Organic structures

Connections
Building on: Leading to: Looking forward to:

@ This chapter does not depend on ® The diagrams used in the rest of the book @ Ascertaining molecular structure
Chapter 1 ® Why we use these particular diagrams spectroscopically ch3

® How organic chemists name

® What determines a molecule’s

molecules in writing and in speech structure ch4

® 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

There are over 100 elements in the periodic table. Many molecules contain well over 100 atoms—
palytoxin, for example (a naturally occurring compound with potential anticancer activity) 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. But how can we understand what seems like a recipe for confu-
sion? Faced with the collection 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 superfluous.
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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 microgram
per kilogram for death by injection. The
complicated structure was determined
afew years later.

palytoxin
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We shall return to amino acids as
examples several times in this chapter,
but we shall leave detailed discussions
about their chemistry till Chapters 24
and 49, when we look at the way in
which they polymerize to form peptides
and proteins.

2 - Organic structures

Hydrocarbon frameworks and functional groups

As we explained in Chapter 1, organic chemistry is the study of compounds that contain carbon. Nearly
all organic compounds also contain hydrogen; most also contain oxygen, nitrogen, 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.

I
H NHp H o NH, Ho o e /HH .
2
H/C\C/OH H /c\ _-OH | | /
I CHs |(|: H/c\céc\c/c\ ~OH
(o] o [ /\ I
H H H
Lysine has a chain of atoms; tryptophan has rings.
oo
H HH HH NH, N H
TR TN e N A \ \/
/N /N o /OO
Hoo H H

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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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 number 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 con-
tain two functional groups: an amino (NH, or NH) group and a carboxylic acid (CO,H) group
(some contain other functional groups as well).

@ The functional groups determine the way the molecule works both chemically
and biologically.
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and carboxylic acid amino group functional group
functional groups




Drawing molecules

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 find 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
itacts as a support for the functional groups.
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We will see later how the interpretation of organic structures as hydrocarbon frameworks sup-
porting 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 in Chapter 1
how we represented molecules on paper, 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 impor-
tant, because it will teach you how to communicate chemistry, clearly and simply, throughout your
life as a chemist.

Drawing molecules

Be realistic

Below is another organic structure—again, you may be familiar with the molecule it represents; it is
a fatty acid commonly called linoleic acid.
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linoleic acid

We could also depict linoleic acid as

CH3CH,CH,CH,CH=CHCH,CH=CHCH,CH,CH,CH,CH,CH,CH,CO,H

linoleic acid
or as
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linoleic acid

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 structures of molecules in more
detail in Chapter 3, but the picture below shows the structure of linoleic acid determined by X-ray
crystallography.
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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
partin is combustion, which, in
comparison to most reactions that
take place in chemical laboratories
orin living systems, is an
extremely violent process. In
Chapter 5 we will start to look at
the way that functional groups
direct the chemical reactions of a
molecule.

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
manufactured in the human body, and
is an essential part of a healthy diet
found, for example, in sunflower 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 49.
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glycerol
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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 a circles and the
bonds as rods joining them
together.
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2 - Organic structures

"\/ N Y AN

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 reasonable to draw it
as a zig-zag too.
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linoleic acid

This gives us our first 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 flat paper so we have to com-
promise.

Be economical

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

1 2 3

(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 diagrams did about
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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 empha-
size the functional groups, and let the hydrocarbon framework fade into the background. Compare
the diagrams below:
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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 cluttered 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 satisfied 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.
every kink in this H is shown
the end of the line the chain represents because it is
represents a C atom a C atom attached to an
atom other than C

\« o o
\/\/\_/\_/\/\/\/\"/ >
/ foem

\ T T /l \ What is ‘a good reason not to’?
this C atom must

all four bonds . Oneisifthe CorHis partofa
also carry 3 H atoms these C atoms must these C atoms must gretshown to this functional group. Another is if the
because only 1 bond also carry 1 H atom also carry 2 H atoms H 2%2';;@“0 C or H needs to be highlighted in
is shown because only 3 bonds because only 2 bonds implied some way, for example, because

are shown for each atom are shown for each atom it's taking part in a reaction. Don’t

be too rigid about these

We can turn these two simplifications into two more guidelines for drawing organic structures. | guidelines: they’re not rules.
Better is just to learn by example
(you’ll find plenty in this book): if it
@ Guideline 2 helps clarify, put it in; if it clutters

Miss out the Hs attached to carbon atoms, along with the C-H bonds and confuses, leave it out. One
thing you must remember,

(unless thereis a good reason not to) e e e

n o as a letter C then you must add all
® Guideline 3 the H atoms too. If you don’t want

Miss out the capital Cs representing carbon atoms to draw all the Hs, don’t write C

(unless there is a good reason not to) for carbon.
Beclear
. L o , . CHs H NH,
Try drawing some of the amino acids represented on p. 000 in a similar way, using the three guide- H_ | \c/ o
lines. The bond angles at tetrahedral carbon atoms are about 109°. Make them look about 109° pro- ¢~ ">¢”™ >S¢” H
jected on to a plane! (120° is a good compromise, and it makes the drawings look neat.) H/ \H |(|)

Start with leucine — earlier we drew it as the structure to the right. Get a piece of paper and do it
now; then see how your drawing compares with our suggestions. leucine
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Not all chemists put circles round their
plus and minus charges—it’s a matter
of personal choice.

The wiggly line is a graphical way of
indicating an incomplete structure: it
shows where we have

mentally ‘snapped fé 0\
off’ the COH group \”/ H
from the rest of the

molecule. 0

2 - Organic structures

It doesn’t matter which way up you’ve drawn it, but your diagram should look something
like one of these structures below.

(0]
NHZ NH2
HO,C
/N\
(0] H H

. NH
leucine 2

leucine leucine 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. 000 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 draw-
ings with our suggestions.

NH = NH
OH 2 NHz
HZN/\H/ OH “ oH OH
0
0 0 0

glycine alanine phenylalanine proline
NH, NH,
o= NH OH OH
HN s HNT NN
e OH
(v (V]
0 .
tryptophan methionine lysine

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. 000.
Moreover, they still bear significant resemblance to the ‘real thing'—compare these crystal structures
of lysine and tryptophan with the structures shown above, for example.

Structural diagrams can be modified to suit the occasion

You’ll probably find that you want to draw the same molecule in different ways on different occa-
sions to emphasize different points. Let’s carry on using leucine as an example. We mentioned 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

NH,>
o
OAQH mOH _— )\/k”/o + H20
(o}

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: +’s and —’s 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 CO,H as
the fragment left because we wanted to show how the O—H bond was broken when the base attacked.
We modified our diagram to suit our own purposes.

NH,

0



Drawing molecules

When leucine acts as a base, the amino (NH,) 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
H
H o/ H
H—0 H_| H
H\|L /“‘ < \ SN

H ®
)\/k b
CO.H CO,H

Notice how we drew the lone pair at 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 nec-
essary to draw CO,H 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 only give an idea of the real structure of the
molecules. For example, the carbon atom between the NH, group and the CO,H group of
leucine has a tetrahedral arrangement of atoms around it, a fact which we have so far completely
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 perspective 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 though
slightly less realistic as 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 tetrahedron of atoms attached to the carbon atom lies. These conventions
allow us to give an idea of the three-dimensional shape (stereochemistry) of any organic molecule—
you have already seen them in use in the diagram of the structure of palytoxin at the beginning of this
chapter.

® Reminder
Organic structures should be drawn to be realistic, economical, clear.
We gave 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 carbon atoms, along with the C-H
bonds

® Guideline 3: Miss out the capital Cs representing carbon atoms

The guidelines we have given and conventions we have illustrated in this section have grown up
over decades. They 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 find in organic molecules. Firstly, we’ll talk about hydrocarbon frameworks, then
about functional groups.
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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.

| 2

When you draw diagrams like
these to indicate the three-
dimensional shape of the
molecule, try to keep the
hydrocarbon framework in the
plane of the paper and allow
functional groups and other
branches to project forwards out
of the paper or backwards into it.

|

We shall look in more detail at the
shapes of molecules—their
stereochemistry—in Chapter 16.
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Notice we’ve drawn in four groups
as CHz—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 5
or more carbon atoms, the
systematic names are based on
Greek number names.

2 - Organic structures

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 pos-
sibility 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.

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 antibiotic is so long that
we have to wrap it round two corners just to get it on the page.

We haven’t drawn  H,N ~ = =z OH
whether the CHj
groups and OH groups
are in front of or
behind the plane of the
paper, because (at the
time of writing this
book) no one yet
knows. The stereo-
chemistry of linear-
mycin is unknown. OH  OH

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 molecules, 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 Name of Formula® Abbreviation Name of alkane
atoms in chain group (= chain + H)
1 methyl —CH3 Me methane

2 ethyl —CHoCH3 Et ethane

3 propyl —CHCH,CH3 Pr propane

4 butyl —(CH»)3CH3 Bu butane

5 pentyl —(CH2)4CH3 -t pentane

6 hexyl —(CH5)5CH3 —t hexane

7 heptyl —~(CH5)sCH3 —t heptane

8 octyl —(CH2)7CH3 —t octane

9 nonyl —(CH5)gCH3 —f nonane

10 decyl —~(CH5)gCH3 —t decane

T This representation is not recommended.
T Names for longer chains are not commonly abbreviated.
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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. 24. 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 shown as item 3. But it’s
much easier to write as PbEt, or Et4Pb

Remember that these symbols (and names) can only be used for terminal chains of atoms. We
couldn’t abbreviate the structure of lysine from

NH, NH,
HoN OH
OH 2\
H,N to Bu
lysine NOT CORRECT

for example, because Bu represents

H HH HH H

Nf and not f}ﬁ%f

Before leaving carbon chains, we must mention one other very useful organic element symbol, R.
R in a structure can mean anything—it’s a sort of wild card. For example, structure 4 would indicate
any amino acid, where R = H is glycine, R = Me is alanine... As we’ve mentioned 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.

Carbon rings

Rings of atoms are also common in organic structures. You may have heard the famous
story of Auguste Kekulé first 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.

. benzene
Paracetamol also has a structure based on a benzene ring.

(o}

OH Y
O/Ej/ 0 ?
° P
0

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.

OH

phenylalanine paracetamol aspirin
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Kekulg's snake dream inspired this figure
that appeared in a spool adition of the
German chemical Journal, Berichte der
Deutschen Chemischen Gesellschalt

in 1B8E6
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Benzene has a ring structure

In 1865, August Kekulé 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
Kekulé the first to suggest that benzene was cyclic? Some
believe not, and credit an Austrian schoolteacher, Josef
Loschmidt with the first depiction of cyclic benzene structures.

In 1861, 4 years before Kekulé’s

LZ:Z" NHZ NH2
OH OH
P
(0] 0

the phenyl group, Ph

first.

dream, Loschmidt published a book in
which he represented benzene as a set
of rings. It is not certain whether
Loschmidt or Kekulé—or even a Scot
named Archibald Couper—got it right
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Of course, Ar = argon too, but so
few argon compounds exist that

there is never any confusion.

PhOH =

OH

muscone

phenol

2 - Organic structures

Any compound containing a benzene ring, or a related (Chapter 7) ring system is known as ‘aro-
matic’, and another useful organic element symbol related to Ph is Ar (for ‘aryl’). While Ph always
means CgHs, Ar can mean any substituted phenyl ring, in other words, phenyl with any number of
the hydrogen atoms replaced by other groups.

For example, while PhOH always means phenol, ArOH could mean phenol, 2,4,6-trichlorophe-
nol (the antiseptic TCP), paracetamol or aspirin (among many other substituted phenols). Like R,
the ‘wild card” alkyl group, Ar is a ‘wild card’ aryl OH OH OH
group.

The compound known as muscone has only rel-
atively recently been made in the lab. It is the pun-
gent 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 are testosterone and
oestradiol, the important human male and female sex hormones.

Cl Cl

Cl HN

(o}

phenol 2,4,6-trichlorophenol paracetamol

testosterone oestradiol

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

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

strychnine

Buckminsterfullerene

One of the most elegant ring structures is shown above and is known as Buckminsterfullerene. 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 Cgg. 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.
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To the right, 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  HO._
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), for- 1 chrysanthemic acid
merly used as an artificial sweetener, contains a cyclohexane ring. Hexane has six carbon atoms.

Cyclohexane is a six-membered ring. . OH
\\\‘\\\ \/

Branches

Hydrocarbon frameworks rarely consist of single rings or chains, but are often branched. Rings, lll‘/

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 2  grandisol
from linear carbon chains, or of 3-carotene, the compound that makes carrots orange.

: : N

SO3H

“ ]
N 3  cyclamate

part of the structure of polystyrene

Mt

[B-carotene

organic element symbols. The most common is the isopropyl group. Lithium diisopropylamide
(also called LDA) is a strong base commonly used in organic synthesis.
L|

Y Y is equivalent to LiNj-Pry

lithium diisopropylamide (LDA)

Just like some short straight carbon chains, some short branched carbon chains are given names and
i-Pr

Iproniazid is an antidepressant drug with i-Pr in both structure and name.
Notice how the ‘propyl’ part of ‘isopropyl” still indicates three

the isopropyl group
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o 0
carbon atoms; they are just joined together in a different way—in : ,
. . . ~ F l-PrHN\ P
other words, as an isomer of the straight chain propyl group. N | , T N |
. . . . . H IS equivalent 1o
Sometlfnes, to avoid confusion, the straight chain alk}(ll group’s are SN H SN

called ‘n-alkyl’ (for example, n-Pr, n-Bu)—n for ‘normal’—to

o . . iproniazid
distinguish them from their branched counterparts.

. . - . ]
@ Isomersare molecules with the same kinds and numbers of atoms joined up in

alcohols. Isomers need not have the same functional groups, these compounds are
all isomers of C4HgO.

0 0
S ) /\/\OH \)I\/ )\cuo

elsewhere.

5 N . ! £ ‘Isopropyl” may be abbreviated to i-Pr,
different ways n-propanol, n-PrOH, and isopropanol, i-PrOH, are isomeric Pr, or Pr'. We will use the first in this
book, but you may see the others used



30 2 - Organic structures

The isobutyl (i-Bu) group is a CH, group joined to an i-Pr group. It is i-PrCH,—
fé\ /]\ Two isobutyl groups are present in the reducing agent diisobutyl aluminium hydride (DIBAL).

the isobutyl group )\/AI )\
i-Bu ~N

diisobutyl aluminium hydride (DIBAL)
is equivalent to HAli-Bugy

The painkiller ibuprofen (marketed as Nurofen®) contains an isobutyl group.

|
Notice how the invented name J\
ibuprofen is a medley of ‘ibu’ (from i-Bu -

forisobutyl) + ‘pro’ (for propyl, the COzH
three-carbon unit shown in gold) + ‘fen’
(for the phenyl ring). We will talk about -7

the way in which compounds are
named later in this chapter. Ibuprofen

There are two more isomers of the butyl group, both of which have common names and abbrevi-

f ations. The sec-butyl group (s-butyl or s-Bu) has a methyl and an ethyl group joined to the same car-
bon atom. It appears in an organolithium compound, sec-butyl lithium, used to introduce lithium
atoms into organic molecules.

Li
/W/ is equivalent to s-BulLi

fj The tert-butyl group (#-butyl or +-Bu) group has three methyl groups joined to the same carbon
atom. Two #-Bu groups are found in BHT (‘butylated hydroxy toluene’), an antioxidant added to
some processed foods.

the tert-butyl group OH
t-Bu tBu
equwalent
Me

BHT

the sec-butyl group
s-Bu

@ Primary, secondary, and tertiary

The prefixes secand 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.
methyl primary secondary tertiary quaternary
(no attached C) (1 attached C) (2 attached C) (3 attached C) (4 attached C)
ﬂ 3 \)\‘f j\ %OH
Me—OH
methanol butan-1-ol butan-2-ol 2-methypropan-2-ol  2,2,-dimethylpropan-1-ol

nbutanol sec-butanol tertbutanol

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 five 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.




Functional groups

This quick architectural tour of some of the molecular edifices built by nature and by man serves
just as an introduction to some of the hydrocarbon frameworks you will meet in the rest of this chap-
ter and of 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 to explain why it
is that their attributes are the key to understanding organic chemistry.

Functional groups

If you can take ethane gas (CH3CH3, or EtH, or even ™ , though a single line like this doesn’t
look much like a chemical structure) and bubble it 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 (CH3CH,OH, or - or preferably EtOH) not
only burns, it reacts with acids, bases, and oxidizing agents.

The difference between ethanol and ethane is the functional ~ Ethanol

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
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 functional 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 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 microorganisms 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).

0 0
Y wm — Y

liver micro- OH
organism
acetaldehyde ethanol acetic acid

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
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acid, produced in muscles during intense activity, is oxidized by an enzyme called

lactate dehydrogenase to the metabolically useful compound pyruvic acid.
OH 0

(o]} )I\
_—
CO.H lactate dehydrogenase CO2H
lactic acid pyruvic acid

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 chemist is con-
cerned. However, their unreactivity can be a bonus, and alkanes such as pentane and hexane are
often used as solvents, especially for purification 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.

pentane hexane isooctane

Alkenes (sometimes called olefins) 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 consisting 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.

a-pinene
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p Saturated and
unsaturated carbon atoms

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 general, carbon
atoms attached to four other
atoms are saturated; those
attached to three, two, or one are
unsaturated.

Remember that R can mean any alkyl
group.

If we want a structure to contain more
than one ‘R’, we give the R’s numbers
and call them R%, R2.... Thus R1-0-R?
means an ether with two different
unspecified alkyl groups. (NotR4, Ro...,
which would mean 1 xR, 2 xR...)

(0]

diethyl ether
"ether" THF

Another common laboratory solvent is
called ‘petroleum ether’. Don’t confuse
this with diethyl ether! Petroleum ether
is in fact not an ether, but a mixture of
alkanes. ‘Ether’, according to the
Oxford English Dictionary, means ‘clear
sky, upper region beyond the clouds’,
and hence used to be used for anything
light, airy, and volatile.

2 - Organic structures

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

Xt

[B-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 draw them with four carbon
atoms in a straight line. Alkynes are not as widespread
in nature as alkenes, but one fascinating class of com-
pounds 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 calicheamicin to attack DNA and prevent can-
cer cells from proliferating. For the first time we have
drawn a molecule in three dimensions, with two
bonds crossing one another—can you see the shape?

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).
Molecules containing hydroxyl groups are often

soluble in water, and living things often attach sugar

groups, containing hydroxyl groups, to otherwise HO

insoluble organic compounds to keep them in solu-

tion in the cell. Calicheamicin, a molecule we have just

mentioned, contains a string of sugars for just this rea-

son. The liver carries out its task of detoxifying

unwanted organic compounds by repeatedly hydroxy-

lating them until they are water-soluble, and they are

then excreted in the bile or urine.

HO

sucrose

Ethers (R'-O-R?) 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, Et;O. 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
flammable 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 is a fascinating naturally occurring compound that was synthesized in the labora-
tory in 1995. It is packed with ether functional groups in ring sizes from 6 to 8.
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Brevetoxin B

Brevetoxin B is one of a family of polyethers found in a sea
creature (a dinoflagellate Gymnodinium breve, hence the HO,
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 shellfish
that have eaten the red tide. The brevetoxins are the killers.
The many ether oxygen atoms interfere with sodium ion
(Na™) metabolism.

H
0-%

brevetoxin

Amines (R-NH;) contain the amino (NH,) 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 fishy smells: the
smell of putrescine is particularly foul. It is formed as meat decays. Many neurologically active com-
pounds are also amines: amphetamine is a notorious stimulant.

Nitro compounds (R-NO,) contain the nitro group (NO,)

The nitro group (NO,) is often incorrectly drawn with five bonds to nitrogen which 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 NO, 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, TNT (trinitrotoluene), its kick.

Me Me
0 /
0.N NO» N
N>~ NO,
NO, TNT
nitrazepam

However, functional groups refuse to be stereotyped. Nitrazepam also contains a nitro group, but
this compound is marketed as Mogadon®, the sleeping pill.

Alkyl halides (fluorides R—F, chlorides R—Cl, bromides R—Br, or iodides R—I)
contain the fluoro, chloro, bromo, oriodo groups

These three functional groups have similar properties—though alkyl iodides are the most reactive
and alkyl fluorides the least. PVC (polyvinyl chloride) 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 (Mel), on the other hand, is a dangerous carcinogen, since it reacts with DNA and can cause
mutations in the genetic code.

P X,

Cl Cl Cl Cl Cl Cl

a section of the structure of PVC

R
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HzN\/\/\
NH,

putrescine

NH,
amphetamine

2—0

©
o0

®

the nitro
group

nitrogen cannot
have five bonds!

0
[
N

R o

incorrect structure
for the nitro group

These compounds are also known as
haloalkanes (fluoroalkanes,
chloroalkanes, bromoalkanes or
iodoalkanes).

>

Because alkyl halides have
similar properties, chemists use
yet another ‘wild card’ organic
element, X, as a convenient
substitute for Cl, Br, or |
(sometimes F). So R—X is any alkyl
halide.
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—CHO represents:
[o]

P

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 (contains C=C double
bonds)—see the box on p. 000. 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’.

2 - Organic structures

Aldehydes (R-CHO) and ketones (R'-CO-R?) contain the carbonyl group C=0

Aldehydes can be formed by oxidizing alcohols—in fact the liver detoxifies ethanol in the bloodstream
by oxidizing it first to acetaldehyde (ethanal, CH;CHO). Acetaldehyde in the blood is the cause of hang-
overs. Aldehydes often have pleasant smells—2-methylundecanal is a key component of the fragrance of
Chanel No 5™, and ‘raspberry ketone’ is the major component of the flavour and smell of raspberries.

0
A S Vg H

HO

2-methylundecanal "raspberry ketone"

Carboxylic acids (R—-CO,H) contain the carboxyl group CO,H

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

OH
HO,C CO.H CO2H CO.H
2 2 HOzC/Y HO,C
HO CO3H
OH OH
citric acid malic acid tartaric acid

Esters (R'~CO,R?) contain a carboxyl group with an extra alkyl group (CO,R)

Fats are esters; in fact they contain three ester groups. o 0
They are formed in the body by condensing glycerol, a )I\ )I\
compound with three hydroxyl groups, with three R o/\K\O R
fatty acid molecules. R 0
Other, more volatile esters, have pleasant, fruity \”/

a fat molecule
smells and flavours. These three are components of 0 (R = a long alkyl chain)
the flavours of bananas, rum, and apples:

)\/\o)k \(\o)k/ )\/\o)l\/\/

isopentyl acetate isobutyl propionate
(bananas) (rum)

isopentyl valerate
(apples)

Amides (R-CONH,, R'~-CONHR?, or R"CONR?R?)

Proteins are amides: they are formed when the carboxylic acid group of one amino acid condenses
with the amino group of another to form an amide linkage (also known as a peptide bond). One pro-
tein molecule can contain hundreds of amide bonds. Aspartame, the artificial sweetener marketed as
NutraSweet®, on the other hand contains just two amino acids, aspartic acid and phenylalanine,
joined through one amide bond. Paracetamol is also an amide.

2

NH, O
HO,C N H
OMe N\[(
0

(0]
HO

aspartame paracetamol



Carbon atoms carrying functional groups can be classified by oxidation level

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 associated with lethal inorganic cyanide:
Laetrile, for example, is extracted from apricot kernels, and was once developed as an anticancer
drug. It was later proposed that the name be spelt ‘liar-trial’ since the results of the clinical trials on
laetrile turned out to have been falsified!

Acyl chlorides (acid chlorides) (R—-COCI)

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

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.

HO

RO OR HO

HO

OH OH

OH

an acetal sucrose

laetrile

Carbon atoms carrying functional groups can be classified by
oxidation level

All functional groups are different, but some are more different than others. For example, the struc-
tures of a carboxylic acid, an ester, and an amide are all very similar: in each case the carbon atom car-
rying the functional group is bonded to two heteroatoms, one of the bonds being a double bond. You
will see in Chapter 12 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 interconverted. 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 reagent which adds hydrogen atoms). We say that the carbon atoms car-
rying 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’.

0 0 0 < 0
R/
R OH R R NH,

R Cl
carboxylic acids amides acyl chlorides

@ The carboxylic acid

oxidation level
OR'

esters nitriles

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 heteroatoms 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/refrigerants that have caused damage to the
earth’s ozone layer, to the carboxylic acid oxidation level.

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

laetrile

Me)I\CI

acetyl chloride

p A heteroatom is an atom
thatisnot CorH

You’ve seen that a functional
group is essentially any deviation
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: heteroatoms. A
heteroatom is any atom in an
organic molecule other than C or
H.

>

Don’t confuse oxidation level with
oxidation state. In all of these
compounds, carbonis in
oxidation state +4.

F F
N/
F—C—C—CI
\
Cl Cl
"CFC-113"
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2 - Organic structures

@ The aldehyde fi o RO OR  cl
oxidation level )I\ )I\ c c
R H R R' R SR H  H
aldehydes ketones acetals dichloromethane

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 oxida-
tion or reduction.

@ The alcohol R™ oH R™ oR' R >Na R
oxidation level

Br

alcohols ethers alkyl halides

Lastly, we must include simple alkanes, which have no bonds to heteroatoms, as an ‘alkane oxidation
level’.

@ The alkane H\ M
oxidation level H/C\H
methane

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

@ The carbon dioxide F\ F
oxidation level 0 C
I CI\ /CI Cl/ \CI
C c o o
VN U CFC-12
0=C=0 Et0 OEt cl cl one of the refrigerants/
diethyl carbonate carbon tetrachloride aerosol propellants which
useful reagent for formerly used as a has caused damage to the
carbon dioxide adding ester groups dry cleaning fluid earth's ozone layer

@® Summary: Important functional groups and oxidation levels

Zero bonds One bond Two bonds Three bonds Four bonds
to heteroatoms to heteroatom to heteroatoms to heteroatoms to heteroatoms
Alkane Alcohol Aldehyde Carboxylic acid Carbon dioxide
oxidation level oxidation level oxidation level oxidation level oxidation level
2 p3 (0] 0] 0—C—0
R\ /R R/\OH alcohols )I\ s )k carboxylic
R1’C\R4 R H R OH ERlEe carbon dioxide
R/\OR' ethers
alkanes o (0]
o
A~ ) o )I\R' ESIones )k esters |‘|:
R NH, amines R OR’
2 Et0” OEt
RO\ /OR 0 diethyl carbonate
C acetals
R el R R )k amides
R NH,
g, alkyl F F
R Br halides \/
_N c
RN €7 nitriles c” el
R CFC-12
(0]
JI\ acyl
chlorides
R/\ alkenes R——== alkynes R Cl




Systematic nomenclature

Alkenes and alkynes obviously don’t fit easily into these categories as they have no bonds to het-
eroatoms. 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 aldehydes are related by
hydration/dehydration without oxidation or reduction.

Naming compounds

So far, we have talked a lot about compounds by name. Many of the names we’ve used (palytoxin,
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 first extracted. They are known as trivial
names, not because they are unimportant, but because they are used in everyday scientific conversa-
tion.

Names like this are fine for familiar compounds that are widely used and referred to by chemists,
biologists, doctors, nurses, perfumers alike. But there are over 16 million known organic com-
pounds. They can’t all have simple names, and no one would remember them if they did. For this
reason, the [IUPAC (International Union of Pure and Applied Chemistry) have developed systemat-
ic 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 any-
thing 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 fill
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 nomencla-
ture. 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 framework; 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 CH,

two carbons ethane CH3z—CH3

three carbons propane CH3 \/CH3 cyclopropane A
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iodobenzene

2 - Organic structures

Names for the hydrocarbon framework (continued)

0
four carbons butane \/\CHs cyclobutane
five carbons pentane cyclopentane
CHS\/\/\ O
six carbons hexane CH3 cyclohexane
CHs - CHs O
seven carbons heptane cycloheptane
CHs \/\/\/\ O
eight carbons octane CH3 cyclo-octane
nine carbons nonane cyclononane
CH3 \/\/\/\/\
ten carbons decane CH3 cyclodecane

The name of a functional group can be added to the name of a hydrocarbon framework either as a
suffix or as a prefix. Some examples follow. It is important to count all of the carbon atoms in the
chain, even if one of them is part of a functional group: so pentanenitrile is actually BuCN.

0 i 0
CH3O0H . )I\H é /\)]\OH ~_~_CN

methanol ethanal cyclohexanone butanoic acid pentanenitrile
(0]
— (0)
M HC==CH N CH3NO> /\
Cl
heptanoyl chloride ethyne ethoxyethane nitromethane propene

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 functional
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 func-
tional groups are named by prefixes, some by suffixes, and that the number always goes directly
before the functional group name.
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2 OH NH, (0] 1
1 1 but-1-ene
propan-1-ol 2-aminobutane pentan-2-one
OH NH, 1 2 3 1
CORRECT
1 . 3 5 0 but-2-ene
propan-2-ol (not 3-aminobutane) pentan-3-one
Here are some examples of compounds with more than one functional group.
NH2 HoN o~~~ N -C0H CBry (o]
NH» HO,C
~ 1,6-diaminohexane hexanedioic acid tetrabromomethane
CO,H Me Cl
Cl

2-aminobutanoic acid

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-,
tetra- if there are 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 dis-
tance between the two groups—start from the carbon atom carrying one of the functional groups,
then count round.

OH 0 OH
1
2 NH o,N_6 Ll No,
2
5 3
2-aminocyclohexanol 4
N02

2,4,6-trinitrobenzoic acid

These rules work for hydrocarbon frameworks that are chains or rings, but many skeletons are
branched. We can name these by treating the branch as though it were a functional group:

1
1
\‘/\ )
1-butylcyclopropanol
2-methylbutane 5

1,3,5-trimethyl benzene

Ortho, meta, and para

With substituted benzene rings, an alternative way of identifying the positions of the substituents 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.

COoH
Cl 2 OH
Cl
ij\
HoN
Z
(o]
1,2-dichlorobenzene 3-chlorobenzoic acid 4-aminoph_eno|
or ortho-dichlorobenzene or meta-chlorobenzoic acid or para-aminophenol

or odichlorobenzene or m-chlorobenzoic acid or p-aminophenol

1,1,1-trichloroethane

| 2

ortho, meta, and para are often
abbreviated to o, m, and p.
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| 2

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.

Me)I\OH

| 2

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.

2 - Organic structures

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 numbered 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 structural 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 compounds. Good diagrams are easy to
understand, quick to draw, and difficult 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, though, the full systematic names of anything but the
simplest molecules are far too clumsy for use in everyday chemical speech. There are several alterna-
tives, 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 complicat-
ed, but just out of habit. We know them so well that we use their familiar names.

You may have met this compound before (left), 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.
0 0 0 0 )OI\
Me*OH EtO Me

Me)l\ Me Me)I\H H)I\OH

acetone acetaldehyde formic acid acetic acid ethyl acetate
Me OH
AN
Et,0
/
ether, N
or diethyl ether benzene toluene phenol pyridine

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) abbreviated Ac and
chemists often use this ‘organic element’ 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
significance. These are vinyl and allyl; phenyl and benzyl.

e

the phenyl group: Ph the benzyl group: Bn

Lo g 2y

the vinyl group the allyl group
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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 (poly vinyl chloride) but the importance of
the name lies more in the difference in reactivity (Chapter 17) between vinyl and allyl groups.

5 A,
N — YUY
j 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 structure of __~_~#
the compounds responsible for the taste and smell of garlic. .11—»

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 typically quite reactive, while /\/s\s/\/
vinyl compounds are fairly unreactive.

For some reason, the allyl and vinyl groups have never acquired organic element symbols, but the diallyl disulfide
benzyl group has and is called 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 A s\s/\/
benzyl compounds are often reactive. Phenyl is like vinyl and benzyl is like allyl.

~s LU o QL

allyl acetate vinyl acetate benzyl acetate phenyl acetate

the allyl group

allicin

We shall review all the organic element element symbols you have met at the end of the chapter.

Names for more complicated but still well known molecules

Complicated molecules that have been isolated from natural sources are always (o) NH,
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 systematicname ~ HoN
is virtually unpronounceable. Two groups of experts at IUPAC and Chemical
Abstracts also have different ideas on the sys-
tematic name for strychnine. Others like this are
penicillin, DNA, and folic acid.

But the champion is vitamin B;,, a com-
plicated cobalt complex with a three-dimen-
sional structure of great intricacy. No
chemist would learn this structure but would
look it up in an advanced textbook of organic
chemistry. You will find it in such books in
the index under vitamin By, and not under

HoN

strychnine, or

; - (1R,11R,18S,20S,218,22S)12-0xa-8.17-
its systematic name. We do not even know diazaheptacyclo [15.5.018.027,015:20]
what its systematic name might be and we  tetracosa2,4,6,14-tetraene-9-one (IUPAC)
are not very interested. This is vitamin Bj,. or
fairlv simole but i " 4aR{4aq,5aa,8aR*,15a0,15ba, 15cH]

Even fairly simple but important mole- 4, 5 5, 7 5 15 154,156, 15cdecahydro-
cules, the amino acids for example, that have  4,6methano-6H,14H-indolo[3,2,1-joxepino
systematic names that are relatively easy to [2,3,4-delpyrrolo[2,3-hlquinolone

. Chemical Abstracts
understand are normally referred to by their ( ) vitamin By, Or....
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NH> NH>
CO2H
alanine phenylalanine
Me Me
02N NOZ
NO,

toluene 2,4 6-trinitrotoluene

| 2

The names and structures of
these common solvents need
learning too.

Me Me

Me N Me

Li

LDA
Lithium Di-isopropylAmide

2 - Organic structures

trivial names which are, with a bit of practice, easy to remember and hard to muddle up. They are
given in full in Chapter 49.

NH» )\)N\Hz NH>
/kcozH CO,H H,N /\/\/kCOZH

leucine, or lysine, or
2-amino-4-methylpentanoic acid 2,6-diaminohexanoic acid

alanine, or
2-aminopropanoic acid

A very flexible way of getting new, simple names for compounds can be to combine a bit of sys-
tematic nomenclature with trivial nomenclature.

Alanine is a simple amino acid that occurs in proteins. Add a phenyl group and you have pheny-
lalanine a more complex amino acid also in proteins.

Toluene, the common name for methylbenzene, can be combined (both chemically and in mak-
ing names for compounds!) with three nitro groups to give the famous explosive trinitrotoluene or
TNT.

Compounds named as acronyms

Some compounds are referred to by acronyms, shortened versions of either their systematic or their triv-
ial name. We just saw TNT as an abbreviation for TriNitroToluene but the commoner use for acronyms
is to define solvents and reagents in use all the time. Later in the book you will meet these solvents.

Me

I 0

" _N H [
e /S\

(Y Me Me
[0}
THF DMF DMSO
(TetraHydroFuran) (DiMethylFormamide) (DiMethylSulfOxide)

The following reagents are usually referred to by acronym and their functions will be introduced
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. There is a glossary of acronyms for solvents, reagents, and
other compounds on p. 000.

AN
Me H Me |

P N CO,Et
Al N/ NSy~ €02
Me)\/ Me ® C Et0,C N

N I
,'_, c” “o@

DIBAL PCC DEAD
Di-IsoButylALuminiumhydride Pyridinium ChloroChromate DiEthyl Azo-Dicarboxylate

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 pentane
(CsHj,) since the prefix pent- means five, whereas but- does not mean four. Chemists refer to sim-
ple derivatives of open chain and cyclic compounds with 5 to about 20 carbon atoms by their system-
atic names, providing that there is no common name in use. Here are some examples.

o po -

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

cyclopentadiene cyclo-octa-1,5-diene cyclododeca-1,5,9-triene



How should you name compounds?

e Ve e e U Vs AN eho

11-bromo-undecanoic acid non-2-enal

These names contain a syllable that tells you the framework size: penta- for Cs, octa- for Cg, nona-
for Cy, undeca- for C;1, and dodeca- for C;,. 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 dia-
gram to look at.

Complicated molecules with no trivial names

When chemists make complex new compounds in the laboratory, they publish 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 lab 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 talking about almost any molecule: draw a structure, then give the com-
pound 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 this compound.

This carboxylic acid was made and used as an intermediate when chemists in California made breve-
toxin (see p. 000) in 1995. Notice how we can call a complicated molecule ‘this acid—a ‘tag’
name—because you’ve seen the structure. It also has a tag number (19), so we can also call it ‘com-
pound 19, or ‘acid 19’, or ‘brevetoxin fragment 19’. How much more sensible than trying to work
out its systematic name.

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 that real

@ Our advice on chemical names—six points in order of importance

® Draw a structure first 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 com-
pounds of medium size

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

43
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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. You will find many of the
commonly used names for compounds on the endpapers of this book. Refer to these, or to the short-
er glossary on p. 000 to refresh your memory should you ever need to.

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 common solvents
that we advised you to learn. Cover up the structures on the rest of this page and draw the structures
for these 13 compounds.

Important structures to learn

[0) Me
acetone Me) Me toluene ©/
ether or AN

0.
diethyl ether NN
P
pyridine N
[0}
e o
acetaldehyde Me H @/
0 phenol
formic acid H)I\OH
THF [ )

0 (tetrahydrofuran) (o)
acetic acid )I\
or AcOH Me OH

Me
DMF or Il‘l H
© (dimethylformamide) ~ Me” T
benzene Me2NCHO (o]

0 0
ethyl acetate DMSO g
or EtOAc Et0 Me (dimethylsulfoxide) Me”  “Me

That’s all we’ll say on the subject of nomenclature—you’ll find that as you practise using these names
and start hearing other people referring to compounds by name you’ll soon pick up the most impor-
tant 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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@ Review box: Table of fragment names and organic elements
R alkyl tBu tertbutyl > \’<
Me methyl -'JJ\CH;;, Ar aryl any aromatic ring
Et ethyl N Ph  phenyl O
2L
Pr (or n-Pr) propyl J‘Pr\/\ Bn benzyl PJ\Q
0
Bu (or i-Bu) butyl IR NN Ac  acetyl Hk
iPr isopropyl _§~< vinyl _(J" \/
iFBu isobutyl _,.rr )\ allyl ‘—LL‘/\/
™~
sBu secbutyl 2 W/\ X  halide F, Cl, Br, or|
Problems

1. Draw good diagrams of saturated hydrocarbons with seven
carbon atoms having (a) linear, (b) branched, and (c) cyclic
frameworks. Draw molecules based on each framework having
both ketone and carboxylic acid functional groups.

2. Study the structure of brevetoxin on p. 000. Make a list of the
different types of functional group (you already know that there
are many ethers) and of the numbers of rings of different sizes.
Finally study the carbon framework—is it linear, cyclic, or
branched?

3. What is wrong with these structures? Suggest better ways of
representing these molecules.

'l
|-|—(|:—c—||\u-| — OH
Me' H —

H H—C—H

CH r|1 CH /3
2= N— 2 P
. NH,

CHj CH,

4. Draw structures corresponding to these names. In each case
suggest alternative names that might convey the structure more
clearly to someone who is listening to you speak.

(a) 1,4-di-1(1-dimethylethyl)benzene
(b) 2-(prop-2-enyloxy)prop-1-ene

(c) cyclohexa-1,3,5-triene

5. Draw one possible structure for each of these molecules,
selecting any group of your choice for the ‘wild card’ substituents.

Rl
2 Art Ar

— Y

z A2 0

6. Translate these very poor ‘diagrams’ of molecules into more
realistic structures. Try to get the angles about right and, whatev-
er you do, don’t include any square coplanar carbon atoms or
other bond angles of 90°!

CgHsCH(OH).(CH5),COC,H5
0(CH,CH>),0
(CH30),CHCH=CHCH(OMe),

3

7. Suggest at least six different structures that would fit the for-
mula C4H7NO. Make good realistic diagrams of each one and say
which functional group(s) are present.

8. Draw and name a structure corresponding to each of these
descriptions.

(a) An aromatic compound containing one benzene ring with
the following substituents: two chlorine atoms having a para
relationship, a nitro group having an ortho relationship to one of
the chlorine atoms, and an acetyl group having a meta relation-
ship to the nitro group.
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(b) An alkyne having a trifluoromethyl substituent at one end
and a chain of three carbon atoms at the other with a hydroxyl
group on the first atom, an amino group on the second, and the
third being a carboxyl group.

9. Draw full structures for these compounds, displaying the
hydrocarbon framework clearly and showing all the bonds pre-
sent in the functional groups. Name the functional groups.
AcO(CH2)3NO,

Me0,C.CH,.0COEt

CH,=CH.CO.NH(CH,),CN

10. Identify the oxidation level of each of the carbon atoms in
these structures with some sort of justification.

N e

MeN (0]

></\ Cl “

11. Ifyou have not already done so, complete the exercises on pp.
000 (drawing amino acids) and 000 (giving structures for the 10
common compounds and three common solvents).






