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NADH  Reduced NAD

NBS  N-Bromosuccinimide

NIS  N-Iodosuccinimide

NMO  N-Methylmorpholine-N-oxide

Abbreviations
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NMR  Nuclear magnetic resonance

NOE  Nuclear Overhauser effect

PCC  Pyridinium chlorochromate

PDC  Pyridinium dichromate

Ph  Phenyl

PPA  Polyphosphoric acid

Pr  Propyl

i-Pr  iso-Propyl

PTC  Phase transfer catalysis

PTSA  p-Toluenesulfonic acid

Py  Pyridine

Red Al  Sodium bis(2-methoxyethoxy)
aluminum hydride

RNA  Ribonucleic acid

SAC  Speci� c acid catalysis

SAM  S-Adenosyl methionine

SBC  Speci� c base catalysis

SN1  Unimolecular nucleophilic 
substitution

SN2  Bimolecular nucleophilic substitution

SOMO  Singly occupied molecular orbital

STM  Scanning tunnelling microscopy

TBDMS  Tert-butyldimethylsilyl

TBDPS  Tert-butyldiphenylsilyl

Tf  Tri� uoromethanesulfonyl (tri� yl)

THF  Tetrahydrofuran

THP  Tetrahydropyran

TIPS  Triisopropylsilyl

TMEDA  N,N,N�,N�-tetramethyl-1,2-
ethylenediamine

TMP  2,2,6,6-Tetramethylpiperidine

TMS  Trimethylsilyl, tetramethylsilane

TMSOTf  Trimethylsilyl tri� ate

TPAP  Tetra-N-propylammonium 
perruthenate

Tr  Triphenylmethyl (trityl)

TS  Transition state

Ts  p-Toluenesulfonyl, tosyl

UV  Ultraviolet

VSEPR  Valence shell electron pair repulsion
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Students of chemistry are not hard-pressed to � nd a text to support their learning in organic 
chemistry through their years at university. The shelves of a university bookshop will usually 
offer a choice of at least half a dozen�all entitled �Organic Chemistry�, all with substantially 
more than 1000 pages. Closer inspection of these titles quickly disappoints expectations of 
variety. Almost without exception, general organic chemistry texts have been written to 
accompany traditional American sophomore courses, with their rather precisely de� ned 
requirements. This has left the authors of these books little scope for reinvigorating their 
presentation of chemistry with new ideas.

We wanted to write a book whose structure grows from the development of ideas rather 
than being dictated by the sequential presentation of facts. We believe that students bene� t 
most of all from a book which leads from familiar concepts to unfamiliar ones, not just 
encouraging them to know but to understand and to understand why. We were spurred on by 
the nature of the best modern university chemistry courses, which themselves follow this 
pattern: this is after all how science itself develops. We also knew that if we did this we could, 
from the start, relate the chemistry we were talking about to the two most important sorts of 
chemistry that exist�the chemistry that is known as life, and the chemistry as practised by 
chemists solving real problems in laboratories.

We aimed at an approach which would make sense to and appeal to today�s students. But 
all of this meant taking the axe to the roots of some long-standing textbook traditions. The 
best way to � nd out how something works is to take it apart and put it back together again, 
so we started with the tools for expressing chemical ideas: structural diagrams and curly 
arrows. Organic chemistry is too huge a � eld to learn even a small part by rote, but with these 
tools, students can soon make sense of chemistry which may be unfamiliar in detail by relat-
ing it to what they know and understand. By calling on curly arrows and ordering chemistry 
according to mechanism we allow ourselves to discuss mechanistically (and orbitally) simple 
reactions (addition to C�O, for example) before more complex and involved ones (such as 
SN1 and SN2).

Complexity follows in its own time, but we have deliberately omitted detailed discussion of 
obscure reactions of little value, or of variants of reactions which lie a simple step of mecha-
nistic logic from our main story: some of these are explored in the problems associated with 
each chapter, which are available online.1 We have similarly aimed to avoid exhuming prin-
ciples and rules (from those of Le Châtelier through Markovnikov, Saytseff, least motion, and 
the like) to explain things which are better understood in terms of unifying fundamental 
thermodynamic or mechanistic concepts.

All science must be underpinned by evidence, and support for organic chemistry�s claims is 
provided by spectroscopy. For this reason we � rst reveal to students the facts which spectros-
copy tells us (Chapter 3) before trying to explain them (Chapter 4) and then use them to 
deduce mechanisms (Chapter 5). NMR in particular forms a signi� cant part of four chapters 
in the book, and evidence drawn from NMR underpins many of the discussions right through 
the book. Likewise, the mechanistic principles we outline in Chapter 5, � rmly based in the 
orbital theories of Chapter 4, underpin all of the discussion of new reactions through the rest 
of the book.

We have presented chemistry as something whose essence is truth, of provable veracity, but 
which is embellished with opinions and suggestions to which not all chemists subscribe. We 
aim to avoid dogma and promote the healthy weighing up of evidence, and on occasion we 
are content to leave readers to draw their own conclusions. Science is important not just to 
scientists, but to society. Our aim has been to write a book which itself takes a scienti� c 

 1 See www.oxfordtextbooks.co.uk/orc/clayden2e/.
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standpoint��one foot inside the boundary of the known, the other just outside�2�and 
encourages the reader to do the same.

The authors are indebted to the many supportive and critical readers of the � rst edition of 
this book who have supplied us over the last ten years with a stream of comments and correc-
tions, hearty encouragements and stern rebukes. All were carefully noted and none was over-
looked while we were writing this edition. In many cases these contributions helped us to 
correct errors or make other improvements to the text. We would also like to acknowledge the 
support and guidance of the editorial team at OUP, and again to recognize the seminal con-
tribution of the man who � rst nurtured the vision that organic chemistry could be taught 
with a book like this, Michael Rodgers. The time spent on the preparation of this edition was 
made available only with the forbearance of our families, friends and research groups, and we 
thank all of them for their patience and understanding.

Changes for this edition
In the decade since the publication of the � rst edition of this book it has become clear that 
some aspects of our original approach were in need of revision, some chapters in need of 
updating with material which has gained in signi� cance over those years, and others in need 
of shortening. We have taken into account a consistent criticism from readers that the early 
chapters of the � rst edition were too detailed for new students, and have made substantial 
changes to the material in Chapters 4, 8, and 12, shifting the emphasis towards explanation 
and away from detail more suitably found in specialised texts. Every chapter has been rewrit-
ten to improve clarity and new explanations and examples have been used widely. The style, 
location, and content of the spectroscopy chapters (3, 13, 18, and 31) have been revised to 
strengthen the links with material appearing nearby in the book. Concepts such as conjugate 
addition and regioselectivity, which previously lacked coherent presentation, now have their 
own chapters (22 and 24). In some sections of the � rst edition, groups of chapters were used 
to present related material: these chapter groups have now been condensed�so, for example, 
Chapters 25 and 26 on enolate chemistry replace four previous chapters, Chapters 31 and 32 
on cyclic molecules replace three chapters, Chapter 36 on rearrangements and fragmenta-
tions replaces two chapters, and Chapter 42 on the organic chemistry of life replaces three 
chapters (the former versions of which are available online). Three chapters placed late in the 
� rst edition have been moved forward and revised to emphasize links between their material 
and the enolate chemistry of Chapters 25 and 26, thus Chapter 27 deals with double-bond 
stereocontrol in the context of organo-main group chemistry, and Chapters 29 and 30, 
addressing aromatic heterocycles, now reinforce the link between many of the mechanisms 
characteristic of these compounds and those of the carbonyl addition and condensation reac-
tions discussed in the previous chapters. Earlier discussion of heterocycles also allows a theme 
of cyclic molecules and transition states to develop throughout Chapters 29�36, and matches 
more closely the typical order of material in undergraduate courses.

Some � elds have inevitably advanced considerably in the last 10 years: the chapters on 
organometallic chemistry (40) and asymmetric synthesis (41) have received the most exten-
sive revision, and are now placed consecutively to allow the essential role of organometallic 
catalysis in asymmetric synthesis to come to the fore. Throughout the book, new examples, 
especially from the recent literature of drug synthesis, have been used to illustrate the reac-
tions being discussed.

 2 McEvedy, C. The Penguin Atlas of Ancient History, Penguin Books, 1967.
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You can tell from the title that this book tells you about organic chemistry. But it tells you 
more than that: it tells you how we know about organic chemistry. It tells you facts, but it also 
teaches you how to � nd facts out. It tells you about reactions, and teaches you how to predict 
which reactions will work; it tells you about molecules, and it teaches you how to work out 
ways of making them.

We said �it tells� in that last paragraph. Maybe we should have said �we tell� because we want 
to speak to you through our words so that you can see how we think about organic chemistry 
and to encourage you to develop your own ideas. We expect you to notice that three people 
have written this book, and that they don�t all think or write in the same way. That is as it 
should be. Organic chemistry is too big and important a subject to be restricted by dogmatic 
rules. Different chemists think in different ways about many aspects of organic chemistry 
and in many cases it is not yet, and may never be, possible to be sure who is right. In many 
cases it doesn�t matter anyway.

We may refer to the history of chemistry from time to time but we are usually going to tell 
you about organic chemistry as it is now. We will develop the ideas slowly, from simple and 
fundamental ones using small molecules to complex ideas and large molecules. We promise 
one thing. We are not going to pull the wool over your eyes by making things arti� cially sim-
ple and avoiding the awkward questions. We aim to be honest and share both our delight in 
good complete explanations and our puzzlement at inadequate ones.

The chapters
So how are we going to do this? The book starts with a series of chapters on the structures and 
reactions of simple molecules. You will meet the way structures are determined and the the-
ory that explains those structures. It is vital that you realize that theory is used to explain 
what is known by experiment and only then to predict what is unknown. You will meet 
mechanisms�the dynamic language used by chemists to talk about reactions�and of course 
some reactions.

The book starts with an introductory section of four chapters:

 1. What is organic chemistry?

 2. Organic structures

 3. Determining organic structures

 4. Structure of molecules

Chapter 1 is a �rough guide� to the subject�it will introduce the major areas where organic 
chemistry plays a role, and set the scene by showing you some snapshots of a few landmarks. 
In Chapter 2 you will look at the way in which we present diagrams of molecules on the 
printed page. Organic chemistry is a visual, three-dimensional subject and the way you draw 
molecules shows how you think about them. We want you too to draw molecules in the best 
way possible. It is just as easy to draw them well as to draw them in an old-fashioned or inac-
curate way.

Then in Chapter 3, before we come to the theory which explains molecular structure, we 
shall introduce you to the experimental techniques which tell us about molecular structure. 
This means studying the interactions between molecules and radiation by spectroscopy�
using the whole electromagnetic spectrum from X-rays to radio waves. Only then, in Chapter 
4, will we go behind the scenes and look at the theories of why atoms combine in the ways 
they do. Experiment comes before explanation. The spectroscopic methods of Chapter 3 will 
still be telling the truth in a hundred years� time, but the theories of Chapter 4 will look quite 
dated by then.

Organic chemistry and this book
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We could have titled those three chapters:

 2. What shapes do organic molecules have?

 3. How do we know they have those shapes?

 4. Why do they have those shapes?

You need to have a grasp of the answers to these three questions before you start the study 
of organic reactions. That is exactly what happens next. We introduce organic reaction mech-
anisms in Chapter 5. Any kind of chemistry studies reactions�the transformations of mole-
cules into other molecules. The dynamic process by which this happens is called mechanism 
and is the grammar of organic chemistry�the way that one molecule can change into 
another. We want you to start learning and using this language straight away so in Chapter 6 
we apply it to one important class of reaction. We therefore have:

 5. Organic reactions

 6. Nucleophilic addition to the carbonyl group

Chapter 6 reveals how we are going to subdivide organic chemistry. We shall use a mechanis-
tic classi� cation rather than a structural classi� cation and explain one type of reaction rather 
than one type of compound in each chapter. In the rest of the book most of the chapters describe 
types of reaction in a mechanistic way. Here is a selection from the � rst half of the book:

 9. Using organometallic reagents to make C�C bonds

 10. Nucleophilic substitution at the carbonyl group

 11. Nucleophilic substitution at C�O with loss of carbonyl oxygen

 15. Nucleophilic substitution at saturated carbon

 17. Elimination reactions

 19. Electrophilic addition to alkenes

 20. Formation and reactions of enols and enolates

 21. Electrophilic aromatic substitution

 22. Conjugate addition and nucleophilic aromatic substitution

Interspersed with these chapters are others on physical aspects of molecular structure and 
reactivity, stereochemistry, and structural determination, which allow us to show you how we 
know what we are telling you is true and to explain reactions intelligently.

 7. Delocalization and conjugation

 8. Acidity, basicity, and pKa

 12. Equilibria, rates, and mechanisms

 13. 1H NMR: proton nuclear magnetic resonance

 14. Stereochemistry

 16. Conformational analysis

 18. Review of spectroscopic methods

By the time we reach the end of Chapter 22 you will have met most of the important ways 
in which organic molecules react with one another, and we will then spend two chapters 
revisiting some of the reactions you have met before in two chapters on selectivity: how to get 
the reaction you want to happen and avoid the reaction you don�t.

 23. Chemoselectivity and protecting groups

 24. Regioselectivity

The materials are now in place for us to show you how to make use of the reaction mecha-
nisms you have seen. We spend four chapters explaining some ways of using carbonyl chem-
istry and the chemistry of Si, S, and P to make C�C and C�C bonds. We then bring this all 
together with a chapter which gives you the tools to work out how you might best set about 
making any particular molecule.

xx ORGANIC CHEMISTRY AND THIS BOOK
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 25. Alkylation of enolates

 26. Reactions of enolates with carbonyl compounds: the aldol and Claisen reactions

 27. Sulfur, silicon, and phosphorus in organic chemistry

 28. Retrosynthetic analysis

Most organic compounds contain rings, and many cyclic structures entail one of two 
aspects which are rather special: aromaticity and well-de� ned conformations. The next group 
of chapters leads you through the chemistry of ring-containing compounds to the point 
where we have the tools to explain why even acyclic molecules react to give products with 
certain spatial features.

 29. Aromatic heterocycles 1: reactions

 30. Aromatic heterocycles 2: synthesis

 31. Saturated heterocycles and stereoelectronics

 32. Stereoselectivity in cyclic molecules

 33. Diasteroselectivity

We said that Chapter 22 marks the point where most of the important ways in which mole-
cules react together have been introduced�most but not all. For the next section of the book we 
survey a range of rather less common but extremely important alternative mechanisms, � nish-
ing with a chapter that tells you how we can � nd out what mechanism a reaction follows.

 34. Pericyclic reactions 1: cycloadditions

 35. Pericyclic reactions 2: sigmatropic and electrocyclic reactions

 36. Participation, rearrangement, and fragmentation

 37. Radical reactions

 38. Synthesis and reactions of carbenes

 39. Determining reaction mechanisms

The last few chapters of the book take you right into some of the most challenging roles that 
organic chemistry has been called on to play, and in many cases tell you about chemistry 
discovered only in the last few years. The reactions in these chapters have been used to make 
the most complex molecules ever synthesized, and to illuminate the way that organic chem-
istry underpins life itself.

 40. Organometallic chemistry

 41. Asymmetric synthesis

 42. Organic chemistry of life

 43. Organic chemistry today

�Connections� sections
That�s a linear list of 43 chapters, but chemistry is not a linear subject! It is impossible to work 
through the whole � eld of organic chemistry simply by starting at the beginning and working 
through to the end, introducing one new topic at a time, because chemistry is a network of 
interconnecting ideas. But, unfortunately, a book is, by nature, a beginning-to-end sort of 
thing. We have arranged the chapters in a progression of dif� culty as far as is possible, but to 
help you � nd your way around we have included at the beginning of each chapter a 
�Connections� section. This tells you three things divided among three columns:

 (a) The �Building on� column: what you should be familiar with before reading the 
chapter�in other words, which previous chapters relate directly to the material 
within the chapter.

 (b) The �Arriving at� column: a guide to what you will � nd within the chapter.

 (c) The �Looking forward to� column: signposting which chapters later in the book � ll out 
and expand the material in the chapter.
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The � rst time you read a chapter, you should really make sure you have read any chapter 
mentioned under (a). When you become more familiar with the book you will � nd 
that the links highlighted in (a) and (c) will help you see how chemistry interconnects 
with itself.

Boxes and margin notes
The other things you should look out for throughout the text are the margin notes and boxes. 
There are four sorts:

 � The most important box looks like this. Anything in this sort of box is a key concept or a 
summary. It�s the sort of thing you would do well to hold in your mind as you read or to note 
down as you learn.

Boxes like this will contain additional examples, amusing background information, and similar interesting, but maybe 
inessential, material. The � rst time you read a chapter, you might want to miss out this sort of box, and only read them 
later on to � esh out some of the main themes of the chapter.

Online support
Organic structures and organic reactions are three-dimensional (3D), and as a complement to 
the necessarily two-dimensional representations in this book we have developed a compre-
hensive online resource to allow you to appreciate the material in three dimensions. 
ChemTube3D contains interactive 3D animations and structures, with supporting informa-
tion, for some of the most important topics in organic chemistry, to help you master the 
concepts presented in this book. Online resources are � agged on the pages to which they 
relate by an icon in the margin. Each web page contains some information about the reaction 
and an intuitive interactive reaction scheme that controls the display. 3D curly arrows indi-
cate the reaction mechanism, and the entire sequence from starting materials via transition 
state to products is displayed with animated bond-breaking and forming, and animated 
charges and lone pairs. The entire process is under the control of you, the user, and can be 
viewed in three dimensions from any angle. The resizable window button produces a larger 
window with a range of control options and the molecular photo booth allows you to make a 
permanent record of the view you want.

ChemTube3D uses Jmol to display the animations so users can interact with the animated 
3D structures using the pop-up menu or console using only a web browser. It is ideal for per-
sonalized learning and open-ended investigation is possible. We suggest that you make use of 
the interactive resources once you have read the relevant section of the book to consolidate 
your understanding of chemistry and enhance your appreciation of the importance of spatial 
arrangements.

Substantial modi� cations were made in the writing of this new edition, including the loss or 
contraction of four chapters found towards the end of the � rst edition. To preserve this mate-
rial for future use, the following four chapters from the � rst edition are available for download 
from the book�s website at www.oxfordtextbooks.co.uk/orc/clayden2e/:

� The chemistry of life

� Mechanisms in biological chemistry

� Natural products

� Polymerization

 � Sometimes the main text of 
the book needs clari� cation or 
expansion, and this sort of 
margin note will contain such 
little extras to help you 
understand dif� cult points. It 
will also remind you of things 
from elsewhere in the book that 
illuminate what is being 
discussed. You would do well to 
read these notes the � rst time 
you read the chapter, although 
you might choose to skip them 
later as the ideas become more 
familiar.

 This sort of margin note will 
mainly contain cross-references to 
other parts of the book as a further 
aid to navigation. You will � nd an 
example on p. 10.

 This icon indicates that related 
interactive resources are available 
online. A full explanation of how 
to � nd these resources is given in 
a purple panel on the � rst page of 
each chapter
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Further reading
At the end of each chapter, you may � nd yourself wanting to know more about the material it 
covers. We have given a collection of suggested places to look for this material�other books, 
or reviews in the chemical literature, or even some original research papers. There are thou-
sands of examples in this book, and in most cases we have not directed you to the reports of 
the original work�this can usually be found by a simple electronic database search. Instead, 
we have picked out publications which seem most interesting, or relevant. If you want an 
encyclopaedia of organic chemistry, this is not the book for you. You would be better turning 
to one such as March•s Advanced Organic Chemistry (M. B. Smith and J. March, 6th edn, Wiley, 
2007), which contains thousands of references.

Problems
You can�t learn all of organic chemistry�there�s just too much of it. You can learn trivial 
things like the names of compounds but that doesn�t help you understand the principles 
behind the subject. You have to understand the principles because the only way to tackle 
organic chemistry is to learn to work it out. That is why we have provided problems, which 
you can access from the book�s web site. They are to help you discover if you have understood 
the material presented in each chapter.

If a chapter is about a certain type of organic reaction, say elimination reactions (Chapter 
19), the chapter itself will describe the various ways (�mechanisms�) by which the reaction 
can occur and it will give de� nitive examples of each mechanism. In Chapter 19 there are 
three mechanisms and about 60 examples altogether. You might think that this is rather a 
lot but there are in fact millions of examples known of these three mechanisms and 
Chapter 19 barely scrapes the surface. The problems will help you make sure that your 
understanding is sound, and that it will stand up to exposure to the rigours of explaining 
real-life chemistry.

In general, the 10�15 problems at the end of each chapter start easy and get more dif� -
cult. They come in two or three sorts. The � rst, generally shorter and easier, allow you to 
revise the material in that chapter. They might revisit examples from the chapter to check 
that you can use the ideas in familiar situations. The next few problems might develop 
speci� c ideas from different parts of the chapter, asking you, for example, why one com-
pound reacts in one way while a similar one behaves quite differently. Finally, you will � nd 
some more challenging problems asking you to extend the ideas to unfamiliar molecules, 
and, especially later in the book, to situations which draw on the material from more than 
one chapter.

The end-of-chapter problems should set you on your way but they are not the end of the 
journey to understanding. You are probably reading this text as part of a university course and 
you should � nd out what kind of examination problems your university uses and practise 
them too. Your tutor will be able to advise you on suitable problems to help you at each stage 
of your development.

The solutions manual
The problems would be of little use to you if you could not check your answers. For maximum 
bene� t, you need to tackle some or all of the problems as soon as you have � nished each chap-
ter without looking at the answers. Then you need to compare your suggestions with ours. 
You will � nd our suggestions in the accompanying solutions manual, where each problem is 
discussed in some detail. (You can buy the solutions manual separately from this book.) The 
purpose of the problem is � rst stated or explained. Then, if the problem is a simple one, the 
answer is given. If the problem is more complex, a discussion of possible answers follows with 
some comments on the value of each. There may be a reference to the source of the problem 
so that you can read further if you wish.

 To access the problems just 
visit www.oxfordtextbooks.co.uk/
orc/clayden2e. The problems are 
available free of charge; you�ll just 
need the username and password 
given at the very front of this book
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Colour
If you have � icked forward through the pages of this book, you will already have noticed 
something unusual: almost all of the chemical structures are shown in red. This is quite 
 intentional: emphatic red underlines the message that structures are more important than 
words in organic chemistry. But sometimes small parts of structures are in other colours: here 
are two examples from p. 12, where we talk about organic compounds containing elements 
other than C and H.

antiviral
compound

N

NH

O
HO

FHO

I

O

O

fialuridine

antitumour agent

Cl

Cl

Cl

Br

Br

halomon naturally occurring

Why are the atom labels black? Because we wanted them to stand out from the rest of the 
molecule. In general you will see black used to highlight the important details of a molecule�
they may be the groups taking part in a reaction, or something that has changed as a result of 
the reaction, as in these examples from Chapters 9 and 17.

O HO Ph

2. H+, H2O
new C…C bond

1.  PhMgBr
OH

HBr, H2O

major product minor product

+

We shall often use black to emphasize �curly arrows�, devices that show the movement of 
electrons, and whose use you will learn about in Chapter 5. Here are examples from Chapters 
11 and 22: notice black also helps the � + � and ��� charges to stand out.

R1 X

O

Nu
R1 Nu

O

R1 X

O

Nu

addition
loss of

leaving group

N

Et2N
€

H

N

Et2N

H

N

stabilized, 
delocalized anion

Et2NH

Occasionally, we shall use other colours, such as green, orange, or brown, to highlight 
points of secondary importance. This example is part of a reaction taken from Chapter 19: we 
want to show that a molecule of water (H2O) is formed. The green atoms show where the water 
comes from. Notice black curly arrows and a new black bond.

N
N

O

N

H

N

OH
HH H

HH

H2O

tetrahedral 
intermediate

+

new C=C
double bond

Other colours come in when things get more complicated�in this Chapter 21 example, we 
want to show two possible outcomes of a reaction: the brown and the orange arrows show the 
two alternatives, with the green highlighting the deuterium atom remaining in both cases.
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O
H

D

D
O

H
D

OH

D

less stable keto form stable enol form of phenol

orange arrowsbrown arrow

And, in Chapter 14, colour helps us highlight the difference between carbon atoms carrying 
four different groups and those with only three different groups. The message is: if you see 
something in a colour other than red, take special note�the colour is there for a reason.

CO2HR

H NH2

CO2HH

H
NH2

3

1
amino 
acids 

are chiral 2

1

2

34

3

except glycine„plane of paper is a
plane of symmetry
through C, N, and CO2H
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Online support. The icon  in the margin indicates that accompanying interactive resources are provided online to help 
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of 
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123 
with the page number) for access to successive links.

1What is organic chemistry?

Organic chemistry and you
You are already a highly skilled organic chemist. As you read these words, your eyes are 
using an organic compound (retinal) to convert visible light into nerve impulses. When 
you picked up this book, your muscles were doing chemical reactions on sugars to give 
you the energy you needed. As you understand, gaps between your brain cells are being 
bridged by simple organic molecules (neurotransmitter amines) so that nerve impulses 
can be passed around your brain. And you did all that without consciously thinking 
about it. You do not yet understand these processes in your mind as well as you can 
carry them out in your brain and body. You are not alone there. No organic chemist, 
however brilliant, understands the detailed chemical working of the human mind or 
body very well.

We, the authors, include ourselves in this generalization, but we are going to show you 
in this book what enormous strides have been taken in the understanding of organic 
chemistry�since the science came into being in the early years of the nineteenth century. 
Organic chemistry began as a tentative attempt to understand the chemistry of life. It has 
grown into�the con� dent basis of worldwide activities that feed, clothe, and cure millions 
of people without their even being aware of the role of chemistry in their lives. Chemists 
co operate with physicists and mathematicians to understand how molecules behave and 
with biologists to understand how interactions between molecules underlie all of life. The 
enlightenment brought by chemistry in the twentieth century amounted to a revolution 
in our understanding of the molecular world, but in these � rst decades of the twenty-� rst 
century the revolution is still far from complete. We aim not to give you the measure-
ments of the skeleton of a dead science but to equip you to understand the con� icting 
demands of an  adolescent one.

Like all sciences, chemistry has a unique place in our pattern of understanding of the 
universe. It is the science of molecules. But organic chemistry is something more. It liter-
ally  creates itself as it grows. Of course we need to study the molecules of nature both 
because they are interesting in their own right and because their functions are important 
to our lives. Organic chemistry has always been able to illuminate the mechanisms of life 
by making new�molecules that give information not available from the molecules actu-
ally present in  living things.

This creation of new molecules has given us new materials such as plastics to make things 
with, new dyes to colour our clothes, new perfumes to wear, new drugs to cure diseases. Some 
people think some of these activities are unnatural and their products dangerous or unwhole-
some. But these new molecules are built by humans from other molecules found naturally on 
earth using the skills inherent in our natural brains. Birds build nests; people build houses. 
Which is unnatural? To the organic chemist this is a meaningless distinction. There are toxic 
compounds and nutritious ones, stable compounds and reactive ones�but there is only one 
type of chemistry: it goes on both inside our brains and bodies, and also in our � asks and 
reactors, born from the ideas in our minds and the skill in our hands. We are not going to set 
ourselves up as moral judges in any way. We believe it is right to try and understand the world

OH11-cis-retinal
absorbs light and allows vision

N
H

HO
NH2

serotonin
human neurotransmitter

 � We are going to illustrate 
this chapter with the structures 
of the organic compounds we 
talk about. If you do not 
understand the diagrams, just 
read the text. Explanation of the 
rest is on its way.
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about us as best we can and to use that understanding creatively. This is what we want to share 
with you.

Organic compounds
Organic chemistry started as the chemistry of life, when that was thought to be different from 
the chemistry in the laboratory. Then it became the chemistry of carbon compounds, espe-
cially those found in coal. But now it is both. It is the chemistry of the compounds formed by 
carbon and other elements such as are found in living things, in the products of living things, 
and wherever else carbon is found.

The most abundant organic compounds are those present in living things and those formed 
over millions of years from dead things. In earlier times, the organic compounds known from 
nature were those in the �essential oils� that could be distilled from plants and the alkaloids 
that could be extracted from crushed plants with acid. Menthol is a famous example of a 
 � avouring compound from the essential oil of spearmint and cis-jasmone an example of a 
perfume distilled from jasmine � owers.

Natural products have long been used to cure diseases, and in the sixteenth century one 
became famous�quinine was extracted from the bark of the South American cinchona tree 
and used to treat fevers, especially malaria. The Jesuits who did this work (the remedy was 
known as �Jesuit�s bark�) did not of course know what the structure of quinine was, but now 
we do. More than that, the molecular structure of quinine has inspired the design of modern 
drug molecules which treat malaria much more effectively than quinine itself.

The main reservoir of chemicals available to the nineteenth century chemists was coal. 
Distillation of coal to give gas for lighting and heating (mainly hydrogen and carbon mon-
oxide) also gave a brown tar rich in aromatic compounds such as benzene, pyridine, phenol, 
aniline, and thiophene.

benzene

N

pyridine

OH

phenol

NH2

aniline

S

thiophene

Phenol was used in the nineteenth century by Lister as an antiseptic in surgery, and aniline 
became the basis for the dyestuffs industry. It was this that really started the search for new 
organic compounds made by chemists rather than by nature. In 1856, while trying to make 
quinine from aniline, an 18-year old British chemist, William Perkin, managed to produce a 
mauve residue, mauveine, which revolutionized the dyeing of cloth and gave birth to the 
synthetic dyestuffs industry. A related dyestuff of this kind�still available�is Bismarck 
Brown: much of the early work on dyes was done in Germany.

N
N

N
N

NH2H2N H2N NH2

Bismarck Brown Y

NH2N NH

One of the
constituents
of mauveine

In the twentieth century oil overtook coal as the main source of bulk organic compounds 
so that simple hydrocarbons like methane (CH4, �natural gas�), propane, and butane 
(CH3CH2CH3 and CH3CH2CH2CH3, �calor gas� or LPG) became available for fuel. At the 
same�time chemists began the search for new molecules from new sources such as fungi, 
corals, and bacteria, and two organic chemical industries developed in parallel��bulk� and 

 � At the other end of this book 
(Chapter 42) you will read about 
the extraordinary chemistry that 
allows life to exist„facts that 
are known only from 
cooperation between chemists 
and biologists.

OH

menthol

O

cis-jasmone

N

N

MeO

HO

quinine

Perkin was studying in London 
with the great German chemist, 
Hofmann. Perkin•s attempt to 
make quinine this way was a 
remarkable practical challenge 
given that its structure was still 
unknown.
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�� ne� chemicals. Bulk chemicals like paints and plastics are usually based on simple molecules 
produced in multitonne quantities while � ne chemicals such as drugs, perfumes, and � avour-
ing materials are produced in smaller quantities but much more pro� tably.

At the time of writing there were over 16 million organic compounds known. How many 
more might there be? Even counting only moderately sized molecules, containing fewer than 
about 30 carbon atoms (about the size of the mauveine structure above), it has been calculated 
that something in the region of 1,000,000,000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000 (1063) stable compounds are possible. There aren�t enough 
carbon atoms in the universe to make them all.

Among the 16 million that have been made, there are all kinds of molecules with amazingly 
varied properties. What do they look like? They may be crystalline solids, oils, waxes, plastics, 
elastics, mobile or volatile liquids, or gases. Familiar ones include sugar, a cheap natural com-
pound isolated from plants as hard white crystals when pure, and petrol, a mixture of colour-
less, volatile, � ammable hydrocarbons. Isooctane is a typical example and gives its name to 
the octane rating of petrol.

O

O

HO
HO

HO
OH

O

OH

OH

OH

sucrose
isolated from sugar cane

or sugar beet
„a white crystalline solid

HO

„a volatile, inflammable liquid

H3C
C

C
H2

C
H CH3

CH3
H3C

CH3

isooctane
(2,2,5-trimethylpentane)

a major constituent of petrol

or

The compounds need not lack colour. Indeed we can soon dream up a rainbow of organic 
compounds covering the whole spectrum, not to mention black and brown. In this table we 
have avoided dyestuffs and have chosen compounds as varied in structure as possible.

Colour Description Compound Structure

red dark red hexagonal plates 3-methoxybenzocycloheptatriene-
2-one

O

MeO

orange amber needles dichlorodicyanoquinone (DDQ) O

O

CN

CNCl

Cl

yellow toxic yellow explosive gas diazomethane
H2C N N

green green prisms with a 
steel-blue lustre

9-nitrosojulolidine N

NO

blue deep blue liquid with a 
peppery smell

azulene

purple deep blue gas condensing 
to a purple solid

nitrosotri� uoromethane
C

N
O

F

F

F
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Colour is not the only characteristic by which we recognize compounds. All too often it is 
their odour that lets us know they are around. There are some quite foul organic compounds 
too; the infamous stench of the skunk is a mixture of two thiols�sulfur compounds contain-
ing SH groups.

But perhaps the worst smell ever recorded was that which caused the evacuation of the 
German city of Freiburg in 1889. Attempts to make thioacetone by the cracking of trithioac-
etone gave rise to �an offensive smell which spread rapidly over a great area of the town caus-
ing fainting, vomiting, and a panic evacuation...the laboratory work was abandoned�.

It was perhaps foolhardy for workers at an Esso research station to repeat the experiment of 
cracking trithioacetone south of Oxford in 1967. Let them take up the story. �Recently we 
found ourselves with an odour problem beyond our worst expectations. During early experi-
ments, a stopper jumped from a bottle of residues, and, although replaced at once, resulted in 
an immediate complaint of nausea and sickness from colleagues working in a building two 
hundred yards away. Two of our chemists who had done no more than investigate the crack-
ing of minute amounts of trithioacetone found themselves the object of hostile stares in a 
restaurant and suffered the humiliation of having a waitress spray the area around them with 
a deodorant. The odours de� ed the expected effects of dilution since workers in the laboratory 
did not � nd the odours intolerable ... and genuinely denied responsibility since they were 
working in closed systems. To convince them otherwise, they were dispersed with other 
observers around the laboratory, at distances up to a quarter of a mile, and one drop of either 
acetone gem-dithiol or the mother liquors from crude trithioacetone crystallizations were 
placed on a watch glass in a fume cupboard. The odour was detected downwind in seconds.�

There are two candidates for this dreadful smell�propane dithiol (called acetone gem-
dithiol above) or 4-methyl-4-sulfanylpentan-2-one. It is unlikely that anyone else will be 
brave enough to resolve the controversy.

But nasty smells have their uses. The natural gas piped into homes contains small amounts 
of deliberately added sulfur compounds such as tert-butyl thiol (CH3)3CSH. When we say small, 
we mean very small�humans can detect one part in 50,000,000,000 parts of natural gas.

Other compounds have delightful odours. To redeem the honour of sulfur compounds we 
must cite the truf� e, which pigs can smell through a metre of soil and whose taste and smell 
is so delightful that truf� es cost more than their weight in gold. Damascenones are responsi-
ble for the smell of roses. If you smell one drop you will be disappointed, as it smells rather like 
turpentine or camphor, but next morning you, and the clothes you were wearing, will smell 
powerfully of roses. Many smells develop on dilution.

Humans are not the only creatures with a sense of smell. We can � nd mates using all our 
senses, but insects cannot do this. They are small in a crowded world and they � nd those of 
the opposite sex of their own species by smell. Most insects produce volatile compounds that 
can be picked up by a potential mate in incredibly weak concentrations. Only 1.5 mg of ser-
ricornin, the sex pheromone of the cigarette beetle, could be isolated from 65,000 female 
beetles�so there isn�t much in each beetle. Nevertheless, the slightest whiff of it causes the 
males to gather and attempt frenzied copulation. The sex pheromone of the beetle Popilia 
japonica, also given off by the females, has been made by chemists. As little as 5 �g (micro-
grams, note!) was more effective than four virgin females in attracting the males.

OH O
O

O

H
serricornin

the sex pheromone of the cigarette beetle
Lasioderma serricorne

japonilure
the sex pheromone of the Japanese beetle

Popilia japonica

The pheromone of the gypsy moth, disparlure, was identi� ed from a few �g isolated from 
the moths: as little as 2 × 10�12 g is active as a lure for the males in � eld tests. The three phero-
mones we have mentioned are available commercially for the speci� c trapping of these 
destructive insect pests.

SHSH
+

skunk spray contains:

S

S S

S

thioacetone

?

HS SH
HS

O

propane- 
dithiol

4-methyl-4-
sulfanylpentan-2-one

two candidates for
the worst smell in the world

(no-one wants to find the winner)

SH

deliberately added
to make natural gas
smell 'like gas'

tert-butylthiol

H3C
S S

CH3

O

damascenone„the smell of roses

the scent of the black truffle
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O

disparlure
the sex pheromone
of the gypsy moth
Portheria dispar

O

O
olean

sex pheromone
of the olive fly

Bacrocera oleae

Don�t suppose that the females always do all the work; both male and female olive � ies pro-
duce pheromones that attract the other sex. The remarkable thing is that one mirror image of 
the molecule attracts the males while the other attracts the females! Mirror image isomers of 
a molecule called frontalin are also emitted by male elephants; female elephants can tell the 
age and appeal of a potential mate from the amount of each isomer he produces.

O

O

O

O

this mirror image
isomer attracts
male olive flies

this mirror image
isomer attracts
female olive flies

O

O

O

O

this mirror image
isomer smells of
young male elephant*

this mirror image
isomer smells of
old male elephant*

*if you are a
female elephant

What about taste? Take the grapefruit. The main � avour comes from another sulfur com-
pound and human beings can detect 2 × 10�5 parts per billion of this compound. This is an 
almost unimaginably small amount equal to 10�4 mg per tonne or a drop, not in a bucket, but 
in a fairly large lake. Why evolution should have left us so extraordinarily sensitive to grape-
fruit, we leave you to imagine.

For a nasty taste, we should mention �bittering agents�, put into dangerous household sub-
stances like toilet cleaner to stop children drinking them by accident. Notice that this com-
plex organic compound is actually a salt�it has positively charged nitrogen and negatively 
charged oxygen atoms�and this makes it soluble in water.

H
N

N

O

O

O

benzyldiethyl[(2,6-xylylcarbamoyl)methyl]ammonium benzoate
'denatonium benzoate', marked as Bitrex

Other organic compounds have strange effects on humans. Various �drugs� such as alcohol 
and cocaine are taken in various ways to make people temporarily happy. They have their 
dangers. Too much alcohol leads to a lot of misery and any cocaine at all may make you a slave 
for life.

H3C OH

alcohol
(ethanol)

N
H3C

CO2CH3

O

O
cocaine„an addictive alkaloid

O

O

NHCH3

MDMA
(ecstasy)

Again, let�s not forget other creatures. Cats seem to be able to go to sleep anywhere, at any 
time. This surprisingly simple compound, isolated from the cerebrospinal � uid of cats, appears 
to be part of their sleep-control mechanism. It makes them, or rats, or humans fall asleep 
immediately.

a sleep-inducing fatty acid derivative
O

NH2

cis-9,10-octadecenoamide
cis-9-trans-11 conjugated linoleic acid

CLA (Conjugated Linoleic Acid) O

OH
dietary anticancer agent

HS

flavouring principle of grapefruit

Gypsy moth
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This compound and disparlure (above) are both derivatives of fatty acids. Fatty acids in the 
diet are a popular preoccupation, and the good and bad qualities of saturates, monounsatu-
rates, and polyunsaturates are continually in the news: one of the many dietary molecules 
reckoned to have demonstrable anticancer activity is CLA (conjugated linoleic acid), which is 
found in dairy products and also, most abundantly, you may be interested to know, in kanga-
roo meat.

Resveratrole is another dietary component with bene� cial effects: it may be responsible for 
the apparent ability of red wine to prevent heart disease. It is a quite different sort of organic 
compound, with two benzene rings.

For a third edible molecule, how about vitamin C? This is an essential factor in your diet�
that is why it is called a vitamin�and in the diet of other primates, guinea-pigs, and fruit bats 
(other mammals possess the biochemical machinery to make it themselves). The disease 
scurvy, a degeneration of soft tissues from which sailors on the long voyages of past centuries 
suffered, results from a lack of vitamin C. It also is a universal antioxidant, scavenging for 
rogue reactive radicals and protecting damage to DNA. Some people think an extra large 
intake may even protect against the common cold.

Organic chemistry and industry
Vitamin C is manufactured on a huge scale by Roche, a Swiss company. All over the world 
there are chemistry-based companies making organic molecules on scales varying from a few 
kilograms to thousands of tonnes per year. This is good news for students of organic chemis-
try: knowing how molecules behave and how to make them is a skill in demand, and it is an 
international job market.

The petrochemicals industry consumes huge amounts of crude oil: the largest re� nery in 
the world, in Jamnagar, India, processes 200 million litres of crude oil every day. An alarm-
ingly large proportion of this is still just burnt as fuel, but some of it is puri� ed or converted 
into organic compounds for use in the rest of the chemical industry.

Some simple compounds are made both from oil and from plants. The ethanol used as a 
starting material to make other compounds in industry is largely made by the catalytic hydra-
tion of ethylene from oil. But ethanol is also used as a fuel, particularly in Brazil, where it is 
made by fermentation of sugar cane. Plants are extremely powerful organic chemical factories 
(with sugar cane being among the most ef� cient of all of them). Photosynthesis extracts car-
bon dioxide directly from the air and uses solar energy to reduce it to form less oxygen-rich 
organic compounds from which energy can be re-extracted by combustion. Biodiesel is made 
in a similar way from the fatty acid components of plant oils.

O

O

ethyl stearate (ethyl octadecanoate), a major component of biodiesel

Plastics and polymers take much of the production of the petrochemical industry in the 
form of monomers such as styrene, acrylates, and vinyl chloride. The products of this enor-
mous industry are everything made of plastic, including solid plastics for household goods 
and furniture, � bres for clothes (over 25 million tonnes per annum), elastic polymers for car 
tyres, light bubble-� lled polymers for packing, and so on. Worldwide 100 million tonnes of 
polymers are made per year and PVC manufacture alone employs over 50,000 people to make 
over 20 million tones per year.

Many adhesives work by polymerization of monomers, which can be applied as a simple 
solution. You can glue almost anything with �superglue�, a polymer of methyl cyanoacrylate.

Washing-up bowls are made of the polymer polyethylene but the detergent you put in them 
belongs to another branch of the chemical industry�companies like Unilever and Procter 
and Gamble produce detergent, cleaners, bleaches, and polishes, along with soaps, gels, cos-
metics, and shaving foams. These products may smell of lemon, lavender, or sandalwood but 
they too mostly come from the oil industry.

Products of this kind tend to underplay their petrochemical origins and claim af� nity with 
the perceived freshness and cleanliness of the natural world. They also try to tell us, after a 

OHHO

resveratrole
from the skins

of grapes

OH

OHO

HO OH

O

OH
H

vitamin C (ascorbic acid)

EtO

O

Cl

monomers for polymer 
manufacture

styrene

ethyl acrylate

vinyl chloride

CO2Me

CN

CO2Me

CN

CO2Me

CN

CO2Me

CN

methyl
cyanoacrylate
('superglue')
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fashion, what they contain. Try this example�the list of contents from a well-known brand 
of shower gel, which we are reassuringly told is �packed with natural stuff� (including 10 �real� 
lemons) and contains �100% pure and natural lemon and tea tree essential oils�.

It doesn�t all make sense to us, but here is a possible interpretation. We certainly hope this 
book will set you on the path of understanding the sense (and the nonsense!) of this sort 
of�thing.

Ingredient Chemical meaning Purpose

aqua
H

O
H

water
solvent

sodium laureth 
sulfate

O
OSO3NaC12H25

n
typically n = 3

detergent

cocamide DEA C11H23

O

N
OH

OH

foaming agent

Citrus medica 
 limonum peel oil

mainly 

� -pinene

scent, appeal to 
customer

Melaleuca 
 alternifolia leaf oil

mainly OH

terpinen-4-ol

scent, appeal to 
customer, possibly 
antiseptic

glycerin HO OH

OH

glycerol

cosolvent; 
 moisturizer; ensures 
smoothness

cocamidopropyl 
betaine C11H24

O

N
H

N

O

O detergent and 
anti-electrostatic

sodium chloride NaCl control solubility 
of�Na+-based 
detergents

lactic acid
CO2H

OH

acidi� er

styrene acrylates 
copolymer

Ph CO2R

mn R

R = Me or H � lm former

tetrasodium 
 glutamate 
diacetate N

CO2NaNaO2C

NaO2C CO2Na

chelator, to prevent 
formation of 
 insoluble scum in 
hard water

sodium benzoate
CO2Na

preservative
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PEG/PPG -120/10 
 trimethylolpropane 
trioleate

O

O O

Me

O O

O

R1

R1 R1

O

R2

O

R2 R2

O

R1 = H or Me
R2 = (CH2)7 (CH2)7CH3

n

n

n

viscosity controller

laureth-2 O
OC12H26

OH emulsi� er

benzotriazolyl 
 dodecyl p-cresol

HO

N

C12H25

N

N

absorbs UV light

BHT

OH

antioxidant

citral OHC

mixture of isomers

lemon fragrance

limonene Me

Me
lemon fragrance

CI 19140 N
N

NaO3S

N
NNaO2C

OH

SO3Na

tartrazine

yellow colouring

CI14700

OH

SO3Na

N
N

SO3Na

Scarlet GN

colouring

The particular detergents, surfactants, acids, viscosity controllers, and so on are chosen to 
blend together to give a smooth gel. The result should feel, smell, and look attractive and work 
as an effective detergent and shampoo (some of the compounds are added for their moistur-
izing and anti-electrostatic effect on hair). The yellow colour and lemon scent are considered 
fresh and clean by the customer. Several of the ingredients are added as pure compounds; the 
ones which aren�t are mixtures of isomers or polymers; the most impure are the mixtures of 
hydrocarbons referred to as the �pure and natural� essential oils. Is it �packed with natural 
stuff�? Indeed it is. It all comes from natural sources, the principal one being decomposed 
carboniferous forests trapped for millions of years underground.

The coloration of manufactured goods is a huge business, with a range of intense colours 
required for dyeing cloth, colouring plastic and paper, painting walls, and so on. Leaders in 
this area are companies such as Akzo Nobel, which had sales of  14.6 bn in 2010. One of the 
most commonly used dyestuffs is indigo, an ancient dye that used to be isolated from plants 
but is now made from petrochemical feedstocks. It is the colour of blue jeans. More modern 
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dyestuffs can be represented by the benzodifuranones developed by ICI, which are used for 
colouring synthetic fabrics like polyesters (red), the phthalocyanine�metal complexes (typi-
cally blue or green), or the �high-performance� red pigment DPP (1,4-diketopyrrolo[3,4-c]pyr-
roles) series developed by Ciba-Geigy.

the colour of blue jeans

NH

HN

O

O

indigo

O
O

O

O

OR

OR

ICI•s Dispersol
benzodifuranone

red dyes for polyester

N

N

N

N

N

N
NN Cu

Cl

ClCl

Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

ICI•s Monastral Green GNA
a green for plastic objects

NH
HN

O

O

Cl

Cl

Ciba-Geigy•s Pigment Red 254
an intense DPP pigment

The scent of the shower gel above came from a mixture of plant extracts with the pure com-
pound (in fact a mixture of two isomers) citral. The big fragrance and � avouring companies 
(such as Firmenich, International Flavors and Fragrances, and Givaudan) deal in both natu-
rals and synthetics��naturals� are mixtures of compounds extracted from plants�leaves, 
seeds, and � owers. �Synthetics� are single compounds, sometimes present in plant-derived 
sources and sometime newly designed molecules, which are mixed with each other and with 
�naturals� to build up a scent. A typical perfume will contain 5�10% fragrance molecules in an 
ethanol/water (about 90:10) mixture. So the perfumery industry needs a very large amount of 
ethanol and, you might think, not much perfumery material. In fact, important fragrances 
like jasmine are produced on a >10,000 tonnes per annum scale. The cost of a pure perfume 
ingredient like cis-jasmone (p. 2), the main ingredient of jasmine, may be several hundred 
pounds, dollars, or euros per gram.

The world of perfumery
Perfume chemists use extraordinary language to describe their achievements: •PacoRabanne pour homme was created 
to reproduce the effect of a summer walk in the open air among the hills of Provence: the smell of herbs, rosemary and 
thyme, and sparkling freshness with cool sea breezes mingling with warm soft Alpine air. To achieve the required effect, 
the perfumer blended herbaceous oils with woody accords and the synthetic aroma chemical dimethylheptanol, which 
has a penetrating but inde“ nable freshness associated with open air or freshly washed linen.•

Chemists produce synthetic � avourings such as �smoky bacon� and even �chocolate�. Meaty 
� avours come from simple heterocycles such as alkyl pyrazines (present in coffee as well as 
roast meat) and furonol, originally found in pineapples. Compounds such as corylone and 
maltol give caramel and meaty � avours. Mixtures of these and other synthetic compounds 
can be �tuned� to taste like many roasted foods from fresh bread to coffee and barbecued meat. 
Some � avouring compounds are also perfumes and may also be used as an intermediate in 
making other compounds. Vanillin is the main component of the � avour of vanilla, but is 
manufactured on a large scale for many other uses too.

roast meat

N

N

an alkyl pyrazine
from coffee and

furonol

O

OHO

roast meat
roasted taste

OHO

corylone
caramel

and biscuits

O

O

HO

maltol
E-636 for cakes

manufactured on a large scale

H

O

HO

H3CO

vanillin
found in vanilla pods;
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Food chemistry includes much larger-scale items than � avours. Sweeteners such as sugar 
itself are isolated from plants on an enormous scale. You saw sucrose on p. 3, but other sweet-
eners such as saccharin (discovered in 1879!) and aspartame (1965) are made on a sizeable 
scale. Aspartame is a compound of two of the natural amino acids present in all living things 
and over 10,000 tonnes per annum are made by the NutraSweet company.

H2N

H
N

OCH3

O

O
CO2H

H2N

H
N

OCH3

O

O
CO2H

aspartic
acid

methyl ester of
phenylalanine

aspartame (•NutraSweet•)
200 times sweeter than sugar

is made from
two amino acids …

One of the great revolutions of modern life has been the expectation that humans will sur-
vive diseases because of a speci� cally designed treatment. In the developed world, people live 
to old age because infections which used to kill can now be cured or kept at bay. Antibiotics are 
our defence against bacteria, preventing them from multiplying. One of the most successful of 
these is Beecham amoxycillin, which was developed by SmithKline. The four-membered ring 
at the heart of the molecule is the �-lactam, which targets the diease-causing bacteria. 
Medicinal chemists also protect us from the insidious threat of viruses which use the body�s 
own biochemistry to replicate. Tami� u is a line of defence against the ever-present danger of a 
� u epidemic, while ritonivir is one of the most advanced drugs designed to prevent replication 
of HIV and to slow down or prevent the onset of AIDS.
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amoxycillin
developed by SmithKline Beecham
�-lactam antibiotic treatment of
bacterial infections
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Tamiflu (oseltamivir)
invented by Gilead Sciences
marketed by Roche
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ritonavir (Norvir)
Abbott's protease inhibitor
treatment for HIV / AIDS

The best-selling current drugs are largely designed to address the human body�s own fail-
ings. Sales of Lipitor and Nexium both topped $5bn in 2009, � gures which serve to illustrate 
the � nancial scale of developing safe and effective new treatments. Lipitor is one of the class 
of drugs known as statins, widely prescribed to control cholesterol levels in older people. 
Nexium is a proton pump inhibitor, which works to reduce peptic and duodenal ulcers. Sales 
of Glivec (developed by Novartis and introduced in 2001) are far smaller, but to those suffer-
ing from certain cancers such as leukaemia it can be a lifesaver.

 The story of Tami� u and how 
the ingenuity of chemists ensures a 
constant supply is related at the 
other end of this book, in 
Chapter�43.
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N
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CO2H

OH OH

Pfizer's atorvastatin (Lipitor)
cholesterol-lowering drug
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OCH3

CH3

S

N

N
H

H3CO

O

AstraZeneca's
esomeprazole
(Nexium)
for ulcer prevention

N

N
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H

N
H

CH3
O

N

N
H3C

Novartis' imatinib (Glivec or Gleevec)
treatment for cancers such as leukaemia

We cannot maintain our present high density of population in the developed world, nor 
deal with malnutrition in the developing world unless we preserve our food supply from 
attacks by insects and fungi and from competition by weeds. The world market for agrochem-
icals produced by multinationals such as Bayer CropScience and Syngenta is over £10bn per 
annum divided between herbicides, fungicides, and insecticides.

Many of the early agrochemicals were phased out as they were persistent environmental 
pollutants. Modern agrochemicals have to pass stringent environmental safety tests. The 
most famous modern insecticides are modelled on the plant-derived pyrethrins, stabilized 
against degradation in sunlight by chemical modi� cation (the brown and green portions of 
decamethrin) and targeted to speci� c insects on speci� c crops. Decamethrin has a safety fac-
tor of >10,000 for mustard beetles over mammals, can be applied at only 10 grams per hectare 
(about one level tablespoon per football pitch), and leaves no signi� cant environmental 
residue.

O

O O

O
a pyrethrin
from Pyrethrum„daisy-like
flowers from East Africa

Br

Br

O

O

O

CN
decamethrin

a modified pyrethrin„more active and stable in sunlight

As you learn more chemistry, you will appreciate how remarkable it is that Nature should 
produce the three-membered rings in these compounds and that chemists should use them 
in bulk compounds to be sprayed on crops in � elds. Even more remarkable in some ways are 
the fungicides based on a � ve-membered ring containing three nitrogen atoms�the triazole 
ring. These compounds inhibit an enzyme present in fungi but not in plants or animals. 
Fungal diseases are a real threat: as in the Irish potato famine of the nineteenth century, the 
various fungal blights, blotches, rots, rusts, smuts, and mildews can overwhelm any crop in a 
short time.

Organic chemistry and the periodic table
All the compounds we have shown you are built up on hydrocarbon (carbon and hydrogen) 
skeletons. Most have oxygen and/or nitrogen as well; some have sulfur and some phospho-
rus, and maybe the halogens (F, Cl, Br, and I). These are the main elements of organic 
chemistry.

N
N

N
OO

Cl Cl

propiconazole
a triazole fungicide

triazole
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But organic chemistry has also bene� tted from the exploration of (some would say take-
over bid for) the rest of the periodic table. The organic chemistry of silicon, boron, lithium, 
tin, copper, zinc, and palladium has been particularly well studied and these elements 
are common constituents of �organic� reagents used in the laboratory. You will meet many 
of them throughout this book. Butyllithium, trimethylsilyl chloride, tributyltin hydride, 
di e th ylzinc, and lithium dimethylcuprate provide examples.

Li

 butyllithium

BuLi

Si ClH3C

H3C

H3C

trimethylsilyl chloride

Me3SiCl

Sn HC4H9

C4H9

C4H9

tributyltin hydride

Bu3SnH

H3C

Cu

H3C

lithium dimethylcuprate

Li

Me2CuLi

Zn

diethylzinc

Et2Zn

The halogens also appear in many life-saving drugs. Antiviral compounds such as � aluri-
dine (which contains both F and I, as well as N and O) are essential for the � ght against HIV 
and AIDS. They are modelled on natural compounds from nucleic acids. The naturally occur-
ring cytotoxic (antitumour) agent halomon, extracted from red algae, contains Br and Cl.

The organic chemist�s periodic table would have to emphasize all of these elements and 
more�the table below highlights most of those elements in common use in organic reac-
tions. New connections are being added all the time�before the end of the last century the 
organic chemistry of ruthenium, gold, and samarium was negligible; now reagents and cata-
lysts incorporating these metals drive a wide range of important reactions.

the organic chemist's
periodic table

1

2

3 4 5 6 7 8 9 10 11 12

13 14 15 16 17

Li CB N O F

Si P S Cl

Br

I

Mg Al

Se

Na

K Ti Cr Cu Zn

Pd Sn

Os Hg

H

Ag

Au

Fe

Ru

18

Sm

So where does inorganic chemistry end and organic chemistry begin? Would you say that 
the antiviral compound foscarnet was organic? It is a compound of carbon with the formula 
CPO5Na3 but it has no C�H bonds. And what about the important reagent tetrakis (tri-
phenylphosphine)palladium? It has lots of hydrocarbon�12 benzene rings in fact�but the 
benzene rings are all joined to phosphorus atoms that are arranged in a square around the 
central palladium atom, so the molecule is held together by C�P and P�Pd bonds, not by a 
hydrocarbon skeleton. Although it has the very organic-looking formula C72H60P4Pd, many 
people would say it is inorganic. But is it?

P O

O

O
O

O
3

foscarnet„antiviral agent

Na

P

P P

P

Pd
[(C6H5)3P]4Pd

(Ph3P)4Pd

tetrakistriphenylphosphine palladium„
important catalyst

antiviral
compound

N

NH

O
HO

FHO

I

O

O

fialuridine

antitumour agent

Cl

Cl

Cl

Br

Br

halomon naturally occurring

 We will devote whole chapters 
to the organic chemistry of S, P, 
and Si (Chapter 27) and to the 
transition metals, especially Pd 
(Chapter 40).

 � You will certainly know 
something about the periodic 
table from your previous studies 
of chemistry. A full Periodic Table 
appears on pp. 1184…1185 of 
this book, but basic knowledge 
of the groups, which elements 
are metals, and where the 
elements shown in this table 
appear will be helpful to you.
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The answer is that we don�t know and we don�t care. Strict boundaries between traditional 
disciplines are undesirable and meaningless. Chemistry continues across the old boundaries 
between organic chemistry and inorganic chemistry, organic chemistry and physical chemis-
try or materials, or organic chemistry and biochemistry. Be glad that the boundaries are indis-
tinct as that means the chemistry is all the richer. This lovely molecule (Ph3P)4Pd belongs to 
chemistry.

Organic chemistry and this book
We have told you about organic chemistry�s history, the types of compounds it concerns 
itself with, the things it makes, and the elements it uses. Organic chemistry today is the 
study of the structure and reactions of compounds in nature, of compounds in the fossil 
reserves such as coal and oil, and of those compounds that can be made from them. These 
compounds will usually be constructed with a hydrocarbon framework but will also often 
have atoms such as O, N, S, P, Si, B, halogens, and metals attached to them. Organic chem-
istry is used in the making of plastics, paints, dyestuffs, clothes, foodstuffs, human and 
veterinary medicines, agrochemicals, and many other things. Now we can summarize all of 
these in a different way.

 � The main components of organic chemistry as a discipline are:
€  structure determination„how to “ nd out the structures of new compounds even if they 

are�available only in invisibly small amounts

€  theoretical organic chemistry„how to understand these structures in terms of atoms and 
the electrons that bind them together

€  reaction mechanisms„how to “ nd out how these molecules react with each other and 
how�to predict their reactions

€ synthesis„how to design new molecules, and then make them

€  biological chemistry„how to “ nd out what Nature does and how the structures of 
biologically active molecules are related to what they do.

This book is about all these things. It is about the structures of organic molecules and the rea-
sons behind those structures. It is about the shapes of these molecules and how the shape relates 
to their function, especially in the context of biology. It explains how these structures and shapes 
are discovered. It tells you about the reactions the molecules undergo and, more importantly, 
how and why they behave in the way they do. It tells you about nature and about industry. It tells 
you how molecules are made and how you too can think about making molecules.

This is the landscape through which you are about to travel. And, as with any journey to 
somewhere new, exciting, and sometimes challenging, the � rst thing is to make sure you have 
at least some knowledge of the local language. Fortunately the language of organic chemistry 
couldn�t be simpler: it�s all pictures. The next chapter will get us communicating.

Further reading

One interesting and amusing book you might enjoy is B. Selinger, 
Chemistry in the Marketplace, 5th edn, Harcourt Brace, Sydney, 2001.

13FURTHER  READING
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Check your understanding

  To check that you have mastered the concepts presented in this chapter, attempt the problems that are 
available in the book�s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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Online support. The icon  in the margin indicates that accompanying interactive resources are provided online to help 
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of 
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123 
with the page number) for access to successive links.

2Organic structures

There are over 100 elements in the periodic table. Many molecules contain well over 100 
atoms�palytoxin (a naturally occurring compound with potential anticancer activity), for 
example, contains 129 carbon atoms, 221 hydrogen atoms, 54 oxygen atoms, and 3 nitrogen 
atoms. It�s easy to see how chemical structures can display enormous variety, providing 
enough molecules to build even the most complicated living creatures. 
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 � Palytoxin was isolated in 
1971 in Hawaii from Limu make 
o Hane (�deadly seaweed of 
Hana�), which had been used to 
poison spear points. It is one of 
the most toxic compounds 
known, requiring only about 
0.15 micrograms per kilogram 
for death by injection. The 
complicated structure was 
determined a few years later.

Connections

 Building on

� This chapter does not depend on 
Chapter 1

Arriving at

� The diagrams used in the rest of the book
� Why we use these particular diagrams
� How organic chemists name molecules 

in writing and in speech
� What is the skeleton of an organic molecule
� What is a functional group
� Some abbreviations used by all organic 

chemists
� Drawing organic molecules realistically 

in an easily understood style

 Looking forward to

� Ascertaining molecular structure 
spectroscopically ch3

� What determines a molecule�s 
structure ch4
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But how can we understand what seems like a recipe for confusion? Faced with the col-
lection of atoms we call a molecule, how can we make sense of what we see? This chapter 
will teach you how to interpret organic structures. It will also teach you how to draw 
organic molecules in a way that conveys all the necessary information and none of the 
super� uous.

Hydrocarbon frameworks and functional groups
As we explained in Chapter 1, organic chemistry is the study of compounds that contain car-
bon. Nearly all organic compounds also contain hydrogen; most also contain oxygen, nitro-
gen, or other elements. Organic chemistry concerns itself with the way in which these atoms 
are bonded together into stable molecular structures, and the way in which these structures 
change in the course of chemical reactions.

Some molecular structures are shown below. These molecules are all amino acids, the con-
stituents of proteins. Look at the number of carbon atoms in each molecule and the way they 
are bonded together. Even within this small class of molecules there�s great variety�glycine 
and alanine have only two or three carbon atoms; phenylalanine has nine.
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glycine alanine phenylalanine

Lysine has a chain of atoms; tryptophan has rings.
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In methionine the atoms are arranged in a single chain; in leucine the chain is branched. In 
proline, the chain bends back on itself to form a ring.
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methionine leucine proline

Yet all of these molecules have similar properties�they are all soluble in water, they are all 
both acidic and basic (amphoteric), they can all be joined with other amino acids to form 
proteins. This is because the chemistry of organic molecules depends much less on the num-
ber or the arrangement of carbon or hydrogen atoms than on the other types of atoms (O, 
N, S, P, Si...) in the molecule. We call parts of molecules containing small collections of these 
other atoms functional groups, simply because they are groups of atoms that determine the 
way the molecule works. All amino acids contain two functional groups: an amino (NH2 
or NH) group and a carboxylic acid (CO2H) group (some contain other functional groups 
as well).

 Interactive amino acid 
structures

 We shall return to amino acids 
as examples several times in this 
chapter but we shall leave detailed 
discussion of their chemistry till 
Chapters 23 and 42 when we look 
at the way they polymerize to form 
peptides and proteins.
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 � The functional groups determine the way the molecule works both chemically and biologically.

functional groupamino group
functional groups
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alanine
contains just the amino

and carboxylic acid

lysine
has an additional

methionine
also has a sulfide

That isn�t to say the carbon atoms aren�t important; they just play quite a different role 
from�those of the oxygen, nitrogen, and other atoms they are attached to. We can consider 
the�chains and rings of carbon atoms we � nd in molecules as their skeletons, which support the 
functional groups and allow them to take part in chemical interactions, much as your skeleton 
supports your internal organs so they can interact with one another and work properly.

 � The hydrocarbon framework is made up of chains and rings of carbon atoms, and it acts as a 
support for the functional groups.
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We will see later how the interpretation of organic structures as hydrocarbon frameworks 
supporting functional groups helps us to understand and rationalize the reactions of organic 
molecules. It also helps us to devise simple, clear ways of representing molecules on paper. You 
saw these structural diagrams in Chapter 1, and in the next section we shall teach you ways 
to draw (and ways not to draw) molecules�the handwriting of chemistry. This section is 
extremely important because it will teach you how to communicate chemistry, clearly and sim-
ply, throughout your life as a chemist.

Drawing molecules
Be realistic

Below is another organic structure�again, you may be familiar with the molecule it repre-
sents; it is a fatty acid commonly called linoleic acid.
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linoleic acid

carboxylic acid
functional group

We could also depict linoleic acid as

linoleic acid

CH3CH2CH2CH2CH=CHCH2CH=CHCH2CH2CH2CH2CH2CH2CH2CO2H

or as

H C C C C C C C C C C C C C C C C C CO2H
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linoleic acid

 � Three fatty acid molecules and 
one glycerol molecule combine to 
form the fats that store energy in 
our bodies and are used to 
construct the membranes around 
our cells. This particular fatty acid, 
linoleic acid, cannot be 
synthesized in the human body 
but must be an essential 
component of a healthy diet 
found, for example, in sun� ower 
oil. Fatty acids differ in the length 
of their chains of carbon atoms, 
yet they have very similar 
chemical properties because they 
all contain the carboxylic acid 
functional group. We shall come 
back to fatty acids in Chapter�42.

HO
C

C
C

OH

H H H H

H OH

glycerol

Organic skeletons
Organic molecules left to 
decompose for millions of years 
in the absence of light and 
oxygen become literally carbon 
skeletons�crude oil, for 
example, is a mixture of 
molecules consisting of nothing 
but carbon and hydrogen, while 
coal consists of little else but 
carbon. Although the molecules 
in�coal and oil differ widely in 
chemical structure, they have 
one thing in common: no 
functional groups. Many are 
very�unreactive: about the only 
chemical reaction they can take 
part in is combustion, which, 
in�comparison to most chemical 
reactions that take place in 
chemical laboratories, is an 
extremely violent process. In 
Chapter 5 we shall start to look 
at the way that functional 
groups direct the chemical 
reactions of molecules.
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You may well have seen diagrams like these last two in older books�they used to be easy to 
print (in the days before computers) because all the atoms were in a line and all the angles 
were 90°. But are they realistic? We will consider ways of determining the shapes and struc-
tures of molecules in more detail in Chapter 3, but the picture below shows the structure of 
linoleic acid determined by X-ray crystallography.

X-ray structure of linoleic acid

You can see that the chain of carbon atoms is not linear, but a zig-zag. Although our diagram 
is just a two-dimensional representation of this three-dimensional structure, it seems reason-
able to draw it as a zig-zag too.
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OH H

H H

H H

H H
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HH

H H

H H

H H

H H

H H

H H

H H

H H

linoleic acid

This gives us our � rst guideline for drawing organic structures.

 � Guideline 1
Draw chains of atoms as zig-zags.

Realism of course has its limits�the X-ray structure shows that the linoleic acid molecule is 
in fact slightly bent in the vicinity of the double bonds; we have taken the liberty of drawing 
it as a �straight zig-zag�. Similarly, close inspection of crystal structures like this reveals that 
the angle of the zig-zag is about 109° when the carbon atom is not part of a double bond and 
120° when it is. The 109° angle is the �tetrahedral angle�, the angle between two vertices of a 
tetrahedron when viewed from its centre. In Chapter 4 we shall look at why carbon atoms take 
up this particular arrangement of bonds. Our realistic drawing is a projection of a three-
dimensional structure onto � at paper so we have to compromise.

Be economical

When we draw organic structures we try to be as realistic as we can be without putting in 
super� uous detail. Look at these three pictures.

(1) is immediately recognizable as Leonardo da Vinci�s Mona Lisa. You may not recognize 
(2)�it�s also Leonardo da Vinci�s Mona Lisa�this time viewed from above. The frame is very 
ornate, but the picture tells us as much about the painting as our rejected linear and 90° angle 

 � X-ray crystallography 
discovers the structures of 
molecules by observing the way 
X-rays bounce off atoms in 
crystalline solids. It gives clear 
diagrams with the atoms 
marked as circles and the bonds 
as rods joining them together.

 Interactive linoleic acid 
structure
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diagrams did about our fatty acid. They�re both correct�in their way�but sadly useless. 
What we need when we draw molecules is the equivalent of (3). It gets across the idea of the 
original, and includes all the detail necessary for us to recognize what it�s a picture of, and 
leaves out the rest. And it was quick to draw�this picture was drawn in less than 10 minutes: 
we haven�t got time to produce great works of art!

Because functional groups are the key to the chemistry of molecules, clear diagrams must 
emphasize the functional groups and let the hydrocarbon framework fade into the back-
ground. Compare the diagrams below:

H3C
C

C
C

C
C C

C
C C

C
C

C
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C
C

C
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OH

OH H

H H

H H

H H

H H

HH

H H

H H

H H

H H

H H

H H

H H

H H

OH

O

linoleic acid

linoleic acid

The second structure is the way that most organic chemists would draw linoleic acid. Notice 
how the important carboxylic acid functional group stands out clearly and is no longer clut-
tered by all those Cs and Hs. The zig-zag pattern of the chain is much clearer too. And this 
structure is much quicker to draw than any of the previous ones!

To get this diagram from the one above we�ve done two things. Firstly, we�ve got rid of all 
the hydrogen atoms attached to carbon atoms, along with the bonds joining them to the 
carbon atoms. Even without drawing the hydrogen atoms we know they�re there�we assume 
that any carbon atom that doesn�t appear to have its potential for four bonds satis� ed is also 
attached to the appropriate number of hydrogen atoms. Secondly, we�ve rubbed out all the Cs 
representing carbon atoms. We�re left with a zig-zag line, and we assume that every kink in 
the line represents a carbon atom, as does the end of the line.

OH

O

this H is shown
because it is
attached to an
atom other than C

the end of the line
represents a C atom

every kink in
the chain represents
a C atom

this C atom must
also carry 3 H atoms
because only 1 bond
is shown

these C atoms must
also carry 1 H atom

because only 3 bonds
are shown for each atom

these C atoms must
also carry 2 H atoms
because only 2 bonds

are shown for each atom

all four bonds
are shown to this
C atom, so no
H atoms are
implied

We can turn these two simpli� cations into two more guidelines for drawing organic structures.

 � Guideline 2
Miss out the Hs attached to carbon atoms, along with the C�H bonds (unless there is a good 
reason not to).

 � Guideline 3
Miss out the capital Cs representing carbon atoms (unless there is a good reason not to).

Be clear

Try drawing some of the amino acids represented on p. 16 in a similar way, using the three 
guidelines. The bond angles at tetrahedral carbon atoms are about 109°. Make them look 
about 109° projected on to a plane! (120° is a good compromise, and it makes the drawings 
look neat.)

Start with leucine�earlier we drew it as the structure to the right. Get a piece of paper and 
do it now. Once you have done this, turn the page to see how your drawing compares with our 
suggestions.

 � What is �a good reason not 
to�? One is if the C or H is part 
of a functional group. Another 
is�if the C or H needs to be 
highlighted in some way, for 
example because it�s taking part 
in a reaction. Don�t be too rigid 
about these guidelines: they�re 
not rules. It is better just to 
learn by example (you�ll � nd 
plenty in this book): if it helps to 
clarify, put it in; if it clutters and 
confuses, leave it out. One thing 
you must remember, though: if 
you write a carbon atom as a 
letter C then you must add all 
the H atoms too. If you don�t 
want to draw all the Hs, don�t 
write C for carbon.

C
C

NH2H

C

O

OHC

CH3

H3C

H H

H

leucine
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It doesn�t matter which way up you�ve drawn it, but your diagram should look something 
like one of these structures below.

O

OH

NH2

leucine

O

OH

N
H H

leucine

NH2

HO2C

leucine

NH2

HOOC
leucine

The guidelines we gave were only guidelines, not rules, and it certainly does not matter which 
way round you draw the molecule. The aim is to keep the functional groups clear and let the 
skeleton fade into the background. That�s why the last two structures are all right�the�carbon 
atom shown as �C� is part of a functional group (the carboxyl group) so it can stand out.

Now turn back to p. 16 and try redrawing the some of the other eight structures there using 
the guidelines. Don�t look at our suggestions below until you�ve done them! Then compare 
your drawings with our suggestions.

O

OH

O

OH

O

OH

OH

O

OH
H2N

O

OH
S

NH

O

OHH2N

NH2 NH2

O

NH2

NH2

NH2

HN

glycine alanine phenylalanine

lysinetryptophan methionine

proline

Remember that these are only suggestions, but we hope you�ll agree that this style of  diagram 
looks much less cluttered and makes the functional groups much clearer than the diagrams on 
p. 16. Moreover, they still bear signi� cant resemblance to the �real thing�� compare these crys-
tal structures of lysine and tryptophan with the structures shown above, for example.

X-ray crystal structure of lysine

X-ray crystal structure of tryptophan

CHAPTER 2���ORGANIC STRUCTURES20

2069_Book.indb   20 12/12/2011   8:22:22 PM



Structural diagrams can be modi� ed to suit the occasion

You�ll probably � nd that you want to draw the same molecule in different ways on different 
occasions to emphasize different points. Let�s carry on using leucine as an example. We men-
tioned before that an amino acid can act as an acid or as a base. When it acts as an acid, a base 
(for example hydroxide, OH�) removes H+ from the carboxylic acid group in a reaction we can 
represent as:

O

O

NH2

H

O

O

NH2

OH H2O+

The product of this reaction has a negative charge on an oxygen atom. We have put it in 
a circle to make it clearer, and we suggest you do the same when you draw charges: + and � 
signs are easily mislaid. We shall discuss this type of reaction, the way in which reactions are 
drawn, and what the �curly arrows� in the diagram mean in Chapter 5. But for now, notice 
that�we drew out the CO2H as the fragment on the left because we wanted to show how 
the O�H bond was broken when the base attacked. We modi� ed our diagram to suit our own 
purposes.

When leucine acts as a base, the amino (NH2 ) group is involved. The nitrogen atom attaches 
itself to a proton, forming a new bond using its lone pair.

We can represent this reaction as:

CO2H

N
H

H
H

O

H

H

CO2H

N
H

H
H

H2O+

Notice how we drew in the lone pair this time because we wanted to show how it was involved 
in the reaction. The oxygen atoms of the carboxylic acid groups also have lone pairs but we 
didn�t draw them in because they weren�t relevant to what we were talking about. Neither did 
we feel it was necessary to draw CO2H in full this time because none of the atoms or bonds in 
the carboxylic acid functional group was involved in the reaction.

Structural diagrams can show three-dimensional information on 
a�two-dimensional�page

Of course, all the structures we have been drawing give only an idea of the real structure of 
the molecules. For example, the carbon atom between the NH2 group and the CO2H group of 
leucine has a tetrahedral arrangement of atoms around it, a fact which we have so far com-
pletely ignored.

We might want to emphasize this fact by drawing in the hydrogen atom we missed out at 
this point, as in structure 1 (in the right-hand margin). We can then show that one of the 
groups attached to this carbon atom comes towards us, out of the plane of the paper, and the 
other one goes away from us, into the paper. 

There are several ways of doing this. In structure 2, the bold, wedged bond suggests a perspec-
tive view of a bond coming towards you, while the hashed bond suggests a bond fading away 
from you. The other two �normal� bonds are in the plane of the paper.

Alternatively we could miss out the hydrogen atom and draw something a bit neater, 
although slightly less realistic, as in structure 3. We can assume the missing hydrogen atom 
is�behind the plane of the paper because that is where the �missing� vertex of the tetrahe-
dron of atoms attached to the carbon atom lies. When you draw diagrams like�these to indicate 
the three dimensional shape of the molecule, try to keep the hydrocarbon framework in the 

 � Not all chemists put circles 
round their plus and minus 
charges�it�s a matter of 
personal choice.

 � A lone pair is a pair of 
electrons that is not involved 
in�a chemical bond. We shall 
discuss lone pairs in detail in 
Chapter 4. Again, don�t worry 
about what the curly arrows 
in�this diagram mean�we 
will�cover them in detail in 
Chapter 5.

CO2H

NH2H

CO2H

NH2H

CO2H

NH2

1

2

3
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plane of the paper and allow functional groups and other branches to project forwards out of 
the paper or backwards into it. 

These conventions allow us to give an idea of the three-dimensional shape (stereochemis-
try) of any organic molecule�you have already seen them in use in the diagram of the struc-
ture of palytoxin at the beginning of this chapter.

 � Reminder
Organic structural drawings should be realistic, economical, and clear.

We gave you three guidelines to help you achieve this when you draw structures:

� Guideline 1: Draw chains of atoms as zig-zags.
� Guideline 2: Miss out the Hs attached to the carbon atoms along with the C�H bonds.
� Guideline 3: Miss out the capital Cs representing carbon atoms.

The guidelines we have given and the conventions we have illustrated in this section 
have grown up over decades. They are not arbitrary pronouncements by some of� cial 
body but are used by organic chemists because they work! We guarantee to follow them 
for the rest of the book�try to follow them yourself whenever you draw an organic 
structure. Before you ever draw a capital C or a capital H again, ask yourself whether it�s 
really necessary!

Now that we have considered how to draw structures, we can return to some of the structural 
types that we � nd in organic molecules. Firstly, we�ll talk about hydrocarbon frameworks, 
then about functional groups.

Hydrocarbon frameworks
Carbon as an element is unique in the variety of structures it can form. It is unusual 
because it forms strong, stable bonds to the majority of elements in the periodic table, 
including itself. It is this ability to form bonds to itself that leads to the variety of organic 
structures that exist, and indeed to the possibility of life existing at all. Carbon may make 
up only 0.2% of the earth�s crust, but it certainly deserves a whole branch of chemistry all 
to itself.

Chains

The simplest class of hydrocarbon frameworks contains just chains of atoms. The fatty 
acids we met earlier have hydrocarbon frameworks made of zig-zag chains of atoms, for 
example. Polythene is a polymer whose hydrocarbon framework consists entirely of chains 
of carbon atoms. The wiggly line at each end of this structure shows that we have drawn a 
piece in the middle of the polythene molecule. The structure continues inde� nitely beyond 
the wiggly lines.

a section of the structure of polythene

At the other end of the spectrum of complexity is this antibiotic, extracted from a fungus 
in 1995 and aptly named linearmycin as it has a long linear chain. The chain of this anti-
biotic is so long that we have to wrap it round two corners just to get it on the page. We 
haven�t drawn whether the CH3 and OH groups are in front of or behind the plane of 
the paper because, at the time of writing this book, the stereochemistry of linearmycin is 
unknown.

 We shall look in more detail at 
the shapes of molecules�their 
stereochemistry�in Chapter 14.

 Interactive structure of 
polythene
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H2N

OHOH OH OH OH

OH

OHOHOHO

CH3

OH

OH

CH3 CH3

OH

CO2H

CH3

linearmycin

Names for carbon chains

It is often convenient to refer to a chain of carbon atoms by a name indicating its length. You 
have probably met some of these names before in the names of the simplest organic mole-
cules, the alkanes. There are also commonly used abbreviations for these names: these can be 
very useful in both writing about chemistry and in drawing chemical structures, as we shall 
see shortly.

Names and abbreviations for carbon chains

Number of carbon 
atoms in chain

Name of group Formula� Abbreviation Name of alkane 
(=�chain + H)

1 methyl �CH3 Me methane
2 ethyl �CH2CH3 Et ethane
3 propyl �CH2CH2CH3 Pr propane
4 butyl �(CH2)3CH3 Bu butane
5 pentyl �(CH2)4CH3 �� pentane
6 hexyl �(CH2)5CH3 �� hexane
7 heptyl �(CH2)6CH3 �� heptane
8 octyl �(CH2)7CH3 �� octane
9 nonyl �(CH2)8CH3 �� nonane
10 decyl �(CH2)9CH3 �� decane

� This representation is not recommended, except for CH3. � Names for longer chains are not commonly 
abbreviated.

Organic elements

You may notice that the abbreviations for the names of carbon chains look very much like the 
symbols for chemical elements: this is deliberate, and these symbols are sometimes called 
�organic elements�. They can be used in chemical structures just like element symbols. It is 
often convenient to use the �organic element� symbols for short carbon chains for tidiness. 
Here are some examples. Structure 1 to the right shows how we drew the structure of the amino 
acid methionine on p. 20. The stick representing the methyl group attached to the sulfur atom 
does, however, look a little odd. Most chemists would draw methionine as structure 2, with 
�Me� representing the CH3 (methyl) group. Tetraethyllead used to be added to petrol to prevent 
engines �knocking�, until it was shown to be a health hazard. Its structure (as you might easily 
guess from the name) is easy to write as PbEt4 or Et4Pb.

Remember that these symbols (and names) can be used only for terminal chains of atoms. 
We couldn�t abbreviate the structure of lysine to 3, for example, because Bu represents 4 
and not 5.

 � Notice we�ve drawn in four 
groups as CH3�we did this 
because we didn�t want them to 
get overlooked in such a large 
structure. They are the only tiny 
branches off this long winding 
trunk.

 � The names for shorter chains 
(which you must learn) exist for 
historical reasons; for chains of 
� ve or more carbon atoms, the 
systematic names are based on 
Greek number names.

O

OH
S

NH2

methionine

O

OH
MeS

NH2

methionine

tetraethyllead

1

2

Pb
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OH
H2N

O

NH2

lysine

OH

O

NH2

Bu
H2N

3 NOT CORRECT

HH

H H

HH

H H

4 C4H9 = Bu 5 C4H8 NOT Bu

H

HH

H H

HH

H H

Before leaving carbon chains, we must mention one other very useful organic element sym-
bol, R. R in a structure can mean anything�it�s a sort of wild card. For example, structure 6 
would indicate any amino acid, if R = H it is glycine, if R = Me it is alanine. . . As we�ve men-
tioned before, and you will see later, the reactivity of organic molecules is so dependent on 
their functional groups that the rest of the molecule can be irrelevant. In these cases, we can 
choose just to call it R.

R

O

OH

NH2

6 amino acid

Carbon rings

Rings of atoms are also common in organic structures. You may have heard the famous story 
of Auguste KekulØ � rst realizing that benzene has a ring structure when he dreamed of snakes 
biting their own tails. You have met benzene rings in phenylalanine and aspirin. Paracetamol 
also has a structure based on a benzene ring.

O

OH

NH2

O

OH

O

H
N

HO
O

Oaspirin paracetamolphenylalanine

When a benzene ring is attached to a molecule by only one of its carbon atoms (as in 
phenylalanine, but not paracetamol or aspirin), we can call it a �phenyl� group and give it 
the organic element symbol Ph.

O

OH

NH2

O

OH

NH2

Ph
is 

equivalent 
to

Any compound containing a benzene ring or a related (Chapter 7) ring system is known 
as �aromatic�, and another useful organic element symbol related to Ph is Ar (for �aryl�). 
While Ph always means C6H5, Ar can mean any substituted phenyl ring, in other words 
phenyl with any number of the hydrogen atoms replaced by other groups. Of course 
Ar = argon too but there is no confusion as there are no organic compounds of argon.

OH
OH

OH

Ar
OH

Cl

ClCl

HN

O
2,4,6-trichlorophenol paracetamol

=

PhOH =
phenol

benzene

Benzene’s ring structure
In 1865, August KekulØ presented a 
paper at the Academie des Sciences 
in Paris suggesting a cyclic structure 
for benzene, the inspiration for which 
he ascribed to a dream. However, 
was KekulØ the � rst to suggest that 
benzene was cyclic? Some believe 
not and credit an Austrian school-
teacher, Josef Loschmidt, with the 
� rst depiction of cyclic benzene 
structures. In 1861, 4 years before 
KekulØ�s �dream�, Loschmidt pub-
lished a book in which he repre-
sented  benzene as a set of rings. It is 
not certain whether Loschmidt or 
KekulØ�or even a Scot named 
Archibald Couper�got it right � rst.

Loschmidt's structure 
for benzene

the phenyl group, Ph
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For example, while PhOH always means phenol, ArOH could mean phenol, 2,4,6-trichloro-
phenol (the antiseptic TCP), paracetamol, or aspirin (among many other substituted phenols). 
Like R, the �wild card� alkyl group, Ar is a �wild card� aryl group.

The compound known as muscone has only relatively recently been made in the laboratory. 
It is the pungent aroma that makes up the base-note of musk fragrances. Before chemists 
had�determined its structure and devised a laboratory synthesis the only source of musk was 
the musk deer, now rare for this very reason. Muscone�s skeleton is a 13-membered ring of 
carbon atoms.

The steroid hormones have several (usually four) rings fused together. These hormones are 
testosterone and oestradiol, the important human male and female sex hormones.

Me

OHMe

O

OHMe

HO

H

H H H

H

H

testosterone oestradiol

Some ring structures are much more complicated. The potent poison strychnine is a tangle 
of interconnecting rings.

N

N

O

OH

H

H

H

strychnine
buckminsterfullerene

One of the most elegant ring structures is shown above and is known as buckminster-
fullerene. It consists solely of 60 carbon atoms in rings that curve back on themselves to form 
a football-shaped cage. Count the number of bonds at any junction and you will see they add 
up to four so no hydrogens need be added. This compound is C60. Note that you can�t see all 
the atoms as some are behind the sphere.

Rings of carbon atoms are given names starting with �cyclo�, followed by the name for the 
carbon chain with the same number of carbon atoms. Structure 1 shows chrysanthemic acid, 
part of the naturally occurring pesticides called pyrethrins (an example appears in Chapter 1), 
which contains a cyclopropane ring. Propane has three carbon atoms. Cyclopropane is a 
three-membered ring. Grandisol (structure 2), an insect pheromone used by male boll weevils 
to attract females, has a structure based on a cyclobutane ring. Butane has four carbon atoms. 
Cyclobutane is a four-membered ring. Cyclamate (structure 3), formerly used as an arti� cial 
sweetener, contains a cyclohexane ring. Hexane has six carbon atoms. Cyclohexane is a six-
membered ring.

Branches

Hydrocarbon frameworks rarely consist of single rings or chains, but are often branched. 
Rings, chains, and branches are all combined in structures like that of the marine toxin 
 palytoxin that we met at the beginning of the chapter, polystyrene, a polymer made of six-
membered rings dangling from linear carbon chains, or of �-carotene, the compound that 
makes carrots orange.

O

muscone

 � A reminder: solid wedge-
shaped bonds are coming 
towards us out of the paper 
while cross-hatched bonds are 
going back into the page away 
from us. 

 Interactive structures of 
testosterone, oestradiol, strychnine, 
and buckminsterfullerene

Buckminsterfullerene
Buckminsterfullerene is named 
after the American inventor and 
architect Richard Buckminster 
Fuller, who designed the structures 
known as �geodesic domes�.

O

HO

chrysanthemic acid

OH

grandisol

H
N

SO3H

cyclamate

1

2

3
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�-carotene

part of the structure of polystyrene

Just like some short straight carbon chains, some short branched carbon chains are given 
names and organic element symbols. The most common is the isopropyl group. Lithium 
diisopropylamide (also called LDA) is a strong base commonly used in organic synthesis.

Li

N

is equivalent to LiNi -Pr2

lithium diisopropylamide (LDA)
N

N
H

i-PrNH

O

N

N
H

H
N

O

is equi-
valent to

iproniazid

Notice how the �propyl� part of �isopropyl� still indicates three carbon atoms; they are just 
joined together in a different way�in other words, as an isomer of the straight chain propyl 
group. Sometimes, to avoid confusion, the straight chain alkyl groups are called �n-alkyl� (for 
example, n-Pr, n-Bu)�n for �normal��to distinguish them from their branched counterparts. 
Iproniazid is an antidepressant drug with i-Pr in both structure and name. �Isopropyl� may be 
abbreviated to i-Pr, iPr, or Pri. We shall use the � rst in this book, but you may see the others 
used elsewhere.

 � Isomers are molecules with the same kinds and numbers of atoms joined up in different ways. 
n-propanol, n-PrOH, and isopropanol, i-PrOH, are isomeric alcohols. Isomers need not have the 
same functional groups�these compounds are all isomers of C4H8O:

O
OH

CHO

O

The isobutyl (i-Bu) group is a CH2 group joined to an i-Pr group. It is i-PrCH2�. Two isobutyl 
groups are present in the reducing agent diisobutyl aluminium hydride (DIBAL). The pain-
killer ibuprofen (marketed as Nurofenfi) contains an isobutyl group. Notice how the invented 
name ibuprofen is a medley of �ibu� (from i-Bu for isobutyl) + �pro� (for propyl, the three- 
carbon unit shown in brown) + �fen� (for the phenyl ring). We will talk about the way in which 
compounds are named later in this chapter.

Al

H

diisobutyl aluminium hydride (DIBAL)
is equivalent to  HAli-Bu 2

CO2H

Ibuprofen

There are two more isomers of the butyl group, both of which have common names and 
abbreviations. The sec-butyl group (s-butyl or s-Bu) has a methyl and an ethyl group joined to 
the same carbon atom. It appears in an organolithium compound, sec-butyl lithium, used to 
introduce lithium atoms into organic molecules.

 Interactive structure of 
polystyrene

i -Pr
 the isopropyl group

i -Bu
the isobutyl group

the sec-butyl group, s -Bu
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Li

is equivalent to s-BuLi

The tert-butyl group (t-butyl or t-Bu) group has three methyl groups joined to the same 
 carbon atom. Two t-Bu groups are found in butylated hydroxy toluene (BHT E321), an anti-
oxidant added to some processed foods.

OH

Me

OH

t-But-Bu

BHT
is 

equivalent 
to

 � Primary, secondary, and tertiary
The pre� xes sec and tert are really short for secondary and tertiary, terms that refer to the 
carbon atom that attaches these groups to the rest of the molecular structure.

OH
OH OHOHMe OH

butan-1-ol

n-butanol

butan-2-ol

sec-butanol

2-methypropan-2-ol

tert-butanol

2,2-dimethyl-
propan-1-ol

methanol

methyl
(no attached C)

primary
(1 attached C)

secondary 
(2 attached C)

tertiary
(3 attached C)

quaternary
(4 attached C)

A primary carbon atom is attached to only one other C atom, a secondary to two other C atoms, 
and so on. This means there are � ve types of carbon atom. These names for bits of hydrocarbon 
framework are more than just useful ways of writing or talking about chemistry. They tell us 
something fundamental about the molecule and we shall use them when we describe reactions.

This quick architectural tour of some of the molecular edi� ces built by nature and by 
humans serves just as an introduction to some of the hydrocarbon frameworks you will meet 
in the rest of this chapter and this book. Yet, fortunately for us, however complicated the 
hydrocarbon framework might be, it serves only as a support for the functional groups. And, 
by and large, a functional group in one molecule behaves in much the same way as it does in 
another molecule. What we now need to do, and we start in the next section, is to introduce 
you to some functional groups and explain why it is that their attributes are the key to under-
standing organic chemistry.

Functional groups
If you bubble ethane gas (CH3CH3, or EtH) through acids, bases, oxidizing agents, reducing 
agents�in fact almost any chemical you can think of�it will remain unchanged. Just about 
the only thing you can do with it is burn it. Yet ethanol (CH3CH2OH, or preferably EtOH�
structure in the margin) not only burns, it reacts with acids, bases, and oxidizing agents.

The difference between ethanol and ethane is the functional group�the OH, or hydroxyl 
group. We know that these chemical properties (being able to react with acids, bases, and 
oxidizing agents) are properties of the hydroxyl group and not just of ethanol because other 
compounds containing OH groups (in other words, other alcohols) have similar properties, 
whatever their hydrocarbon frameworks.

Your understanding of functional groups will be the key to your understanding of organic 
chemistry. We shall therefore now go on to meet some of the most important functional 
groups. We won�t say much about the properties of each group; that will come in Chapter 5 

the tert-butyl 
group t -Bu

OH

ethanol
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and later. Your task at this stage is to learn to recognize them when they appear in structures, 
so make sure you learn their names. The classes of compound associated with some func-
tional groups also have names, for example compounds containing the hydroxyl group are 
known as alcohols. Learn these names too as they are more important than the systematic 
names of individual compounds. We�ve told you a few snippets of information about each 
group to help you to get to know something of the group�s character.

Alkanes contain no functional groups

The alkanes are the simplest class of organic molecules because they contain no functional 
groups. They are extremely unreactive and therefore rather boring as far as the organic chem-
ist is concerned. However, their unreactivity can be a bonus, and alkanes such as pentane and 
hexane are often used as solvents, especially for the puri� cation of organic compounds. Just 
about the only thing alkanes will do is burn�methane, propane, and butane are all used as 
domestic fuels, and petrol is a mixture of alkanes containing largely isooctane.

Alkenes (sometimes called ole� ns) contain C�C double bonds

It may seem strange to classify a type of bond as a functional group, but you will see later that 
C��C double bonds impart reactivity to an organic molecule just as functional groups consist-
ing of, say, oxygen or nitrogen atoms do. Some of the compounds produced by plants and used 
by perfumers are alkenes (see Chapter 1). For example, pinene has a smell evocative of pine 
forests, while limonene smells of citrus fruits.

You�ve already met the orange pigment �-carotene. Eleven C�C double bonds make up 
most of its structure. Coloured organic compounds often contain chains or rings of C�C 
double bonds like this. In Chapter 7 you will � nd out why this is so.

�-carotene

Alkynes contain C�C triple bonds

Just like C�C double bonds, C�C triple bonds have a special type of reactivity associated 
with�them, so it�s useful to call a C�C triple bond a functional group. Alkynes are linear so we 

pentane

hexane

isooctane

limonene

� -pinene

Ethanol
The reaction of ethanol with oxidizing agents makes vinegar from wine and sober people from drunk ones. In both cases, 
the oxidizing agent is oxygen from the air, catalysed by an enzyme in a living system. The oxidation of ethanol by micro-
organisms that grow in wine left open to the air leads to acetic acid (ethanoic acid) while the oxidation of ethanol by 
the liver gives acetaldehyde (ethanal).

OH
O

OH

O

H

ethanol acetic acidacetaldehyde

liver micro-
organism

Human metabolism and oxidation
The human metabolism makes use of the oxidation of alcohols to render harmless other toxic compounds containing the 
OH group. For example, lactic acid, produced in muscles during intense activity, is oxidized by an enzyme called lactate 
dehydrogenase to the metabolically useful compound pyruvic acid.

O2

lactate dehydrogenaseCO2H

OH

CO2H

O

lactic acid pyruvic acid
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draw them with four carbon atoms in a straight line. Alkynes are not as widespread in 
nature�as alkenes, but one fascinating class of compounds containing C�C triple bonds is a 
group of antitumour agents discovered during the 1980s. Calicheamicin is a member of 
this�group. The high reactivity of this combination of functional groups enables calicheam-
icin to attack DNA and prevent cancer cells from proliferating. For the � rst time we have 
drawn a molecule in three dimensions, with two bonds crossing one another�can you see 
the shape?

S
S

SMe

O

HO

OMeO

O

R

calicheamicin
(R = a string of sugar molecules)

Alcohols (R�OH) contain a hydroxyl (OH) group

We�ve already talked about the hydroxyl group in ethanol and other alcohols. Carbohydrates 
are peppered with hydroxyl groups; sucrose has eight of them, for example (a more three-
dimensional picture of the sucrose molecule appears in Chapter 1, p.3).

O

HO

OH

OH

O O

OHOH

OHHO

HO

sucrose

Molecules containing hydroxyl groups are often soluble in water, and living things often 
attach sugar groups, containing hydroxyl groups, to otherwise insoluble organic compounds 
to keep them in solution in the cell. Calicheamicin, a molecule we have just mentioned, con-
tains a string of sugars for just this reason. The liver carries out its task of detoxifying unwanted 
organic compounds by repeatedly hydroxylating them until they are water soluble, and they 
are then excreted in the bile or urine.

Ethers (R1�O�R2) contain an alkoxy group (�OR)

The name ether refers to any compound that has two alkyl groups linked through an oxygen 
atom. �Ether� is also used as an everyday name for diethyl ether, Et2O. You might compare this 
use of the word �ether� with the common use of the word �alcohol� to mean ethanol. Diethyl 
ether is a highly � ammable solvent that boils at only 35°C. It used to be used as an anaesthetic. 
Tetrahydrofuran (THF) is another commonly used solvent and is a cyclic ether.

Brevetoxin B (overleaf) is a fascinating naturally occurring compound that was synthesized 
in the laboratory in 1995. It is packed with ether functional groups in ring sizes from 6 to 8.

Amines (R�NH2) contain the amino (NH2) group

We met the amino group when we were discussing the amino acids: we mentioned that it 
was� this group that gave these compounds their basic properties. Amines often have 
 powerful � shy smells: the smell of putrescine is particularly foul. It is formed as meat 
decays.�Many neurologically active compounds are also amines: amphetamine is a notorious 
stimulant.

Saturated and 
unsaturated
In an alkane, each carbon atom 
is joined to four other atoms 
(C�or H). It has no potential for 
forming more bonds and is 
therefore saturated. In alkenes, 
the carbon atoms making up the 
C�C double bond are attached 
to only three atoms each. They 
still have the potential to bond 
with one more atom, and are 
therefore unsaturated. In gen-
eral, carbon atoms attached to 
four other atoms are saturated; 
those attached to three, two, 
or�one are unsaturated. 
Remember that R may mean 
any�alkyl group.

 Interactive structure of sucrose

 � If we want a structure to 
contain more than one �R�, we 
give the Rs numbers and call 
them R1, R2. . . Thus R1�O�R2 
means an ether with two 
different unspeci� ed alkyl 
groups. (Not R1, R2. . ., which 
would mean 1 × R, 2 × R. . .)

O
O

diethyl ether
'ether' THF

H2N
NH2

NH2

putrescine

amphetamine
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Nitro compounds (R�NO2) contain the nitro group (NO2)

The nitro group (NO2) is sometimes incorrectly drawn with � ve bonds to nitrogen which as 
you will see in Chapter 4 is impossible. Make sure you draw it correctly when you need to draw 
it out in detail. If you write just NO2 you are all right!

Several nitro groups in one molecule can make it quite unstable and even explosive. Three 
nitro groups give the most famous explosive of all, trinitrotoluene (TNT), its kick. However, 
functional groups refuse to be stereotyped. Nitrazepam also contains a nitro group, but this 
compound is marketed as Mogadonfi, the sleeping pill.

Me

NO2O2N

NO2

TNT

N

N
Me

O

NO2

nitrazepam

Alkyl halides (� uorides R�F, chlorides R�Cl, bromides R�Br, or iodides R�I) contain 
the � uoro, chloro, bromo, or iodo groups

These four functional groups have similar properties, although alkyl iodides are the most 
reactive and alkyl � uorides the least. Polyvinyl chloride (PVC) is one of the most widely used 
polymers�it has a chloro group on every other carbon atom along a linear hydrocarbon 
framework. Methyl iodide (MeI), on the other hand, is a dangerous carcinogen since it reacts 
with DNA and can cause mutations in the genetic code. These compounds are also known as 
haloalkanes (� uoroalkanes, chloroalkanes, bromoalkanes, or iodoalkanes).

Cl Cl Cl Cl Cl Cl

a section of the structure of PVC

Aldehydes (R�CHO) and ketones (R1�CO�R2) contain the carbonyl group C�O

Aldehydes can be formed by oxidizing alcohols�in fact the liver detoxi� es ethanol in the 
bloodstream by oxidizing it � rst to acetaldehyde (ethanal, CH3CHO) (see p. 28). Acetaldehyde 
in the blood is the cause of hangovers. Aldehydes often have pleasant smells�2-methylunde-
canal is a key component of the fragrance of Chanel No. 5, and �raspberry ketone� is the major 
component of the � avour and smell of raspberries.

R
N

O

O

R
N

O

O

incorrect structure
for the nitro group

nitrogen cannot 
have five bonds!

the nitro
group

 Interactive structure of PVC

Because alkyl halides have 
similar properties, chemists use 
yet another wild card organic 
element symbol, X, as a 
convenient substitute for Cl, 
Br,�or I and sometimes F: R�X 
is�any alkyl halide.

Brevetoxin B
Brevetoxin B is one of a family of polyethers found in a sea creature (a dino� agel-
late Gymnodinium breve, hence the name) which sometimes multiplies at an 
amazing rate and creates �red tides� around the coasts of the Gulf of Mexico. 
Fish die in shoals and so do people if they eat the shell� sh that have eaten 
the red tide. The brevetoxins are the killers. The many ether oxygen 
atoms interfere with sodium ion (Na+) metabolism.

O
O

O O

O

O

O

O

O

O

O

Me
H Me H H

Me Me H
H

H

Me

H H H
H

H H Me

H

H

H

HO

O
Me

H

O

brevetoxin B
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HO

OO

H

2-methylundecanal 'raspberry ketone'

Carboxylic acids (R�CO2H) contain the carboxyl group CO2H

As their name implies, compounds containing the carboxylic acid (CO2H) group can react 
with bases, losing a proton to form carboxylate salts. Edible carboxylic acids have sharp � a-
vours and several are found in fruits�citric, malic, and tartaric acids are found in lemons, 
apples, and grapes, respectively.

HO2C CO2H

HO CO2H
HO2C

CO2H

OH

HO2C
CO2H

OH

OH

citric acid malic acid tartaric acid

Esters (R1�CO2R2) contain a carboxyl group with an extra alkyl group (CO2R)

Fats are esters; in fact they contain three ester groups. They are formed in the body by con-
densing glycerol, a compound with three hydroxyl groups, with three fatty acid molecules. 
Other, more volatile, esters have pleasant, fruity smells and � avours. These three are compo-
nents of the � avours of bananas, rum, and apples:

O

O

O

O

O

O

isopentyl acetate
(bananas)

isobutyl propionate
(rum)

isopentyl valerate
(apples)

Amides (R�CONH2, R1�CONHR2, or R1�CONR2R3)

Proteins are amides: they are formed when the carboxylic acid group of one amino acid con-
denses with the amino group of another to form an amide linkage (also known as a peptide 
bond). One protein molecule can contain hundreds of amide bonds. Aspartame, the arti� cial 
sweetener marketed as NutraSweetfi, on the other hand, contains just two amino acids, aspar-
tic acid and phenylalanine, joined through one amide bond. Paracetamol is also an amide.

O

H
N

NH2

HO2C

O

OMe

Ph

H
N

HO
O

paracetamolaspartame

Nitriles or cyanides (R�CN) contain the cyano group �C�N

Nitrile groups can be introduced into molecules by reacting potassium cyanide with alkyl 
halides. The organic nitrile group has quite different properties from those associated with 
lethal inorganic cyanide: laetrile, for example, is extracted from apricot kernels, and was once 
developed as an anticancer drug.

Acyl chlorides (acid chlorides, R�COCl)

Acyl chlorides are reactive compounds used to make esters and amides. They are derivatives 
of carboxylic acids with the �OH replaced by �Cl, and are too reactive to be found in nature.

 � �CHO represents

H

O

When we write aldehydes as 
R�CHO, we have no choice but 
to write in the C and H (because 
they�re part of the functional 
group)�one important 
instance�where you should 
ignore Guideline 3 for drawing 
structures. Another point: 
always write R�CHO and never 
R�COH, which looks too much 
like an alcohol.

 � The terms �saturated fats� 
and �unsaturated fats� are 
familiar�they refer to whether 
the R groups are saturated 
(no�C=C double bonds) or 
unsaturated (contain C=C 
double bonds)�see the box on 
p. 29. Fats containing R groups 
with several double bonds (for 
example those that are esters 
formed from linoleic acid, which 
we met at the beginning of this 
chapter) are known as 
�polyunsaturated�.

O CN

Ph

O

OH

OH

HO

HO

laetrile

Me Cl

O

acetyl chloride
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Acetals

Acetals are compounds with two single-bonded oxygen atoms attached to the same carbon 
atom. Many sugars are acetals, as is laetrile, which you have just met.

O

HO

OH

OH

O O

OHOH

OHHO

HO
O CN

Ph

O

OH

OH

HO

HO
RO OR

sucrose laetrilean acetal

Carbon atoms carrying functional groups can be classi� ed 
by�oxidation level
All functional groups are different, but some are more different than others. For example, the 
structures of a carboxylic acid, an ester, and an amide are all very similar: in each case the 
carbon atom carrying the functional group is bonded to two heteroatoms, one of the bonds 
being a double bond. You will see in Chapter 10 that this similarity in structure is mirrored in 
the reactions of these three types of compounds and in the ways in which they can be inter-
converted. Carboxylic acids, esters, and amides can be changed one into another by reaction 
with simple reagents such as water, alcohols, or amines plus appropriate catalysts. To change 
them into aldehydes or alcohols requires a different type or reagent, a reducing agent (a rea-
gent which adds hydrogen atoms). We say that the carbon atoms carrying functional groups 
that can be interconverted without the need for reducing agents (or oxidizing agents) have the 
same oxidation level�in this case, we call it the �carboxylic acid oxidation level�.

 � The carboxylic oxidation level

R OH

O

R OR'

O

R NH2

O

R
C

N

R Cl

O

carboxylic acids amidesesters nitriles acyl chlorides

In fact, amides can quite easily be converted into nitriles just by dehydration (removal of water), 
so we must give nitrile carbon atoms the same oxidation level as carboxylic acids, esters, and 
amides. Maybe you�re beginning to see the structural similarity between these four functional 
groups that you could have used to assign their oxidation level? In all four cases, the carbon 
atom has three bonds to heteroatoms, and only one to C or H. It doesn�t matter how many het-
eroatoms there are, just how many bonds to them. Having noticed this, we can also assign both 
carbon atoms in �CFC-113�, one of the environmentally unfriendly aerosol propellants/refriger-
ants that have caused damage to the earth�s ozone layer, to the carboxylic acid oxidation level.

 � The aldehyde oxidation level

R H R1 R2

O O

R1
C

R2

RO OR

H
C

H

Cl Cl

aldehydes ketones acetals dichloromethane

Aldehydes and ketones contain a carbon atom with two bonds to heteroatoms; they are at 
the �aldehyde oxidation level�. The common laboratory solvent dichloromethane CH2Cl2 also 
has two bonds to heteroatoms, so it too contains a carbon atom at the aldehyde oxidation 
level, as do acetals.

 � The alcohol oxidation level

R OH R1 OR2 R Cl R Br

ethersalcohols alkyl halides

A heteroatom is an 
atom that is not C or H
You�ve seen that a functional 
group is essentially any devia-
tion from an alkane structure, 
either because the molecule has 
fewer hydrogen atoms than an 
alkane (alkenes, alkynes) or 
because it contains a collection 
of atoms that are not C and not 
H. There is a useful term for 
these �different� atoms: heter-
oatoms. A heteroatom is any 
atom in an organic molecule 
other than C or H.

C C

F

F

Cl

F

Cl

Cl
'CFC-113'

 � Don�t confuse oxidation level 
with oxidation state. Oxidation 
level is determined by the 
number of heteroatoms bonded 
to carbon while oxidation state 
is determined by the number 
of�bonds to carbon, including 
those to C and H. In all of 
these�compounds, carbon has 
four bonds and is in oxidation 
state +4.
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Alcohols, ethers, and alkyl halides have a carbon atom with only one single bond to a 
 heteroatom. We assign these the �alcohol oxidation level�, and they are all easily made from 
alcohols without oxidation or reduction.

 � The alkane oxidation level H

C

H

H H

methane

We must include simple alkanes, which have no bonds to heteroatoms, as an �alkane oxida-
tion level�.

 � The carbon dioxide oxidation level

O

C

O

C
ClCl

Cl Cl C
ClCl

F F

C
OEtEtO

O

carbon
dioxide

carbon tetrachloride

'CFC-12'

diethyl carbonate
useful reagent for 

adding ester groups

one of the aerosol
propellants causing

damage to the 
ozone layer

formerly used as a 
dry cleaning fluid

The small class of compounds that have a carbon atom with four bonds to heteroatoms is 
related to CO2 and best described as at the carbon dioxide oxidation level.

Alkenes and alkynes obviously don�t � t easily into these categories as they have no bonds to 
heteroatoms. Alkenes can be made from alcohols by dehydration without any oxidation or 
reduction so it seems sensible to put them in the alcohol column. Similarly, alkynes and alde-
hydes are related by hydration/dehydration without oxidation or reduction.

 � Summary: Important functional groups and oxidation level

Zero bonds to 
heteroatoms: 
alkane 
oxidation level

One bond to 
heteroatoms: alcohol 
oxidation level

Two bonds to 
heteroatoms: aldehyde 
oxidation level

Three bonds to 
heteroatoms: carboxylic 
acid oxidation level

Four bonds to 
heteroatoms: carbon 
dioxide oxidation level

R2

C

R3

R1 R4

alkanes

R OH

R1 OR2

R NH2

R I

R Br

R Cl

alcohols

ethers

amines

alkyl 
halides

R alkenes

R1
C

R2

R3O OR3

R H

O

R1 R2

O

acetals

ketones

aldehydes

R alkynes

R OH

O

R1 OR2

O

R NH2

O

R
C

N

R Cl

O

carboxylic 
acids

amides

esters

nitriles

acyl 
chlorides

O C O

C
ORRO

O

C
ClCl

F F

carbon dioxide

carbonates

tetrahalo compounds

C
ORRO

O

ureas

Naming compounds
So far, we have talked a lot about compounds by name. Many of the names we�ve used (paly-
toxin, muscone, brevetoxin) are simple names given to complicated molecules without 
regard for the actual structure or function of the molecule�these three names, for example, 
are all derived from the name of the organism from which the compound was � rst extracted. 
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They are known as trivial names, not because they are unimportant, but because they are 
used in everyday scienti� c conversation.

Names like this are � ne for familiar compounds that are widely used and referred to by 
chemists, biologists, doctors, nurses, and perfumers alike. But there are over 16 million known 
organic compounds. They can�t all have simple names, and no-one would remember them if 
they did. For this reason, the International Union of Pure and Applied Chemistry (IUPAC) 
have developed systematic nomenclature, a set of rules that allows any compound to be 
given a unique name that can be deduced directly from its chemical structure. Conversely, a 
chemical structure can be deduced from its systematic name.

The problem with systematic names is that they tend to be grotesquely unpronounceable for 
anything but the most simple molecules. In everyday speech and writing, chemists therefore 
do tend to disregard them, and use a mixture of systematic and trivial names. Nonetheless, it�s 
important to know how the rules work. We shall look next at systematic nomenclature, before 
going on to look at the real language of chemistry.

Systematic nomenclature

There isn�t space here to explain all the rules for giving systematic names for compounds�
they � ll several desperately dull volumes, and there�s no point knowing them anyway since 
computers will do the naming for you. What we will do is to explain the principles underlying 
systematic nomenclature. You should understand these principles because they provide the 
basis for the names used by chemists for the vast majority of compounds that do not have 
their own trivial names.

Systematic names can be divided into three parts: one describes the hydrocarbon frame-
work, one describes the functional groups, and one indicates where the functional groups are 
attached to the skeleton.

You have already met the names for some simple fragments of hydrocarbon framework (methyl, 
ethyl, propyl). Adding a hydrogen atom to these alkyl fragments and changing -yl to -ane makes 
the alkanes and their names. You should hardly need reminding of their structures:

Names for the hydrocarbon framework

one carbon methane CH4

two carbons ethane H3C CH3

three carbons propane H3C CH3 cyclopropane 

four carbons butane H3C
CH3

cyclobutane 

� ve carbons pentane H3C CH3 cyclopentane 

six carbons hexane H3C
CH3

cyclohexane 

seven carbons heptane H3C CH3 cycloheptane

eight carbons octane H3C
CH3

cyclooctane

nine carbons nonane H3C CH3 cyclononane

ten carbons decane H3C
CH3

cyclodecane
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The name of a functional group can be added to the name of a hydrocarbon framework 
either as a suf� x or as a pre� x. Some examples follow. It is important to count all of the car-
bon atoms in the chain, even if one of them is part of a functional group: pentanenitrile is 
actually BuCN.

methanol

CH3OH
Me H

O

ethanal

O

OH

O

butanoic acid

CN

pentanenitrile

Cl

O

heptanoyl chloride

HC CH

ethyne

O

ethoxyethane propene nitromethane

CH3NO2

cyclohexanone

Compounds with functional groups attached to a benzene ring are named in a similar way.

Numbers are used to locate functional groups

Sometimes a number can be included in the name to indicate which carbon atom the func-
tional group is attached to. None of the above list needed a number�check that you can see 
why not for each one. When numbers are used, the carbon atoms are counted from one end. 
In most cases, either of two numbers could be used (depending on which end you count 
from); the one chosen is always the lower of the two. Again, some examples will illustrate this 
point. Notice again that some functional groups are named by pre� xes, some by suf� xes, and 
that the number always goes directly before the functional group name.

OH

1

2

propan-1-ol

OH

1
2

propan-2-ol

NH2

1
2

2-aminobutane

NH2
1

3
24

3-aminobutane
NOT CORRECT

O

1
2

pentan-2-one

O

31
2

pentan-3-one

1

but-1-ene

2
1

but-2-ene

One carbon atom can have as many as four functional groups: this limit is reached with 
tetrabromomethane, CBr4. Here are some other examples of compounds with more than one 
functional group.

CO2H

NH2

2-aminobutanoic acid

H2N
NH2

1,6-diaminohexane

HO2C
CO2H

hexanedioic acid

Me Cl

Cl

Cl
1,1,1-trichloroethane

Again, the numbers indicate how far the functional groups are from the end of the carbon 
chain. Counting must always be from the same end for each functional group. Notice how we 
use di-, tri-, and tetra- if there is more than one of the same functional group.

With cyclic compounds, there isn�t an end to the chain, but we can use numbers to show 
the distance between the two groups�start from the carbon atom carrying one of the func-
tional groups, then count round. These rules work for hydrocarbon frameworks that are 

I

iodobenzene
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chains or rings, but many skeletons are branched. We can name these by treating the branch 
as though it were a functional group.

OH

NH2

2-amino-
cyclohexanol

1 2

NO2

O OH

NO2O2N 1

2

3
4

5

6

2,4,6-trinitrobenzoic acid

1
2

2-methylbutane

1
2

3

4
5

1,3,5-trimethyl-
benzene

HO

1-butylcyclopropanol

1

Ortho, meta, and para

With substituted benzene rings, an alternative way of identifying the positions of the sub-
stituents is to use the terms ortho, meta, and para. Ortho compounds are 1,2-disubstituted, 
meta compounds are 1,3-disubstituted, and para compounds are 1,4-disubstituted. Some 
examples should make this clear.

Cl OH

H2N

CO2H

Cl

Cl

4-aminophenol
or para-aminophenol

or p-aminophenol

3-chlorobenzoic acid
or meta-chlorobenzoic acid

or m-chlorobenzoic acid

1,2-dichlorobenzene
or ortho-dichlorobenzene

or o-dichlorobenzene

The terms ortho, meta, and para are used by chemists because they�re easier to remember 
than numbers, and the words carry with them chemical meaning. Ortho shows that two 
groups are next to each other on the ring even though the atoms may not happen to be num-
bered 1 and 2. They are one example of the way in which chemists don�t always use systematic 
nomenclature but revert to more convenient �trivial� terms. We consider trivial names in the 
next section.

What do chemists really call compounds?
The point of naming a compound is to be able to communicate with other chemists. Most 
chemists are happiest communicating chemistry by means of structural diagrams, and struc-
tural drawings are far more important than any sort of chemical nomenclature. That�s why 
we explained in detail how to draw structures, but only gave an outline of how to name�com-
pounds. Good diagrams are easy to understand, quick to draw, and dif� cult to misinterpret.

 � Always give a diagram alongside a name unless it really is something very simple, such as 
ethanol.

But we do need to be able to communicate by speech and by writing as well. In principle we 
could do this by using systematic names. In practice, however, the full systematic names of 
anything but the simplest molecules are far too clumsy for use in everyday chemical speech. 
There are several alternatives, mostly based on a mixture of trivial and systematic names.

Names for well-known and widely used simple compounds

A few simple compounds are called by trivial names not because the systematic names are 
complicated, but just out of habit. We know them so well that we use their familiar names.

 � ortho, meta, and para are 
often abbreviated to o, m, and p.

Beware! Ortho, meta, and para 
are used in chemistry to mean 
other things too: you may come 
across orthophosphoric acid, 
metastable states, and 
 paraformaldehyde�these 
have�nothing to do with the 
substitution patterns of 
benzene�rings.
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You may have met the compound on the right before and perhaps called it ethanoic acid, its 
systematic name. But in a chemical laboratory everyone would refer to this acid as acetic acid, 
its trivial name. The same is true for all these common substances.

Me Me

O

EtO Me

O

Me H

O

Me OH

N

H OH

O

Me OH

O

acetone ethyl acetate

ether or 
diethyl ether toluene phenol

acetaldehyde acetic acidformic acid

benzene pyridine

Et2O

Trivial names like this are often long-lasting, well-understood historical names that are less 
easy to confuse than their systematic counterparts. �Acetaldehyde� is easier to distinguish 
from �ethanol� than is �ethanal�.

Trivial names also extend to fragments of structures containing functional groups. 
Acetone, acetaldehyde, and acetic acid all contain the acetyl group (MeCO-, ethanoyl) abbre-
viated Ac and chemists often use this organic element symbol in writing AcOH for acetic 
acid�or EtOAc for ethyl acetate. Chemists use special names for four fragments because they 
have mechanistic as well as structural signi� cance. These are vinyl and allyl, phenyl and 
benzyl.

the vinyl group the allyl group the phenyl group: Ph the benzyl group: Bn

Giving the vinyl group a name allows chemists to use simple trivial names for compounds 
like vinyl chloride, the material that polymerizes to give PVC (polyvinyl chloride) but the 
importance of the name lies more in the difference in reactivity (Chapter 15) between the 
vinyl and allyl groups.

Cl Cl Cl Cl Cl Cl Cl

vinyl chloride a section of the structure of PVC„Poly Vinyl Chloride

The allyl group gets its name from garlic (Allium  sp.) because it makes up part of the struc-
ture of the compounds on the right responsible for the taste and smell of garlic.

Allyl and vinyl are different in that the vinyl group is attached directly to a double-bonded 
C�C carbon atom, while the allyl group is attached to a carbon atom adjacent to the C�C 
double bond. The difference is extremely important chemically: allyl compounds are typi-
cally quite reactive, while vinyl compounds are fairly unreactive.

For some reason, the allyl and vinyl groups have never acquired organic element symbols, 
but the benzyl group has and it is Bn. It is again important not to confuse the benzyl group 
with the phenyl group: the phenyl group is joined through a carbon atom in the ring, while 
the benzyl group is joined through a carbon atom attached to the ring. Phenyl compounds 
are�typically unreactive but benzyl compounds are often reactive. Phenyl is like vinyl, and 
benzyl is like allyl. We shall review all the organic element symbols you have met at the end 
of the chapter.

Me OH

O

 � We haven�t asked you to 
remember any trivial names of 
molecules yet, but these 10 
compounds are so important 
you must be able to remember 
them. Learn them now.

S
S

S
S

O

allicin

diallyl disulfide
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O

O

O

O

O

O

O

O

phenyl acetatebenzyl acetate vinyl acetateallyl acetate

Names for more complicated but still well-known molecules

Complicated molecules that have been isolated from natural sources are always given trivial 
names because in these cases the systematic names really are impossible! Strychnine is a 
famous poison featured in many detective stories and a molecule with a beautiful structure. 
All chemists refer to it as strychnine as the systematic name is virtually unpronounceable. 
Two groups of experts at IUPAC and Chemical Abstracts also have different ideas on the system-
atic name for strychnine. Others like this are penicillin, DNA, and folic acid.

(Chemical Abstracts)

N

N

O

OH

H

H

H

strychnine, or
(1R,11R,18S,20S,21S,22S)-12-oxa-8.17-

diazaheptacyclo[15.5.01,8.02,7.015,20]
tetracosa-2,4,6,14-tetraene-9-one (IUPAC)

or
4aR-[4a� ,5a�,8aR*,15a�,15b�,15c�]-

2,4a,5,5a,7,8,15,15a,15b,15c-decahydro-
4,6-methano-6H,14H-indolo[3,2,1-ij]oxepino

[2,3,4-de]pyrrolo[2,3-h]quinolone

But the champion is vitamin B12, a complicated cobalt complex with a three-dimensional 
structure of great intricacy. No chemist would learn this structure but would look it up in an 
advanced textbook of organic chemistry. You will � nd it in such books in the index under 
vitamin B12 and not under its systematic name. We do not even know what its systematic 
name might be and we are not very interested.

N

N

N

N

Co

CN

O NH2

H

HN

O

O

P
O

O

O

O

HO N

N

O NH2

O

NH2

H2N

O

O

H2N O

NH2

HO

vitamin B12, or...
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Even fairly simple but important molecules, the amino acids for example, which have sys-
tematic names that are relatively easy to understand, are normally referred to by their trivial 
names, which are, with a bit of practice, easy to remember and hard to muddle up. They are 
given in full in Chapter 23.

CO2H

NH2

CO2H

NH2

CO2H

NH2

H2N

alanine, or
2-aminopropanoic acid

leucine, or
2-amino-4-methylpentanoic acid

lysine, or
2,6-diaminohexanoic acid

A very � exible way of getting new, simple names for compounds can be to combine a bit of 
systematic nomenclature with trivial nomenclature. Alanine is a simple amino acid that 
occurs in proteins. Add a phenyl group and you have phenylalanine, which is a more complex 
amino acid also in proteins. Toluene, the common name for methylbenzene, can be com-
bined (both chemically and in making names for compounds!) with three nitro groups to give 
the famous explosive trinitrotoluene or TNT.

CO2H

NH2

alanine
CO2H

NH2

phenylalanine

Me

toluene

Me

NO2O2N

NO2
2,4,6-trinitrotoluene

Compounds named as acronyms

Some compounds are referred to by acronyms, shortened versions of either their systematic or 
their trivial name. We just saw TNT as an abbreviation for TriNitroToluene but the more com-
mon use for acronyms is to de� ne solvents and reagents in use all the time. Later in the book 
you will meet these solvents:

O

N
Me

Me

H

O
Me

S
Me

O

THF
(TetraHydroFuran)

DMF
(DiMethylFormamide)

DMSO
(DiMethylSulfOxide)

The following reagents are usually referred to by acronym and their functions will be intro-
duced in other chapters so you do not need to learn them now. You may notice that some 
acronyms refer to trivial and some to systematic names.

LDA DIBAL DEAD

Me N Me

Me

Li

Me

Me
Al

Me

Me

MeH

N

H Cl
Cr

O

OO
EtO2C

N
N

CO2Et

Lithium Di-isopropylAmide Di-IsoButylALuminium hydride Pyridinium ChloroChromate DiEthyl AzoDicarboxylate
PCC

Compounds for which chemists use systematic names

You may be surprised to hear that practising organic chemists use systematic names at all in view 
of what we have just described, but they do! Systematic names really begin with derivatives of 

 � The names and structures of 
these common solvents need 
learning too.
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pentane (C5H12) since the pre� x pent- means � ve, whereas but- does not mean four. Chemists 
refer to simple derivatives of open-chain and cyclic compounds with 5 to about 20 carbon atoms 
by their systematic names, providing that there is no common name in use. Here are some 
examples.

Br
CO2H

CHO

OH

HO

cyclopentadiene

11-bromo-undecanoic acid

cycloocta-
1,5-diene

non-2-enal

cyclododeca-
1,5,9-triene

2,7-dimethyl-3,5-octadiyne-2,7-diol

These names contain a syllable that tells you the framework size: penta- for C5, octa- for C8, 
nona for C9, undeca- for C11, and dodeca- for C12. These names are easily worked out from the 
structures and, what is more important, you get a clear idea of the structure from the name. 
One of them might make you stop and think a bit (which one?), but the others are clear even 
when heard without a diagram to look at.

Complicated molecules with no trivial names

When chemists make complex new compounds in the laboratory, they publish the method for 
making them in a chemical journal, giving their full systematic names in the experimental 
account, however long and clumsy those names may be. But in the text of the paper, and while 
talking in the laboratory about the compounds they have made, they will just call them �the 
amine� or �the alkene�. Everyone knows which amine or alkene is meant because at some point 
they remember seeing a chemical structure of the compound. This is the best strategy for talk-
ing about almost any molecule: draw a structure, then give the compound a �tag� name like �the 
amine� or �the acid�. In written chemistry it�s often easiest to give every chemical structure a 
�tag� number as well. To illustrate what we mean, let�s talk about a recent drug synthesis.

N
H

N
H

O

O CO2H

Br

O CO2H

4 1

This potential anti-obesity drug 1, which might overcome insulin resistance in diabetics, 
was recently made at Abbott laboratories from a simpler intermediate 4. In the published 
work the drug is called �a selective DGAT-1 inhibitor� but that doesn�t mean much to us. In 
the text of the paper they refer to it by its compound number 1. How much more sensible 
than using its systematic name: trans-(1R,2R)-2-(4�-(3-phenylureido)biphenylcarbonyl)
cyclopentanecarboxylic acid. The simpler intermediate they call �the ketoacid 4� or �the 
aryl bromide 4� or �the free acid 4� depending on what aspect of its structure they want 
to emphasize. Notice that in both cases a clear diagram of the structure appears with its 
number.

How should you name compounds?
So what should you call a compound? It really depends on circumstances, but you won�t 
go�far wrong if you follow the example of this book. We shall use the names for compounds 
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that real chemists use. There�s no need to learn all the commonly used names for compounds 
now, but you should log them in your memory as you come across them. Never allow yourself 
to pass a compound name by unless you are sure you know what chemical structure it 
refers�to.

 � Our advice on chemical names�six points in order of importance

� Draw a structure � rst and worry about the name afterwards.
� Learn the names of the functional groups (ester, nitrile, etc.).
� Learn and use the names of a few simple compounds used by all chemists.
� In speech, refer to compounds as �that acid� (or whatever) while pointing to a diagram.
�  Grasp the principles of systematic (IUPAC) nomenclature and use it for compounds of 

medium size.
� Keep a notebook to record acronyms, trivial names, structures, etc. that you might need later.

We�ve met a great many molecules in this chapter. Most of them were just there to illustrate 
points so don�t learn their structures! Instead, learn to recognize the names of the functional 
groups they contain. However, there were 10 names for simple compounds and three for com-
mon solvents that we advised you to learn. Cover up the right-hand part of each column and 
draw the structures for these 14 compounds.

Important structures to learn

acetone

Me Me

O toluene Me

ether or diethyl-ether O pyridine

N

acetaldehyde

Me H

O phenol OH

formic acid

H OH

O aniline NH2

acetic acid or AcOH

Me OH

O THF or tetrahydrofuran

O

benzene DMF, Me2NCHO, or 
dimethylformamide

N
Me

Me

H

O

ethyl acetate or EtOAc

EtO Me

O DMSO

Me
S

Me

O

That�s all we�ll say on the subject of nomenclature�you�ll � nd that as you practise using 
these names and start hearing other people referring to compounds by name you�ll soon pick 
up the most important ones. But, to reiterate, make sure you never pass a compound name by 
without being absolutely sure what it refers to�draw a structure to check.
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Check your understanding

  To check that you have mastered the concepts presented in this chapter, attempt the problems that are 
available in the book�s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/

Further reading

All the big American textbooks have early chapters on structure, 
shape, and the drawing of molecules but they tend to use Lewis 
structures with all atoms and electrons in bonds shown and often 
right angles between bonds.

A short and sensible introduction is in the Oxford Primer Foun-
dations of Organic Chemistry by M. Hornby and J. Peach, OUP, 
Oxford, 1996.

For more on palytoxin: E. M. Suh and Y. Kishi, J. Am. Chem. Soc., 
1994, 116, 11205�11206.

For an account of the competing claims to the � rst proposal of a 
cyclic structure of benzene, see Alfred Bader�s article �Out of the 
Shadow� in the 17 May 1993 issue of Chemistry and Industry.

 � Review box: Table of fragment names and �organic elements�

R alkyl t-Bu tert-butyl

Me methyl
CH3

Ar aryl any aromatic ring

Et ethyl Ph phenyl

Pr (n-Pr) propyl Bn benzyl

Bu (n-Bu) butyl Ac acetyl O

i-Pr isopropyl vinyl

i-Bu isobutyl allyl

s-Bu sec-butyl X halide F, Cl, Br or I
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Online support. The icon  in the margin indicates that accompanying interactive resources are provided online to help 
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of 
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123 
with the page number) for access to successive links.

Connections

 Building on

� What sorts of structures organic 
molecules have ch2

Arriving at

� Determining structure by X-ray 
crystallography

� Determining structure by mass 
spectrometry

� Determining structure by 13C NMR 
spectroscopy

� An introduction to 1H NMR spectroscopy
� Determining structure by infrared 

spectroscopy

 Looking forward to

� How 13C NMR spectroscopy helps locate 
electrons ch7

� How infrared spectroscopy tells us about 
reactivity ch10 & ch11

� Using 1H NMR spectroscopy to 
determine structures ch13

� Solving unknown structures 
spectroscopically ch13

3Determining organic structures

Introduction
Organic structures can be determined accurately and quickly by spectroscopy

Having urged you, in the last chapter, to draw structures realistically, we now need to answer 
the question: what is realistic? How do we know what structures molecules actually have? 
Make no mistake about this important point: we really do know what shape molecules have. You 
wouldn�t be far wrong if you said that the single most important development in organic 
chemistry in modern times is just this certainty, as well as the speed with which we can be 
certain. What has caused this revolution can be stated in a word�spectroscopy.

 � What is spectroscopy?

Rays or waves interact with molecules Spectroscopy Tells us about

X-rays are scattered by atoms Measures the scattering pattern Bond lengths and angles
Radio waves make nuclei resonate Plots charts of resonant 

frequencies
The symmetry and connectivity 
of the hydrocarbon skeleton

Infrared waves make bonds vibrate Plots charts of absorption The functional groups in the 
molecule

Structure of the chapter

We shall � rst consider structure determination as a whole and then introduce three different 
methods:

� mass spectrometry (to determine mass of the molecule and atomic composition)

� nuclear magnetic resonance (NMR) spectroscopy (to determine symmetry, branching, 
and connectivity in the molecule)

� infrared spectroscopy (to determine the functional groups in the molecule).
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Of these, NMR is more important than all the rest put together and so we shall return to it 
in more detail in Chapter 13. Then in Chapter 18, after we�ve discussed a wider range of mol-
ecules, there will be a review chapter to bring the ideas together and show you how unknown 
structures are really determined.

X-ray is the � nal appeal

In Chapter 2 we suggested you draw saturated carbon chains as zig-zags and not in straight 
lines with 90° or 180° bond angles. This is because we know they are zig-zags. The X-ray crystal 
structure of the �straight� chain diacid, hexanedioic acid, is shown below. You can clearly see 
the zig-zag chain, the planar carboxylic acid groups, and even the hydrogen atoms coming 
towards you and going away from you. It obviously makes sense to draw this molecule realisti-
cally, as in the second drawing.

HO2C (CH2)4 CO2H

hexanedioic acid

H
O

O
H

O

O
shape of hexanedioic acid

X-ray crystal structures are determined by allowing a sample of a crystalline compound to 
diffract X-rays. From the resulting diffraction pattern, it is possible to deduce the precise spa-
tial arrangement of the atoms in the molecule�except, usually, the hydrogen atoms, which 
are too light to diffract the X-rays and whose position must be inferred from the rest of the 
structure. This is one question that X-ray answers better than any other method: what shape 
does a molecule have? Another important problem it can solve is the structure of an impor-
tant new unknown compound. There are subterranean bacteria, for example, that use meth-
ane as an energy source. It is amazing that bacteria manage to convert methane into anything 
useful, and, of course, chemists really wanted to know how they did it. In 1979 it was found 
that the bacteria use a coenzyme, given the trivial name �methoxatin�, to oxidize methane to 
methanol. Methoxatin was a new compound with an unknown structure and could be 
obtained in only very small amounts. It proved exceptionally dif� cult to solve the structure 
by NMR but eventually methoxatin was found by X-ray crystallography to be a polycyclic 
tricarboxylic acid.

N

O

O

N
H

HO

O

O

OH

O

OHmethoxatin    

 � If you would like more details 
of any of the spectroscopic 
methods we discuss, you should 
refer to one of the specialized 
books listed in the •further 
reading• section at the end of 
this chapter.

 � Coenzymes are biochemical 
reagents that work hand-in-
hand with enzymes to catalyse 
reactions.

 Interactive structure of 
methoxatin

 � The trivial name •methoxatin• 
has a systematic alternative: 
4,5-dihydro-4,5-dioxo-1H-
pyrrolo[2,3-f ]quinoline-2,7,9-
tricarboxylic acid. Both are valid 
names. There are no prizes for 
guessing which one is used 
more often.
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X-ray crystallography has its limitations

If X-ray crystallography is so powerful, why do we bother with other methods? There are two 
reasons:

� X-ray crystallography works by the scattering of X-rays from electrons and requires 
crystalline solids. If an organic compound is a liquid or is a solid but does not form 
good crystals, its structure cannot be determined in this way.

� X-ray crystallography is a science in its own right, requiring specialized skills, and a 
structure determination can take a long time. Modern methods have reduced this 
time to a matter of hours or less, but nonetheless by contrast a modern NMR machine 
with a robot attachment can run more than 100 spectra overnight. We normally use 
NMR routinely and reserve X-rays for dif� cult unknown structures and for 
determining the detailed shape of important molecules.

X-ray crystallography is not infallible!
Because it cannot usually •see• H atoms, it is important to appreciate that X-ray crystallography is not infallible: it can still get 
things wrong. A famous example is the antibiotic diazonamide A, which from 1991 (when it was isolated from a marine 
organism) until 2001 (when the error was realized) was thought to have the structure shown on the right. It has the same 
mass as the real structure on the left, and X-ray crystallography was unable to tell the O and the N apart. Only when the 
compound was synthesized did the error become apparent, and the fact that the correct structure was indeed that on the left 
was con“ rmed by the fact that synthetic material of this structure made in 2002 was identical with the natural product.

O

HN

O
N

N
H

NH

N

O

NH

O

Me

Me

HO

O

Cl

Cl

O

HN

O
N

O

NH

N

O

NH

O

Me

Me

H2N

O

Cl

Cl

structure finally assigned

structure originally
proposed from X-ray
crystallographic studies

diazonamide A

Outline of structure determination by spectroscopy

Put yourself in these situations, regularly encountered by professional chemists:

� You notice an unexpected product from a chemical reaction.

� You discover a previously unknown compound in a plant extract.
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� You detect a suspected food contaminant and need to know what it is.

� You are routinely checking purity during the manufacture of a drug.

In all cases, except perhaps the second, you would need a quick and reliable answer. Suppose 
you are trying to identify the heart drug propranolol. You would � rst want to know the molec-
ular weight and atomic composition, and these would come from a mass spectrum: proprano-
lol has a molecular weight (relative molecular mass) of 259 and the composition C16H21NO2. 
Next you would need the carbon skeleton�this would come from NMR, which would reveal 
the three fragments shown below.

O N
H

CH3

OH

CH3

propranolol C16H21NO2

RO

Z CH3

OR CH3

X

Y

fragments of propranolol 
from the NMR spectrum:

There are many ways in which the fragments seen by NMR could be joined together and at 
this stage you would have no idea whether the oxygen atoms were present as OH groups or as 
ethers, whether the nitrogen would be an amine or not, and whether Y and Z might or might 
not be the same atom, say N. More information comes from the infrared spectrum, which 
highlights the functional groups, and which would show that there is an OH and an NH in 
the molecule but not other functional groups such as CN or NO2. This still leaves a variety of 
possible structures, and these could � nally be distinguished by the details revealed by 1H 
NMR. We will deal with 1H NMR only brie� y in this chapter because it is more complicated 
than 13C NMR, but we will return to it in Chapter 13.

Now we must go through each of these methods and see how they give us information about 
the propranolol molecule.

 � What each spectroscopic method tells us

Method and what it does What it tells us Type of data provided

Mass spectrum weighs the 
molecule

Molecular weight (relative 
molecular mass) and composition

259; C16H21NO2

13C NMR reveals all the different 
carbon nuclei

Carbon skeleton No C�O group; ten carbons in aromatic 
rings; two carbons next to O; three other 
saturated C atoms

Infrared reveals chemical bonds Functional groups No C�O group; one OH; one NH
1H NMR reveals all the different 
H nuclei

Distribution of H atoms Two methyl groups; six H atoms on aromatic 
rings; three H atoms on carbons next to O; 
three H atoms on carbons next to N

Mass spectrometry
Mass spectrometry weighs the molecule

It�s not easy to weigh a neutral molecule, and a mass spectrometer works by measuring the 
mass of a charged ion instead: the charge makes the molecule controllable by an electric � eld. 
A mass spectrometer therefore has three basic components:

� something to volatilize and ionize the molecule into a beam of charged particles

� something to focus the beam so that particles of the same mass:charge ratio are 
separated from all others and

� something to detect the particles.

All spectrometers in common use operate in a high vacuum and use one of several methods 
to convert neutral molecules into cations, the most common being electron impact, chemi-
cal ionization, and electrospray.

 � NMR does not literally break 
up the molecule into fragments, 
but it does view molecules as 
pieces of hydrocarbon linked 
together.

 � Mass spectrometry is 
different from other forms of 
spectroscopy because it 
measures mass rather than the 
absorption of energy.
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Mass spectrometry by electron impact

In electron impact (EI) mass spectrometry the molecule is bombarded with highly energetic 
electrons that knock a weakly bound electron out of the molecule. If you think this is strange, 
think of throwing bricks at a brick wall: the bricks can�t stick to the wall but can knock loose 
bricks off the top of the wall. Losing a single electron leaves behind an unpaired electron and 
a positive charge. The electron that is lost will be one of relatively high energy (the bricks come 
from the top of the wall), and typically one not involved in bonding, for example an electron 
from a lone pair.

uncharged and not detectable
unknown molecule with
a lone pair of electrons

electron
bombardment

€

molecule has lost
one electron and is
now a radical cation

fragmentation € +   Y

charged and detectable

M M X

charged and detectableuncharged and not detectable

Thus ammonia gives NH3
+ � and a ketone gives R2C� O+ �. These unstable species are known 

as radical cations, and being charged they are accelerated by an electric � eld and focused 
onto the detector, which detects the mass of the ion by how far its path has been de� ected 
by the electric � eld. It only takes about 20 �s for the radical cations to reach the detector, but 
sometimes they fragment before they get there, in which case other ions will also be 
detected. These fragments will always have a lower mass than the �parent� molecular ion, so 
in a typical mass spectrum we are most interested in the heaviest ion we can see.

A typical EI mass spectrum looks like this:
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Mass spectrum of honey bee alarm pheromone

m/z

43

58

55 59
71

99 114

Radical cations
Most molecules have all their 
electrons paired; radicals have 
unpaired electrons. Molecules 
that carry a negative charge are 
anions; molecules with a positive 
charge are cations. Radical 
cations and radical anions are 
simply species that are both 
charged and have an unpaired 
electron.
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This compound was identi� ed as a pheromone deposited by worker bees when feeding as a 
marker to deter their colleagues from visiting the same, now depleted, nectar source. Only 
minute quantities are available for analysis of course, but that doesn�t matter: mass spectrom-
etry is successful even on a microgram scale. The spectrum you see here indicates that the 
molecule has a mass of 114 because that is the highest mass observed in the spectrum: the 
molecule is in fact the volatile ketone heptan-2-one.

O O

heptan-2-one

electron 
bombardment

M+€ = 114 = C7H14O

Mass spectrometry by chemical ionization, electrospray, or other methods

A problem with EI mass spectrometry is that, for fragile molecules, the energy of the bom-
barding electron can be suf� cient to cause it to fragment completely, losing all trace of the 
molecular ion. Some useful information can be gained from fragmentation patterns, but in 
general it is more useful to aim to weigh the molecule all in one piece. This can be achieved 
using any of a number of other techniques, of which the most common are chemical ioniza-
tion (CI) and electrospray (ES).

Chemical ionization is achieved by mixing a gas such as ammonia with the substrate in the 
spectrometer. Bombardment of NH3 with electrons leads to formation of some NH4

+ by proton 
transfer, and reaction of this ion with the substrate makes a charged complex, which can be 
accelerated by the electric � eld. The masses observed by chemical ionization spectroscopy 
carried out in this way are usually M + 1 or M + 18 (the mass of NH4

+) relative to the mass of the 
substrate. With electrospray mass spectroscopy, an aerosol of the substrate is ionized, and 
ionization in the presence of sodium ions means that masses of M + 1 and M + 23 are often 
seen, or, if the ionization forms anions, M � 1.

This is the electrospray mass spectrum of heptan-2-one. Notice how a single molecular ion 
is clearly visible this time, but that it has a mass of 137, which is 23 more than the mass of 114 
(in other words, this is the mass of M + Na+).
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Electrospray mass spectrum of heptan-2-one

Mass spectrometry detects isotopes
Most elements can exist as more than one isotope. Usually, one isotope accounts for the vast 
majority (perhaps >99%) of the atoms of an element. But for some elements, atoms of several 
isotopes make up a signi� cant proportion of the total in a sample. Chlorine, for example, is 

 � If you are interested in how 
to use fragmentation patterns to 
establish structure, you should 
consult one of the specialized 
textbooks in the bibliography at 
the end of this chapter.

 � We will not be discussing 
ionization techniques in detail: it 
is suf“ cient for you to realize at 
this stage that there are several 
ways of ionizing a molecule 
gently so that its mass can be 
determined.
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normally a 3:1 mixture of 35Cl and 37Cl (hence the averaged relative atomic mass of 35.5 for 
chlorine), while bromine is an almost 1:1 mixture of 79Br and 81Br (hence the average mass of 
80 for bromine). Because mass spectrometry weighs individual molecules, there is no averag-
ing: instead it detects the true weight of each molecule, whatever isotope it contains.

For example, the molecular ion in the EI mass spectrum of this aryl bromide has two peaks 
at 186 and 188 of roughly equal intensity. Having two molecular ions of equal intensity sepa-
rated by 2 mass units is indicative of bromine in a molecule.

50

38

63

77

117

143
171

188186

202
0

20

40

80

60

100

100 150 200

R
el

at
iv

e 
ab

un
da

nc
e

m/z

4-bromoanisole

OMe

Br
4-bromoanisole
C7H7BrO
M = 186 (79Br) and 188 (81Br)

The mass spectrum of a chlorine-containing molecule is likewise easy to identify from two 
peaks separated by two mass units, but this time in a ratio of 3:1, arising from the 3:1 isotopic 
ratio of 35Cl and 37Cl.

What happens with more than one Br or Cl? Here�s an example: the painkiller diclofenac. This 
spectrum was obtained from commercial tablets, which contain the potassium salt of the active 
ingredient (it becomes protonated in the acidic environment of the stomach).

The ES spectrum shows the mass of the carboxylate anion as three peaks, at 294, 296, and 
298. The relative size of the peaks can be worked out from the 75% probability that each Cl 
atom will be 35Cl and the 25% probability it will be 37Cl. The ratios are therefore 
3/4 × 3/4 : 2 × 3/4 × 1/4 : 1/4  × 1/4 or 9 : 6 : 1.
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Cl
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CO2
…K+

diclofenac potassium salt
Anion = C14H10Cl2NO2

…

M… = 294, 296, 298

 � Diclofenac behaves like 
soluble aspirin in this way: see 
Chapter 8, p. 163.
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Carbon has a minor but important isotope 13C

The minor isotopes of many elements that appear at below the 1% level are not usually 
important, but one we cannot ignore is the 1.1% of 13C present in ordinary carbon, of which 
the main isotope is of course 12C. Another isotope, 14C, is radioactive and used in carbon 
dating, but its natural abundance is minute. The stable isotope 13C is not radioactive, but it 
is NMR active, as we shall soon see. If you look back at all the mass spectra illustrated so far 
in this chapter, you will see a small peak one mass unit higher than each peak: these are 
peaks arising from molecules containing 13C instead of 12C. The exact height of these peaks 
is useful as an indication of the number of carbon atoms in the molecule. Each carbon has 
a 1.1% chance of being 13C rather than 12C, so the more C atoms there are the bigger this 
chance becomes. If there are n carbon atoms in a molecular ion, then the ratio of M+ to 
[M + 1]+ is 100:(1.1 × n).

Look at the spectrum below: it�s the fuel additive Topanol 354, whose structure and molecu-
lar formula are shown. With 15 carbons, there�s a 16.5% chance there will be one 13C atom in 
the molecule, and you can clearly see the sizeable M + 1 peak at 237. We can ignore the pos-
sibility of having two 13C atoms as the probability is so small.
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 � For any mass spectrum, always look at the heaviest peak “ rst: note whether there is chlorine 
or bromine in the molecule, and look to check that the ratio of M+ to [M + 1]+ is about right for 
the number of carbons you expect.

Atomic composition can be determined 
by high-resolution mass spectrometry
Ordinary mass spectra tell us the molecular weight (MW) of the molecule: we could easily see, 
for example, that the bee pheromone on p. 48 had MW 114 even without knowing its struc-
ture. When we revealed it was C7H14O, we had to use other information to infer this, because 
114 could also be many other things, such as C8H18 or C6H10O2 or C6H14N2. These different 
atomic compositions for the same molecular weight can nonetheless be distinguished if we 
know the exact molecular weight, since individual isotopes have non-integral masses (except 
12C by de� nition). The table below gives these masses to � ve decimal places, which is the sort 
of accuracy you need for meaningful results. Such accurate mass measurements are obtained 
by a technique called high-resolution mass spectrometry.

Summary table of common ele-
ments with more than one isotope 
at >1% abundance

Element Isotopes Approx-
imate 
ratio

Exact ratio

carbon 12C, 13C 98.9:1.1

chlorine 35Cl, 37Cl 3:1 75.8:24.2

bromine 79Br, 81Br 1:1 50.5:49.5

H, N, O, S, P, F, and I have only very 
small amounts of isotopes other than 
1H, 14N, 16O, 31P, 32S, and 128I. The real 
oddity though is tin, which exists as a 
mixture of 10 different stable isotopes, 
the major ones being 116Sn (15%), 
117Sn (8%), 118Sn (24%), 119Sn (9%), 
120Sn (33%), 122Sn (5%), and 124Sn 
(6%). In reality the precise ratio of iso-
topes for any element varies according 
to its source, a fact which can supply 
useful forensic information.

The reason that exact masses are 
not integers lies in the slight 
mass difference between a 
proton (1.67262 × 10Š27 kg) and 
a neutron (1.67493 × 10Š27 kg), 
and in the fact that electrons 
have mass (9.10956 × 10Š31 kg).
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Exact masses of common elements

Element Isotope Mass number Exact mass

hydrogen 1H 1 1.00783
carbon 12C 12 12.00000
carbon 13C 13 13.00335
nitrogen 14N 14 14.00307
oxygen 16O 16 15.99492
� uorine 19F 19 18.99840
phosphorus 31P 31 30.97376
sulfur 32S 32 31.97207
chlorine 35Cl 35 34.96886
chlorine 37Cl 37 36.96590
bromine 79Br 79 78.91835
bromine 81Br 81 80.91635

For the bee pheromone on p. 48, the accurate mass turns out to be 114.1039. The table below 
compares possible atomic compositions for an approximate MW 114, and the result is conclu-
sive. The exact masses to three places of decimals � t the observed exact mass only for the 
composition C7H14O. You may not think the � t is very good when you look at the two num-
bers, but notice the difference in the error expressed as parts per million. One answer stands 
out from the rest. Note that even two places of decimals would be enough to distinguish these 
four compositions.

Exact mass determination for the bee alarm pheromone

Composition Calculated M+ Observed M+ Error in ppm

C6H10O2 114.068075 114.1039 358
C6H14N2 114.115693 114.1039 118
C7H14O 114.104457 114.1039 5
C8H18 114.140844 114.1039 369

 � In the rest of the book, whenever we state that a molecule has a certain atomic composition 
you can assume that it has been determined by high-resolution mass spectrometry on the 
molecular ion.

One thing you may have noticed in the table above is that there are no entries with just one 
nitrogen atom. Two nitrogen atoms, yes; one nitrogen no! This is because any complete mol-
ecule with C, H, O, S, and just one nitrogen in it has an odd molecular weight. This is because C, 
O, S, and N all have even atomic weights�only H has an odd atomic weight. Nitrogen is the 
only element from C, O, S, and N that can form an odd number of bonds (3). Molecules with 
one nitrogen atom must have an odd number of hydrogen atoms and hence an odd molecular 
weight.

 � Quick nitrogen count (for molecules containing any of the elements C, H, N, O, and S)
Molecules with an odd molecular weight must have an odd number of nitrogen atoms. 
Molecules with even molecular weight must have an even number of nitrogen atoms or 
none at all.
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Nuclear magnetic resonance
What does it do?

Nuclear magnetic resonance (NMR) allows us to detect atomic nuclei and say what sort of 
environment they are in within the molecule. In a molecule such as propanol, the hydrogen 
atom of the hydroxyl group is clearly different from the hydrogen atoms of its carbon 
skeleton�it can be displaced by sodium metal, for example. NMR (actually 1H, or proton, 
NMR) can easily distinguish between these two sorts of hydrogens by detecting the environ-
ment the hydrogen�s nucleus � nds itself in. Moreover, it can also distinguish between all the 
other different sorts of hydrogen atoms present. Likewise, carbon (more precisely 13C) NMR 
can easily distinguish between the three different carbon atoms. NMR is extremely versatile: 
it can even scan living human brains (see picture) but the principle is still the same: being able 
to detect nuclei (and hence atoms) in different environments.

NMR uses a strong magnetic � eld

Imagine for a moment that we were able to �switch off� the earth�s magnetic � eld. Navigation 
would be made much harder since all compasses would be useless, with their needles pointing 
randomly in any direction. However, as soon as we switched the magnetic � eld back on, they 
would all point north�their lowest energy state. Now if we wanted to force a needle to point 
south we would have to use up energy and, of course, as soon as we let go, the needle would 
return to its lowest energy state, pointing north.

In a similar way, some atomic nuclei act like tiny compass needles when placed in a mag-
netic � eld and have different energy levels according to the direction in which they are 
�pointing�. (We will explain how a nucleus can �point� somewhere in a moment.) A real com-
pass needle can rotate through 360° and have an essentially in� nite number of different 
energy levels, all higher in energy than the �ground state� (pointing north). Fortunately, 
things are simpler with an atomic nucleus: its energy levels are quantized, just like the energy 
levels of an electron, which you will meet in the next chapter, and it can adopt only certain 
speci� c energy levels. This is like a compass which points, say, only north or south, or maybe 
only north, south, east, or west, and nothing in between. Just as a compass needle has to be 
made of a magnetic material to feel the effect of the earth�s magnetism, so it is that only cer-
tain nuclei are �magnetic�. Many (including �normal� carbon-12, 12C) do not interact with a 
magnetic � eld at all and cannot be observed in an NMR machine. But, importantly for us in 
this chapter, the minor carbon isotope 13C does display magnetic properties, as does 1H, the 
most abundant atomic nucleus on earth. When a 13C or 1H atom � nds itself in a magnetic 
� eld, it has two available energy states: it can either align itself with the � eld (�north� you 
could say), which would be the lowest energy state, or against the � eld (�south�), which is 
higher in energy.

H
C

C
C

O
H

H
H

H H

H H
1H NMR distinguishes
the coloured hydrogens
13C NMR distinguishes
the boxed carbons

 � When NMR is used medically 
it is usually called magnetic 
resonance imaging (MRI) for 
fear of alarming patients wary of 
all things nuclear.
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