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An Introduction to Organic Chemistry

" structure of an or-

After studying this seciion, you will (a) understand what is meant by the
ganic compound” and the term " functional group", (b) be able to recognize the structures of al-
kanes, alkenes, alkynes, haloalkanes, alkanols, carboxylic acids and esters, and (c¢) understand

how a given empirical formula can apply to a number of different isomers. .

I What is Organic Chemistry

Organic chemistry is the chemistry of the compounds of carbon, which is combined with many
other elements (in particular H, N, O, S, P and the halogens) form over 5 000 000 compounds.

Many of these compounds are of immense importance, as the list below shows:

®  Fuels e Insecticides, pesticides

e Solvents ®  Animal toxins, plant poisons

e  Explosives e  Vitamins, hormones

® Detergents e  Synthetic pharmaceuticals

® Plastics, synthetic fibres - ®  Antibiotics

o Rubber e Dyestuffs

e Wool, cotton, natural fibres e  TFoodstuffs, flavourings and
preservatives

Apart from water, living things are largely made up of organic compounds, notably proteins,
fats, carbohydrates and nucleic acids. These compounds are playing an important role in all life

processes, which is called biochemistry

II Structure of Organic Compounds

Organic compounds tend to be built according to a general scheme as follows:

The carbon atoms form a "skeleton” , in this example, shown H H T T I? T
on the right, a chain of six C atoms. H—C—C—C—C—C—C—OH
One or more reactive chemical groups of atoms ( known as |!| |L }li I-Ii ||_| |I.|

functional groups) are attached to the carbon chain (in this
case the functional group is —OH).
Hydrogen atoms are bound to the carbon skeleton by means of covalent bonds.

There are other ways of representing the structure of organic compounds:
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i.s

CH,CH,CH,CH, CH,CH, OH
represents the same molecule, without bonds being shown.

occasionally only bonds are shown, or one uses models are known as ball-and-stick or filled :

& &
#?’@

Ball and Stick Filled

O [e]

The arrangement in space of all the atoms of a molecule is called the STRUCTURE of the mole-

cule. The complexity of the structure will clearly depend on the molecule.

CH;\ For example, the structure of the particular substance with formula
/CHCHCH; C¢H,, may be described in terms of a STRUCTURAL FORMULA such as
CH, CH, the one shown on the left.

III Functional Groups

Functional groups are groups of atoms which have special chemical properties and define the
chemistry of an organic compound.

The following are common functional groups:

(none) alkanes

C=C alkenes

C=C alkynes

C—X (X is a halogen atom) haloalkanes
C—OH alkanols

COOH carboxylic acids
C0—0—C esters

Alkanes .

Alkanes are hydrocarbons ( compounds containing only C and H) which have single covalent
bonds joining the carbon atoms. The carbon atoms form open chains, which may have branches.
The molecular formula of all the alkanes fits the expression C H,_,,, where n is the number of the
carbon atoms.

CH,
Check that the formula is C;H,, ! >CH(|)HCH3
CH,  ¢CH,
Alkenes :
Alkenes are hydrocarbons ( compounds containg only C and H) which have one or more
C=C double bonds (two C atoms are linked by 4 shared electrons). The general formula is
C,H,,, which is two hydrogen atoms less than the corresponding alkane.

2
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CH, CH,CHCH=CH,
CH,
Alkenes are said to be UNSATURATED, (since they do not have their full complement of hy-

drogen atoms).

Alkynes:
Alkyne are hydrocarbons ( compounds containg only C and H) which have one or more triple
bond.
CH,CH,CHC=CH
e
Alkynes are said to be UNSATURATED, (since they do not have their full complement of hy-

drogen atoms). The simplest alkyne, is acetylene.

Haloalkanes:
If one or more hydrogen atoms of an alkane is replaced by a halogen atom (chemists use the
SUBSTITUTION for this process) , this compound is a haloalkane.
CH,
CH,(l)HCHCH3
Cl

Alkanols .
These compounds arise when one or more hydrogen atoms of an alkane are substituted by the
—OH (hydroxyl) functional group.
HO CH,

|
CH,CHCHCH, CH,

Carboxylic acids:
These compounds have one or more carboxyl —COOH functional groups.
CH,
AN
CHCHCH,
CH, COOH

Esters:
Esters are compounds which have the CO—0—C functional group.
CH,

|
CH, c|;coocn-|,
CH,

e e . ——
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IV Isomerism

Have a good look at the two structural formulae below. Both of them are structural formulae ap-

plying to molecules with molecular formulae C;H,,.

T e
CH3(|)CHZCH, CH,CH,CHCH,CH,
CH,

These two molecules are said to be ISOMERS. Isomers are compounds which share the same
molecular formula, but different structural formulae. Normally isomers also differ in their chemical
and physical properties.

Isomers do not have to belong to the same class of organic compounds. For example, the com-
pounds whose structural formulae are shown below, are isomers. The one on the left is a CARBOX-
YLIC ACID, where as the one on the right is an ESTER;

CH, CH, “
CH3C|2HCHZCOOH >CHOCCH3
CH,
Both have the molecular formula C;H,,0,.

Questions
1. Could you give some typical examples of organic compounds in our lives?

2. What’s functional group? How many functional groups have you learned?



Chapter 1 Alkanes and Cycloalkanes

Background---
An introduction to the alkanes (including cycloalkanes) and their physical properties.

Burning alkanes---

The combustion of alkanes, including incomplete combustion.

Halogenation- -
The reactions between alkanes and chlorine or bromine.

Cracking---
A brief look at cracking alkanes in the oil industry.

1.1 Introduction

This is an introductory paragraph about alkanes such as methane, ethane, propane, butane and
the rest. It deals with their formulae and isomerism, their physical properties, and an introduction to

their chemical reactivity.

1.1.1 What are alkanes and cycloalkanes

1.1.1.1 Alkanes
(1) Formulae
Alkanes are the simplest family of hydrocarbons-compounds containing carbon and hydrogen on-

ly. They only contain carbon-hydrogen bonds and carbon-carbon single bonds. The first six are:

methane CH,
ethane C,H;,
propane C,H,
butane C.,Hy,
pentane CsH,,
hexane C:H,.

You can work out the formula of any of them by means of C H,,,,

(2) Isomerism

All the alkanes with 4 or more carbon atoms show structural isomerism. It means that there are
two or more different structural formulae that you can draw for each molecular formula. As an exam-

ple, C,H,, could be either of these two different molecules:
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CH,
CHs~CHz—~CH;—CHj, CH;—CHz;—CH,3

These are called butane and 2-methylpropane respectively.
1.1.1.2 Cycloalkanes
Cycloalkanes again only contain carbon-hydrogen bonds and carbon-carbon single bonds, nev-

ertheless ,now the carbon atoms are joined up in a ring. The smallest cycloalkane is C.

H, H2C_(TH2
H,C——CH, H,C—CH,
cyclopropane cyclobutane

CH, CH,

7N\ /N
H,C CH, H2(|: (|3H2
HZC\ /CHZ

H,C——CH, ch,
cyclopentane cyclohexane

If you count the carbons and hydrogens, you will see that they no longer fit the general formula
C,H,,,;- By joining the carbon atoms in a ring, you have to lose two hydrogen atoms.

You are unlikely to need it, but the general formula for a cycloalkane is C_H,,. Don‘t assume
that they are all flat molecules. All the cycloalkanes including cyclopentanes mentioned above exist

as " puckered rings" . Cyclohexane, for example, has a ring structure which looks like this

This is known as the " chair" form of cyclohexane of which shape resembles a chair in a
way.

Note: This molecule is constantly changing, with the atom on the left currently pointing down
flipping up and the one on the right flipping down. During the process, another (slightly less sta-
ble) form of cyclohexane is formed known as the " boat" form. In this arrangement, both of these at-

oms are either pointing up or down at the same time.
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1.1.2 Physical Properties

1.1.2.1 Boiling Points
(1) The facts

room
temperature’

number of carbon atoms

The boiling points shown above are all for the " straight chain" structured isomers where of
these alkanes. .

Notice that the first four alkanes are gases at room temperature. While the C; to C,, alkanes are
liquid. The alkanes with one or more carbon atoms are solids. You can’t be more precise than that
because each isomer has a different melting and boiling point. By the time you get 17 carbons atoms
into an alkane, there are unbelievable numbers of isomers |

Cycloalkanes have boiling points which are about 10 ~ 20 K higher than the corresponding
straight chain alkane.

(2) Explanations

There isnt much electronegativity difference between carbon and hydrogen, so there is hardly
any bond polarity. The molecules also have very little polarity by themselves. A totally symmetrical
molecule like methane is completely non-polar.

It means that the only atiractions between one molecule and its neighbours will be Van der
Waals dispersion forces. These will be very weak for a molecule like methane, but it will increase as
the molecule get bigger. Thats why the boiling points of the alkanes increase with molecular size.

For the structural, the more branched the chain, the lower the boiling point tends to be. Van
der Waals dispersion forces are smaller for shorter molecules, and only operate over very short dis-
tances between one molecule and its neighbours. It is more difficult for high branched molecules
(with lots of branching) to lie as close together as the long chain isomer thin ones.

For instance, the boiling points of the three isomers of C;H,, are:

pentane 309.2 K;  2-methylbutane 301.0 K;  2,2-dimethylpropane 282.6 K.

The slightly higher boiling points for the cycloalkanes are presumably because the molecules can
get closer together as the ring structure makes them tidier and less " wriggly" !




7

b
@){ Organic Chemistry

1.1.2.2 Solubility

(1) The facts

What follows applies equally to alkanes and cycloalkanes.

Alkanes are virtually insoluble in water, but dissolve in organic solvents. The liquid alkanes
are good solvents for many other covalent compounds.

(2) Explanations

(I)  Solubility in water

When a molecular substance dissolves in water, you have to

®  break the intermolecular forces within the substance. In the case of the alkanes , these are
Van der Waals dispersion forces.

® break the intermolecular forces in the water so that the substance can fit between the water
molecules. In water the main intermolecular attractions are hydrogen bonds.

The amount of energy to break the Van der Waals dispersion forces in something like methane is
pretty negligible, but the amount of energy to break the hydrogen bonds in water is pretty high.

As something of a simplification, a substance will dissolve if there is enoﬁgh energy released
when some new bonds are made between the substance and the water to make up for what is used in
breaking the original attractions.

The only new bonds between the alkane and water molecules are Van der Waals attractions.
These dont release enough energy to compensate for what you need to break the hydrogen bonds in
water. Therefore the alkane doesnt dissolve in water.

Note: This is a simplification in that you also have to consider entropy changes when things dissolve.

If you don't yet know about entropy,don’t worry about it!

(II)  Solubility in organic solvents

In most organic solvents, the main forces of attraction between the solvent molecules are Van
der Waals, either dispers'ion forces or dipole-dipole attractions.

It means that when an alkane dissolves in an organic solvent, you are breaking Van der Waals
forces and replacing them by new Van der Waals forces. The two processes more or less cancel each

other out energetically, and alkanes are soluble in nonpolar or slightly polar solvents.
1.1.3 Chemical Reactivity
1.1.3.1 Alkanes

Alkanes contain strong carbon-carbon single bonds and strong carbon-hydrogen bonds. The car-
bon-hydrogen bonds are only very slightly polar and so there aren‘t any parts of the molecules carry-
ing any significant amount of positive or negative charge which other atoms groups might be attracted
to.

Therefore, alkanes have a fairly restricted set of reactions.

You can

®  burn them to destroy the whole molecule;

® react them with some of the halogens, breaking carbon-hydrogen bonds;
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e crack them, breaking carbon-carbon bonds.
1.1.3.2 Cycloalkanes

Cycloalkanes are very similar to the alkanes in reactivity except for the very small ones-espe-
cially cyclopropane. Cyclopropane is much more reactive than you would expect.

It is due to the bond angles in the ring. Normally, when carbon forms four single bonds, the

bond angles are about 109. 5°. In cyclopropane, they are 60°.

109.5° bond angle 60° bond angle

With the electron pairs closing together, there is a lot of repulsion between the bonding pairs
joining the carbon atoms. That makes the bonds easier to break.

We will deal with this later.

1.2 The Combustion of Alkanes and Cycloalkanes

This section deals briefly with the combustion of alkanes and cycloalkanes. In fact, there is

very little difference between the two.
1.2.1 Complete combustion

Complete combustion ( given sufficient oxygen) of any hydrocarbon produces carbon dioxide
and water.
1.2.1.1 Equations
It is quite important that you can write properly balanced equations for these reactions, because
they often come up as parts of thermochemistry calculations. Don't try to learn all the equations as
there are far too many possibilities. Work them out as you need them.
For example, with propane (C,Hg) , you can balance the carbons and hydrogens as you write
the equation down. Your first draft would be:
C,H; + 0, —3C0, +4H,0
Counting the oxygens leads directly to the final version:
C,H; +50, —3C0, +4H,0
With butane (C,H,,) , you can again balance the carbons and hydrogens as you write the equa-
tion down.
C,H,, + 0, —4C0, +5H,0
Counting the oxygens leads to a slight problem with 13 on the right-hand side. The simple trick

is to allow yourself to have " six-and-a-half" O, molecules on the left.

9
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C,H,, +6 %02 ——4C0, +5H,0

If that offends you, double everything:
2C,H,, +130, ——8CO0, +10H,0

1.2.1.2 Trends

The hydrocarbons become harder to ignite as the molecules get bigger. This is because the big-
ger molecules dont vaporise so easily-the reaction is much better if the oxygen and the hydrocarbon
are well mixed as gases. If the liquid isn't very volatile, only those molecules on the surface can re-
act with the oxygen.

Bigger molecules have greater Van der Waals attraction which makes it more difficult for them
to break away from their neighbours and turn to a gas.

When the combustion is complete, all the hydrocarbons will burn with a blue flame. However,
combustion tends to be less complete as the number of carbon atoms in the molecules increases. It

means that the bigger the hydrocarbon, the more likely you are to get a yellow, ‘smoky flame.
1.2.2 Incomplete combustion

Incomplete combustion (where there isnt enough oxygen present) can lead to the formation of
carbon or carbon monoxide. As a simple way of thinking about it, the hydrogen in the hydrocarbon
gets the first chance to combine with the oxygen, and the carbon gets whatever is the left over!

The presence of glowing carbon particles in a flame turns it yellow, and black carbon is often
visible in the smoke. Carbon monoxide is produced as a colourless poisonous gas.

Why is carbon monoxide poisonous?

Oxygen is carried around the blood by haemoglobin ( US: hemoglobin). Unfortunately carbon
monoxide binds to exactly the same site on the haemoglobin that oxygen does.

The difference is that carbon monoxide binds irreversibly-making that particular molecule of
haemoglobin useless for carrying oxygen. If you breathe in enough carbon monoxide you will die from

a sort of internal suffocation.

1.3 The Halogenation of Alkanes and Cycloalkanes

This section describes the reactions between alkanes and cycloalkanes with the halogens fluo-

rine, chlorine, bromine and iodine-mainly concentrating on chlorine and bromine.
1.3.1 Alkanes

(1) The reaction between alkanes and fluorine
These reactions are explosive even in the cold and dark, and produce carbon and hydrogen flu-
oride. It is of no particular interest. For example
CH, +2F, ———C +4HF
(2) The reactions between alkanes and iodine
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