




Organic Synthesis





Organic Synthesis:
Strategy and Control

Paul Wyatt
Senior Lecturer and Director of Undergraduate Studies, School of Chemistry,

University of Bristol, UK

and

Stuart Warren
Reader in Organic Chemistry, Department of Chemistry, 

University of Cambridge, UK



Copyright © 2007 John Wiley & Sons Ltd,
 The Atrium, Southern Gate, Chichester,
 West Sussex PO19 8SQ, England
 
 Telephone (+44) 1243 779777

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any 
means, electronic, mechanical, photocopying, recording, scanning or otherwise, except under the terms  of the Copyright, Designs 
and Patents Act 1988 or under the terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham Court Road, 
London WIT 4LP, UK, without the permission in writing of the Publisher. Requests to the Publisher should be addressed to the 
Permissions Department, John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or 
emailed to pennreq@wilev.co.uk, or faxed to (+44) 1243 770620.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product names 
used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners. The Publisher is 
not associated with any product or vendor mentioned in this book.

This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is sold on the 
understanding that the Publisher is not engaged in rendering professional services. If professional advice or other expert assistance is 
required, the services of a competent professional should be sought.

Other Wiley Editorial Offi ces

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809

John Wiley & Sons Canada Ltd, 6045 Freemont Blvd, Mississauga, ONT, L5R 4J3, Canada

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in 
electronic books.

Anniversary Logo Design: Richard J. Pacifi co

Library of Congress Cataloging-in-Publication Data

Wyatt, Paul.
Organic synthesis: strategy and control / Paul Wyatt and Stuart Warren.

p. cm.
Includes bibliographical references.
ISBN: 978-0-470-48940-5
ISBN: 978-0-471-92963-5
1. Organic compounds – Synthesis. 2. Stereochemistry. I. Warren, Stuart
G. II. Title.
QD262.W89 2007
547 .́2–dc22 2006034932

British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library

ISBN: 978-0-471-48940-5 (HB)

ISBN: 978-0-471-92963-5 (PB)

Typeset in 10/12pt Times by Thomson Digital
Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire
This book is printed on acid-free paper responsibly manufactured from sustainable forestry
in which at least two trees are planted for each one used for paper production.

www.wiley.com


Contents

Preface vii

A: Introduction: Selectivity
Planning Organic Syntheses: Tactics, Strategy and Control 3
Chemoselectivity 9
Regioselectivity: Controlled Aldol Reactions  27
Stereoselectivity: Stereoselective Aldol Reactions 43
Alternative Strategies for Enone Synthesis 55
Choosing a Strategy: The Synthesis of Cyclopentenones 71

B: Making Carbon–Carbon Bonds
The Ortho Strategy for Aromatic Compounds 91
σ-Complexes of Metals 113
Controlling the Michael Reaction 127
Specifi c Enol Equivalents 139
Extended Enolates 155
Allyl Anions 173
Homoenolates 189
Acyl Anion Equivalents 203

C: Carbon–Carbon Double Bonds
Synthesis of Double Bonds of Defi ned Stereochemistry 223
Stereo-Controlled Vinyl Anion Equivalents 255
Electrophilic Attack on Alkenes 277
Vinyl Cations: Palladium-Catalysed C–C Coupling 307
Allyl Alcohols: Allyl Cation Equivalents (and More) 339

D: Stereochemistry
Control of Stereochemistry – Introduction 371
Controlling Relative Stereochemistry 399
Resolution 435
The Chiral Pool — Asymmetric Synthesis with Natural Products as 
Starting Materials — 465
Asymmetric Induction I Reagent-Based Strategy 505
Asymmetric Induction II Asymmetric Catalysis: Formation of C–O 
and C–N Bonds 527
Asymmetric Induction III Asymmetric Catalysis: Formation of C–H 
and C–C Bonds 567
Asymmetric Induction IV Substrate-Based Strategy 599

1.
2.
3.
4.
5.
6.

7.
8.
9.

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.

20.
21.
22.
23.

24.
25.

26.

27.



Kinetic Resolution 627
Enzymes: Biological Methods in Asymmetric Synthesis 651
New Chiral Centres from Old — Enantiomerically Pure 
Compounds & Sophisticated Syntheses — 681
Strategy of Asymmetric Synthesis 717

E: Functional Group Strategy
Functionalisation of Pyridine 749
Oxidation of Aromatic Compounds, Enols and Enolates 777
Functionality and Pericyclic Reactions: Nitrogen Heterocycles by 
Cycloadditions and Sigmatropic Rearrangements 809
Synthesis and Chemistry of Azoles and other Heterocycles with Two 
or more Heteroatoms 835
Tandem Organic Reactions 863

General References 893

Index 895

28.
29.
30.

31.

32.
33.
34.

35.

36.

vi  Contents



Preface

We would like to thank those who have had the greatest infl uence on this book, namely the under-
graduates at the Universities of Bristol and Cambridge. But, particularly we would like to thank 
the organic chemists at Organon (Oss), AstraZeneca (Alderley Park, Avlon Works, Mölndal and 
Macclesfi eld), Lilly (Windlesham), Solvay (Weesp) and Novartis (Basel) who contributed to the 
way the book was written more than they might realise. These chemists will recognise material 
from our courses on The Disconnection Approach, Advanced Heterocyclic Chemistry, New Syn-
thetic Methods and Asymmetric Synthesis. Additionally we would like to thank the participants 
at the SCI courses organised by the Young Chemists Panel. All these industrial chemists partici-
pated in our courses and allowed us to fi nd the best way to explain concepts that are diffi cult to 
grasp. This book has changed greatly over the ten years it was being written as we became more 
informed over what was really needed. The book is intended for that very audience – fi nal year 
undergraduates, graduate students and professional chemists in industry.

PJW
SGW

July 2006





1. Planning Organic Syntheses: Tactics, Strategy and Control ............................................. 3

2. Chemoselectivity ..................................................................................................................... 9

3. Regioselectivity: Controlled Aldol Reactions ..................................................................... 27

4. Stereoselectivity: Stereoselective Aldol Reactions ............................................................. 43

5. Alternative Strategies for Enone Synthesis ........................................................................ 55

6. Choosing a Strategy: The Synthesis of Cyclopentenones .................................................. 71

Section A:
Introduction: Selectivity





The roll of honour inscribed with successful modern organic syntheses is remarkable for the 
number, size, and complexity of the molecules made in the last few decades. Woodward and 
Eschenmoser’s vitamin B12 synthesis,1 completed in the 1970s, is rightly regarded as a pinnacle of 
achievement, but since then Kishi2 has completed the even more complex palytoxin. The smaller 
erythromycin and its precursors the erythronolides3 1, and the remarkably economical syntheses of 
the possible stereoisomers of the cockroach pheromones 2 by Still4 deal with a greater concentration 
of problems.

Less applauded, but equally signifi cant, is the general advance in synthetic methods and their 
industrial applications. AstraZeneca confess that it took them nearly a century to bring Victor 
Grignard’s methods into use, but are proud that Corey’s sulfur ylid chemistry made it in a decade. 
Both are used in the manufacture of the fungicide fl utriafol5 3.

Optically active and biodegradable deltamethrin6 4 has taken a large share of the insecticide 
market, and asymmetric hydrogenation is used in the commercial synthesis of DOPA 5 used to 
treat Parkinson’s disease.7 These achievements depend both on the development of new methods 
and on strategic planning:8 the twin themes of this book.
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To make any progress in this advanced area, we have to assume that you have mastered the 
basics of planning organic synthesis by the disconnection approach, roughly the material covered 
in our previous books.9 There, inspecting the target molecule, identifying the functional groups, 
and counting up the relationships between them usually gave reliable guidelines for a logical 
synthesis. All enones were tackled by some version of the aldol reaction; thus 6 would require the 
attack of enolate 7 on acetone. We hope you already have the critical judgement to recognise that 
this would need chemoselectivity in enolising 7 rather than acetone or 6, and regioselectivity in 
enolising 7 on the correct side.

In this book we shall explore two new approaches to such a problem. We shall see how to make 
specifi c enol equivalents for just about any enolate you might need, and we shall see that alterna-
tive disconnections such as 6a, the acylation of a vinyl anion 8, can be put into practice. Another 
way to express the twin themes of this book is strategy and control: we solve problems either 
by fi nding an alternative strategy or by controlling any given strategy to make it work. This will 
require the introduction of many new methods - a whole chapter will be devoted to reagents for 
vinyl anions such as 8, and this will mean exploring modern organometallic chemistry.

We shall also extend the scope of established reactions. We hope you would recognise the aldol 
disconnection in TM 10, but the necessary stereochemical control might defeat you. An early 
section of this book describes how to control every aspect of the aldol reaction: how to select 
which partner, i.e. 11 or 12, becomes an enolate (chemoselectivity), how to control which enolate 
of the ketone 12 is formed (regioselectivity), and how to control the stereochemistry of the product 
10 (stereoselectivity). As we develop strategy, we shall repeatedly examine these three aspects of 
control.

The target molecules we shall tackle in this book are undoubtedly more diffi cult in several ways 
than this simple example 10. They are more complex quantitatively in that they combine  functional 
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groups, rings, double bonds, and chiral centres in the same target, and qualitatively in that they 
may have features like large rings, double bonds of fi xed confi guration, or relationships between 
functional groups or chiral centres which no standard chemistry seems to produce. Molecules 1 to 
5 are examples: a quite different one is fl exibilene 13, a compound from Indonesian soft coral. It 
has a fi fteen-membered ring, one di- and three tri-substituted double bonds, all E but none 
 conjugated, and a quaternary centre. Mercifully there are no functional groups or chiral centres. 
How on earth would you tackle its synthesis? One published synthesis is by McMurry.10

This short synthesis uses seven metals (Li, Cr, Zr, Pd, Ti, Zn, and Cu), only one protecting 
group, achieves total control over double bond geometry, remarkable regioselectivity in the Zr-Pd 
coupling reaction, and a very satisfactory large ring synthesis. The yield in the fi nal step (52%) 
may not look very good, but this is a price worth paying for such a short synthesis. Only the fi rst 
two steps use chemistry from the previous books: all the other methods were unknown only ten 
years before this synthesis was carried out but we shall meet them all in this book. 

An important reason for studying alternative strategies (other than just making the compound!) 
is the need to fi nd short cheap large scale routes in the development of research lab methods into 
production. All possible routes must be explored, at least on paper, to fi nd the best production 
method and for patent coverage. Many molecules suffer this exhaustive process each year, and 
some sophisticated molecules, such as Merck’s HIV protease inhibitor 20, a vital drug in the fi ght 
against AIDS, are in current production on a large scale because a good synthesis was found by 
this process.11 

You might think that, say organometallic chemistry using Zr or Pd would never be used in 
manufacture. This is far from true as many of these methods are catalytic and the development 
of polymer-supported reagents for fl ow systems means that organo-metallic reagents or enzymes 
may be better than conventional organic reagents in solution with all the problems of by-product 
disposal and solvent recovery. We shall explore the chemistry of B, Si, P, S, and Se, and of metals 
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such as Fe, Co, Ni, Pd, Cu, Ti, Sn, Ru and Zr because of the unique contribution each makes to 
synthetic methods.

In the twenty years since McMurry’s fl exibilene synthesis major developments have changed 
the face of organic synthesis. Chiral drugs must now be used as optically pure compounds and 
catalytic asymmetric reactions (chapters 25 and 26) have come to dominate this area, an achieve-
ment crowned by the award of the 2001 Nobel prize for Chemistry to Sharpless, Noyori and 
Knowles. Olefi n metathesis (chapter 15) is superseding the Wittig reaction. Palladium-catalysed 
coupling of aromatic rings to other aromatic rings, to alkenes, and to heteroatoms (chapter 18) 
makes previously impossible disconnections highly favourable. These and many more important 
new methods make a profound impact on the strategic planning of a modern synthesis and fi nd 
their place in this book.

A Modern Synthesis: Fostriecin (CI-920)

The anti-cancer compound Fostriecin 21 was discovered in 1983 and its stereochemistry eluci-
dated in 1997. Not until 2001 was it synthesised and then by two separate groups.12 Fostriecin is 
very different from fl exibilene. It still has alkene geometry but it has the more challenging three-
dimensional chirality as well. It has plenty of functionality including a delicate monophosphate 
salt. A successful synthesis must get the structure right, the geometry of the alkenes right, the 
relative stereochemistry right, and it must be made as a single enantiomer.

The brief report of Jacobsen’s total synthesis starts with a detailed retrosynthetic analysis. 
The compound was broken into four pieces 21a after removal of the phosphate. The unsaturated 
lactone 24 (M is a metal) could be made by an asymmetric oxo-Diels-Alder reaction from diene 22 
and ynal 23. The epoxide 25 provides a second source of asymmetry. One cis alkene comes from 
an alkyne 26 and the rest from a dienyl tin derivative 27.

The synthesis is a catalogue of modern asymmetric catalytic methods. The epoxide 25 was 
resolved by a hydrolytic kinetic resolution (chapter 28) using a synthetic asymmetric cobalt com-
plex. The asymmetric Diels-Alder reaction (chapter 26) was catalysed by a synthetic chromium 

OO

OH

O
P

HO

O O

OH
OH

21; Fostriecin (CI-920)

Na

SnBu3

OR

H

SS

SiMe3

Na

OO
OH

O
P

HO

O O

OH
OH

O

O

O MOO

SiMe3

RO

21a
Disconnection of 
Fostriecin (CI-920)

Diels-
Alder

22 23 24 25 26 27



complex. The vinyl metal derivative 24 was made by hydrozirconation of an alkyne (this at least 
is similar to the fl exibilene synthesis) and the secondary alcohol chiral centre was derived from 
the dithian 26 by hydrolysis to a ketone and asymmetric reduction with a synthetic ruthenium 
complex (chapter 24). The dienyl tin unit 27 was coupled to the rest of the molecule using catalytic 
palladium chemistry (chapter 18). Almost none of these catalytic methods was available in 1983 
when fl exibilene was made and such methods are a prominent feature of this book. Organic syn-
thesis nowadays can tackle almost any problem.13

Please do not imagine that we are abandoning the systematic approach or the simpler reagents 
of the previous books. They are more essential than ever as new strategy can be seen for what 
it is only in the context of what it replaces. Anyway, no-one in his or her right mind would use 
an expensive, toxic, or unstable reagent unless a friendlier one fails. Who would use pyrophoric 
tertiary butyl-lithium in strictly dry conditions when aqueous sodium hydroxide works just as 
well? In most cases we shall consider the simple strategy fi rst to see how it must be modifi ed. The 
McMurry fl exibilene synthesis is unusual in deploying exotic reagents in almost every step. A 
more common situation is a synthesis with one exotic reagent and six familiar ones. The logic of 
the previous books is always our point of departure.

The organisation of the book

The book has fi ve sections:

A: Introduction, selectivity, and strategy
B: Making Carbon-Carbon bonds
C: Carbon-Carbon double bonds
D: Stereochemistry
E: Functional Group Strategy

The introductory section uses aldol chemistry to present the main themes in more detail and 
gives an account of the three types of selectivity: chemo-, regio-, and stereo-selectivity. We shall 
explore alternative strategies using enones as our targets, and discuss how to choose a good route 
using cyclopentenones as a special case among enones. Each chapter develops strategy, new 
reagents, and control side-by-side. To keep the book as short as possible (like a good synthesis), 
each chapter in the book has a corresponding chapter in the workbook with further examples, 
problems, and answers. You may fi nd that you learn more effi ciently if you solve some problems 
as you go along.
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Defi nitions

Introduction: three types of control

Behind all grand strategic designs in organic synthesis must lie the confi dence that molecules can 
be compelled to combine in the ways that we require. We shall call this control and divide it into three 
sections by mechanistic arguments. These sections are so important that we shall devote the next three 
chapters to the more detailed explanation of just what the divisions mean. If you can recognise what 
might go wrong you are in a better position to anticipate the problem and perhaps avoid it altogether. 
Our three types of control are over chemoselectivity (selectivity between different functional groups), 
regioselectivity (control between different aspects of the same functional group), and stereoselectivity 
(control over stereochemistry). Examples of selectivity of all three kinds are given in The Disconnection 
Approach: Chemoselectivity in chapter 5, Regioselectivity in chapter 14, and Stereoselectivity in 
chapters 12 and 38. These aspects will not be addressed again in the present book.

Chemoselectivity
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10 2 Chemoselectivity

Chemoselectivity: simple examples and rules

Chemoselectivity is the most straightforward of the three types and might seem too elementary 
to appear in an advanced textbook. Counting the number of protecting groups in the average 
synthesis reveals this as a naive view. Selectivity between functional groups might involve:

(a) Selective reaction of one among several functional groups of different reactivity, as in the 
reduction of the keto-acid 2 to give either product 1 or 3 at will.

(b) Selective reaction of one of several identical functional groups, as in the conversion of the 
symmetrical diacid 5 to the half ester, half acid chloride 4, or the lactone 6 in which one of the two 
acids has been reduced. There is a more subtle example of this at the end of the chapter.

(c) Selective reaction of a functional group to give a product which could itself react with the 
same reagent, as in the classical problem of making a ketone 8 from an acid derivative 7 without 
getting the alcohol 9 instead.

Organic chemists are developing ever more specifi c reagents to do these jobs. These reagents 
must carry out the reaction they are designed for and must not:

 (i) react with themselves.
 (ii) react with functional groups other than the one they are aimed at.
 (iii) react with the product.

Proviso (ii) is obvious, but (i) and (iii) perhaps need some explanation. It seems hardly worth 
stating that a reagent should not react with itself, but it is only too easy to suggest using a reagent 
such as 11 without realising that the organo-metallic reagent will act as a base for its own hydroxyl 
group 12 and destroy itself. The traditional solution to this problem is protection of the OH group 
in 10 but ideally we should like to avoid protection altogether though this is not yet possible.
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