
TOPIC 20 and 21 ORGANIC CHEMISTRY 
20.1 Types of organic reactions
E. I.: Key organic reaction types include nucleophilic substitution, electrophilic addition, electrophilic substitution and redox reactions. Reaction mechanisms vary and help in understanding the different types of reaction taking place. 
Nature of science: Looking for trends and discrepancies—by understanding different types of organic reactions and their mechanisms, it is possible to synthesize new compounds with novel properties which can then be used in several applications. Organic reaction types fall into a number of different categories. (3.1) 
Collaboration and ethical implications—scientists have collaborated to work on investigating the synthesis of new pathways and have considered the ethical and environmental implications of adopting green chemistry. (4.1, 4.5) 
	Understandings

· 20.1 U1 SN1 represents a nucleophilic unimolecular substitution reaction and SN2 represents a nucleophilic bimolecular substitution reaction. SN1 involves a carbocation intermediate. SN2 involves a concerted reaction with a transition state.  

· 20.1 U2 For tertiary halogenoalkanes the predominant mechanism is SN1 and for primary halogenoalkanes it is SN2. Both mechanisms occur for secondary halogenoalkanes.  

· 20.1 U3 The rate determining step (slow step) in an SN1 reaction depends only on the concentration of the halogenoalkane, rate = k[halogenoalkane]. For SN2, rate = k[halogenoalkane][nucleophile]. SN2 is stereospecific with an inversion of configuration at the carbon.  

· 20.1 U4 SN2 reactions are best conducted using aprotic, non-polar solvents and SN1 reactions are best conducted using protic, polar solvents.  

	Application and skills

· 20.1 AS1 Explanation of why hydroxide is a better nucleophile than water.  

· 20.1 AS2 Deduction of the mechanism of the nucleophilic substitution reactions of halogenoalkanes with aqueous sodium hydroxide in terms of SN1 and SN2 mechanisms. Explanation of how the rate depends on the identity of the halogen (i.e. the leaving group), whether the halogenoalkane is primary, secondary or tertiary and the choice of solvent.  

· 20.1 AS3 Outline of the difference between protic and aprotic solvents.  


Nucleophilic substitution reactions
A nucleophile is an electron rich species. Halogenoalkanes undergo nucleophilic substitution reactions as the bond between the carbon atoms and the halogen is polar as the halogen is highly electronegative giving the carbon atoms a partial positive charge; this carbon atom is the reactive site in the halogenoalkane.

There are two different pathways or reactions mechanisms in which a nucleophilic substitution reaction involving halogenoalkanes can occur:  SN1 and the SN2. In this substitution reaction where the halogen is substituted, the halogen is referred to as the leaving group.
Whenever for instance a halogenoalkane and a nucleophile react there is competition between these two different pathways or mechanisms, the  SN1  and the SN2  pathway. 
SN1 = Nucleophilic unimolecular substitution 

Example: 2-bromo-2-methylpropane with sodium hydroxide to form 2-methyl propan-2-ol and sodium bromide as SN1 is the predominant mechanism for tertiary halogenoalkanes.
Equation:     (CH3)3 CBr  +  NaOH   ((   (CH3)3 COH  +  NaBr 
Mechanism (multistep):
· unimolecular or monomolcular (hence the 1 in SN1 ): rate of reaction depends on 1 molecule only i.e. the tertiary halogenoalkane;

· multistep as it involves 2 steps;  involves the formation of an intermediate i.e. carbocation;

· first order with respect to the halogenoalkane;

· molecularity of first step is 1; 

· rate = k [CHal]
· steps:
	step 1 

(slow step)
	Heterolytic fission results in dissociation or spontaneous ionisation of halogenoalkane resulting in the formation of a carbocation  - which is the intermediate and can be isolated - and a halide ion; this step is the slowest and therefore the rate determining step. 



	step 2

(fast)
	Nucleophilic attack of the carbocation on either side of the carbon carrying the charge as the halogen has already left and the ion has a planar shape.



The rate of this multistep mechanism depends on the slowest reaction which is the first step and therefore the rate of the reaction depends on the concentration of the halogenoalkane.  

SN2
Example: bromoethane with sodium hydroxide to form ethanol and sodium bromide. 
Predominant for primary halogenoalkanes
Equation:     CH3CH2Br  +  NaOH   ((   CH3CH2OH  +  NaBr 
Mechanism (one step) (overall second order):

· bimolecular (hence the 2 in SN2 ): as both reactants (halogenoalkane and nucleophile) are involved in the same single step which is also the rate determining step; overall reaction is a one step process and involves a transition state/activated complex which produces the product instead of an intermediate.

· rate = k [CHal][Nu]

· Sn2 is a concerted reaction as all bond breaking and bond making occurs in a single step. Only a transition state is formed – no intermediate.
	Bond made
	as the carbon carrying the halogen is positively charged because of the polar CHal bond, the carbon is attacked by the OH- on the side of the carbon atom opposite (1800) to the halogen (the halogen atom affects approach by the nucleophile); during this process the carbon-nucleophile bond is formed; the nucleophile donates its electron pair to the carbon to form the bond. It is a Lewis base.


	Bond broken
	at the same time, the halogen breaks away (heterolytic fission) from the molecule producing a negative halogen ion; the energy needed to break the bond comes from the bond made between the OH- and the carbon atom; the halogen needs to break away from the molecule which is a very unstable arrangement as there are 5 groups bonded onto the carbon atom; the electron pair of the CHal bond is donated to the halogen.




In the transition state both the nucleophile and halogen carry a partial negative charge; the (negatively charged) nucleophile (in the case of a hydroxide ion) as it is donating its bonding pair to the carbon and the halogen as it is taking the covalent bond between itself and the carbon

The attack by the nucleophile on the opposite side to the halogen causes an inversion of the configuration around the carbon on to which the halogen is bonded; the H atoms and/or alkyl groups around the carbon move into the opposite space and this allows space for the nucleophile to complete its approach to the carbon atom and make its bond. The tetrahedral arrangement of the bonds on the carbon that carries the halogen is converted into an inverted tetrahedral arrangement. 
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Figure 10,107 Inversion of configuration during an Sy2 reaction.




If the halogenoalkane is an optical isomer (can only be the case with a secondary/tertiary halogenoalkane) than the SN2 mechanism, because of the inversion of the configuration, ensures that only one (as opposed to both) of the 2 possible optical isomer products (enantiomers) can be produced from a given reactant enantiomer. 
The SN2 mechanism is therefore considered a stereospecific process; the spatial arrangement of the reactant molecule determines the spatial arrangement of the product molecule – the reactant determines the stereochemistry of the product. The product will be a mirror image of the reactant.
SN1 is not stereospecific as the nucleophile can attack from above or below the planar carbocation in each case resulting in a different enantiomer; in SN1 if the halogenalkane is optically active a racemic mixture can be formed.
Secondary halogenoalkanes

Both SN1 and SN2 mechanisms occur for secondary halogenoalkanes.
Factors which affect the rate of nucleophillic reactions in halogenoalkanes 
You are already familiar with both SN1 and SN2 reaction mechanisms or pathways.  In this section we will focus mainly on factors that affect the rate of both pathways in reactions with hydroxide ions.  This will help us to decide which pathway will be favoured with a certain combination of reactants.  
The pathway that is favoured for a particular nucleophilic substitution is the pathway with the fastest rate (highest k value because of lowest activation energy) for that set of reactants.  
Factor 1: The hydroxide ion is a stronger nucleophile than water because it has a negative charge and will therefore be attracted more strongly towards the partial positively charged carbon atom bonded onto the halogen.  As a result, the rate of a substitution with hydroxide (or hydrolysis) is always faster than with water. 

Factor 2: class of halogenoalkane: primary, secondary or tertiary.

The first elementary step in the SN1 pathway involves the formation of a carbocation intermediate as the halogen leaves the molecule as an anion.  

The greater the stability of the carbocation, the lower the activation energy of its formation and the faster it is formed; the more its formation is favoured, the more SN1 is favoured.  

The stability of carbocations depends on the number of alkyl groups on the carbon that carries the positive charge as the electron-releasing alkyl groups make the carbon atom less positive (delocalises the positive charge more). As a result, the greater the number of alkyl groups, the more stable the carbocation.  

Therefore, in decreasing stability of the carbocation (most stable first):

                     tertiary carbocation (  secondary carbocation   (  primary carbocation

Tertiary carbocations, which are formed from tertiary halogenoalkanes, are more stable/less reactive as the electron-releasing alkyl groups make the carbon atom less positive (delocalises the positive charge more).

With primary halogenoalkanes, the formation of a reactive (unstable) primary carbocation has an activation energy which is higher than the activation energy of the elementary step in which the halogenoalkane and the nucleophile collide with each other which is why SN2 is favoured with primary halogenoalkanes.

Another way of explaining favoured pathways is by considering how likely the transition state in SN2 can be  formed.  In the transition state of SN2 carbon needs to accommodate five groups; this is easier in a primary halogenoalkane as the carbon atom has 2 hydrogen atoms on it which leaves space for a 5th atom or ion.  The alkyl groups on the carbon atom in a tertiary halogenoalkane allow less space for a fifth particle to bond onto the carbon.

Factor 3: pathway.
	primary halogenoalkanes

SN2 - slowest
	secondary halogenoalkanes 

SN1 or SN2
	tertiary halogenoalkanes

SN1 - fastest


As SN1 reactions generally occur faster (they are unimolecular), nucleophilic substitutions involving tertiary halogenoalkanes are usually faster than those involving secondary or primary halogenoalkanes.
Factor 4. Identity of halogen or leaving group: 

As the iodine – carbon bond is the weakest bond of the carbon – halogen bonds, iodoalkanes tend to react at greater rates than other haologenoalkanes in both SN1 and SN2.
Relative rates of reaction of hydrolysis:  fastest/highest rate:  I  ( Br  (  Cl (  F.

Factor 5: Nature of solvent: protic and aprotic solvents (both are polar)
Polar solvents can be divided up into protic and non-protic.

SN2 reactions are best carried out in an aprotic solvent such as propanone, CH3COCH3, and enthanenitrile, CH3CN. An aprotic solvent is a solvent that cannot make any hydrogen bonds (e.g. with the nucleophile) and is therefore less likely to solvate/surround the negative nucleophile ion allowing it to maintain a high energy state and increase the frequency of successful collisions with the halogenoalkane thus increasing the reaction rate.
SN1 reactions have the highest reaction rates in protic solvents as protic solvents (protic = has hydrogen atom onto an oxygen or nitrogen and can donate a H+) either contain an amine group,  –NH, or an hydroxyl group, –OH, and can therefore form hydrogen bonds between the oxygen or the nitrogen of the solvent molecules and the partially charged carbon atom on the carbocation solvating the ion.

Solvation of the carbocation gives stability to the intermediate favouring its formation. Examples of polar protic solvents are water, alcohols, amines, amides (e.g. methanamide, HCONH2) and carboxylic acids. Protic solvents can also solvate negative ions
·  
· Summary:
	SN1
	SN2

	2 step process
	1 step process

	unimolecular
	bimolecular

	first order reaction
	second order reaction

	auto-ionisation of compound
	collision between compound and nucleophile

	tertiary halogenoalkanes and some secondary
	primary halogenoalkanes and some secondary

	faster
	slower

	nucleophile (which can be water, alcohol and amines) can attack from 2 sides
	nucleophile attacks from opposite side to halogen

	no need for a strong nucleophile
	need for a strong nucleophile

	energetically easier to form intermediate
	energetically easier for nucleophile to collide tha to form an intermediate

	stable intermediate
	transition state

	protic solvent
	aprotic solvent

	stereospecific
	not stereospecifc


Electrophilic addition reactions 
	Understandings

· 20.1 U5 An electrophile is an electron-deficient species that can accept electron pairs from a   nucleophile. Electrophiles are Lewis acids. 

· 20.1 U6 Markovnikov’s rule can be applied to predict the major product in electrophilic addition reactions of unsymmetrical alkenes with hydrogen halides and interhalogens. The formation of the major product can be explained in terms of the relative stability of possible carbocations in the reaction mechanism. 

	Application and skills

· 20.1 AS4 Deduction of the mechanism of the electrophilic addition reactions of alkenes with halogens/interhalogens and hydrogen halides.


An electrophile is an electron-deficient species that can accept electron pairs from a nucleophile. Electrophiles are Lewis acids. An interhalogen is a compound that has 2 or more different halogens.
Reaction mechanism in electrophilic addition reaction involving symmetrical alkenes
Step 1: generation of electrophile and the formation of the carbocation

· The double bond is an area of high electron density which induces polarisation (in a non-polar molecule e.g. a halogen molecule) or further polarisation (in a polar molecule e.g. hydrogen halide and water) in the other reacting specie; the ( electrons can do this because they are exposed as they are above and below the axis between the two nucleii; these exposed electrons cause repulsion between themselves and the outer shell electrons of the attacking halogen or hydrogen halide molecule.
· The ( cloud of electrons then attracts the positively charged end of the molecule that acts like an electrophile as it is attracted to the high electron density of the ( bond.
· The polar bond in the attacking halogen molecule breaks (heterolytic fission!) and the positive end joins the alkene forming an intermediate carbocation; a positive ion as an electrophile joins a neutral molecule. The ( bond is used to bond the halogen onto a carbon which makes the other carbon atom on the double bond positive as it has lost its share in the ( bond. This carbon only has 6 outer electrons which makes it very unstable; the partial negative part of the halogen molecule becomes an anion.

Step 2: nucleophilic attack to neutralise carbocation

· Electrostatic attraction (=ionic) between the positively charged carbon atom or carbocation and the negative ion results in a quick neutralisation forming the end product;

The addition reaction converts one ( bond and one ( bond into two ( bonds which is energetically more favourable as the heat needed to break the one (  bond and one ( bond is less than the heat released when  two ( bonds are formed.
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examples of electrophilic addition reactions:
· Reaction with halogens: test for unsaturation: decolorisation of bromine water; reaction occurs at room temperature and without sunlight.  If reaction is carried out in sunlight also substitution can occur. As the halogen molecules are non-polar, this reaction needs polarization caused by the double bond to create the electrophile.
· Reaction with interhalogens (e.g. ICl – iodine chloride):  Such molecules have permanent polarity; the least electronegative halogen will act as the electrophile and attack the alkene.
· Reaction with hydrogen halides. The hydrogen ion, H+, becomes the electrophile.
Electrophilic addition reaction with an interhalogen or hydrogen halide involving unsymmetric alkenes: two products  

When a hydrogen halide or an interhalogen (= examples of unsymmetrical electrophiles) combine with an unsymmetrical alkene, e.g. propene (which is the smallest asymmetric alkene) two or more intermediate carbocations are formed, each one giving its own product. The proportion of these products is determined by the rule explained below.

For instance, in the addition of a hydrogen chloride to propene there are two possible products; one product with the chlorine on the second carbon (2-chloropropane) or one product with the chlorine on the first carbon (1-chloropropane). When such a reaction occurs we need to use Markovnikov’s rule to predict the more common or major product:

Markovnikov’s rule:  

· In case of the addition of a hydrogen halide to an asymmetrical alkene, the major product is the one in which the hydrogen of the hydrogen halide attaches itself to the carbon carrying the larger number of hydrogen which in this case is the 2-chloropropane.  

· In the case of a mixed halide molecule, the least electronegative halogen becomes the electrophile. The most common product is the one with the least electronegative electrophile on the carbon with the most hydrogen atoms.
Reason: stability of carbocation produced:

The reason for the above is that during this addition reaction two carbocations are formed; the carbocation - a secondary carbocation - which leads to the production of 2-chloropropane is more stable (in terms of energy it is at a lower level) than the carbocation – a primary carbocation - which leads to the production of 1-chloropropane.   The more stable ion is formed more readily.

Inductive effect = ability to donate electrons and reduce the charge on an adjacent atom.

                                         decreasing stability

Why? The secondary carbocation (two alkyl groups bonded onto the carbon with the positive charge) is more stable because each alkyl group donates electrons (any alkyl group always donates electrons) slightly to the positive carbon atom it is attached to, reducing the density of that positive charge (= positive inductive effect)  

The larger the number of alkyl groups, the more electron density is shifted towards the positive charge of the carbocation, the more the density of the positive charge is reduced as the positive charge is now shared by both the carbon atom and the electrons of the alkyl groups; the positive charge has been delocalised even more.

Again in terms of energy because secondary carbocations are more stable their formation needs less activation energy than the formation of the primary carbocation which is why it is produced a lot faster, exists for a longer time and why it dominates and the product it forms, is formed in larger quantities.   The product which is produced by the more stable carbocation is the major product. 

So the stability of a carbocation depends on the number of alkyl groups; tertiary carbocations (e.g.(CH3)3 C+ ) are even more stable than the secondary ones (CH3)2 CH+; CH3+ is the least stable.

Exercise: Draw the stepwise mechanism for the electrophilic addition of iodine chloride to but-1-ene and HCl to methyl propene.

Electrophilic substitution reactions
	Understandings

· 20.1 U7 Benzene is the simplest aromatic hydrocarbon compound (or arene) and has a delocalized structure of 􏰁 bonds around its ring. Each carbon to carbon bond has a bond order of 1.5. Benzene is susceptible to attack by electrophiles.

	Application and skills

· 20.1 AS5 Deduction of the mechanism of the nitration (electrophilic substitution) reaction of benzene (using a mixture of concentrated nitric acid and sulfuric acid).


Benzene is quite unreactive and resistant to chemical change because of its stable electron structure and bonding with its bond order is 1.5 as a result of the delocalization.  However, benzene participates in substitution reactions with strong electrophiles and with the help of a catalyst.  During such a substitution reaction, the stable ring structure, and therefore its aromacity, is maintained.  During such a reaction a hydrogen atom from the ring is replaced by another atom or group of atoms referred to as the electrophile.  An example of such an electrophilic substitution is a nitration reaction that uses a mixture of nitric acid and sulphuric acid.
General mechanism of an electrophilic substitution: 
· First, generation of the electrophile which in most cases is formed by the interaction between the reagent and the catalyst.
· Then, two step substitution: (diagrams from http://www.chemguide.co.uk/mechanisms/elsub/whatis.html#top)
· Step 1 (rate determining step):

· electron rich ( cloud above and below the benzene molecule attracts electrophiles and donates a (  electron pair to it; the electrophile bonds onto a carbon in the ring ; a ( pair moves out of the ring causing the ring to loose its stability;

· a reactive intermediate cation is formed; the positive charge is distributed over the ring due to resonance; this restores some stability but not to the same level as the original benzene molecule.
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· Step 2 (fast step): the intermediate breaks up by the loss of a hydrogen ion (deprotonation), which carries the extra charge away with it; the bonding electrons between the carbon and the hydrogen move back into the ring as delocalised electrons; the electrophile has substituted the hydrogen; the hydrogen is used to regenerate the catalyst which now acts as a Lewis base.
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· As benzene is symmetrical, monosubstitution gives only 1 product irrespective of the hydrogen that has been substituted i.e. no isomers.

Nitration of benzene: stepwise mechanism needed!!!

Overall equation:  C6H6   +   HNO3 ((   C6H5NO2   +   H2O      at 50 oC and with sulphuric acid as catalyst.
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Mechanism:

· Generation of the electrophile: the attacking electrophile is the reactive nitryl cation (NO2+); which is generated from the reaction between concentrated nitric acid and sulphuric acid after which the two-step substitution occurs;

                 overall equation:  HNO3  +  H2SO4   ((   HSO4-  +  NO2+ +  H2O 

· Main product (if dilute HNO3 and conc H2SO4 at 50 C): nitrobenzene. By-product is water.
· Proton released by intermediate is used to regenerate sulphuric acid catalyst.

Reduction reactions
	Understandings

· 20.1 U8 Carboxylic acids can be reduced to primary alcohols (via the aldehyde). Ketones can be reduced to secondary alcohols. Typical reducing agents are lithium aluminium hydride (used to reduce carboxylic acids) and sodium borohydride. 

	Application and skills

· 20.1 AS6 Writing reduction reactions of carbonyl containing compounds: aldehydes and ketones to primary and secondary alcohols and carboxylic acids to aldehydes, using suitable reducing agents.  
· 20.1 AS7 Conversion of nitrobenzene to phenylamine via a two-stage reaction.  


Carboxylic acids and ketones
The reduction of carboxylic acids into aldehydes/alcohols and ketones into alcohols by heating them in dry ether together with reducing agents such as lithium aluminium hydride, LiAlH4, and sodium borohydride, NaBH4, is the reverse of the oxidation of alcohols by oxidizing agents such potassium dichromate.  
· Carboxylic acids can be reduced to aldehydes and finally to primary alcohols

· Ketones can be reduced to secondary alcohols.
As lithium aluminium hydride is a stronger reducing agent it reduces carboxylic acids to both aldehydes and primary alcohols whilst sodium borohydride can only be used to reduce aldehydes and ketones to alcohols. Both reducing agents produce hydride ions which act as nucleophiles as they are attracted to the carbon in the carbonyl group that has a partial positive charge.
Simplified equations of examples of such reductions

Ethanoic acid reduced to ethanol and then reduced to ethanol by heating it dry ether with LiAlH4
CH3COOH         +      [H]          ((   CH3CHO            +          [H]         ((   CH3CH2OH  
                           (from LiAlH4)                                            (from LiAlH4)
Propanone reduced to ethanol and then reduced to ethanol by heating it dry ether with NaBH4
CH3COCH3         +      [H]          ((   CH3CHOHCH3            
                           (from NaBH4)                                           
Conversion of nitrobenzene to phenylamine
This reaction happens in 2 stages:

Step 1:  Nitrobenzene is heated under reflux with tin, the reducing agent, and concentrated hydrochloric acid; the tin is oxidized to tin ions and the nitrogen is reduced from +4 to -2 during the formation of the phenylammonium ion.
           C6H5NO2 (l)   +   3Sn (s)  +  7H+ (aq)    ((   C6H5NH3+ (aq)  +   3Sn2+(aq)  +   2H2O (l) 
Step 2: The addition of sodium hydroxide causes the deprotonation of the phenylammonium ion to form aniline:
                    C6H5NH3+ (l)   +    OH- (aq)    ((   C6H5NH2 (l)  +  H2O (l)      
20.2 Synthetic routes
E. I.: Organic synthesis is the systematic preparation of a compound from a widely available starting material or the synthesis of a compound via a synthetic route that often can involve a series of different steps. 
Nature of science: Scientific method—in synthetic design, the thinking process of the organic chemist is one which invokes retro-synthesis and the ability to think in a reverse-like manner. (1.3) 
	Understandings

· 20.2 U1 The synthesis of an organic compound stems from a readily available starting material via a series of discrete steps. Functional group interconversions are the basis of such synthetic routes.  

· 20.2 U2 Retro-synthesis of organic compounds.  

	Application and skills

· 20.2 AS1 Deduction of multi-step synthetic routes given starting reagents and the product(s).  


You need to be able to use the reactions that we have studied above to achieve functional group interconversions as in many cases in organic chemistry the starting material for a synthesis reaction is from a different class than the desired product. In many interconversions this will involve more than one type of reaction i.e. a multistep synthetic route. 
Retro-synthesis
One approach to deducing synthetic routes is the retro-synthesis approach that involves starting from the desired product (target molecule or lead molecule in the development of a drug) and working backwards to identify a smaller/simpler starting material that can be used to make the target molecule, and then identify a even smaller starting material for that first starting material and so on with the starting materials becoming smaller or simpler and in greater supply. The starting materials are also referred to as precursors.
Exercise: Deduce a synthetic route to make butanoic acid starting from butene. Show clearly how you have used the retro-synthesis approach. 
The table below shows the reactions that you need to know and can therefore be use to deduce the synthetic routes.
	Functional group
	reaction
	products

	alkane
	free radical substitution
	halogenoalkane

	alkenyl
	electrophilic addition
	halogenoalkanes, dihalogenoalkanes, alcohols, polymers 

	hydroxyl
	· esterification/condensation 

· oxidation
	· ester

· aldehydes, ketones, carboxylic acids

	halogeno
	nucleophilic substitution
	alcohols

	carboxyl
	reduction
	aldehydes, ketones and alcohols 

	phenyl
	electrophilic substitution
	nitrobenzene

	carbonyl
	reduction
	alcohol


Use the diagram below to show the interconversions between the different classes of organic compounds.

alkane                                               dihalogenoalkane                                           

halogenoalkane                                           alkene                                                           poly(alkene)

alcohol                                                       aldehyde                                                   carboxylic acid

ketone
	Use the table above to describe how the interconversions below can be achieved.  For each interconversion you must include the reaction(s), the stages in the reactions if any, a balanced symbol equation using structural formula for each reaction and the reaction conditions. 


	a. Ethanoic acid from an alkene


	b. 1,1,2-tribromoethane from ethene


	c. But-2-ene to make butan-2-one



	d. Propanal from bromopropane 



20.3 Stereoisomerism

E. I.: Stereoisomerism involves isomers which have different arrangements of atoms in space but do not differ in connectivity or bond multiplicity (i.e. whether single, double or triple) between the isomers themselves. 
Nature of science: Transdisciplinary—the three-dimensional shape of an organic molecule is the foundation pillar of its structure and often its properties. Much of the human body is chiral. (4.1) 
	Understandings

· 20.3 U1 Stereoisomers are subdivided into two classes—conformational isomers, which interconvert by rotation about a sigma bond and configurational that interconvert only by breaking and reforming a bond. Configurational isomers are further subdivided into cis-trans and E/Z isomers and optical isomers. 

· 20.3 U2 Cis-trans isomers can occur in alkenes or cycloalkanes (or heteroanalogues) and differ in the positions of atoms (or groups) relative to a reference plane. According to IUPAC, E/Z isomers refer to alkenes of the form R1R2C=CR3R4 

· 20.3 U3 A chiral carbon is a carbon joined to four different atoms or groups.  

· 20.3 U4 An optically active compound can rotate the plane of polarized light as it passes through a solution of the compound. Optical isomers are enantiomers. Enantiomers are non-superimposeable mirror images of each other. Diastereomers are not mirror images of each other.  

· 20.3 U5 A racemic mixture (or racemate) is a mixture of two enantiomers in equal amounts and is optically inactive.  

	Application and skills

· 20.3 AS1 Construction of 3-D models (real or virtual) of a wide range of stereoisomers.  

· 20.3 AS2 Explanation of stereoisomerism in non-cyclic alkenes and C3 and C4 cycloalkanes.  

· 20.3 AS3 Comparison between the physical and chemical properties of enantiomers.  

· 20.4 AS4 Description and explanation of optical isomers in simple organic molecules.  

· 20.4 AS5 Distinction between optical isomers using a polarimeter.  


Stereoisomers are compounds with the same molecular formula and same structural formula but with different arrangements of atoms in space i.e. the order in which atoms are bonded or connected (same connectivity) along the chain is the same (same constitution) but the spatial arrangement of atoms around certain (carbon) atoms is different. The isomers studied in topic 10 were structural isomers as they have their atoms and/or functional groups connected in different ways. 
There are two classes of stereoisomers: 
· Conformational isomers are isomers that interconvert spontaneously by free rotation about a sigma bond without breaking and making any bonds. 
· Configurational isomers are isomers that interconvert only by breaking and reforming a bond. The configurational isomers are further subdivided into a class made up of cis-trans isomers and E/Z isomers and a different class called optical isomers.  Configuration refers to the 3D spatial arrangement of atoms or groups of atoms.
Conformational isomers (no bond breaking to interconvert)
Conformations are different shapes a molecule can have as a result of the free rotation about a sigma bond usually a C-C bond; the different spatial arrangements can be interconverted by rotating that bond and this can happen spontaneously. 
The most simple example of conformational isomerism can be shown using ethane which has 2 distinct confirmations that can be shown using the diagram below to the right. The 2 different confirmations, eclipsed and staggered, have different stability.
In the eclipsed conformation (atoms in the front block the view of atoms at the back) of a hydrocarbon such as propane, the hydrogen atoms (or could be different substituent groups in other molecules) are as close to another as possible; in the staggered conformation they are as far as possible. In a Newman projection to the left below showing propane, in the staggered conformation the hydrogen atoms are 600 apart resulting in greater stability of the molecule.
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Configurational isomerism (bond braking to interconvert) 
cis-trans isomerism
This type of stereo isomerism occurs because free rotation of a carbon-carbon bond is prevented either because it is a double bond or because the carbon-carbon bond is part of a ring structure; this means that both are chemically different compounds! Free rotation is impossible as there are two regions of overlap within the ( bond; above and below the axis between both nuclei; rotation would cause the overlapping orbitals to separate and therefore break the bond.
As a result cis-trans isomerism happens in:
· Non-cyclic alkenes in which there are 2 different atoms (or groups of atoms) on each carbon atom on either side of the double bond. The  ( bond prevents the C=C from rotating and changing the position of the atoms on either side. 
· In cycloalkanes when at least two atoms (other than hydrogen) are found on two different carbons in the ring; again no rotation is possible without breaking the ring.

We only use the cis-trans convention of naming if the different atoms on each carbon on either side of the double bond are the same  - they are called disubstituents. If both sets of different atoms are not the same (tri- or tetra substituents) than we use a different convention called the E/Z nomenclature and refer to the isomers as E/Z isomers.
Non-cyclic alkenes

Two possible isomers:

· cis: two identical atoms of groups of atoms (substituents or R) are on the same side of the double bond or on the same side of the reference plane passing through the double bond – the plane is perpendicular to all the sigma bonds between the atoms and the substituents or perpendicular to the trigonal plane of the molecule
· trans: two identical groups on opposite side of the reference plane passing through the double bond. 

	Example 1:
	cis-but-2-ene


	trans-but-2-ene

	melting point ((C)
	- 139
	- 106

	boiling point ((C)
	4
	1


	Example 2:
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cis-1,2-dichloroethene
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trans-1,2-dichloroethene

	melting point ((C)
	- 80 
	- 50 

	boiling point ((C)
	60
	48


Cyclo-alkanes

Cis-trans isomerism also occurs in cyclic alkanes in particular disubstituted cycloalkanes. The ring forms the reference plane.
Free rotation around a single carbon-carbon bond is also restricted in cyclic alkanes due to the inflexibility of the ring.  Cyclic alkanes have a planar structure that allows cyclo-alkanes to have other atoms, e.g. halogens, connected on the same side of the plane (cis isomer) or one halogen on one side and one halogen on the other opposite side of the ring (trans isomer). In cycloalkanes the substituent groups do not have to be on adjacent carbon atoms.
Examples:

· dichloro-derivatives of cyclopropane which is a disubstituted cycloalkane:  1,2-dichlorocyclopropane       

· dichloro-derivatives of cyclobutane: 1,3 - dichlorocyclobutane and 1,2 - dichlorocyclobutane

Cis-trans isomerism can be recognised by looking for:

· a double bond with two different atoms/groups joined to the atoms at either end of the double bond; but both sets of different groups are the same.
· a ring structure with two different atoms or groups of atoms joined to any two carbon atoms in the ring. 

E/Z isomerism

The cis-trans notation is rather limited and only works well when the two different atoms or groups of atoms on each carbon on the double bond are the same.

E/Z notation is a different set of rules used to describe a double-bond configuration of the following form R1R2C=CR3R4 whereby R1 ≠R2 and R3 ≠R4; the R represents a substituent i.e. an atom or group of atoms that has substituted a hydrogen on the carbon chain. 
The fact that R1 and R2 could be the same as R3 and R4 means the E/Z notation could also be used when cis-trans can be used.
As stated earlier E/Z notation tends to be used when there are 3 or 4 different Rs as it is difficult to apply the cis-trans convention as there could no atoms on each carbon that are the same. The E/Z convention involves ranking (giving it a relative priority) the R1 and R2 on the first carbon atom around the double bond and ranking R3 and R4 on the second atom. The ranking is done using the Cahn-Ingold-Prelog system (CIP) of assigning priority to the substituent groups which uses the atomic number of the R groups:
· Rule 1: Look at the atom (or atom in the substituent group) bonded to the carbon of the double bond. The atom with the higher atomic number has the higher priority or precedence.  

· Rule 2: If the atoms are the same, for example if they are both carbon atoms, apply the same rule to the next bonded atom. This means that longer hydrocarbon chains have higher priority.  
When the two groups or substituents (R) with the highest precedence are on the same side of the reference plane passing through the double bond the molecule is referred to as the Z isomers (zusammen in German)(equivalent to cis); if the highest groups wit the highest precedence are on the opposite side of the reference plane the molecule is an E isomer (equivalent to trans).
Exercise: Draw the isomers 

· (E)-1-bromo-2-chloroethene and (Z)-1-bromo-2-chloroethene.
· (E)-hept-3-ene and (Z)–hept-3-ene
Optical isomerism

Optical isomers are isomers that have at least one chiral carbon referred to as an asymmetrical centre or stereocentre. A chiral carbon or centre is an asymmetric carbon atom with four different atoms or groups of atoms bonded onto it.  
Chiral centres in molecules results in two different spatial arrangements or pairs. There are two different types of pairs of optical isomers or chiral molecules: enantiomers and diastereomers.

Enantiomers are a pair of optical isomers that are mirror images from each other but that cannot be superimposed (non-superimposable). They have no plane of symmetry. 
The diagram below is a general diagram of pair of enantiomers.
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(from: http://www.docbrown.info/page07/isomerism2.htm)
Draw mirror images of 1-bromo-1-chloro-1-fluoroethane and indicate with a * the chiral centre.

Similarities between enantiomers
· Enantiomers have identical melting and boiling points, density and solubility as the different spatial arrangement does not affect the strength of intermolecular forces; also because of this, solubility in a variety of solvents is the same;

· Have identical chemical energetic stability and identical reaction paths (same activation energies) which means that when a chiral molecule is formed during a reaction both enantiomers are formed in equal amounts (=racemic mixture or racemate); 

Different only in the following chemical and physical properties
· Chemical:  Both enantiomers react differently with other chiral molecules; this explains why enzymes (which are chiral molecules) only react with a specific protein (other chiral molecules) to catalyse a reaction.   
· Physical: Both enantiomers are optically active which means that they rotate plane-polarized light; plane-polarised light is light that emerges from a polariser and is characterised by the fact that the electric field of the light oscillates in one plane only e.g. perpendicular to the direction in which the light travels. The angle of rotation of the plane-polarized light can be measured using a polarimeter after a beam of plane-polarized light is passed through the sample of the substance to be tested. See diagram below.
[image: image11.png]...........................




(from http://chemwiki.ucdavis.edu)
· Each enantiomer however rotates the plane of polarised light in the opposite direction (non-chiral centres do not rotate the light at all!) but over the same angle but in the opposite direction. The enantiomer that rotates it clockwise is the (+) enantiomer whilst the other (anticlockwise) is the (-) enantiomer.  
· However, a racemic mixture does not show any optical activity as both the rotation of one enantiomer is cancelled out by the rotation of the other enantiomer.
Diastereomers are also optical isomers that, just like enantiomers, are non-superimposable and have at least two or more chiral carbons or stereocentres in their molecule. 
However, enantiomers have an opposite configuration at each chiral centre in their molecule which is why they are mirror images of each other.

This is not the case in diastereomers as they only have an opposite spatial arrangement around one or two chiral centres in their molecules, but not around all of them. Diastereomers are stereoisomers that are not mirror images of each other.
Diastereomers with the same molecular formula have both different physical and chemical properties. Some diastereomers are not chiral i.e. optically active.
21. 1 Measurement and analysis: spectroscopic identification of organic compounds
E. I.: Although spectroscopic characterization techniques form the backbone of structural identification of compounds, typically no one technique results in a full structural identification of a molecule. 
Nature of science: Improvements in modern instrumentation—advances in spectroscopic techniques (IR, 
1H NMR and MS) have resulted in detailed knowledge of the structure of compounds. (1.8)
	Understandings

· 21.1 U1 Structural identification of compounds involves several different analytical techniques including IR, 1H NMR, and MS.  

· 21.1 U2 In a high resolution 1H NMR spectrum, single peaks present in low resolution can split into further clusters of peaks.  

· 21.1 U3 The structural technique of single crystal X-ray crystallography can be used to identify the bond lengths and bond angles of crystalline compounds.   

	Application and skills

· 21.1 AS1 Explanation of the use of tetramethylsilane (TMS) as the reference standard.  
· 21.1 AS2 Deduction of the structure of a compound given information from a range of analytical characterization techniques (X-ray crystallography, IR, 1H NMR  and MS). 
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                                                 Molecular structure

The structure and formula of a compound can be determined by using information from a variety of spectroscopic and chemical characterization techniques.  However, information from one technique is usually insufficient to determine or confirm a structure.

High resolution 1H NMR
Splitting pattern

A high resolution 1H NMR spectrometer can show further splitting in some of the single peaks and this provides us with more information. The splitting of the peaks is caused by spin-spin coupling. Spin-spin coupling is the consequence of one or more hydrogen atoms in one environment, as a result of their spinning, shielding (lower difference between the low and high spin state) or deschielding (greater difference – larger chemical shift) hydrogen atoms on an adjacent carbon atom.  If there is no hydrogen atom on an adjacent carbon then spin-spin coupling does not occur.  
If a hydrogen atom on an adjacent carbon atom to a hydrogen atom, Ha, spins in alignment with the magnetic field the hydrogen atom on the adjacent carbon atom deshields the hydrogen atom Ha causing a stronger local magnetic field, a greater difference in energy between the two spin states and as a result a higher chemical shift. 

If its spin is opposed to the magnetic field it shields Ha, lowers its local magnetic field and the chemical shift will be lower. 
Both possible spin states of the adjacent hydrogen will show up as 2 split lines of equal ratio of intensity, a doublet, instead of a single peak, in a high resolution spectrum. The two lines correspond to each alignment of the adjacent hydrogen.

Therefore a double peak at a particular chemical shift value means that for the hydrogen atoms of that chemical shift value there is 1 hydrogen atom on an adjacent atom.  
The number of lines or split peaks and their ratio’s allow us to determine the number of hydrogen atoms that are on adjacent carbon atoms. This is shown by Pascal’s triangle below.
	Splitting pattern (Pascal triangle)
	ratio
	type
	hydrogen atoms on adjacent carbon

	1
	
	singlet
	0

	1     1
	1:1
	double
	1

	1    2   1
	1:2:1
	triplet
	2

	1   3    3    1
	1:3:3;1
	quartet
	3

	1   4    6    4   1
	1:4:6 :4 :1
	
	4

	1   5   10   10   5    1
	1:5:10:10:5:1
	
	5


A singlet means that there is no hydrogen atom on an adjacent carbon atom.

TMS

From topic 10 we remember that a signal on a 1H NMR spectrum corresponds to one type of hydrogen (or proton) in a certain chemical environment e.g. a hydrogen in an OH group; the height of a signal or peak recorded at that position in the spectrum indicates the number of hydrogen atoms that are in that same chemical environment.  The number of each type of hydrogen atom is obtained from the relative areas underneath each of the peaks. As a result the 1H NMR spectrum tells us the chemical environments the protons are in and how many types of protons or hydrogen there are in each environment.

The diagram above shows a simplified 1H NMR spectrometer:  when the radiation emitted from the oscillator or radio signal generator is of the correct value to allow protons to move to higher energy, the energy is absorbed and resonance occurs.  Resonance occurs whenever the radiation and the strength of the magnetic field have specific values.  In most 1H NMR spectrometer it is the strength of the magnetic field that is varied and the radiation kept constant.

The absorption causes a tiny electrical current to flow in an antenna coil surrounding the sample and which is connected to the detector from which a chart is produced.  

The actual absorption frequencies in an experiment depend on several factors like strength of magnetic field used and the frequency of the radiofrequency oscillator. This can result in small variations between different 1H NMR spectrometer or even in the same one during an experiment that makes analysis less accurate. It is for this reason that a standard or reference is used against which the resonance are frequencies of the sample is compared and its chemical shift determined.  

In most cases that reference chemical is TMS which contains 12 hydrogen that are equivalent to each other in terms of their environment. The chemical shift of this signal is given the value of 0 ppm and is the reference point from which all other chemical shifts are measured. 

TMS is used as a reference because:

· It gives a single signal/line because of the large number (12) of equivalent hydrogen atoms.

· Its line is well removed from other lines or signals as it has silicon at its centre and not carbon; does not interfere with sample
· It has a strong signal as it has a large number of hydrogen atoms.

· It is chemically inert

· Non-toxic

· Because it has a low boiling point it is easily removed from the sample after the measurements.

The signals from the hydrogen atoms of the compound to be tested are measured in chemical shift that indicates the number of units that the signal is shifted from the signal of the TMS.  The higher the shielding effect the lower the chemical shift; the chemical shift is only a relative value.  

Interpretation of the spectrum: the ratio of the areas under the peaks is the ratio of the number of protons of each type; an integration trace is placed on the spectrum in which the height of each step represents the area of a peak indicating the number of protons.  The greater the shift the less the shielding experienced.

The ratio is usually expressed with the first number indicating the number of hydrogen atoms or protons of the peak the nearest to the TMS.

X-ray crystallography or diffraction
This technique is used to determine bond angles and bond lengths in crystalline compounds including organic compounds. 
The main principles are: 

· X-rays are used as their wavelength is similar to the distances between atoms. 

· X-rays are directed at a single crystal (must be a solid) of the substance to be investigated. 

· The interaction between the X-rays and the electrons produce a diffraction pattern.

· The diffraction pattern depends on:

· angle of incidence of the X-rays into the crystal

· wavelength of the X-rays

· distance between the atoms in the crystal

· spatial arrangement or orientation of the atoms in the crystal

· The diffraction pattern is used to produce an electron density map of the crystal.

· The atoms of each element have different electron densities as it depends on the electron configuration in the atom. Hydrogen atoms do not show up in electron density maps.
· X-ray crystallography can be used to identify the bond lengths and bond angles of crystalline compounds.  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