Organic Structures from
Spectra

Fourth Edition



i



Organic Structures from
Spectra

Fourth Edition

L D Field
University of New South Wales, Australia

S Sternhell
University of Sydney, Australia

J R Kalman
University of Technology Sydney, Australia

WILEY

JOHN WILEY AND SONS, LTD



Copyright © 2008 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.wileyeurope.com or 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 W1T 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 permreq@wiley.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 hames 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. Itis 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.

The Publisher and the Author make no representations or warranties with respect to the accuracy or completeness
of the contents of this work and specifically disclaim all warranties, including without limitation any implied
warranties of fitness for a particular purpose. The advice and strategies contained herein may not be suitable for
every situation. In view of ongoing research, equipment modifications, changes in governmental regulations, and
the constant flow of information relating to the use of experimental reagents, equipment, and devices, the reader is
urged to review and evaluate the information provided in the package insert or instructions for each chemical,
piece of equipment, reagent, or device for, among other things, any changes in the instructions or indication of
usage and for added warnings and precautions. The fact that an organization or Website is referred to in this work
as a citation and/or a potential source of further information does not mean that the author or the publisher
endorses the information the organization or Website may provide or recommendations it may make. Further,
readers should be aware that Internet Websites listed in this work may have changed or disappeared between when
this work was written and when it is read. No warranty may be created or extended by any promotional statements
for this work. Neither the Publisher nor the Author shall be liable for any damages arising herefrom.

Other Wiley Editorial Offices

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 Ltd, 6045 Freemont Blvd, Mississauga, Ontario 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.

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN 978-0-470-31926-0 (H/B)
ISBN 978-0-470-31927-7 (P/B)

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.



CONTENTS

PREFACE

LIST OF TABLES
LIST OF FIGURES
1 INTRODUCTION

1.1

1.
1.
1.
1.
1.

oONnhwWDN

GENERAL PRINCIPLES OF ABSORPTION SPECTROSCOPY
CHROMOPHORES

DEGREE OF UNSATURATION

CONNECTIVITY

SENSITIVITY

PRACTICAL CONSIDERATIONS

2 ULTRAVIOLET (UV) SPECTROSCOPY

21
2.2
23
24
2.5
10

2.6
2.7

BASIC INSTRUMENTATION

THE NATURE OF ULTRAVIOLET SPECTROSCOPY
QUANTITATIVE ASPECTS OF ULTRAVIOLET SPECTROSCOPY
CLASSIFICATION OF UV ABSORPTION BANDS

SPECIAL TERMS IN ULTRAVIOLET SPECTROSCOPY

IMPORTANT UV CHROMOPHORES
THE EFFECT OF SOLVENTS

3 INFRARED (IR) SPECTROSCOPY

3.1
3.2
3.3
3.4

ABSORPTION RANGE AND THE NATURE OF IR ABSORPTION
EXPERIMENTAL ASPECTS OF INFRARED SPECTROSCOPY
GENERAL FEATURES OF INFRARED SPECTRA

IMPORTANT IR CHROMOPHORES

4 MASS SPECTROMETRY

41
4.2
43
4.4
4.5
4.6

IONIZATION PROCESSES

INSTRUMENTATION

MASS SPECTRAL DATA

REPRESENTATION OF FRAGMENTATION PROCESSES

FACTORS GOVERNING FRAGMENTATION PROCESSES
EXAMPLES OF COMMON TYPES OF FRAGMENTATION

5 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

5.1
5.2
5.3
54
5.5
5.6
5.7

THE PHYSICS OF NUCLEAR SPINS AND NMR INSTRUMENTS
CONTINUOUS WAVE (CW) NMR SPECTROSCOPY
FOURIER-TRANSFORM (FT) NMR SPECTROSCOPY
CHEMICAL SHIFT IN TH NMR SPECTROSCOPY

SPIN-SPIN COUPLING IN 'H NMR SPECTROSCOPY
ANALYSIS OF TH NMR SPECTRA

RULES FOR SPECTRAL ANALYSIS

Vii
Xi
Xiii

QAR OW=2 -

© oo~ N

15

15
16
16
17

21

21
23
24
28
29
29

33

33
37
39
40
50
53
55



Contents

6 13C NMR SPECTROSCOPY

6.1
6.2
6.3

COUPLING AND DECOUPLING IN 13C NMR SPECTRA
DETERMINING 13C SIGNAL MULTIPLICITY USING DEPT
SHIELDING AND CHARACTERISTIC CHEMICAL SHIFTS IN
13C NMR SPECTRA

7 MISCELLANEOUS TOPICS

71
7.2
7.3
7.4
7.5
7.6

DYNAMIC PROCESSES IN NMR - THE NMR TIME-SCALE
THE EFFECT OF CHIRALITY

THE NUCLEAR OVERHAUSER EFFECT (NOE)

TWO DIMENSIONAL NMR

THE NMR SPECTRA OF "OTHER NUCLEI"

SOLVENT - INDUCED SHIFTS

8 DETERMINING THE STRUCTURE OF ORGANIC MOLECULES
FROM SPECTRA

9 PROBLEMS
9.1 ORGANIC STRUCTURES FROM SPECTRA
9.2 THE ANALYSIS OF MIXTURES
9.3 PROBLEMS IN 2-DIMENSIONAL NMR
9.4 NMR SPECTRAL ANALYSIS
APPENDIX
INDEX

vi

65

65
67

70

75

75
77
79
80
84
84

85

89
89
373
383
419

444

451



PREFACE

The derivation of structural information from spectroscopic data is an integral part of
Organic Chemistry courses at all Universities. At the undergraduate level, the
principal aim of such courses is to teach students to solve simple structural problems
efficiently by using combinations of the major techniques (UV, IR, NMR and MS),
and over more than 25 years we have evolved a course at the University of Sydney,
which achieves this aim quickly and painlessly. The text is tailored specifically to the
needs and philosophy of this course. As we believe our approach to be successful, we

hope that it may be of use in other institutions.

The course has been taught at the beginning of the third year, at which stage students
have completed an elementary course of Organic Chemistry in first year and a
mechanistically-oriented intermediate course in second year. Students have also been
exposed in their Physical Chemistry courses to elementary spectroscopic theory, but

are, in general, unable to relate it to the material presented in this course.

The course consists of about 9 lectures outlining the theory, instrumentation and the
structure-spectra correlations of the major spectroscopic techniques and the text of
this book corresponds to the material presented in the 9 lectures. The treatment is
both elementary and condensed and, not surprisingly, the students have great
difficulties in solving even the simplest problems at this stage. The lectures are
followed by a series of 2-hour problem solving seminars with 5 to 6 problems being
presented per seminar. At the conclusion of the course, the great majority of the class
is quite proficient and has achieved a satisfactory level of understanding of all
methods used. Clearly, the real teaching is done during the problem seminars, which

are organised in a manner modelled on that used at the E.T.H. Zurich.

The class (typically 60 - 100 students, attendance is compulsory) is seated in a large
lecture theatre in alternate rows and the problems for the day are identified. The
students are permitted to work either individually or in groups and may use any
written or printed aids they desire. Students solve the problems on their individual
copies of this book thereby transforming it into a set of worked examples and we find
that most students voluntarily complete many more problems than are set. Staff
(generally 4 or 5) wander around giving help and tuition as needed, the empty

alternate rows of seats
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making it possible to speak to each student individually. When an important general
point needs to be made, the staff member in charge gives a very brief exposition at the
board. There is a 1/, hour examination consisting essentially of 4 problems and the
results are in general very satisfactory. Moreover, the students themselves find this a
rewarding course since the practical skills acquired are obvious to them. There is also
a real sense of achievement and understanding since the challenge in solving the
graded problems builds confidence even though the more difficult examples are quite

demanding.
Our philosophy can be summarised as follows:

(a) Theoretical exposition must be kept to a minimum, consistent with gaining of an
understanding of the parts of the technique actually used in solving the
problems. Our experience indicates that both mathematical detail and

description of advanced techniques merely confuse the average student.

(b) The learning of data must be kept to a minimum. We believe that it is more
important to learn to use a restricted range of data well rather than to achieve a

nodding acquaintance with more extensive sets of data.

(c) Emphasis is placed on the concept of identifying "structural elements" and the

logic needed to produce a structure out of the structural elements.

We have concluded that the best way to learn how to obtain "structures from spectra"
is to practise on simple problems. This book was produced principally to assemble a

collection of problems that we consider satisfactory for that purpose.

Problems 1 — 277 are of the standard “structures from spectra” type and are arranged
roughly in order of increasing difficulty. A number of problems are groups of isomers
which differ mainly in the connectivity of the structural elements and these problems
are ideally set together (e.g. problems 2 and 3, 22 and 23; 27 and 28; 29, 30 and 31;
40 and 41; 42 to 47; 48 and 49; 58, 59 and 60; 61, 62 and 63; 70, 71 and 72; 77 and
78; 80 and 81; 94, 95 and 96; 101 and 102; 104 to 107; 108 and 109; 112, 113 and
114; 116 and 117; 121 and 122; 123 and 124; 127 and 128; 133 to 137; 150 and 151;
171 and 172; 173 and 174; 178 and 179; 225, 226 and 227; 271 and 272; and 275 and
276). A number of problems exemplify complexities arising from the presence of
chiral centres (e.g. problems 189, 190, 191, 192, 193, 222, 223, 242, 253, 256, 257,
258, 259, 260, 262, 265, 268, 269 and 270); or of restricted rotation about peptide or
amide bonds (e.g. problems 122, 153 and 255), while other problems deal with
structures of compounds of biological, environmental or industrial significance (e.g.
problems 20, 21, 90, 121, 125, 126, 138, 147, 148, 153, 155, 180, 191, 197, 213, 252,
254,256,257, 258, 259, 260, 266, 268, 269 and 270).
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Problems 278 - 283 are again structures from spectra but with the data presented in a
textual form such as might be encountered when reading the experimental section of a

paper or a report.

In the 4th Edition of “Organic Structures from Spectra” we have introduced problems
dealing with quantitative analysis using NMR spectroscopy and problems 284 - 291

involve the analysis of mixtures of compounds.

In this edition, we have also introduced a series of problems using two-dimensional
NMR. Problems 292 - 309 represent a graded series of exercises introducing COSY,
NOESY, C-H Correlation and TOCSY spectroscopy as aids to spectral analysis and as

tools for identifying organic structures from spectra.

Problems 310 — 332 deal with more detailed analysis of NMR spectra - this tends to
be a stumbling block for many students. There are two worked solutions (to problems
91 and 121) in an Appendix as an illustration of a logical approach to solving
problems. However, with the exception that we insist that students perform all
routine measurements first, we do not recommend a mechanical attitude to problem
solving - intuition has an important place in solving structures from spectra as it has

elsewhere in chemistry.

Bona fide instructors may obtain a list of solutions by writing to the authors or
EMAIL: L.Field@unsw.edu.au or FAX: (61-2)-9385-8008

We wish to thank Dr Ian Luck in the School of Chemistry at the University of
Sydney, and Dr Hsiulin Li and Dr Adelle Shasha in the School of Chemistry at the
University of New South Wales who helped to assemble the additional samples and
spectra in the 4™ edition of this book. Thanks are also due to the many graduate
students and research associates who, over the years, have supplied us with many of

the compounds used in the problems.

L D Field
S Sternhell

J R Kalman October 2007
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