7 N [ Ru, Rh except for highly substituted or hindered cases

_ N % ) .
—C=C— CcC=cC Lindlar R. T. and low pressure, quinoline or lead added to
H/ \H deactivate catalyst

@— Q Rh, Pt Moderate pressure (5-10 atm), 50-100°C
Q <:>7 Ni, Pd High pressure (100-200 atm), 100-200°C

(0} )

I R?HR Pt, Ru Moderate rate at R. T. and 1-4 atm. acid-catalyzed
RCR OH

ﬁ R(|:HR Cu—Cr, Ni High pressure, 50-100°C
RCR o OH

or ?R @CHZR Pd

oL
e
@CHR @CHZR Pd, Ni
(0] (0]
[ [I Pd
RCCI RCH
R(l_l,OH RCH,0OH Pd, Ni, Ru
i
RCOR RCH,OH Cu—Cr, Ni
RC=N RCH,NH, Ni, Rh
i
RCNH, RCH,NH, Cu-Cr
RNO, RNH, Pd, Ni, Pt
IHR
RCR R,CHNHR Pd, Pt
R—CI
R—Br R—H Pd
R—I
o H OH
A N W Pt, Pd

R. T., 1-4 atm. acid-catalyzed

50-100°C, 1-4 atm
R. T., 1 atm. quinoline or other catalyst
moderator used
Very strenuous conditions required

200°C, high pressure

50-100°C, usually high pressure, NH; added to
increase yield of primary amine

Very strenuous conditions required

R.T., 1-4 atm

R. T., 4-100 atm

Order of reactivity: | > Br > Cl > F, bases
promote reactions for R = alkyl

Proceeds slowly at R. T., 1-4 atm, acid-catalyzed

a. General References: M. Freifelder, Catalytic Hydrogenation in Organic Synthesis: Procedures and Commentary, John

Wiley & Sons, New York, 1978; P. N. Rylander, Hydrogenation Methods, Academic Press, Orlando FL, 1985.

Many enantioselective catalysts have been developed for reduction of functional
groups, particularly ketones. BINAP complexes of Ru(II)Cl, or Ru(Il)Br, give good
enantioselectivity in reduction of B-ketoesters.*> This catalyst system has been shown
to be subject to acid catalysis.”® Thus in the presence of 0.1 mol % HCI, reduction

proceeds smoothly at 40 psi of H, at 40°C.

49- R. Noyori, T. Ohkuma, M. Kitamura, H. Takaya, N. Sayo, H. Kumobayashi, and S. Akutagawa, J. Am.

Chem. Soc., 109, 5856 (1987).

50-°S. A. King, A. S. Thompson, A. O. King, and T. R. Verhoeven, J. Org. Chem., 57, 6689 (1992).
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0.05 mol %

[Ru(BINAP)Cl,], OH

CH30(CH,)3CCH,CO,CH,

CHZO(CH CH3CO,CH
40 psi H2 3 ( 2)3 3 2 3

40°C

For reduction of monofunctional ketones, the most effective catalysts include
diamine ligands. The diamine catalysts exhibit strong selectivity for carbonyl groups
over carbon-carbon double and triple bonds. These catalysts have a preference for
equatorial approach in the reduction of cyclohexanones and for steric approach control
in the reduction of acyclic ketones.>!

o OH

LT § oy RUCEPPR: vah -
R * CH)H/Ph CHs
3 HaN(CHy),NH CH,
R % axial CH, ( 22NH; CH,
O 1" .
CH,4 92:8 CH,4 anti:syn 9:1
Ph 96:4 e Ph
: H
(CH3)sC 98.4:1.6 CHs

Related catalysts include both a chiral BINAP-type phosphine and a chiral diamine
ligand. A wide range of aryl ketones gave more than 95% enantioselectivity when
substituted-1,1’-binaphthyl and ethylene diamines were used.’?

Al RuCl, OH
HAN 3 NH, o diphosphine )\
2 —_—
CH(CHa), Af CHs diamine Ar CHg

>99% e.e. for

Ar = 4-methoxyphenyl most aryl groups

xyl = 3,5-dimethylphenyl

Cyclic and a,3-unsaturated ketones also gave high e.e. but straight-chain alkyl ketones
did not.

The suggested catalytic cycle for the diamine catalysts indicates that the NH
group of the diamine plays a direct role in the hydride transfer through a six-membered
TS.>* A feature of this mechanism is the absence of direct contact between the ketone
and the metal. Rather, the reaction is pictured as a nucleophilic delivery of hydride
from ruthenium, concerted with a proton transfer from nitrogen.

31 T. Ohkuma, H. Ooka, M. Yamakawa, T. Ikariya, and R. Noyori, J. Org. Chem., 61, 4872 (1996).

2. T. Ohkuma, M. Koizuma, H. Doucet, T. Pham, M. Kozawa, K. Murata, E. Katayama, T. Yokozawa,
T. Ikariya, and R. Noyori, J. Am. Chem. Soc., 120, 13529 (1998).

33 C. A. Sandoval, T. Ohkuma, Z. Muniz, and R. Noyori, J. Am. Chem. Soc., 125, 13490 (2003).
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The catalyst used for these mechanistic studies has been characterized by X-ray crystal-
lography, as shown in Figure 5.6. It is obtained as a hydrido ruthenium(II) species
that is also coordinated by a [BH,]|~ anion. The catalyst is prepared by exposing the

DINAP-diamine RuCl, complex to excess NaBH,.**

Fig. 5.6. Crystal structure of fetrakis-P,P,P'P'-(4-methylphenyl)-1,1’-binaphthyldi-
phosphine-1,2-diphenyl-1,2-ethanediamine ruthenium borohydride catalyst. Reproduced
from J. Am. Chem. Soc., 124, 6508 (2002), by permission of the American Chemical

Society.

3% T. Ohkuma, M. Koizumi, K. Muniz, G. Hilt, C. Kabuto, and R. Noyori, J. Am. Chem. Soc., 124, 6508

(2002).
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Several other versions of these catalysts have been developed. Arene complexes
of monotosyl-1,2-diphenylethylenediamine ruthenium chloride give good results with
a,B-ynones. The active catalysts are generated by KOH. These catalysts also function
by hydrogen transfer, with isopropanol serving as the hydrogen source. Entries 6 to 8
in Scheme 5.3 are examples.

R
on TS - R
AN KOH Ph, N
Ru ’ N
/E / N\ Ru
N Cl NS

Ph
H2 Ph H

Catalyst D: Arene = mesitylene
Catalyst E: Arene = p-cymene

Scheme 5.5 gives some examples of the application of these Ru(II)-diphosphine
and diamine catalysts. Entries 1 and 2 are examples of the hydrogenation
of B-dicarbonyl compounds with Ru(BINAP)Cl,. Excellent enantioselectivity is
observed, although elevated hydrogen pressure is required. Entry 3 proceeds in fair
yield and enantioselectivity, and without reduction of the conjugated carbon-carbon
double bond. Entry 4 uses the cymene complex catalyst E under hydrogen transfer
conditions. Entry 5 involves tandem 1,4- and 1,2-reduction and was done under
hydrogen transfer conditions, using formic acid as the hydride donor. Entries 6 to
8 show good yields and enantioselectivity for several alkynyl ketones of increasing
structural complexity. In the latter two cases, only a single stereoisomer was observed.

Certain functional groups can be entirely removed and replaced by hydrogen,
a reaction known as hydrogenolysis. For example, aromatic halogen substituents
are frequently removed by hydrogenation over transition metal catalysts. Aliphatic
halogens are somewhat less reactive but hydrogenolysis is promoted by base.”® The
most useful type of hydrogenolysis reaction involves removal of oxygen functional
groups at benzylic and allylic positions.”’

H,, Pd
CH,0R —— CH; + HOR

Hydrogenolysis of halides and benzylic groups presumably involves intermediates
formed by oxidative addition to the active metal catalyst to generate intermediates
similar to those involved in hydrogenation. The hydrogenolysis is completed by
reductive elimination.® Many other examples of this pattern of reactivity are discussed
in Chapter 8.
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