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Isomerism 
in organic compounds
Topic 17A: Chirality

1. know that optical isomerism is a result of chirality in molecules with a single

chiral centre

2. understand that optical isomerism results from chiral centre(s) in a molecule

with asymmetric carbon atom(s) and that optical isomers are object and non superimposable

mirror images.

3. know that optical activity is the ability of a single optical isomer to rotate the

plane of polarisation of plane-polarised monochromatic light in molecules

containing a single chiral centre.

4. understand the nature of a racemic mixture.

5. be able to use data on optical activity of reactants and products as evidence for

SN1 and SN2 mechanisms.

Topic 17B: Carbonyl compounds
understand the reactions of carbonyl compounds with:

iii HCN, in the presence of KCN, as a nucleophilic addition reaction, using curly

arrows, relevant lone pairs, dipoles and evidence of optical activity to show

the mechanism
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Isomerism

Isomerism can occur in both organic and inorganic compounds, however, here we are concerned with organic molecules.
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Department website factsheets

	15
	Organic Chemistry I - Nomenclature

	27
	Organic Chemistry 1 – Key concepts and Optical Isomerism

	93
	Isomerism in Organic Chemistry


Isomerism websites

Geometric isomerism

http://www.chemguide.co.uk/basicorg/isomerism/geometric.html
Text based explanations with useful links to explanations of technical terms

Optical isomerism

http://www.chemguide.co.uk/basicorg/isomerism/optical.html
Text based explanations with useful links to explanations of technical terms

http://www.creative-chemistry.org.uk/molecules/optical.htm
Explanation of optical isomerism and rotatable isomers

http://www.rsc.org/learn-chemistry/resources/chemistry-in-your-cupboard/nurofen/3
The chemistry behind the common painkiller ibuprofen. 
Isomerism 

Isomerism is the study of molecules which have the same molecular formula but different arrangements of the atoms within the molecule.  These are called isomers.

There are two main types of isomers

· Structural isomers
· Stereoisomers
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Structural isomers can be divided into 3 types
Type 1.  Chain structural isomers.
These are structural isomers which have different arrangements of the carbon skeleton
They have 
similar chemical properties

different physical properties (more branching results in a lower boiling point)
Give an example of chain isomerism by drawing out 2 displayed formulae of molecular formula C4H10 and naming the isomers
	
	

	Name:
	Name


Type 2  Positional structural isomers.
These are structural isomers which have the same carbon skeleton and the same functional group but the functional group is in a different position on the carbon skeleton.
They have 
similar chemical properties 

slightly different physical properties
Give an example of position isomerism by drawing displayed formulae of 2 alcohols of formula C4H10O which are positional isomers.
	
	

	Name:
	Name


Type 3.  Functional group structural isomers

These are structural isomers which have different functional groups
They have
different chemical properties



different physical properties
Give an example of functional group isomerism by drawing displayed formulae of an aldehyde and a ketone of formula C4H8O which are isomers.

	
	

	Name:
	Name


Stereoisomers
[image: image15.png]



We have already studied one type of stereoisomerism:-
Type 1 Geometric isomerism.

Geometric isomerism occurs around double bonds.  Due to their restricted rotation around the double bond these molecules do not readily interconvert.
[image: image16.png]


Name the molecules and identify as E/Z and cis /trans.
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……………………………………………

……………………………………………….
Having a double bond is not the only thing the molecule needs to show geometric isomerism.  What is the other characteristic that these molecules must show in order to have geometric isomerism?

……………………………………………………………………………………………………………………………………………………………………………………………………………………
Draw the molecule but-1-ene.  Explain why this molecule does not show geometric isomerism.

……………………………………………………………………………………………………………………………………………………………………………………………………………………
Draw the molecule but-2-ene. Explain why this molecule does show geometric isomerism. 

……………………………………………………………………………………………………………………………………………………………………………………………………………………
Draw the cyclic compound 1,2-dibromocyclohexane.  Explain why this shows geometric isomerism even though it does not have a double bond.
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Worksheet ‘Test yourself Isomerism Q1-6’

Type 2 Optical Isomerism
At A2 we study a second type of stereoisomerism, optical isomerism.
This occurs when a molecule is asymmetric, i.e. it does not have a centre or plane of symmetry. This means that there will be two different forms of the molecule that are mirror images of each other - rather like your right and left hand. These appear to be identical in every respect - except that you cannot superimpose one on top of the other. Your right-hand glove will not fit on your left hand because your two hands are mirror images of one another. These non superimposable mirror image objects are said to be chiral and occur frequently in nature.
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One way to identify an optical isomer is to find a carbon with 4 different groups attached to it.  We call this carbon a chiral carbon or chiral centre.  If the molecule has a chiral centre is will be asymmetric and therefore have optical isomers. 
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2-chlorobutane shows optical isomerism as it has a non superimposable mirror image. We know this because it has a carbon with four different groups attached.  Asterisk (*) the carbon with the four different groups attached.
[image: image22.png]Emergent light
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Using model kits construct 2-chlorobutane and its mirror image.
We can draw optical isomers to show the mirror images, using the normal 3D convention:- 

Now draw 3-methylhexane, asterisk (*) the chiral centre and draw out the two mirror images using 3D stereochemical formulae:-
[image: image23.jpg]Unpolarised light Polariser Polarised light
vibrating in all planes vibrating in one plane




See Article   What is isomerism?
Work out if these molecules show optical isomerism. If they do, draw their mirror images using 3D stereochemical formulae
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Name and structural formula
	Optical isomer 1 (if any)
	Optical isomer 2 (if any)

	propan-2-ol

	
	

	3-methylhexane

	
	

	1-chlorobutane


	
	

	butan-2-ol

	
	

	butanone


	
	

	2-methylbutanoic acid


	
	

	1-chloro-3-methylpentane


	
	


See w/s 4.4.2 Isomerism (grimes)
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How can we distinguish optical isomers?
Living organisms have enzymes which can detect the shape of molecules very accurately.  Only the correctly shaped optical isomer will bind and its mirror image will be rejected.  However, using conventional chemistry and physics it is very difficult to distinguish the 2 isomers.
Optical isomers have:-



Identical chemical properties




Identical physical properties except their effect on plane polarised light

Plane Polarised Light 
The key property that optical isomers show is:-
[image: image26.wmf]C

C

N

H

2

H

H

O

O

H


Normal (unpolarised) light vibrates in all planes. When it is shone through a polarising filter, the filter only allows through light that vibrates in one direction, this is called plane polarised light.
Next we take the plane polarised light and pass it through our optical isomer in a cuvette.  The optical isomer will ‘rotate the plane of plane polarised light’.  A (+) isomer will rotate the light in one direction, the (-) isomer will rotate the light by an equal amount but in the opposite direction.

Draw in the cuvette and show the rotated polarised light on the diagram below. 
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We can only find out the direction of rotation by doing experiments like the one below:
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Demonstration of change in optical rotation
The hydrolysis of sucrose can be followed using a polarimeter:-
C12H22O11
+    H2O
(
C6H12O6
+
C6H12O6


sucrose




glucose

fructose

Rotation (1M)
+66.5o




+52o


-92o
Therefore sucrose rotates the plane of plane polarised light in one direction and the mixture of glucose and fructose rotates it in the other direction.

This is known and the ‘inversion’ of sucrose and the enzyme that catalyses the hydrolysis is called invertase.

The process can be used to follow the rate of hydrolysis of sucrose and is also used to determine the sucrose content of extracts commercially.
What is honey made of? The optical rotation of natural sugars
Naturally occurring molecules in living systems are stereospecific. Proteins are built almost exclusively from chiral amino acids and carbohydrates are based on chiral sugar molecules.

Honey is a very complex substance in terms of the number and complexity of its constituents but the largest proportion of the dry matter present consists of sugars. It has an overall negative specific rotation because fructose, which has a negative specific rotation, is present in the greatest quantity. The specific rotations are
sucrose  +66.5°

glucose  +52.5°

fructose  –92.5°

If the honey has a + optical rotation, it is either honeydew honey or it has been adulterated. This was a useful test in the days when unscrupulous suppliers were likely to add cane sugar or corn syrup to honey.

Optical activity of ibuprofen

The common pain killer Ibuprofen can also exist as a pair of optical isomers. On the skeletal formula can you find the chiral carbon (ie a carbon with four different groups). 
The skeletal formula of ibuprofen

[image: image1.png]COOH




These isomers are identical in many properties such as solubility, melting point and boiling point. They can be distinguished by the fact that they rotate the plane of polarisation of polarised light in different directions: the + isomer clockwise as the observer looks at the light, and the - anticlockwise. The symbols R and S refer to the 3D arrangement of the atoms in space. The two isomers do, however, behave differently when they interact with other ‘handed’ molecules such as the prostaglandins. 
Of the two optical isomers of ibuprofen it is the S+ form which is the pharmacologically active component that inhibits prostaglandin synthesis while the R- form has no anti-inflammatory effect.

However, it has been found that there is an enzyme in the body that converts the R- form into the S+. In fact 60% of the R- form is converted into S+. This means that in a typical dose of ibuprofen of 400 mg, 200 mg is S+ and 200 mg R-. Of the 200 mg of R-, 60% (ie 120 mg) is converted into the active R+ form, giving a total of active form of 320 mg. Therefore there is little point in going to the trouble of synthesising the S+ form only, and ibuprofen is sold as a racemic mixture 

Racemic mixture 

If a compound is produced with both enantiomers in equal quantities it is said to be a racemic mixture
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Would you expect a racemic mixture to be optically active/rotate plane polarised light?  ………….

Explain your answer.

……………………………………………………………………………………………………….

…………………………………………………………………………………………………………………………………………………………………………………………………………………..

Optical isomerism in Biological Molecules 

Optical isomers (or enantiomers as they are also called) react identically except in living organisms and with natural chiral molecules extracted from living organisms.
Oranges and Lemons
Your teacher will pass round an orange and a lemon.  The relevant molecules both have the same formula so why do they smell different?
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R-limonene (oranges) 

S-limonene (lemons)

The reason that they smell different is that receptors in your nose and mouth have a specific shape.  Only one of the enantiomers will bind to a particular type of receptor, the other enantiomer will fit into a different receptor.  This difference in binding to receptors is thought to underlie the sensation of taste and smell (research is still ongoing in this field).
Spearmint and Caraway
Video clip showing effect on polarised light
Can you smell / taste the difference between these enantiomers? …………….
The chirality of these compounds can explain the difference in taste.  The S isomer is drawn for you. Draw its mirror image below.

S-carvone (caraway seed)


R-carvone (spearmint)

Some people are not able to detect a difference in the smell of these as they lack the gene necessary to make the receptor in the nose/tongue.  Other people can smell one but not the other.
Optical isomerism and amino acids

You know that proteins are made up of amino acids. These have 2 functional groups:-




Flavoured compounds bind to receptors in your tongue and nose and trigger the sensation of taste.  The receptor molecules in your tongue and nose are proteins which are made up of amino acids.

Amino acids, with the exception of glycine, are all optically active (i.e. exist as 2 enantiomers).

Why is glycine not optically active? 

………………………………………………………………………………………
………………………………………………………………………………………

For these amino acids below, asterisk the chiral centre.
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Most biological molecules, especially enzymes are stereospecific.  Only one optical isomer is incorporated into proteins; the amino acids (that make up the proteins) are in the S form at the chiral centre.  In biology you will often see them referred to as L-amino acids.  The condensation of amino acids results in protein receptors that have a particular 3D structure.  They are stereospecific i.e. the R limonene may fit and bind, while the S form does not fit.  However it may fit and bind to a different type of receptor having a different shape.  The relative amount of binding will trigger nerve impulses hence the sensation of taste and smell.

See articles
‘Looking in the mirror’
‘Handed Molecules’.
Worksheets 
‘Chirality and living things’


Olympiad Question Chiral Molecules
NOTE: For A level Chemistry you do not need to know why the isomers are labelled ‘S’ or ‘R’ nor do you need to know why they are labelled ‘D’ or ‘L’.  However you do need to understand ‘+’ and ‘-‘ as relating to the direction of rotation of plane polarised light which cannot be predicted from the shape.  It can only be found by experiment.
Chiral Compounds and Medicines 

	Statement 
	True
	False

	Racemates contain 2 enantiomers in equal numbers
	
	

	The synthesis of a single optical isomer, rather than racemates, is less expensive
	
	

	Chiral molecules produced naturally by enzymes are usually a racemic mixture
	
	

	Two enantiomers have identical properties when taken as medicines
	
	

	If two enantiomers have different effects on the human body, one will be inactive and do nothing
	
	

	Chiral drugs which are administered as only one enantiomer normally have increased pharmacological effects and reduced side effects
	
	

	Naturally occurring chiral molecules such as L amino acids may be used as starting materials and molecular templates in the manufacture of a drug
	
	

	Chiral catalysts may be used to help the reaction and also to confer chirality
	
	


Optional - Drug Manufacture and chiral compounds
"Perhaps looking-glass milk isn't good to drink," Alice said to her cat.”
Complete a poster or power-point presentation on one of the following:-

· The effect of optical isomerism on the actions of Thalidomide and Lamivudene.  
· Explain the use of stereospecific catalysts.
· Investigate the work of the 2001 Nobel Chemistry Prizewinners

· Frances Kelsey and thalidomide

Optical isomerism and organic reaction mechanisms in chemistry.

We can use optical isomerism and rates of reactions as evidence to work out possible mechanisms.
Example 1:

How do we know if a halogenoalkane reacts by the SN1 mechanism or the SN2 mechanism? 
SN1 mechanism


Remember we said that this mechanism is the more likely mechanism for the nucleophilic substitution of a tertiary halogenoalkane.

Draw out the equation and mechanism for the reaction between sodium hydroxide and 2-methyl-2-chloropropane.

Equation:- 

Mechanism:-

Step 1

Step 2

SN2 mechanism


This mechanism is the more likely mechanism for the nucleophilic substitution of a primary halogenoalkane.
Draw the equation and mechanism for the reaction between 1-chloropropane and sodium hydroxide.
Equation

Mechanism:-
Consideration of the two mechanisms side by side helps to explain why tertiary halogenoalkanes tend to undergo SN1 reactions whereas primary halogenoalkanes undergo SN2 reactions:-
Using the stability of the carbocation and steric hindrance (i.e. large groups getting in the way of the attacking species) explain why primary halogenoalkanes undergo SN2 reactions and tertiary undergo SN1 reactions.

…………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………
Using optical isomerism to determine which mechanism predominates for a given halogenoalkane.

For the two reactions draw out the formula of the species the nucleophile attacks showing the 3D shape of each including the bond angles.
i.e. the carbocation intermediate for SN1 and the halogenoalkane for SN2


SN1 carbocation intermediate



SN2 halogenoalkane

Next, consider the attacking species in each mechanism.  
In an SN1 reaction the OH- group is attacking a planar carbocation there is therefore a 50:50 chance that it can attack from above or below. Show this in a diagram below:
In the SN2 mechanism the OH- can only attack the carbon from one direction i.e. the back of the +C-X- bond; this is the opposite side from the negatively charged leaving group and is the only place where the polar carbon-halogen bond is susceptible to attack.  Draw a 3D diagram to show this ‘backside attack’
An optically pure sample of 2-chlorobutane (i.e. containing only one enantiomer) was reacted with sodium hydroxide.  The resulting product showed no optical activity.  Read the last few pages very carefully.

Is the mechanism for this reaction SN1 or SN2? ...............

Explain your answer ………………………………………………………………………………….
……………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………..……………………………………………………………………………………………………………………………………………………………………………………………………………………
If the same experiment produced an optically pure product instead, would the mechanism be SN1 or SN2? ………………..
Explain your answer. …………………………………………………………………………………
………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………
……………………………………………………………………………………………………………………………………………………………………………………………………………………

Example 2  The nucleophilic addition reactions of aldehydes and ketones.

In the ‘Carbonyl compounds’ pack you studied the mechanism for the nucleophilic addition of HCN, in the presence of KCN to form hydroxynitriles.
Draw the mechanism for the reaction between ethanal and HCN.  
The conditions are HCN in an alkaline buffer (this results in a high concentration of CN- ions.)

Is the product
 
an optically pure enantiomer?
a racemic mixture?
a symmetrical molecule with no optical isomers?
Explain your answer ………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………
Next, draw out the mechanism for the reaction of propanone with HCN.

Is the product
 
an optically pure enantiomer?
a racemic mixture?
a symmetrical molecule with no optical isomers?
Explain your answer ………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………
	Revision page

	Include:

· the definitions

· the key facts of optical isomerism

· SN1

· SN2

· nucleophilic addition.

* How these mechanisms may lead to optically active products.



Revision Page

Questions
(You will need your notes on ‘Carbonyl compounds’ to answer these questions)

1. 
Alanine, 2-aminopropanoic acid, is the simplest chiral amino acid found in nature and is optically active.
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(a)
(i)
Explain the meaning of the term chiral.

.............................................................................................................

.............................................................................................................

(1)

(ii)
How is optical activity detected experimentally?

.............................................................................................................

.............................................................................................................
 .............................................................................................................

(2)

(iii)
If alanine is made from propanoic acid the product mixture does not show optical activity.  Explain why this is so.

.............................................................................................................

.............................................................................................................

.............................................................................................................

(2)
Total 5 marks

Do not write in the margin

2. 
Geraniol is a fragrance obtained from rose petals. Its formula is
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(a)
Explain why geraniol exhibits geometric isomerism.

.............................................................................................................

.............................................................................................................

.............................................................................................................

.............................................................................................................
(2)

(b)
Geraniol can be oxidised to citral, which is the main ingredient of lemon grass oil. Citral’s formula can be written as:
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Identify the reagents and suggest conditions necessary for the preparation of citral from geraniol.

........................................................................................................................

........................................................................................................................

........................................................................................................................

(3)

(c)
State what you would see when citral reacts with:

(i)
bromine dissolved in water;

.............................................................................................................

(1)

(ii)
a solution of 2,4-dinitrophenylhydrazine; 

.............................................................................................................

(1)

(iii)
Fehling’s solution.

.............................................................................................................
(1)
Total 8 marks

Do not write in the margin

3.
(a)
An alcohol with the molecular formula C4H9OH is chiral.

(ii)
Draw two diagrams to clearly represent the optical isomers that result from the chirality of this alcohol.

 (2)

(iii)
Explain how you could distinguish between these two isomers experimentally.

.............................................................................................................

.............................................................................................................

.............................................................................................................

(2)
Total 4 marks
4. 
One of the isomers of C4H10O is the alcohol 2-methylpropan-2-ol which has the structural formula
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(a)
There are three other structural isomers of C4H10O which are also alcohols.

(i)
Draw their displayed formulae.

(3)

(ii)
One of these isomers exhibits stereoisomerism.  Name the type of isomerism shown and draw diagrams showing clearly how these stereoisomers differ from one another.

Type of isomerism .........................................................................................

Diagrams of isomers

(3)


Do not write in the margin


(iii)
Describe a test to show that each of the isomers in (i) contains an OH group.

.............................................................................................................

.............................................................................................................

.............................................................................................................

.............................................................................................................

(2)

(c)
2-methylpropan-2-ol can be prepared by the reaction of 2-bromo-2-methylpropane with dilute aqueous potassium hydroxide.

(i)
Give the mechanism for this reaction.

(3)

(ii) 
If you started with an optically pure sample of 2-bromobutane (using the same mechanism in c i). Would you expect the product to be optically active? Explain your answer with reference to the mechanism in (i)

.............................................................................................................

.............................................................................................................

.............................................................................................................

.............................................................................................................

.............................................................................................................

.............................................................................................................

............................................................................................................       (2)
(Total 13 marks)



Do not write in the margin
5.
Citral is a colourless natural product, which gives lemons their characteristic flavour and smell.
Its structural formula is:
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(a)
(i)
How would you show that citral has a carbonyl group, C==O?

Reagent .....…………………………………………………………………
Observation ………………………………………..………………………

(2)

(ii)
How would you show that citral is an aldehyde?

Reagent .....…………………………………………………………………
Observation ………………………………………..………………………

(2)

(b)
Citral has geometric isomers. Draw them and explain why they are not easily interconvertable.

Structures:

Reason……………………………………………………………………………

(3)

Do not write in the margin

(c)
Bromine, dissolved in tetrachloromethane, was added slowly to a solution of citral.

(i)
Describe what you would observe when this was done.

…..…………………………………………………………………

…..…………………………………………………………………

(1)

(ii)
Draw the displayed formula of the product of this reaction when excess bromine is added.

(1)

(iii)
This product is chiral.  Mark all the atoms which cause chirality with a  on the structural formula that you have given in (ii) above.

(2)

(d)
Citral can be reduced to an alcohol

(i)
State a reagent and the conditions that could be used for this reaction.

Reagent .....……………………………………………………………….
Conditions ………………………………………..………………………

(2)

(ii)
How would you test the product to show that it has an ––OH group?

Reagent .....………………………………………………………………..
Observation ………………………………………..………………………

(2)
Total 15 marks


Do not write in the margin
6.
This question concerns the compound, Q pent-3-en-2-ol
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(a)
Give the structural formula of a compound isomeric with Q which does not contain a carbon-carbon double bond.
(1)

(b)
Q shows two types of stereoisomerism.

(i)
Draw the geometric isomers of Q, and state why Q shows this type of isomerism.

.........................................................…………………………………

.........................................................…………………………………

(2)

(ii)
Draw the optical isomers of Q and state what effect such isomers have on the plane of plane polarised monochromatic light.

.........................................................…………………………………

.........................................................…………………………………

(3)

Do not write in the margin

c)
Give the mechanism for the reaction of bromine with Q; you may represent the compound as >C=C< for the purposes of this question.

(3)

(d)
(i)
Give the structural formula of the product obtained when Q is reacted with potassium dichromate(VI) solution in the presence of dilute sulphuric acid.

(1)

(ii)
Describe a test to show that the product formed in (i) is not an aldehyde.  Suggest a positive test which would give the identity of the new functional group which is present in the molecule, and state what you would see.

.........................................................…………………………………

.........................................................…………………………………

.........................................................…………………………………

.........................................................…………………………………

(4)

(Total 14 marks)

Do not write in the margin
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Structural isomers are compounds that have the same molecular formula but different structural formula (i.e. different bonds present)





Stereoisomerism is shown in molecules that have the same molecular formula and same bonds present, but different three dimensional orientations of their atoms in space.





Optical isomers (enantiomers) are molecules which are isomers which are non-superimposable mirror images of each other.





Optical isomers rotate the plane of plane polarised light. Each isomer will rotate the light by the same amount but in the opposite direction.





A Racemic mixture is a solution which contains equal numbers of moles (concentrations) of both optically active isomers/enantiomers of a compound.
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