Physical Sciences Explained [Jones; Davies; Mgoqi]

The history of organic
chemistry

The term organic chemistry came from the word
‘organism’. Before 1828, all organic compounds had
been obtained from organisms or their remains. The
scientific philosophy back then was that organic
compounds could only be produced within living
matter while inorganic compounds were synthesised
from non-living matter. At the time, a theory

‘nown as ‘vitalism’ stated that a ‘vital force’ from a
“living organism was necessary to make an organic
compound. But in 1828, German chemist Friedrich
Wahler (1800-1882) amazed the science community
by using an inorganic compound to make an organic
molecule.

heat
NH,CNO ——> CO(NH,),
ammonium cyanate urea

Today there are over six million organic compounds
characterised, including the foods we eat (made of
carbohydrates, lipids, proteins and vitamins), furs
and feathers, hides and skins, and the organisms
they come from. Many more are found in plastics,
synthetic and natural fibres, dyes and drugs,
insecticides and herbicides, ingredients in perfumes
— and flavouring agents, and petroleum products.

4/MATTER AND MATERIALS

In 1828, Friedrich
Waghler observed in the
laboratory the formation
of synthetic urea from
the inorganic raw
materials. His synthesis
of urea showed the
possibility of fabricating
such materials, which
up until then had

been looked upon as
the products of living
organisms alone. Since
then, thousands of
organic substances have
been investigated and
additional thousands
have been produced.
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GET THE FACTS
Carbon bonds

The great number of carbon compounds that
exist is possible because of the ability of carbon
atoms to form strong covalent bonds to each
other while also strongly holding the atoms of
other non-metals. Sulphur atoms, for example,
can also form long chains, but they are unable
to hold the atoms of any other elements strongly
at the same time. (Recall what you learned in
previous grades about chemical bonding, strong
and weak bonds between atoms, and single and
multiple bonds.)

Carbon atoms have the special properties to
bond with each other to form chains, rings,
spheres and tubes. Chains of carbon atoms can
be thousands of atoms long, as in polyethene.

Carbon has four valence electrons. While
elements to the right and left of carbon in the
periodic table form ionic bonds, carbon forms
predominantly covalent bonds.

The carbon-hydrogen (C-H) bonds and
carbon-carbon (C-C) bonds are purely covalent.
This is because the difference between the
electronegativities of carbon and hydrogen

is very small. According to the Pauling scale,
carbon’s is 2,5 and hydrogen's is 2,1.

Carbon has the ability to form long chain
structures through the linking together of
carbon atoms. These chains can be unbranched
or branched. In some cases, carbon atoms link
together and form ring structures.
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Energy diagrams showing how carbon can form covalent bonds with other atoms
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GET THE FACTS
Sources of organic compounds

e Photosynthesis is the chief source of organic
compounds. The process of photosynthesis is
represented as follows:

e The other source of organic compounds is fossil
fuels, which are coal, petroleum and natural gas.

energy from sunlight
6C0, + 6H,0 _» CH 0, + 60,

6 1276

in the presence of chlorophyll

kerosene

Carbon dioxide and sunlight energy entering the leaves, # 2 /
and the roots absorbing water during photosynthesis Organic products from fossil fuels bitumen

PRACTISE IT NOW
Understanding organic compounds

1. State three reasons why such a huge number of 3. Make a list of ten organic substances that you
stable organic compounds exists. use or see around you.
2. Do fossil fuels really ‘store” energy? Explain.

~INVESTIGATE IT NOW
Design a poster

0il is produced in different countries and used by
almost all countries in the world.

Working in groups of four, make a poster that shows
the process of refining crude oil into its usable
products (fuels). Take the following into account:
o Indicate other uses of chemicals that are found
in oil.
Present only key information.
Use photographs and/or drawings.
*  The poster should be clear and readable from a
distance of 2 m.

|
|
=
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Classification of organic
compounds

Organic compounds are classified mainly according
to their types of bonds, for example whether they
have single, double or triple bonds. They can also
be classified according to their structures. Some
groups have branched-chain structures, some have
unbranched or straight-chain structures, and others
form rings.
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We will concentrate on aliphatic hydrocarbons
and their derivatives. Compounds that have only
single bonds between the carbons are classified as

GET THE FACTS

Alkanes

e The alkane series of hydrocarbons have only
single bonds between the carbon atoms, and are
therefore saturated.

e The simplest alkane is called methane, which
consists of one carbon atom bonded to four
hydrogen atoms in single bonds.

methane (CH,) ethane (CH,)

Ball-and-stick models

H H H H

| | | |
H—C—H H—C—C—H H—"C

| | | |

H H H H
methane ethane

Structural formulae

e In each of these compounds, each carbon atom is
bonded to another atom by four covalent bonds.

e The bond between a carbon atom and a hydrogen
atom is a single covalent bond.

CH, CH,CH,
methane ethane

Condensed structural formulae

e Each member of these compounds differs from
the previous one by a CH, group. In this way,
they form a homologous series, called alkanes.

e The names of alkanes all end in “-ane’ The first

saturated. Those that have double or triple bonds
are said to be unsaturated.

Here is a series of alkanes as more and more
carbon and hydrogen atoms are added. Their
structural formulae are shown:

propane butane

To save space and time, condensed structures
may be used to simplify the drawing and writing
of structural formulae of organic compounds. For
example:

CH,CH,CH, CH,CH,CH,CH,

propane butane

four names in the alkane series have been long-
established. The compounds that follow them
have Greek prefixes that refer to the number of
carbons in the chain, as shown on page 1527
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Pentane | 5 CH3(CH2)3CH3 ‘pent-’
means five
Hexane |6 CH,(CH,) CH, | 'hex-’
means six
Heptane | 7 c|-|3(CHZ)Sc|-|3 ‘hept-’
means seven
Octane 8 c|-{3(c1-|2)6c}-|3 ‘oct-’
means eight
Nonane 9 CHg(CHz)7CH3 ‘non-’
means nine
Decane 10 CH,(CH,),CH, ‘dec-’
means ten
H H

I |

HIE=SE =GR R0 ="
| |
H H

ethanol
(boiling point: 78 °C;
freezing point: -117 °C)

PRACTISE IT NOW
Understanding alkanes

1. Define the following terms: saturated

compounds, unsaturated compounds, homologous

series, structural isomer.
2. Give the general molecular formula of alkanes.

GET THE FACTS

Alkenes

¢ In this homologous series of hydrocarbons, the
compounds contain one carbon-carbon double
bond. An alkene is therefore unsaturated
because it does not contain the maximum
number of hydrogen atoms.

® The names of all alkenes end in ‘-ene’. The first
three in the series are shown on page 153.

The alkane group can be represented by a general
molecular formula, CH, ., where n represents
the number of carbons.

For example, if n = 1, then the compound will be
CH,, ., , or CH,, which is methane.

Some hydrocarbons are structural isomers with
one another. This is because their molecular
formulae are the same, but their structural
formulae differ.

Their structures give them different properties.
For example, the organic compounds ethanol
(ethyl alcohol) and dimethyl ether both have
the formula C,H,0, but differ in structure. They
are two very different substances, with different
physical properties, even though they have the
same molecular formula:

dimethyl ether
(boiling point: -25 °C;
freezing point: -138 °C)

Write the condensed structure of an octane
molecule.

Write the structural formulae of three isomers of
hexane (CH,,).

Notice how butene is named when the double
bond occurs between carbon atoms 1 and 2 in
the chain (1-butene) and when the double bond
occurs between carbon atoms 2 and 3 in the
chain (2-butene).
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H H
7
=€ or CH, = CH, ethene
v N
H H
H H H
N | |
E=it—C—H or CH, = CHCH, propene
/ |
H H
H H H
| |
C=C—C—C—H or CH = CHCH(H, 1-butene
7 | | |
H H H H
H H H
| | |
H—C—C=C—C—H or CHCH = CHCH, 2-butene
| | |
H H H
INVESTIGATE IT NOW
- Alkene general formula
Like alkanes, alkenes have a general formula. and creating a double bond. Draw the structural
formulae and name the alkene compounds.
Work with a partner. (Ignore the position of the double bond for now.)
1. For each alkane in the table on page 152, 2. From your alkenes, write the general formula
derive an alkene by removing two hydrogens of alkenes.
GET THE FACTS
Alkynes
o Alkynes are unsaturated hydrocarbons that e The names of all alkynes end in ‘-yne’ The first
contain a triple bond. three are shown below.
e The general formula for alkynes is CH, .
H H
b 7
c=C or C(H = (H ethyne
H
|
H—C=C—C—H or C(H = C(CH, propyne
I
H
H H
| |
H—C=C—C —C —H or CH = CCHCH, 1-butyne
| |
H H
H H
| |
H—C—C=C—C—H or CHC= CCH, 2-butyne
| |
H H

e v»@yTﬂm——v e ———
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PRACTISE IT NOW

Getting to know alkynes

1. Create a table similar to the one on page 146, 2.

but make this one for alkynes.

GET THE FACTS

Straight and branched chains

In the examples of alkanes, alkenes and alkynes
studied thus far, the chain of carbon atoms were
unbranched, or straight.

Carbon chains can also be branched, which
means that a hydrogen atom is replaced by an
alkyl group. An alkyl group consists of an alkane
minus one hydrogen.

Here is an example of a branched chain:

s
~’I !

Compare your work with that of a partner.

The base name of this hydrocarbon is butane.
(There are four carbons in a chain of single
bonds. The carbons in the main chain are
numbered 1 to 4.) However, one hydrogen of
butane is replaced by a CH, alkyl group, which
creates a branched chain.

The names of alkyl groups are based on the
names of alkane groups, but end in “yl":

Methyir
H H H H
e s ] CH,CH, - Ethyl
e R I | 0
H Cl € Cl (i' H 2-methylbutane CH3CH2CH2 i Propyl
H H H
CH,CH,CH,CH, - Butyl
H—C—H
I e The alkyl group on the hydrocarbon alongside
H

PRACTISE IT NOW
Making sense of hydrocarbons

1. Describe the structural difference between 2

saturated and unsaturated hydrocarbon

is called methyl. Because it is bonded to the
second carbon in the main butane chain, the
name of the compound is 2-methylbutane.

Classify the organic compounds (a) to (f) below.
Explain why you would classify them in this way.

molecules. 3. Using pentane and 2-methylbutane as examples,
explain the meaning of isomerism.
a) CH,CH,CH, b) CH, = CHCH, ¢ H H
S 7
(e =1¢
7 N
H H
d) CH, — CH, — CH, e CH,= C — CH, f) H H
[ | W N7 w
C CH,CH, N O
H—C C—H
il | |
CH H—C C—H
7N AN
W ot #H
H H
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—

GET THE FACTS
Hydrocarbon derivatives

e For the purpose of classification, all other e The table below shows some organic compounds
hydrocarbons are taken to be derived from and their derivatives.
alkanes, alkenes, alkynes and aromatic R and R’ represent hydrocarbon groups (alkyl

hydrocarbons. groups).

Alkane

CH,CH,
Alkenes C = C, double bonds CH, = CH,
Alkynes C = C, triple bonds HC=CH
Aromatic Benzene ring @
Alcohols ROH CH,CH,0H
Ethers ROR’ CH,0CH,
Aldehydes 0 0
l I
RCH CH,CH
Ketones 0 0
I I
RCR’ CH,CCH,
Carboxylic acids 0 0
I I
RCOH CH,COH
Esters 0 0
I |
RCOR’ CH,COCH,
_ | Amines RNH,, RNHR, RNRR’ CH,NH,, CH,NHCH,, CH,
|
CH,NCH,
Amides 0 0
I I
RC -NR' (H) CH,CNH,

e The type of properties associated with a
compound is different depending on the family
to which it belongs. For example, alkanes have
just C-C and C-H single bonds. Since C and H are
so alike in electronegativity, they are least able
to attract ions or polar molecules, and are least

able to interact with them.
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GET THE FACTS
Functional groups

Functional groups are small structural

units within molecules at which most of the
compound’s chemical reactions occur.
Functional groups are important in determining
the reactivity of the compound and the way in
which it is named.

The C-C single bond, C=C double bond and

C=C triple bond are the functional groups of
alkanes, alkenes and alkynes respectively.

See the table below for examples of various
functional groups.

Alkane thane H H
] 15
H-C-C-H =C—(—
| el
H H
Alkene Ethene H H
= J&E=|
C=C C=C
|| IS |
H H
Alkyne Ethyne
H=C =:¢ —H e
Haloalkane Chloroethane H H
[
H—=C=I€—Cl =Gl
[
HiEH
Alcohol Ethanol H H
[
H-C-C-0H - 0H
[
H H
Carboxylic acid Ethanoic acid H 0
| 0
H-C-C-o0H [
| —C—0H
H
Ester Methyl ethanoate H 0 H
| [ 0
H-C-0-C-C—H I
| | ===
H H
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Following rules

In the previous unit, you learned about how carbon
and hydrogen atoms can bond and form endless
chains. The thousands of compounds that can form
can be represented in different ways. Imagine the
confusion that could be created if no rules existed

“or naming and representing all these compounds!
-

But in my system, your
structure means something
else completely!

I always name
hydrocarbons in
this way.

But that way makes
no sense at all!

GET THE FACTS

~ Rules for naming organic compounds

~

e In naming and organising organic compounds, compound and the drawing of only one structure
we still follow the rules that scientists drew up a from a name.
long time ago. Before we even look at the rules, ~ ® In general, an IUPAC name will have three
you need to do the following: essential features:
e Learn how to recognise a compound’s e aroot or base indicating a major chain or
functional group. ring of carbon atoms found in the molecular
e Learn the prefixes that are used to indicate structure
the number of carbon atoms in a main or o a suffix or other element(s) designating
branched chain. functional groups that may be present in the
The table on page 158 will help you to do this. compound
e The International Union of Pure and Applied o names of substituent groups, other than
Chemistry (IUPAC) has agreed on rules for hydrogen, that complete the molecular
naming compounds. This is called the IUPAC structure.
system of nomenclature. The reason for applying ¢  For this grade, we will concentrate on naming
this system is to allow only one name for each hydrocarbons.
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Hydrocarbons and their substituents

1 Methae Methene Methyne
2 Ethane Ethene Ethyne
3 Propane Propene Propyne
4 Butane Butene Butyne
5 Pentane Pentene Pentyne
6 Hexane Hexene Hexyne
7 Heptane Heptene Heptyne
8 Octane Octene Octyne
9 Nonane Nonene Nonyne
10 Decane Decene Decyne

GET THE FACTS
IUPAC nomenclature

The system for naming hydrocarbons works as
follows, using this example:

Carbon chain correctly numbered

1. Identify the functional group of the compound,
which determines the ending of the name.
Example: All the carbon bonds are single, making
the hydrocarbon an alkane. So its name will end
in “-ane’,

2. Find the longest continuous carbon chain
(straight or branched) and allocate its prefix
according to the number of carbon atoms in the
chain. If there is a double or a triple bond, this
must be part of the longest chain.

Example: There are six carbons in the chain,
making the base name of the compound hexane.

3. Number the longest carbon chain. If there are
only single bonds, start at the end nearest the
first branched group so that the carbon atom
that is bonded to the branched group receives
the lowest possible number.

Hcs_cls_cla_ 3 L2
3

Example: The numbering on the left is correct.

S
|

H H H H H
|

— C'H,

|

| | | |
HC—C—C— ¢ —C —CH,
| | |
H CH, H

Incorrectly numbered

If there are double or triple bonds, start
numbering the carbon atoms so that these bonds
receive the lowest possible numbers. Double or
triple bonds take priority over branched groups
in terms of lowest carbon number.

4. Name the branched group according to the
number of carbon atoms it has, and give a
number according to where it is located on the
longest carbon chain.

Example: The branched group is methyl and it

is located at carbon 3 on the hexane chain.
Therefore, the name of the compound is
3-methylhexane. (Note that the branch name and
the base name are written as one word, and that
a hyphen separates it and the number.)

5. If there is more than one branched group of the
same kind, we use the Greek prefixes di-, tri-,
tetra-, penta- and so on, to show the presence
of two, three, four or five identical alkyl groups
respectively.

158 SECTION B/ORGANIC MOLECULES
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For example:

H H [cH| H H H H H
I | | | | |
HC—C—C'—C - —cy, H,c“—c‘—c‘—c’—c‘—c‘u,
| | | | |
H H |cH| H H o |cHy| |cH| H
3,3-dimethylhexane 3,4~dimethylhexane :
6. If multiple branched groups are not identical,
write them in alphabetical order. Numbers and
letters are separated by hyphens (-) and numbers
by commas. For example:
H H H H H H H
| | | | | | |
HU'—=C—¢ _¢—¢ i, Ch—C—C—¢'—¢—ch,
| | | |
H o [cH,) [cn)] H o [cH, H
| |
¥ CH, CH,
4-ethyl-3-methylhexane 3-ethyl- 4-methylhexane

Remember, the above rules will also apply in naming
all other organic compounds. The difference, of
course, will be the ending of the name, which will
depend on the functional group.

CCHCH,  CH,
| |

CHy, — CH, — CH, — CH — CH, — € — cH,
|

CH,

CH,CH, CH,

|
CHy — CH, — CH, — C'H — CH, — ¢ — C'H,
|
CH,
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PRACTISE IT NOW

IUPAC names

it

Write the IUPAC names of compounds (a)

to (c) below. In searching for the parental
(longest) chain, be sure to look at the longest
continuous chain of carbons, even if the chain
twists and goes around the corner.

While doing this exercise, write notes
highlighting the following:

a) b)
CH, — CH, CH, CH,CH,CH,
N N |
CH — CH, CH — CH — CH, — CH,
7 /
CHCH, CHCH,
| |
CH, CH,

GET THE FACTS

IUPAC system and other substituents

Other substituent groups, such as halogens,
alcohols, carboxylic acids, and so on, are

easily accommodated into the IUPAC system of
nomenclature.

If a substituent group is a halogen, it is treated
the way an alkyl group would be. Note the
prefixes used for halogens: fluoro- (F), chloro-
(CL), bromo- (Br) and iodo- (I). For example,
(CH,),CHCH,CH, Br would be named 1-bromo-3-
methylbutane.

If the halogen is bonded to a simple alkyl group,
an alternative ‘alkyl halide’ name may be used.
For example, C,H,Cl may be named chloroethane
or ethyl chloride.

e challenges that you experienced while
doing the exercise

e what method you used to overcome those
challenges.

Share your results with your group.

Has the way you feel about the need for rules

changed at all? Why or why not?

C
) CH, CH, CH,

| I |
CH,CH,— CH — CH — CH — CH, — CH — CH,
|
CH,CH,

For alcohols, the ending of the base name

is replaced with “-ol’, for example ethanol or
propanol. If there are two or more (-OH) groups,
the ending will be ‘~diol’, *-triol’, and so on. For
example: 1,2,3-propantriol.

For carboxylic acids, the ending of the base
name is replaced with ‘-oic acid’. The carbon
atom in the functional group, from where we
start numbering the carbon chain, is always
given the number 1.

Esters are named from the alcohol and carboxylic
acid from which they are made. The name of an
ester will end in ‘-ate’
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PRACTISE IT NOW
Naming more compounds

1. Give the IUPAC names of the
compounds alongside. Br H H H H H
2. Draw the structural T (S| b
formula for each of these H—Ic—f_f—lc—H H_f_lc_
compounds: Br H H H H H
a) propanoic acid
b) octanol 9 % B e i
c) the ester that forms | (] LR )
when propanoic acid H=C—€¢t=¢€—C—C=H C—C—C—C—Cc—0—C=o0
reacts with butanol ' L] L ,: L L
d) 4,5-dimethyl-2-heptyne.
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Fuels

Liquefied alkanes provide a convenient fuel supply
for portable appliances.

A cigarette lighter

GET THE FAtTS
General properties

e Most organic substances are gases and liquids.
The solid substances have very low melting and
boiling points, due to the weak intermolecular
forces existing in the molecules.

e Since organic molecules are non-polar in nature,
they are either slightly soluble in water or
completely insoluble. Remember, ‘like dissolves
like’ The hydrocarbons dissolve in non-polar
solvents such as ether, benzene and carbon
tetrachloride (tetrachloromethane).

e All organic compounds contain carbon. Therefore,
when heated, most of them form carbon as one
of the products.

e According to collision theory (see Module 5
Section A), the rate of a reaction depends on the
number of collisions that occur. Since organic

4/MATTER AND MATERIALS

molecules are generally non-polar, few effective
collisions occur, which result in reactions that
are often very slow and that do not produce a
large yield (product). The percentage yield of a
reaction is of great importance, particularly if
the reaction has application in industry.

During the organic reaction a large number of
by-products are often formed.

Carbon has a unique feature of forming long
chains, which result in the large number of
organic compounds that exist compared to
inorganic compounds.

Most organic reactions are non-stoichiometric in
nature. This means that the masses of reactants
or products cannot be calculated from the
equation.

UNIT 4/PROPERTIES OF ORGANIC MOLECULES 163

17




Physical Sciences Explained [Jones; Davies; Mgoqi]

| An electrostatic attraction
between a lone pair of electrons

on an oxygen (nitrogen fluorine) | molecules.
| atom covalently bonded to a
hydrogen atom in a molecule and 5+ B
* | the hydrogen atom of an adjacent
| molecule.

XX XX
HEOXe-->HE 0%
oxxx oxxx
H H

hydrogen bond

GET THE FACTS

Alkanes

® The carbon atoms in this group of compounds
are bonded together only by single covalent
bonds. Because of this, alkanes are not very
reactive compared with other chemical species.
For example, gasoline, which is a mixture of the
alkanes octane and nonane, is explosive, but
unlike many other chemicals can be stored and
transported easily. It is only when it is ignited
that it has enough energy to continue reacting.

®  This property makes it difficult for alkanes to be
converted into other types of organic molecules.
(There are only a few ways to do this.)

® Alkanes are less dense than water, thus they
float in water.

® Since alkanes have only carbon and hydrogen
atoms, no polar bonds are present. Alkanes are
non-polar. Therefore, alkanes are immiscible
(unable to mix or dissolve) in water and other

An electrostatic attraction between
oppositely charged ends of polar

2eddlia
Very weak electrostatic attraction,
caused by momentary dipoles
set up due to the asymmetric
distribution of electrons in atoms

5+ ©- or non-polar molecules.

€= (-3
++ € (44 e-
+ + + + €~
e (=

polar compounds, but freely miscible in other
non-polar solvents such as ether, benzene or
carbon tetrachloride (tetrachloromethane).
Because alkanes contain only carbon and
hydrogen, combustion produces compounds that
contain only carbon, hydrogen and/or oxygen.
Like other hydrocarbons, combustion under most
circumstances produces mainly carbon dioxide
and water.

However, alkanes require more heat to combust
and do not release as much heat as other
classes of hydrocarbons when they combust.
Therefore, combustion of alkanes produces higher
concentrations of organic compounds containing
oxygen, such as aldehydes and ketones, when
combusting at the same temperature as other
hydrocarbons.

* Atable of the boiling and melting points of
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some alkanes is shown below. Notice that the
boiling points and the melting points of the alkanes
increase as the molecular mass (size) increases.

As the molecular mass of a molecule increases, so
does its surface area, and so does the strength of
the intermolecular forces. The stronger the forces
between the molecules, the higher the temperature
needed to break the bonds between them.

Melting points and boiling points can serve as
a measure of the attracting force between the
molecules of the compound. The higher the
melting point of a compound, the stronger the
attracting forces between the molecules.

For the bigger alkanes, the boiling point and
melting point rises between 20 and 30 °C for
each carbon that is added to the chain.

Methane | CH, -161,5 Gas
Ethane CH. -88,6 Gas
Propane C,H, -42,1 Gas
Butane G HD -0,5 Gas
Pentane CH, 36,1 Liquid
Hexane ¢h. 68,7 Liquid

GET THE FACTS

Alkenes

e These unsaturated hydrocarbons are sometimes

monomer:  CH, = CH,

called olefins, which means ‘oil-forming".

e They are made by cracking an alkane. This entails
heating a long-chain alkane in the presence of a
catalyst so that it breaks into smaller molecules.

e The controlled cracking of ethane, for example,
yields ethene, commonly called ethylene.

high temperatures
CH,CH,

> CH,= CH, + H,

e In this process, two hydrogen atoms are
eliminated and a double bond is formed. The
double bond makes alkenes more reactive than
alkanes.

o Alkenes, like alkanes, exhibit similar physical
properties. They are non-polar and only slightly
soluble in polar solvents, but soluble in non-
polar solvents such as ether, benzene and carbon
tetrachloride. Their densities increase as the
molecular structure increase in size, but levels up
at about 0,8, which is less than water’s density.
Therefore alkenes are also able to float in water.

e An alkene can also undergo a reaction in which
it adds to itself to form a long chain of carbon
atoms. This happens in the presence of a
suitable catalyst.

dimer (2 molecules):  CH,CH,CH = CH,

polymer (n molecules):  CH,CH,(CH,CH,),CH = CH,

When a double bond forms between two carbon
atoms, valence shell electron pair repulsion
(VSEPR) theory predicts that the valence shell
electrons that form the two single bonds and
the double bond will be spread as far apart as
possible. This implies that the bonds will be in
the same plane and at an angle of 120° to each
other around each of the central carbon atoms.
No rotation can take place about the double
bond. This leads to the formation of geometric
isomers, which are molecules with the same
molecular formula and same structural formulae
but which differ in spatial orientation.

For example, trans-2-butene and cis-2-butene are
geometric isomers of each other. They not only
have the same molecular formula, C H,, but also
the same skeletons and the same organisation of
atoms and bonds: CH,CH=CHCH,. They differ in
the directions taken by two CH, groups attached
at the double bond.
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CH, ey O CH CH,
X {‘:} NS 7
G C  Jiz0° Gr=C
v o N
H RS CH, H
cis-2-butene trans -2-butene

Trans-2-butene, BP 3,72 °C and cis-2-butene, BP 0,88 °C

e As with alkanes, the melting and boiling points
of alkenes increase as the molecular size
increases.

GET THE FACTS
Alkynes

The alkynes contain a triple bond, which makes
them highly reactive compared to the alkanes.

e Alkynes, like alkanes and alkenes, exhibit similar
physical properties - an increase in boiling
and melting points as molecular size increases,
densities lower than that of water, and being
soluble in non-polar solvents.

e The table alongside shows some of these
properties.

PRACTISE IT NOW

Ethene CH

-169 -104 Gas
2 4
Propene CH, -185 -47 Gas
Butene CH, -185 v -6 Gas
Pentene CH., -138 30 Liquid
Hexene CH, -140 63 Liquid

P77 S T e TR e
Propyne | CH, -101,5 -23 Gas
Butyne | CH, -122 | 9 Gas
Pentyne | CH, -98 40 Liquid
Hexyne | CH -124 72 Liquid

Understanding alkanes, alkenes and alkynes

1. Differentiate between alkanes, alkenes and
alkynes. Use suitable examples.
2. Explain the meaning of each of the following
terms, and give examples:
a) straight chain
b) branched chain
c) functional group
d) polymerisation
e) isomer.

3. How would you distinguish between an ethane
and an ethene molecule?

4. Explain why melting points and boiling points of
hydrocarbons increase with the increase of their
molecular sizes within the family.

5. Name three properties that alkanes, alkenes and
alkynes have in common.
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GET THE FACTS
Aromatic hydrocarbons

e The word ‘aroma’ refers to the
characteristic smell of this

group of compounds. H

e This group consists of N\ // b /
unsaturated benzene ring |
structures. A benzene ring has
six carbons with alternating H/ \\ / \
double and single carbon-

carbon bonds. A benzene ring
can be represented in the ways
shown alongside.

e The aromatic compounds are very stable and their

H H
molecules are carcinogenic (causing cancer). ; i i 5
e One would expect aromatic compounds to react
like alkenes, and break their double bonds during
reactions. However, the theory suggests that Ll
each carbon-carbon bond in benzene is alike,
and each bond is only a partial double bond. H H H H
H

e Benzene most commonly undergoes reactions in

which a hydrogen atom is substituted by another  Bromine replaces a hydrogen atom in this reaction of
atom group. benzene.

Four representations of benzene
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Addition, elimination and
substitution reactions

While pure hydrocarbons undergo certain classes of
reactions, hydrocarbon derivatives undergo many
more reactions, which are determined by their
functional groups. The basic organic chemistry
reaction types are addition reactions, elimination
reactions, substitution reactions, rearrangement
reactions and organic redox reactions (combustion).

The simplest alkyne, ethyne, is used to form
plastics and other chemical compounds. Ethyne is
also commonly called acetylene, which can produce a
very hot flame when it burns with oxygen.

An oxyethyne torch being used to cut through metal

GET THE FACTS
Reactions of alkanes

e Fach carbon atom in an alkane is linked to four e Alkanes undergo combustion and halogenation

hydrogen atoms. This makes the carbon atom or substitution reactions and, under extreme
completely full, and hence it is called saturated. conditions, they isomerise — they break down

e Qwing to this saturated nature of the bonds, this partially and then recombine into different
homologous series of compounds is unreactive hydrocarbon isomers.

compared to other substances.
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Oxidation reactions

Alkanes readily combine with oxygen in a process
called combustion. (Most of the energy used by
humans is produced in this process.)

Alkanes react with oxygen in the air, forming
carbon dioxide and water, and in the process
energy is released. These type of reactions,
where heat is given off, are called exothermic
reactions.

Elimination reactions

Saturated compounds can produce unsaturated
compounds through elimination reactions.

For example, the controlled cracking of ethane
gives ethene (or ethylene), one of the most
important raw materials in the organic chemistry
industry:

high temperature
CH,CH, >

CH,=CH, + H,

In the above reaction, a hydrogen molecule is
produced. The hydrogens have been eliminated
from the ethane molecule.

Substitution reactions

In substitution reactions, a hydrogen atom is
replaced by a halogen atom (fluorine, chlorine,
bromine or iodine) or nitrogen-oxygen group.

In this way, a new family of compounds, called
haloalkanes or alkyl-halides, are formed.

In order for this type of reaction to take

place, energy in the form of heat or sunlight is
necessary. The reaction of methane with chlorine
to form chloromethane can be represented by the

following equation:
Gl Aor iR DS e

(hf represents light energy, and A heat energy)

Here are some examples:
Methane burns with a blue flame:
CH, + 20, — CO,+ 2H,0 + energy

Propane and butane are used in laboratories,
and react as follows:

CH, + 50, — 3C0, + 4H,0 + epergy

2CH,, + 130, — 8C0, + 10H,0 + energy

Hexane, a liquid alkane and one of the forms of
petrol, reacts with oxygen as follows:
2CH,, + 190, — 120, + 14H,0 + energy

In dehydration reactions of alcohols, a water
molecule is eliminated in the presence of
a suitable catalyst, leaving behind a
carbon-carbon double bond:

acid catalyst

CH,CH,0H = > CH,=CH, +H0

In the following reaction, a haloalkane loses
a hydrogen atom and a chlorine atom, in this
way forming an unsaturated compound and
hydrochloric acid:

CH,CL-CH,CL —> CH, = CH, + HCL

When more than one hydrogen is replaced by a
halogen (chlorine in the previous example), the
following compounds are formed:
* two chlorines - dichloromethane, CH,CL,
e three chlorines - trichloromethane (or
chloroform), CHCL,
e four chlorines - tetrachloromethane
(carbon tetrachloride), CCL,.
Haloalkanes are important solvents and reactants
in a laboratory. Some of the important haloalkanes
are shown on the next page.
Chloroform has been replaced by halothane as
an anaesthetic and carbon tetrachloride replaced
by tetrachloroethene as a dry-cleaning agent.
These haloalkanes were replaced because it was
discovered that they are toxic and cause liver
cancer.
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H ct

| |
Cli=—1C —Cl ¢l =Ll

| I

cL cl

tetrachloromethane
(carbon tetrachloride)

trichloromethane
(chloroform)

e The following two saturated molecules can also
be interconverted by substitution:
CHSCH3CH30H + HBr — CH,CH,CH.Br + HO (1)
CH,CH,CH,Br + KOH — CH3CH3CH30H + KBr (2)

GET THE FACTS

cl cl F H
/ | |
¢ =% F—C—C—0
v B | |
cl Cl E; Br
tetrachloroethene halothane

In reaction 1, the halogen substituted the alcohol
group. In reaction 2, the alcohol group substituted
the halogen.

Addition reactions of alkenes

Unsaturated compounds can undergo addition
reactions to form saturated compounds.

e In an addition reaction, atoms of reactant
becomes separately attached to the carbons
at the ends of the double bond. Ethene, for
example, readily reacts with hydrogen chloride
and with bromine as follows:

CH,=CH, + H-CL (g) — Cl-CH,-CH,
CH2=CH2 HBE = Br—CHz-CHz—Br

Addition polymerisation

e The petrochemical industry produces the gases
ethene (ethylene) and propene (propylene) in
vast amounts.

~ They are turned into hundreds of other chemicals
and, in particular, into polyethene through the
process of polymerisation. This is when the
compound is able to add to itself (self-addition)
when in the presence of a suitable catalyst, and
form what is called a polymer.

e Hydrogenation (addition of hydrogen) is another
example of an addition reaction:

CH=CH, + H, (aq) ——> CH,-CH,
ethene catalyst  ethane

o Vegetable oils containing double bonds
(unsaturated fat) are hardened through
hydrogenation. In this process, the oil is made
more saturated.

e For example, polypropene is formed through
the process of addition polymerisation, where
propene molecules join up and form a long chain
of repeating units, as shown below.

e Polyethene is formed in a similar way from
ethene units. It is the plastic most encountered
in daily life.

etc.~CH CH(CH,)~CH,CH(CH,)~CH,CH(CH,)~CH,CH(CH,)~CH,CH(CH,)-etc.

Polypropene consists of a long chain of repeating units.
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e Here are the structures of more polymers that we
commonly encounter:

PVC, PVA, Teflon structures

H
polyvinyl chloride (PVC)

H

| H H H H
0 | | | |

n | =St = =g =
0 | | | |
| H 0 H 0
€ —CH, | |
0=1C—CH O0=C—CH,

Teflon
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GET THE FACTS
Reactions of alkynes

o Ethyne (acetylene) can be prepared by adding e Addition reactions of alkynes are similar to
water to calcium carbide: those of alkenes. In the presence of catalysts,
CaC, + 2H,0 — Ca(OH), + CH, the alkyne undergoes a large range of addition

e Ethyne is used, together with oxygen, in an reactions, which can produce saturated
oxyethyne torch, which is used to cut metals hydrocarbons. Below is the summary of reactions:
at a very high temperature. The following ;
equation represents this oxidation reaction: Ha Pt HC = CH, Ha Pt CH, — CH,
2C,H, + 50, — 4C0, + H,0 % 7

. H—C=C—H XCH = CHX ———=  X,CHCHX,
(AH = -1 310 kJ-mol" ethyne) HX HX
CH, = CHX — CH, — CHX,
(x = Brl)
PRACTISE IT NOW
® o ° L3

Understanding aliphatic reactions

1. Why do alkanes undergo mainly substitution
reactions, while alkenes are characterised by 8 M, by,

" c) Br, d) HCL(g)

addition reactions?
2. Write the structures of the products that form
when 2-butene reacts with each of the following

e) HBr (g) f) H,0 (in acid)
What is the main use of each of the following?

substances by an addition reaction. (Assume Z)) ZL:ZTE
that the required catalyst or other conditions
c) ethyne

are provided.)

GET THE FACTS
Hydrocarbon derivatives: alcohols

o Alcohols contain the hydroxyl group, —OH,
substituted for hydrogen. The suffix “-ol’ is
used and the general formula is R-OH, where R
stands for an alkyl group. Hydrogen bonding in
the -OH group causes alcohols to have a high e
boiling point and makes them polar and cause H e e —Vl0R e el =t—N
the hydrogen bonds to form between -OH groups I | S
with adjacent alcohol groups.

e Since an alcohol molecule also contains a non- ethanol 2-propanol

fairly good solvents for both polar and non-polar
solutes.

polar hydrocarbon molecule section, alcohols are {tinlaleoing
Methanol o
e Methanol (CH,0H), is the simplest member of the €0 +2H, =5  CH,OH

alcohol family. Methanol used to be produced
by the dry distillation of wood, but today it is
prepared on a large scale in industries by the
catalytic hydrogenation of carbon monoxide:

e It is a very poisonous liquid and it is mainly
used as a solvent (for gums and varnishes) and
in the preparation of methanal (formaldehyde).
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Ethanol
e Ethanol (CH,CH,0H) can be oxidised into

ethanoic acid (sour wine). This reaction can be

done in a laboratory using a strong oxidising
agent such as KMn0, or K,Cr,0,.

e For example, ethanol is oxidised to ethanal
(acetaldehyde) by K,Cr,0, in acid medium,
according to the following equation:
3CH,CH,OH + 8H" + Cr,0,“— 3CH,CHO +

2Cr," + 7H,0

e Ethanol is present in alcoholic drinks and is
prepared by the fermentation of solutions

Examples of alcohols

Glycerol
OH OH OH

e Gycerol is commonly | |
called glycerine. It WG e
can also be named [P I|
1,2,3-propantriol. Has
(Look at its structure
to see why this is so.)

1,2,3~-propantriol
or glycerine

INVESTIGATE IT NOW
Oxidising ethanol

s CUEES LU VSR

containing starch or sugar in the presence of
certain enzymes. The final result is as follows:
CH,,0, = 2CH,CH,0H + H,0

Once the concentration of alcohol in the solution
exceeds about 15%, the yeast cells become
poisoned and die so that fermentation ceases.
The concentration of the alcohol solution

above this level is accomplished by fractional
distillation.

Ethanol plays an important role as a solvent used
in the production of paints, plastics, medicines
and many organic compounds.

It is used as a lubricant and as a moistening
agent for food, tobacco, soaps and cosmetics.
Glycerol has a high viscosity (resistance to flow)
and boiling point (290 °C) because of the high
degree of hydrogen bonding within the liquid.

Pour 2 cm® of ethanol in a test tube.

Add 4 cm’ of diluted sulphuric acid (3 mol-dm™).
Gently heat the contents of the test tube.

Record your observations.

Explain the colour change in this reaction.

a) Carefully smell the contents of the test tube.
b) What can you tell from the smell?

. Write a balanced equation for the reaction.
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GET THE FACTS
Oxidation of ethanol

For the previous investigation, the colour change
would be as shown in this table, depending on '
which solution you used.

The product in the reaction between an oxidising
agent and an alcohol is an organic acid.

The smell of vinegar indicates the acid called
ethanoic acid (acetic acid).

GET THE FACTS
Elimination reactions of alcohols

The dehydration of alcohol is another kind of
organic reaction, in which water molecules are
eliminated from the alcohol molecule.

In the presence of a strong acid, such as
concentrated sulphuric acid, an alcohol molecule
undergoes the loss of a water molecule, leaving
behind a carbon-carbon double bond.

GET THE FACTS
Carboxylic acids

The carboxylic acids contain a COOH group, also
called the carboxyl group.

0 H 0
I [l
H—€¢—0—H HE——-0—(CE =088 H
|
H

methanoic acid ethanoic acid

Preparation of carboxylic acids

Methanoic acid is commercially prepared by the

oxidation of methanol as follows:

5CH,OH + M0, + 12H" — 5HCOOH + 4Mn”" +
11H,0

The oxidation of ethanal to produce ethanoic

acid is the most important industrial method. It

is prepared by reacting ethanal (CH,CHO) with

oxygen in the presence of a catalyst, usually

(CH,C00),Co, cobalt(II) acetate:

Solution | Colour befor
L he vreé;ﬁ!:ibn er ac
K.Cr,0, | Orange (Cr,0," ion) | Green (reduced to
Cr’* ion)
KMnO, Purple (Mn0, ion) | Colourless (Mn**ion)

acid catalyst

CH,CHOH ——— > CH=CH,+H,0

heat

ethanol

acid catalyst

ethene

CH,CH,CH,0H —— "> CH,CH=CH, + H,0

1-

heat
propanol

propene

They are called weak acids, and occur freely in
nature together with their derivatives.

The dissociation of these acids in water takes
place to a small extent. Therefore, carboxylic
acids ionise only partially in water. The
equilibrium in this reaction lies far to the left:

CH,COOH + H,0 = CH,CO0" + H30+

As the length of the chain increases, organic
acids become less soluble in water and more
soluble in non-polar solvents.

2CH,CHO + 0,

The other possible method is to allow methanol
to combine with carbon monoxide under pressure

catalyst

e

2CH,COOH

and use Co,(C0), as the catalyst:

CH3HO + CO

catalyst

—

CH,COOH

Ethanoic acid is a constituent of vinegar and is
used in the production of artificial fibres.
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INVESTIGATE IT NOW

Reactions with carboxylic acids

Investigate whether carboxylic acids display the
characteristic properties of inorganic acids.
1. Design and conduct simple experiments to see
whether methanoic and ethanoic acids:
a) react with magnesium to form hydrogen

GET THE FACTS
Esters

e Esters are the product of a reaction between an
alcohol and a carboxylic acid. The reaction is
usually accelerated by using sulphuric acid as a
catalyst. (See the reaction alongside.)

e Esters have a pleasant smell. They are normally
used as synthetic scents, and are used in
foodstuffs.

Some important esters

e Animal and vegetable fats are esters made of
long-chain organic acids (fatty acids).

e Reacting a fat with NaOH splits the fat into
glycerol and a sodium salt. This sodium salt
is soap. (See the reaction below.)

e Soaps form ‘scum” in hard water. ‘Scum’ is a
precipitate of Ca** and Mg”" of soap.

e Detergents contain polyphosphorus ions,
which tie up the Ca*"and Mg®* ions so that the
detergent can do its work.

0 H

=R

I 7 |

[r==1E <= 1)) 0
I Il |

HEE=E =100 — € — R £ 3NaOH i~ 1 — i€ —OH

| 0 |

Ht="C =20 I H
N G—R glycerol

fat +

0

Il
3 Ri—C—0~—Na

. 3 soap
fat + sodium hydroxide — glycerol + soap

b) are neutralised by sodium hydroxide
c) react with sodium carbonate to produce
carbon dioxide.
2. Record your findings and present them in class.

ethanoic acid + methanol T methyl ethanoate + H,0
H 0 HINRO H
Il (] |

HE="C —"C:—0H HE=C R G 10— Ce==S
I I |
H H H
ethanoic acid methyl ethanoate
+ —— +
H H,0
| water
HE=5C=0H
|
H
methanol

Esters occur naturally and in manufactured products.
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PRACTISE IT NOW
Understanding aliphatic compounds

1. For compounds (a) to (d) below: 2. Why are the boiling points of alcohols relatively
e write the structural formula high?
e identify the group of compounds to which it 3. Explain why the properties of haloalkanes are

belongs different from those of the inorganic halides.

e name the compound. 4. Consider a soap, sodium stearate (C ,H, COONa).
a) CH,Br Explain the action of soap, using sodium stearate
b) CH,0HCH,CH, to illustrate the process.
c¢) CH,COOH

d) CH,COOCH,
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