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20.1Types of Organic Reactions YOURlNOTES

20.1.1Nucleophilic Substitution Reactions

Nucleophilic Substitution Reactions

¢ Innucleophilic substitution reactions involving halogenoalkanes, the halogen atomis

replaced by a nucleophile
¢ Thestrength of any nucleophile depends on its ability to make its lone pair of electrons

available forreaction
e Thehydroxideion, OH", is a strongernucleophile than waterbecauseithas a fullnegative

charge
o This means thatit has areadily available lone pair of electrons

¢ Awatermolecule only has partial charges, 8+ and 6-
o This means thatits lone pair of electrons is less available than the hydroxide ions
o Thelone pairs of electrons in a water molecule are still available to react

T S 6
B N

Lewis structures of the hydroxide ion and water molecule - illustrating the lone pairs of
electrons and charges within their structures

(’) Exam Tip

In general:

¢ Anegatively chargedion will be a stronger nucleophile than a neutral molecule
¢ Aconjugate base willbe a stronger nucleophile thanits corresponding
conjugate acid
o e.g.thehydroxideionis a strongernucleophile than water
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SN1Mechanism

¢ Nucleophilic substitution reactions can occurin two different ways (known as
SN2 and Syl reactions) depending on the structure of the halogenoalkane involved

Snl1reactions

¢ Intertiary halogenoalkanes, the carbon thatis attached to the halogenis also bondedto
three alkyl groups
¢ Thesehalogenoalkanes undergo nucleophilic substitution by an Syl mechanism
o ‘S’stands for ‘substitution’
o ‘N’stands for ‘nucleophilic’
o ‘I"means that therate of thereaction (which is determined by the slowest step of the
reaction) depends on the concentration of only onereagent, the halogenoalkane

SN

|SUBSTWUT,ONM RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
| NUCLEOPHILIC HALOGENOALKANE ONLY

¢ The Syl mechanismis a two-step reaction
¢ Inthefirst step, the C-Xbond breaks heterolytically and the halogenleaves the
halogenoalkane as an X~ ion (this is the slow and rate-determining step)
o Astherate-determining step only depends on the concentration of the
halogenoalkane, therate equation foran Sylreactionis rate = k[halogenoalkane]
o Interms of molecularity, an Syl reaction is unimolecular
o This forms a tertiary carbocation (which is a tertiary carbon atom with a positive
charge)
o Inthesecondstep, the tertiary carbocationis attacked by the nucleophile

e Forexample, the nucleophilic substitution of 2-bromo-2-methylpropane by hydroxide
ions to form 2-methyl-2-propanol

TERTIARY TERTIARY
HALOGENOALKANE CARBOCATION
CH, CH, CH,
lgy/ &= SLOW |, & _ |
HC—CEBr —— > H,C—C<—TOH —> H,C—C—OH
| \_4\ (RATE | |
DETERMINING
CH, RETE CH, CH,
2-BROMO—2—METHYL + B + B
PROPANE 2-METHYL-2-
PROPANOL

The mechanism of nucleophilic substitutionin 2-bromo-2-methylpropane whichis a
tertiary halogenoalkane
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¢) ExamTip YOUR ll\lOTES
*  Youare expectedto know the difference between the heterolytic fission that
features in Syl reactions and homolytic fission in otherreactions:

¢ Heterolytic fission forms anions and cations and uses double headed arrows to
show the movement of both electrons from the covalent bond

* Homolytic fission forms free radicals and uses single headed arrows,
sometimes called fish hooks, to show the movement of a single electron as the
covalentbond breaks
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SN2 Mechanism YOURNOTES

SN2 reactions l

¢ Inprimary halogenoalkanes, the carbon thatis attachedto the halogenis bondedto one
alkyl group
¢ Thesehalogenoalkanes undergo nucleophilic substitution by an Sy2 mechanism
o ‘S’stands for ‘substitution’
o ‘N’stands for ‘nucleophilic’
o ‘2’means thattherate of thereaction (whichis determined by the slowest step of the
reaction) depends on the concentration of both the halogenoalkane and the

nucleophileions
SN2

|SUBST‘TUT‘0NM RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
| NUCLEOPHILIC HALOGENOALKANE AND NUCLEOPHILE

¢ The Sy2mechanismis a one-step reaction
o Thenucleophile donates a pair of electrons to the 3+ carbon atom of the
halogenoalkane to form anew bond
= Asthisis aone-stepreaction, therate-determining step depends on the
concentrations of the halogenoalkane and nucleophile, the rate equation foran
SN2 reactionis rate = k[halogenoalkane][nucleophile]
= |nterms of molecularity, an Sy2 reaction is bimolecular

o Atthesametime, the C-Xbondis breaking andthe halogen (X) takes both electronsin
the bond (heterolytic fission)
o Thehalogenleaves the halogenoalkaneas an X ion

e Forexample, the nucleophilic substitution of bromoethane by hydroxide ions to form

ethanol
C—OH BOND C-Br BOND
FORMING BREAKING
NUCLEOPHILE |
H H
%, B A 7
HO7/—)"C Br —> C---Br| — HO—C_ +Br”
S g L %
CH, CH, CH,

[BROMOETHANE| ~ [TRANSITION STATE]

The SN2 mechanism of bromoethane with hydroxide causing aninversion of configuration

Page 5 of 48

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

¢ The bromine atom of the bromoethane molecule causes steric hindrance
¢ This means that the hydroxide ion nucleophile can only attack from the opposite side of the
C-Brbond
o Attackfromthe sameside as the bromine atomis sometimes called frontal attack
o While attack from the opposite side is sometimes called backside orrear-side attack

¢ Asthe C-OH bondforms, the C-Brbondbreaks causingthe bromine atomtoleaveas a
bromideion
o Asaresult of this, the molecule has undergone an inversion of configuration
o The common comparison for this is an umbrella turninginside out in the wind

CH, CH
AN s
HimC—Br ——>  HO—C/,

"y
H/ \H

H

Inversion of configuration - umbrella analogy

(’) ExamTip
Y of you are asked to explain reaction mechanisms where there is an inversion of
configuration, you will be expected to:

e Use partialcharges, 8+ and -, to help explain why the nucleophile attacks and
thehalogenleaves

¢ Usedotted, wedge and tapered bonds to show the changein configuration of
the atoms /functional groups around the carbon thatis being attacked

¢ Draw the transition state with the nucleophile attached to the carbon with a
dotted bond andthe halogen stillattached to the carbon, also, with a dotted
bond

e Beawarethatthe compoundyou draw is a transition state andnotan
intermediate
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Factors Affecting Nucleophilic Substitution

Factors affecting nucleophilic substitution

¢ Various factors affect therate of nucleophilic substitution, regardless of Sy1or Sy2,
involving a halogenoalkane:

1.The nature of the nucleophile
2.Thehalogeninvolved(leaving group)
3.Thestructure (class) of the halogenoalkane
4. Protic & aprotic solvents

1. The nature of the nucleophile

¢ Themost effective nucleophiles are neutral ornegatively charged species that have alone
pair of electrons available to donate to the 6+ carbon in the halogenoalkane

e The greaterthe electron density on the nucleophileion ormolecule; the stronger the
nucleophile

o Consequently, negative anions tend to be morereactive than their corresponding
neutral species, e.g. hydroxide ions and water molecules (as previously discussed)

¢ When nucleophiles have the same charge, the electronegativity of the atom carrying the
lone pairbecomes the deciding factor

o Theless electronegative the atom carrying the lone pair; the stronger the nucleophile
o Forexample:

= Ammoniais a stronger electrophile than waterbecause the nitrogen atomin
ammonia is less electronegative than the oxygen atomin water

o Thisis because aless electronegative atom has a weaker grip on its lone pair of
electrons, which means that they are more available forreaction

¢ Theeffectiveness of nucleophilesis as follows:
Strongest CN~>OH~>NH3;>H,O Weakest

2.The halogen involved (leaving group)

¢ Thehalogenoalkanes have differentrates of substitution reactions
¢ Since substitutionreactions involve breaking the carbon-halogen bond, the bond energies
can be usedto explain their different reactivities

Approximate Halogenoalkane Bond Energy Table
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Bond Energy (kJ mol™")

C-F 492
(strongest bond)

C=CL 324

C-Br 285

C-I 228

(weakest bond)

The table above shows that the C-lIbondrequires the least energy to break, andis therefore
the weakest carbon-halogen bond
o During substitutionreactions, the C-lIbond will breaks heterolytically as follows:

RsC-l1+OH- > RsC-OH+I-

The C-F bond, on the otherhand, requires the most energy to break andis, therefore, the
strongest carbon-halogen bond
o Fluoroalkanes will therefore be less likely to undergo substitution reactions

This idea can be confirmed by reacting the product formed by nucleophilic substitution of
the halogenoalkane with aqueous silver nitrate solution

As a halideionis released, this results in the formation of a precipitate

Therate of formation of these precipitates can also be used to determine the reactivity of
the halogenoalkanes

Halogenoalkane Precipitates Table

Halogenoalkane Precipitate

Chlorides White (silver chloride)
Bromides Cream (silver bromide)
lodides Pale yellow (silver iodide)

The formation of the pale yellow silveriodide is the fastest (fastest nucleophilic substitution
reaction) whereas the formation of the silver fluoride is the slowest (slowest nucleophilic
substitution reaction)

This confirms that fluoroalkanes are the least reactive andiodoalkanes are the most
reactive halogenoalkanes
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LEAST REACTIVE

MOST

REACTIVE

The trendinreactivity of halogenoalkanes

3. The structure (class) of the halogenoalkane

Tertiary halogenoalkanes undergo Syl reactions, forming stable tertiary carbocations
Secondary halogenoalkanes undergo a mixture of both Syland Sy2 reactions depending

ontheirstructure

Primary halogenoalkanes undergo Sy2 reactions, forming the less stable primary

carbocations

This has to do with the positive inductive effect of the alkyl groups attached to the carbon

whichis bondedto the halogen atom

o Thealkyl groups push electron density towards the positively charged carbon,

reducing the charge density

o Intertiary carbocations, there are three alkyl groups stabilising the carbocation

o Inprimary carbocations, thereis only one alkyl group

= Thisis why tertiary carbocations are much more stable than primary ones
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H H YOURNOTES
|+ !
H H H H H H H H_ﬁ:‘”*_(f_"‘
R o, | T |
H—C—C—C>C+ H—C—C->C<C—H
I I . Bl | H—C—H
H H H H H H H H |
H
PRIMARY CARBOCATION SECONDARY TERTIARY CARBOCATION
(LEAST STABLE) CARBOCATION (MOST STABLE)

The diagram shows the trend in stability of primary, secondary and tertiary carbocations

¢ Overall, the structure(class) has a direct effect on the formation of the carbocation and,
therefore, the rate-determining step
e Consequently, this affects the overallrate of the nucleophilic substitution reaction
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Protic & Aprotic Solvents

4. Protic & Aprotic Solvents
Hydrogenbonding

¢ Protic, polarsolvents contain a hydrogen atom bonded to a very electronegative nitrogen
oroxygen atom
o This means thatthey are capable of hydrogen bonding
o Examples of protic solvents include ammonia, carboxylic acids, ethanoland water

e Aprotic, polar solvents contain hydrogen atoms but they are notbonded to an
electronegative atom
o This means thatthey cannot participatein hydrogen bonding
o Examples of aprotic solvents include ethanenitrile, ethyl ethanoate and propanone

Solvation

¢ Solvationis where solvent molecules surround a dissolvedion
o InSylreactions, therate-determining stepis not the attack of the nucleophile
o Therate-determining stepis the formation of the carbocationintermediates and

halideion
o Bothions could be stabilised by the use of a protic solvent, as shown in the following
example:
H H
~_ 7 Jo)
H 0. H VN
N .. N HH HH
O. R .0 v N
e N .0 O.
H . H N e
7N H H
H R R H . .
N . o .0 0.
O. NO N e
e 5 o HH__HH
PN .0,
H H LN ]

Protic polar solvent stabilising carbocation intermediates and halide ions

o InS\2reactions, therate-determining stepis the attack of the nucleophile
o Theuse of aprotic solvents does not solvate the nucleophile
o This means thatthe nucleophileis more able to react and form the transition state

o Sylreactions are best conducted using protic, polar solvents
e Sy2reactions are best conductedusing aprotic, non-polar solvents
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20.1.2 Electrophilic Addition Reactions

Electrophilic Addition Mechanism
Electrophilic Addition

+ Electrophilic additionis the addition of an electrophile (or Lewis acid) to an alkene double
bond, C=C

e Thealkene doublebond, C=C, is an area of high electron density which makes it
susceptible to attack by electrophiles

e The C=C bondbreaks forminga single C-C bondand2 new bonds from each of the two
carbon atoms

¢ Electrophilic addition reactions include the addition of:

o Hydrogen, H,(9)

Steam, H,O(Q)

Hydrogen halides, HX

Halogens, X,

(e}

[e]

[e]
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YOURNOTES
ELECTROPHILIC ADDITION .
HYDROGENATION
H
H H ) | T
N % Pt/Ni CATALYST
C=cC + H, > H—C—C—H
/ AN HEAT | |
H H VI
ALKANE
STEAM
H OH
H M H,P0, CATALYST |
C=C + H, > H—C—C—H
’ \H HEAT L
H H
ALCOHOL
HYDROGEN HALIDES (HX)
X
H\ /H ROOM |
c=c/ + HX T H—C—C—H
H/ \H TEMP. I
H H
HALOGENOALKANE
HALOGENS (X))
X X
H N /H ROOM |
c=cC + X, ——>  H—C—C—H
/ N TEMP. L
H H v

DIHALOGENOALKANE
Alkene electrophilic addition reaction overview

Electrophilic addition of hydrogen halides

e Ahydrogen halide moleculeis polaras the hydrogen and halogen atoms have different
electronegativities
o Forexample, in a molecule of hydrogen bromide, HBr, the bromine atom has a stronger
pullon the electronsin the H-Brbond
o As aresult of this, the Bratom has a partial negative and the H atom a partial positive
charge
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ELECTROPHILE PULLS THE ELECTRONS MORE
STRONGLY TOWARDS ITSELF

HAS LOWER ELECTRONEGATIVITY
THAN Br SO IS ELECTRON DEFICIENT

Due to differences in electronegativities of the hydrogen and bromine atom, HBr is a polar
molecule

¢ Inelectrophilic addition reactions with hydrogen halides, the Hatom acts as an electrophile
and Lewis acid by accepting a pair of electrons from the C=C bondin the alkene
o The H-Brbond breaks heterolytically, forminga Br-ion

e Thisresults in the formation of a highly reactive carbocation intermediate which reacts with
the bromideion, Br-

¢ Forexample, the mechanism for the electrophilic addition of hydrogen bromide and ethene
is:

DONATES PAIR OF PRIMARY
ELECTRONS TO H CARBOCATION
H H H H
I S Room | @ |
C=C _— H—C—C—H — H—C—C—H
/ % TEMP. | |
H H ) H B
ETHENE :Br 4

BROMOETHANE
&+ &—

H —K;r
éLECTROPHILEI

Electrophilic addition reaction of HBr and ethene to form bromoethane

(") Exam Tip

For electrophilic addition mechanisms, the curly arrows must:

¢ Bedouble-headed to show the movement of a pair of electrons

o Startfrom alone pair of electrons oran area of high electron density, e.g. the
C=Cbond

* Move towards a 8+ electrophile or the positive charge of a carbocation

Examiners often comment about the poorandincorrectuse of curly arrows in
organic mechanisms
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Electrophilic addition of halogens

* Themechanism for the electrophilic addition of halogens (and hydrogen) is the same as the
electrophilic addition of hydrogen halides with one key exception:
o Hydrogen halide molecules have a permanent dipole (as shown above)
o Halogen molecules have a temporary (orinduced) dipole caused by the repulsion of
the halogens electrons by the high electron density C=C bond

THE HALOGEN MOLECULE EXPERIENCES
ELECTRON REPULSION WHEN NEAR
AN AREA OF HIGH ELECTRON DENSITY

6_
—Br
ELECTROPHILE A TEMPORARY DIPOLE IS ESTABLISHED

AS THE ELECTRONS IN THE HALOGEN
MOLECULE ARE REPELLED

The temporary (orinduced) dipole in a halogen molecule

Electrophilic addition of interhalogens

¢ Interhalogens are compounds that contain two or more different type of halogens
¢ Themechanism forthe electrophilic addition of interhalogens is the same as the
electrophilic addition of hydrogen halides
¢ Justlike hydrogen halide molecules, interhalogens have a permanent dipole
» Differences between the electronegativity of the halogens determine which halogen will
become the 5+ electrophile
o Theelectronegativity increases as youmove up the halogens, F> Cl>Br> |

&+ S—
Br — Cl
&5+ &—
| — Br
The polarity of interhalogen molecules

(') ExamTip

The electrophilic addition reactions of alkenes with hydrogen halides, halogens and
interhalogens are the same. The differenceis whether the electrophileis dueto a
permanent or temporary dipole
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Markovnikov’s Rule

Carbocations are positively charged carbon atoms with only three covalent bonds instead
of four
There are three types of carbocations: primary, secondary and tertiary

Inductive effect

The alkyl groups attached to the positively charged carbon atoms are ‘electron donating
groups’
o Thisis alsoknown as theinductive effect of alkyl groups

Theinductive effectis illustrated by the use of arrowheads on the bonds to show the alkyl
groups pushing electrons towards the positively charged carbon
o This causes the carbocation to becomeless positively charged

As aresult of this, the chargeis spread around the carbocation which makes it energetically
more stable

This means that tertiary carbocations are the most stable as they have three electron-
donating alkyl groups which energetically stabilise the carbocation

Duetothe positive charge on the carbon atom, carbocations are electrophiles

H R R

| Y Y
R>-C+ R>C+ R>C+

| | A
H H R

PRIMARY CARBOCATION SECONDARY TERTIARY CARBOCATION

(LEAST STABLE) CARBOCATION (MOST STABLE)

Alkyl groups push electron density towards the carbocation making it energetically more

stable; the more alkyl groups the carbocation is bonded to, the more stabiliseditis

Markovnikov’s rule

Markovnikov’s rule predicts the outcome of electrophilic addition reactions and states
that:
o Inan electrophilic addition reaction of a hydrogen halide (HX) to an alkene, the halogen
ends up bondedto the most substituted carbon atom
o Inan electrophilic addition reaction of aninterhalogen to an alkene, the most
electronegative halogen ends up bonded to the most substituted carbon atom

Markovnikov addition applies to electrophilic addition reactions with unsymmetrical
alkanes, e.g. propene and but-1-ene

o Markovnikov addition favours the formation of the major product

o Anti-Markovnikov addition favours the formation of the minor product

In electrophilic addition reactions, an electrophile reacts with the double bond of alkenes
(as previously discussed)
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¢ Themechanism for electrophilic addition reactions with unsymmetrical alkenes is slightly
different, e.g. propene + hydrogen bromide

H H

Hf”s

ELECTROPHILE NUCLEOPHILE

The electrophile reacts with the electron-rich C-C double bond

¢ Theelectrophile can attachintwo possible ways:
1.Breakingthe C=C bond and attachingto the theleast substituted carbon
= This will give the most stable carbocation as anintermediate that will form the
major product
2.Breakingthe C=C bond and attachingto the the most substituted carbon
= This willgive theleast stable carbocation as anintermediate that will form the
minor product

H H H H
1 . |
H—C—C*™CH, AND H—C™C—CH,
| |
H H
MORE STABLE SECONDARY LESS STABLE PRIMARY
CARBOCATION INTERMEDIATE CARBOCATION INTERMEDIATE

The major and minor carbocation intermediates formed during the reaction of propene and

hydrogen bromide

¢ Thenucleophile willbondto the positive carbon atom of the carbocation
o Themore stable carbocation produces the major product
o Theless stable carbocation produces the minor product
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H :Br H H

| M |
H—C—C CH _— 'H—C—C—CH3

| B

H

SECONDARY H Br
CARBOCATION

MAJOR PRODUCT

AND
_Br
i T
H—C—C CH, _— H—C—C—CH,
PRIMARY | | |
Br H

CARBOCATION

MINOR PRODUCT

Formation of the major and minor products of the reaction of propene with hydrogen
bromide

e The mechanism for the electrophilic addition of hydrogen bromide to propene, showing the formation of

the major and minor products can be shown as:

SECONDARY CARBOCATION
(MORE STABLE THAN PRIMARY)

DONATES PAIR OF
ELECTRONS TO H*

H H H H HJ)H H H H

| IV ~  RooMm | e | |
H_c—c=¢ —s H—C—C—C—H —> H—C—C—C—H

| \H TEMP. | | | | |

H H Br: H H Br H
PROPENE 2-BROMOPROPANE
RESM (MAJOR PRODUCT)

&+ (‘vaf TEMP
— Br
ELECTRO%HMLE T T T@KBr : T T T
H— (E C—C—H —> H— (|: (|: C|.'—H
H H H Br

| C
H
PRIMARY 1-BROMOPROPANE
CARBOCATION | (MINOR PRODUCT)
The electrophilic addition reaction mechanism of HBr and propene to form1-
bromopropane and 2-bromopropane
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ExamTip

The stability of the carbocation intermediate s as follows:
tertiary > secondary > primary

When more than one carbocation can be formed, the major product of the reaction
willbe the one that results from the nucleophilic attack of the most stable

carbocation.

Page 19 of 48

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukfor more awesomeresources

YOURNOTES
l

20.1.3 Electrophilic Substitution Reactions

The Structure of Benzene

e Innormal, everyday conversation the word 'aromatic' is used to refer to pleasant, fragrant

smells
¢ However, in chemistry, itis used to describe molecules that contain one ormore benzene
rings, i.e. aring with conjugated m systems
o Conjugatedmsystems arise from alternating double and single bonds in which the
electrons are delocalised

e Benzeneis foundin many useful pharmaceuticals, pesticides, polymers and dyes
o The common painkillers aspirin, paracetamol, ibuprofen and morphine all contain

benzenerings

Examples of aromatic compounds including benzene table

Functional
Group Example
Arene CH,CH,CH,
propylbenzene
Chlorobenzene cl CH
@/ ’ 2-methylchlorobenzene
Phenol OH
CH, Y
@( 2,3—dimethyl phenol
CH,
Structure of Benzene
e Thestructure of benzene was determined many years ago, by the German chemist
Friedrich August Kekulé

e Thestructure consists of 6 carbon atoms in a hexagonalring, with alternating single and

double carbon-carbon bonds
o This suggests thatbenzene shouldreactinthe sameway as anunsaturated alkene

o However, thisis notthe case

Page 20 of 48

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, Past Papers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

KEY
D= 3 BOND

' = p ORBITAL

Sp? HYBRIDISED.
CARBON

p ORBITALS ON
THE sp? HYBRIDISED
CARBON

CONJUGATED JT
, SYSTEM WITH
DELOCALISED
ELECTRONS

< MODERN DAY DRAWING
OF BENZENE

Like other aromatic compounds, benzene has a planar structure due to the sp? hybridisation
of carbon atoms and the conjugatedmr systemin thering

« Each carbon atomin the ring forms three s bonds using the sp? orbitals
e Theremaining p orbitals overlap laterally with p orbitals of neighbouring carbon atoms to
formamsystem
¢ This extensive sideways overlap of p orbitals results in the electrons being delocalised and
able to freely spread overthe entirering causing a msystem
o Themsystemis made up of tworing shaped clouds of electron density - one above the
plane and one below it

e Benzene and otheraromatic compounds are regularand planar compounds with bond
angles of 120°
¢ Thedelocalisation of electrons, as shown below, means that all of the carbon-carbon
bonds inthese compounds are identical and have both single and double bond character
o Single covalent bonds have abond order of 1Tand double covalent bonds have abond
orderof 2
o Thecovalentbonds within benzene have abond orderof1.5

¢ Thebonds allbeingthe samelengthis evidence forthe delocalised ring structure of
benzene
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\C C/ \C C/ YOURNOTES
pas— i . N !
MDOUBLE BOND MSWGLE BOND
LENGTH = 0.134 nm LENGTH = 0.154 nm
AN /
c—C
7 N
—C

C_
/
C=C/ BENZENE C—-C BOND
N

LENGTH = 0.140 nm

The Delocalisation of Benzene Model
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Electrophilic Substitution Mechanism YOURNOTES

Reactions of Benzene l

¢ Themainreactions which benzene willundergo involve the replacement of one of the
hydrogen atoms from the benzenering
o Thisis different to thereactions of unsaturated alkenes, which involve the double bond
breaking andthe electrophile atoms 'adding on' to the carbon atoms

¢ Thesereactions where benzene hydrogen atoms arereplaced, are called electrophilic
substitutionreactions
o Thedelocalisedmsystemis extremely stable andis a region of high electron density
o Thehydrogen atomis substituted by an electrophile, which is either a positiveion or
the positive end of a polarmolecule

General Electrophilic Substitution Mechanism:

THE POSITIVE NATURE OF THE ELECTROPHILE
MEANS IT IS ATTRACTED TO THE ELECTRON
DENSITY OF THE DELOCALISED JI RING IN
BENZENE

STEP 1

4

THIS INTERMEDIATE IS FORMED. THE
ELECTROPHILE |S BONDED TO THE BENZENE
RING, BUT SO STILL IS THE H ATOM. THE
DELOCALISED JT SYSTEM IS TEMPORARILY
BROKEN, TO LEAVE A PARTIALLY DELOCALISED
ELECTRON SYSTEM AND A POSITIVE CHARGE

STEP 2

THE INTERMEDIATE LOSES A PROTCOCN,
+ H |[AND THE ELECTRONS FORM THIS C-H BOND
RESTORE THE DELOCALISED JI SYSTEM

SirE? 3

L@

OVERALL EQUATION

E
+E" — ©j+|-1+
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(’) Exam Tip

Make sure you understand the general steps of the electrophilic substitution
mechanism and that you can explain what is happening - the same steps happen
every time, the only differenceis the electrophile usedin the reaction!

¢ There are numerous electrophiles which can react with benzene
o However, they usually cannot simply be added to the reaction mixture to then react
with benzene
o Theelectrophile has to be producedin situ, by adding appropriate reagents to the
reaction mixture

Nitration of Benzene

e Youmustbe able to provide the mechanism for the nitration of benzene via electrophilic
substitution
¢ Theelectrophilic substitutionreactionin arenes consists of three steps:

1. Generation of an electrophile
2. Electrophilic attack
3.Regenerating aromaticity

Nitration of Benzene Mechanism

¢ Thenitration of benzeneis an example of electrophilic substitution as a hydrogen atomis
replaced by a nitro (-NO,) group

OVERALL REACTION

© + HNO, + H,0

The overall reaction of nitration of arenes

e Stepl: Generation of an electrophile
o Theelectrophilic nitroniumion, NO,*, is generated by reacting concentrated nitric
acid, HNO3z, and concentrated sulfuric acid, H,SO,4
o Thesulfuricacidis a catalyst

Step 2: Electrophilic attack
o Oncetheelectrophile has been generated, it will carry out an electrophilic attack on
the benzenering
o Thenitratingmixture of HNOz and H,SO, is refluxed with the arene at 25 - 60 °C

Step 3: Regenerating aromaticity
o The aromaticity is restored by the heterolytic cleavage of the C-H bond

Forthe nitration of benzene, thereis an extra step involving the regeneration of the sulfuric
acid catalyst
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FORMATION OF ELECTROPHILE YOURNOTES

‘[E ELECTROPHILE | !

H,SO, + HNO, === (NOJ )+ HSO; + H,0

MECHANISM

H NOj NO,

REFORMING THE CATALYST TCATALYST
I —

The different stages in the nitration of benzene

Chlorination of Benzene Mechanism

e Thechlorination, orhalogenation, of benzeneis another example of electrophilic
substitution

OVERALL REACTION

Cl

©+CL2 — + HCl

The overall reaction of chlorination of arenes

¢ Stepl: Generation of an electrophile
o Theelectrophilic chlorine cation, ClI*, is generated by reacting chlorine with anhydrous
aluminium chloride, AICl3
= Thealuminium chlorideis electron deficientand acts as a Lewis acid by accepting
alone pairfrom one of the chlorine atoms
= Asthe aluminium forms a dative covalent bond with one of the chlorine atoms, the
otherchlorine atom becomes a chlorine cation, CI*

e Step 2: Electrophilic attack
o Oncetheelectrophile has been generated, it will carry out an electrophilic attack on
the benzenering
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e Step 3:Regenerating aromaticity YOURNOTES
o The aromaticity is, once again, restored by the heterolytic cleavage of the C-H bond 1

e Forthechlorination of benzene, thereis an extra step involving the regeneration of the
aluminium chloride catalyst

FORMATION OF ELECTROPHILE

/EELECTROPHILE

act, +cl, = )+ Acy

MECHANISM
[ H Gl Cl
ol

O — & — O~

REFORMING THE CATALYST

CATALYST

AC, + BT = + HCL

The different stages in the chlorination of benzene
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20.1.4 Reduction Reactions

Reduction Reactions

Carbonyl compounds

¢ Alcohols canbe oxidised to carbonyl compounds in the presence of a suitable oxidising
agent
o Primary alcohol 5 aldehyde > carboxylic acid
o Secondary alcohol > ketone
o Tertiary alcohol-noreaction

e Thesereactions canbereversedin the presence of a suitable reducing agent
o Carboxylic acid > aldehyde - primary alcohol
o Ketone - secondary alcohol

¢ Thetwomost common reducing agents for carbonyl compounds are:

1. Lithium aluminium hydride, LiAlH 4, in anhydrous conditions, commonly dry ether,
followed by the addition of aqueous acid
= Thisis the stronger of thesereducing agents and can reduce carboxylic acids

2.Sodium borohydride, NaBHy, in aqueous or alcoholic solutions
= Thisis theless hazardous of thesereducingagents butit cannotreduce
carboxylic acids

¢ Both of thesereagents produce the nucleophilic hydrideion, H™

(’) ExamTip

- : " :
You can be expectedto know typical conditions and reagents of allreactions, e.g.
catalysts, reducing agents, reflux, etc.However, you do not need to know more
precise details such as specific temperatures

Reduction Reactions
¢ Equations forreduction reactions can be written using [H] to represent the reducing agent
e Carboxylic acidto a primary alcohol (using LiAIH, refluxedin dry ether, followed by dilute
acid)
o RememberthatNaBH, cannot reduce carboxylic acids

0 |
Y4
R—C * MM ——> R—C—OH + HO
OH |
H
CARBOXYLIC ACID 1° ALCOHOL

¢ Aldehydeto a primary alcohol (using LiAIH4 or NaBIH4)
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/o T YOURNOTES
72
R—C_ + s = R—C—0H i
|
a H
ALDEHYDE 1° ALCOHOL

¢ Ketonetoasecondary alcohol(using LiAlH4 orNaBIH,)

0 H
Vi |
R—C\ + 2[H] —_— R—C—OH
R ,
KETONE 2° ALCOHOL
(") Exam Tip

Take careif you are asked about the formation of an aldehyde from a carboxylic
acidYou have to use LiAlH4 refluxed in dry ether, followed by dilute acid but this reaction
cannot be stopped at the aldehyde because the LiAlHg is too powerfulTo form an aldehyde
from a carboxylic acid, you have to reduce the carboxylic acid down to a primary
alcoholandthen oxidise it back up to the aldehyde
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Reduction of nitrobenzene YOURNOTES
l

¢ Nitrobenzene, C¢HsNO,, can bereducedto phenylamine, C¢HsNH,, according to the
following two-stagereaction:

+
NO, NH, NH,
STAGE 1 STAGE 2
T
Sn / HCL NaOH (aq)
REFLUX
NITROBENZENE PHENYLAMMONIUM PHENYLAMINE
ION

The two-stage reduction reaction of nitrobenzene to phenylamine
Stage1- Reduction of nitrobenzene

C¢HsNO, () +3Sn(s) + 7H* (aq) » C¢HsNH3* (ag) + 3Sn2* (aq) + 2H,0 (1)
Nitrobenzene, C,HsNO,, is reacted with tin, Sn, and concentrated hydrochloric acid,
HCI

Thereaction mixture is heated underrefiuxin a boiling waterbath

The phenylammoniumions, C4HsNHz™", are protonated due to the acidic conditions

o]

(e}

(e}

(e}

Stage 2 - Formation of phenylamine

o CgHsNH3*(aq) + OH™ (aqg) > CgHsNH, (1) + Ho0 (1)
o The phenylammoniumions, C4HsNHz*, are deprotonated by the addition of sodium
hydroxide solution, NaOH (aq)
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YOURNOTES

20.2 Synthetic Routes .

20.2.1Synthesis

Organic Synthesis

¢ |tis possible to make alarge number of organic products from a few starting compounds
andthe necessary reagents and conditions
¢ Knowinghow organic functional groups are related to each otheris key to the synthesis of
agivenmolecule
e Themain functional groups you needto know are
o Alkanes
o Alkenes
o Halogenoalkanes
o Alcohols
o Carbonyls (aldehydes & ketones)
o Carboxylic acids and derivatives
o Arenes

Aliphatic Reaction Pathways
e Thekey functional groups andtheirinterconversions are summarised here:

| DIHALOGENOALKANE |< ALKENE
2
ALKANE ®
v/
HALOGENOALKANE | >/ ALCOHOL ESTER
/ @) S[CARBOXYLIC
&=
KETONE ALDEHYDE[ ' oD

The mainreaction pathways in aliphatic chemistry

Aliphatic Chemistry Reactions Table
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Reaction Reagent(s) Conditions Mechanism  Redction type
1 Halogen Room temperature | Electrophilic Addition
2 Hydrogen Nicatalyst Electrophilic Addition /
200°C /1000kPa Reduction

3 Hydrogen halide | Room temperature | Electrophilic Addition

4 Steam + H,S0, Heat = Hydration

3 Halogen UV light Free radical Substitution

6 NaOH (aq) Heat under reflux Nucleophilic Substitution

7 K,Cr,0, /H,50, Heat = Oxidation

8 NaBH, (aq) Heat = Reduction

9 K,Cr,0, /H,S0, Heat - Oxidation

10 NaBH, (aq) Heat = Reduction

1 Alcohol + Heat - Esterification /
carboxylic acid, condensation
H,SO, catalyst

12 LiALH, indry Heat - Reduction
ether

13 K,Cr,0,/H,S0, Heat under reflux - Oxidation

14 LiALH, indry Heat - Reduction
ether

(’) ExamTip

Remember, that due to the strength of the LiAlH,4 as areducing agent, it is unlikely that
reaction 14 can be stopped at the aldehyde To form an aldehyde from a carboxylic acid,
you reduce the carboxylic acid to a primary alcohol and then oxidise it to the
aldehyde

Aromatic Reaction Pathways

¢ Thekey aromatic reaction for this courseis:
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NO, NH, YOURNOTES
!
STAGE 1 STAGE 2
_—
BENZENE NITROBENZENE PHENYLAMINE
(ANILINE)

The nitration and reduction reactions to form phenylamine from benzene

Aromatic Nitration and Reduction Reactions Table

Reaction Reagent Conditions Mechanism Reaction type

1 Conc. NHO,; + 25-607C Electrophilic Substitution
H,S0,

2 Sn+ Conc HCL Heat - Reduction
followed by
NaCH (aq)

Choosing A Reaction Pathway

¢ Chemists will often have several choices of reaching a target molecule and those choices
needto takeinto the principles of green chemistry

12. ACCIDENT PREVENTION

1. POLLUTION PREVENTION 1. PREVENT WASTE
10. DESIGNED FOR SR
DEGRADATION /
AT T GREEN 3. LESS HAZARDOUS
CHEMISTRY | SYNTHESIS
8. REDUCE
e g 4. SAFER CHEMICALS
7. USE RENEWABLE 5. SAFER SOLVENTS
FEEDSTOCKS AND CONDITIONS

6. INCREASE ENERGY
EFFICIENCY

The twelve principles of green chemistry
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e Bychoosingapathway thathas fewersteps, you can prevent waste andreduce energy
demands which is better forthe environment
o This alsoreduces production costs

e Byanalysingthe atomeconomy of each step, you can selectreactions that give a higher
atomeconomy

e Choosingalternative safer solvents also follows the principles of green chemistry

Designing a Reaction Pathway

¢ The given moleculeis usually called the target molecule and chemists try to design a
synthesis as efficiently as possible

¢ Designingareaction pathway starts by drawing the structures of the target molecule and
the starting molecule

¢ Work out allthe compounds that can be made from the starting molecule and all the
molecules that can be madeinto the target molecule

o Match the groups they have in common andwork out the reagents and conditions
needed

> Worked Example
°

Suggesthow the synthesis of ethanoic acid from chloroethane could be carried out

Answer

REACTION PATHWAY

. CH,CHO TARGET
STARTING CH,=CH, > MOLECULE
3
MOLECULE / Bl CH,COOH

CH,CH,CL Z——> CH,CH,NH, H @

77| CHaCH,0 /

. CH,COCL

CH,CH,OH |

REACT WITH NaOH(aq) + HEAT UNDER REFLUX

(2) | OXIDISE WITH K,Cr,0, + H,SO, + HEAT UNDER REFLUX

") ExamTip
¥ Youcouldbe required to design a synthesis with up to four steps.
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Conformational & Configurational Isomers

¢ |somers are compounds that have the same molecular formula but a different arrangement

of atoms

¢ |somers can be groupedinto various categories, as shown:

ISOMERS

YES

FUNCTIONAL
GROUP

)\OH /0\/

e AtStandardLevel, we encountered three types of structuralisomers:

ARE THE ATOMS OF THE
COMPOUND CONNECTED
IN THE SAME ORDER?
STRUCTURAL
ISOMERS
FUNCTIONAL GROUPS
AND ATOMS ATTACHED | | BRANCH—CHAIN
¢ AN )\
POSITIONAL
. OH
N
A CONFIGURATIONAL

STEREQOISOMERS

DIFFERENT SPATIAL
ARRANGEMENT OF
ATOMS IN MOLECULES

IS THERE FREE ROTATION
ABOUT SINGLE BONDS?

YES

ISOMERS

IS THERE RESTRICTED
ROTATION

YES

OPTICAL ISOMERS

COMPOUNDS THAT CONTAIN
AT LEAST ONE ASYMMETRIC
CARBON ATOM

CIS/TRANS AND
E/Z ISOMERS

EXIST DUE TO RESTRICTED
ROTATION ABCOUT BONDS

1 C

ARE THE COMPOUNDS
NON-SUPERIMPOSABLE YES O’ O:
MIRROR IMAGES?
ENANTIOMERS
CH,CH, CH,CH,
DIASTEREOMERS WH  Hm
oy & o cH,  Ch, &
el H el C|
~u H ].:H
CH, //Br CH, /,Br

CONFORMATIONAL
ISOMERS

CAN BE INTERCONVERTED
BY ROTATION ABOUT
SIGMA BONDS

CHs SHH Ha

HYY¢
CH, CH, CH,

N7

Flow chart of the various isomers with points to help identify them

o Functional groupisomers, e.g. propanal and propanone
o Positionisomers, e.g. propan-1-oland propan-2-ol
o Branch-chainisomers, e.g. butane and methylpropane
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¢ |ftheatoms within anisomerare arrangedin the same order then we are dealing with
stereoisomers
o Stereoisomers can be conformational or configurational

Conformational Isomers

e Conformationalisomers, orconformers, occurdue to freerotation about a single s-bond
andcan be described as:
o Staggered
o Eclipsed

¢ Oneof the simplest examples of conformationalisomerismis ethane, CHzCH3x

\\\\C\
H“ Y BOND TO
LOOK ALONG

Three-dimensional structure of ethane identifying the bond for conformational isomerism

e Bylookingalongthe C-C bondhighlightedin the diagram we can draw the two Newman
projections, staggered and eclipsed

STAGGERED ECLIPSED
CONFORMER CONFORMER
H HH REAR

INTER
CONVERSION
~

==

CARBON

FRONT
CARBON

C] H
H BY ROTATING 60 H H REAR
FRONT H/(GO" H HYDROGEN
HYDROGEN

LABELS ABOVE + BELOW |

The staggeredand eclipsed conformers of ethane

* Thestaggered conformerhas angles between hydrogen atoms on adjacent carbons of
60°, as shown
o Itis alsomore stable /lowerenergy than the eclipsed conformerbecause the C-H
bonds are as farapart as possible to minimise the repulsion between the electrons in
the C-H bonds

e Theeclipsed conformerhas angles between hydrogen atoms on adjacent carbons of 0°,
thisis not shown in the diagrams so that the conformation can be seen
o Theeclipsedconformeris less stable / higher energy due to the repulsion between the
electronsinthe C-Hbonds that are closertogether
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e Thefreerotationthat causes these conformers means thatitis easy tointerconvert from
one conformerto the otherandback

o Thisisalsothereasonthatitis almostimpossibletoisolate a single conformer

Conformational Isomerismin Cyclic Structures

e Conformationalisomerism can also be seenin cyclic structures
e Acommon example of thisis cyclohexane, C4Hip
o Cyclohexaneisomers existin boatand chairforms:

Skeletal structures showing the boat and chair forms of cyclohexane

e Theboatformisless stable /higherenergy as there are four eclipsed bonds causing strain
ontheoverall structure

o Thereis alsorepulsion of the hydrogen atoms on the end of the boat structure

e |tis possible to "flip" between the boat and chair forms which explains the difficulty in
isolatingjustone of the forms

o Duringtheinterconversions, it also possible to get other structures commonly called
the half chairand the twisted boat

Configurational Isomers

¢ Interconversion of configurationalisomers can only occur by breaking bonds or
rearranging stereocentres

e Configurationalisomers can be dividedinto:
o cis/transisomers andE/Zisomers
o opticalisomers
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20.3.2Cis-Trans & E/ZIsomers

Cis-Trans & E/ZIsomers

e Configurationalisomerism can be seeninunsaturated compounds, cyclic structures or
compounds that contain atleast one asymmetric carbon (sometimes called a chiral

centre)
o Thesestructures have the same molecular formula and order of atoms (the atoms are

connected similarly to each other) but different shapes

e As previously discussed, these can be groupedinto further types of isomers:
o Cis/trans
o E/Z
o Optical

(’) Exam Tip

- . - : .
You may still see the term geometric isomers being used when talking about some
configurationalisomers This was recommended by IUPAC butitis now obsolete and
beingreplaced with cis-trans isomers and E/Zisomers

Cis /transisomers
¢ Insaturated compounds, the atoms /functional groups attachedto the single, s-bonded
carbons are not fixed in their position due to the free rotation about the C-C s-bond
o This causes conformational isomers, as previously discussed

¢ Inunsaturated compounds, the groups attachedto the C=C carbons remain fixedin their
position
o Thisis because freerotation of the bonds about the C=C bondis not possible due to
the presence of ammbond

e Cis/trans nomenclature can be used to distinguish between theisomers
o Cisisomers have two functional groups on the same side of the double bond / carbon
ring, i.e. both above the C=C bond orboth below the C=C bond
o Transisomers have two functional groups on opposite sides of the double bond/
carbonring,i.e.one above and one below the C=C bond
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1, 2 — ETHANEDIOL 1, 2 — ETHANEDIOL

FREE ROTATION
ABOUT THIS BOND

H\C C/H )NTERCONVERT\ H\C C/H

W 1ty < rd Wb — L/

H\\\ \ ///H H\\\ \ ///H
OH OH HO OH

ROTATION ABOUT C-C BOND IS POSSIBLE SO THE TWO
MOLECULES CAN CHANGE FROM ONE CONFORMATION INTO
THE OTHER: THE 2 MOLECULES ARE IDENTICAL

TRANS-1, 2-ETHENEDIOL CIS—-1, 2-ETHENEDIOL

|c-H & BOND C-OH G BOND

NO
O INTERCONVERSION HO\ 5

c_c < >  C-C

N
H H

H

HO

|C-OH S BOND C-H © BOND

NO ROTATION AROUND C=C POSSIBLE SO THE 2 MOLECULES
CAN'T CHANGE FROM ONE CONFORMATION INTO THE OTHER: EACH
ISOMER HAS DIFFERENT CHEMICAL AND PHYSICAL PROPERTIES

The presence of ambondinunsaturated compounds restricts rotation about the C=C bond
forcing the groups to remain fixedin their position and givingrise to the formation of certain
configurationalisomers

Namingcis / transisomers
e Forcis/transisomers to exist, we need two different atoms or groups of atoms on either

side of the C=C bond
o This means that 2-methylpropene cannot have cis / trans isomers as the methyl

groups are both on the same side of the C=C bond:
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2-methylpropene molecules do not have cis / trans isomers YOURNOTES

¢ However, moving one of the methyl groups to the otherside of the C=C bond causes cis / i
transisomerism:

H.C CH, H CH,
\C_ C/ \C_ C/
/ AN AN
H H H,C H
CIS BUT—-2-ENE TRANS BUT-2-ENE

But-2-ene does have cis / trans isomers

e Theatoms orgroups of atoms on either side of the C=C bond do not have tobe the same
forcis /trans isomers:

H.C cl Cl
\C__C/ \C__C/
/ AN / AN
H H H,C H
CIS 1-CHLOROPROP-1-ENE TRANS 1-CHLOROPROP-1-ENE

1-chloroprop-1-enealso shows cis / trans isomerism

e However, thecis /trans naming system starts to failonce we have more than one atom or
group of atoms on either side of the C=C bond
o Thecis/trans naming system can still be used with three atoms / groups of atoms but
only if:
= Two of the three atoms or groups of atoms arethe same
= Thesetwo atoms orgroups of atoms are on opposite sides of the double

bond
H.C H H,C Cl
\C_C/ \C_C/
/ AN / AN
Cl Cl ClL H
CIS 1,2-DICHLOROPROPENE TRANS 1,2-DICHLOROPROPENE
HAS BOTH CL ATOMS ON HAS BOTH CL ATOMS ON
THE SAME SIDE THE OPPOSITE SIDES

1,2-dichloropropene canbe namedusing cis / trans

o Thecis/trans namingsystem cannot be usedwith three atoms / groups of atoms
when they are all different
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= Thisrequires theuse of the E/Znaming system

H,C
at /

N\
€L H
1-BROMO-2CHLOROPROPENE

1-bromo-2-chloropropene cannot be namedusing cis / trans

(’) Exam Tip

- Although not part of this topic, the relationship between cis / trans isomers, their
packing and melting points is applicable to the Option B: Biochemistry topicCis /
trans isomerism affects the intermolecular forces by introducing a dipole moment
between molecules, notjust London dispersion forces. This will affect the packing of
the molecules as well as physical properties such as melting and boiling point

Cyclic cis / transisomers
e Cis/transisomerism can also occurin cyclic structures
o Eventhough cyclic alkanes contain single carbon-carbon bonds, therigid structure of
thering system does not allow for free rotation

= Therefore, cisisomers can occurwhen the atoms (or groups of atoms) are on
the same side of thering, i.e. both above orboth below

= While trans isomers can occurwhen the atoms (or groups of atoms) are on
the opposite side of thering, i.e. one above and one below

[ CIS—1, 4~ CYCLOHEXANEDIOL | [os—m 4-CYCLOHEXANEDIOL |
OH

||I|||%

OH CH

OH

HO
OH
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( TRANS -1, 4—CYCLOHEXANEDIOLJ [ TRANS -1, 4—CYCLOHEXANED|OLJ

OH . CH
ABOVE = BELOW
<——f CARBON = > CARBON
RING RING
BELOW ABOVE
Z . 1 CARBON _ o CARBON
= RING RING
OH CH
OH
OW\OH
OH

Cis / transisomerismin cyclic compounds

E/Zisomers
e Todiscuss E/Zisomers, we willuse an alkene of the general formula CoR4:

The general alkene, C5R,

¢ Whenthe groups Ry, Ry, Rz and R, are all different (i.e. Ry 2R, 2Rz 2 Ry4), we have touse the E
/Znamingsystem
o Thisis basedon Cahn-Ingold-Prelog (CIP) priority rules
e Todothis, welook atthe atomic number of the firstatom attached to the carbonin
question
o Thehigherthe atomic number; the higher the priority
e Forexample, 2-bromo-1-propen-1-ol has four different atoms or groups of atoms

attachedtothe C=C bond
o This means thatit can have two different displayed formulae:
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[ cOMPOUND A | | coMPOUND B |
R, R, R, R,
H OH H

\C = C/ Cc=C

/ /
Br Br OH
RS R4 RS R4

2-Bromo-1-propen-1-ol (compounds A andB)
Compound A

e Step 1: Apply the CIP priority rules
o LookatRyandRaz:
= Bromine has a higheratomic number than hydrogen so bromine has priority

o LookatRyandRy:
= Oxygen has a higheratomic numberthan carbon so oxygen has priority

e Step 2: DeduceEorZ

o Eisomers have the highest priority groups on opposite sides of the C=C bond, i.e. one
above and one below
= The Ecomes from the German word "entgegen” meaning opposite

o Zisomers have the highest priority groups on the same side of the C=C bond, i.e. both
above orboth below
= TheZcomes fromthe German word "zusammen" meaning together

o IncompoundA, the two highest priority groups are on opposite sides (above and
below) the C=C bond
= Therefore, compoundAis E-2-bromo-1-propen-1-ol

Compound B

e Step 1: Apply the CIP priority rules
o LookatRyandRaz:
= Bromine has a higheratomic number than hydrogen so bromine has priority

o LookatRyandRy:
= Oxygen has a higheratomic numberthan carbon so oxygen has priority

e Step 2: DeduceEorZ

o IncompoundB, the two highest priority groups are on the same side (both below) the
C=Cbond

= Therefore, compound B is Z-2-bromo-1-propen-1-ol
More complicated E/Zisomers

e CompoundXexhibits E/Zisomerism:
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R, R, YOURNOTES
H.C H2C\ /C H, !
C=C
BrH.C
R, R,
Compound X

e Step 1: Apply the CIP priority rules
o LookatRjandRz:
= Carbonisthefirstatom attachedto the C=C bond, on the left hand side

o

LookatRzandRy:
= Carbonis the firstatom attachedto the C=C bond, on therighthand side

(e}

This means that we cannot deduceif compound Xis an EorZisomer by applying the
CIP priority rules to the first atom attached to the C=C bond
= Therefore, we now havetolook atthe secondatoms attached

o]

LookagainatRjandRz:
= Thesecondatoms attachedto Ryare hydrogens and another carbon
= Thesecondatoms attachedto Rz are hydrogens and bromine
= We canignore the hydrogens as both R groups have hydrogens
= Bromine has a higheratomic number than carbon, so bromineis the higher priority
= Therefore, the CH,Br group has priority overthe CHzCH, group

o

LookagainatRzandRy:
= Thesecondatoms attachedtoR;are hydrogens
= Thesecondatoms attachedto Rz are hydrogens and an oxygen
= Oxygen has a higheratomic numberthan hydrogen, so oxygenis the higher
priority
= Therefore, the CH,OH group has priority overthe CHz group

¢ Step 2: DeduceEorZ

o IncompoundX, the two highest priority groups are on the same side (both below) the
C=Cbond

= Therefore, compoundXis the Zisomer
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20.3.3 Optical lsomers YOURlNOTES

Optical Isomers

Opticalisomers

e Acarbonatomthathas fourdifferentatoms or groups of atoms attachedtoitis calleda
chiral carbon or chiral centre
o Chiracomes from a Greek word meaning hand, so we talk about these molecules
having ahandedness

e Thecarbon atomis described as beingasymmetric, i.e. thereis no plane of symmetryin the
molecule
« Compounds with one chiral centre (chiral molecules) exist as two opticalisomers, also
known as enantiomers
¢ Justlikethelefthand cannot be superimposed on theright hand, enantiomers are non-
superimposable
o Enantiomers are mirrorimages of each other

@ > CHIRAL CENTRE

@E

p
[NOT A CHIRAL CENTRE Sj oY

(MIRROR IMAGES WHICH ARE NON-SUPERIMPOSABLE)

CHIRAL CENTRE s~
|

|
|
|
|
|
|
Br : Br
|
|
|
|
|

THIS CHIRAL CENTRE GIVES RISE TO TWO ENANTIOMERS

H > CHIRAL CENTRE
|

HoC i ClICH,
4 “OoH o~
ENANTIOMER 1 ENANTIOMER 2

MIRROR PLANE

A molecule has a chiral centre when the carbon atomis bonded to four different atoms or
group of atoms; this gives rises to enantiomers

(") Exam Tip

When drawing opticalisomers, always draw mirrorimages including wedge and

dashedbonds
|

CHIRAL CENTRE

I
|
I
I C ! _cu
4 |
|
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Diastereomers YOURNOTES
e Diastereomers are compounds that contain more than one chiral centre l
o Diastereomers are not mirrorimages of each otherbecause each chiral carbon has
twoisomers

o This also means that they have different physical and chemical properties
cl H
HC_ HC_ /
Y-t Sf=-Cl
e I3 P I3
HCT N HCT N
Br Br

2-bromo-3-chlorobutane exists as a diastereomer due to 2 chiral centres
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Polarimetry

Properties of optical isomers

e The chemical properties of opticalisomers are generally identical, with one exception
o Opticalisomers interact with biological sensors in different ways
= Forexample, one enantiomer of carvone smells of spearmint, while the other
smells of caraway

[ SPEARMINT AROMA |  [CARAWAY AROMA |

Carvone opticalisomers have distinctive smells

¢ Opticalisomers haveidentical physical properties, with one exception
o Isomers differin their ability to rotate the plane of polarised light

E—

7
N N
< >~
o~ -~
\4 \%
UNPOLARIZED PLANE
LIGHT FOLARIZER POLARIZED

LIGHT

E—

When unpolarisedlight is passed through a polariser, the light becomes polarised as the
waves will vibrate in one plane only

e Themajordifference between the two enantiomersiis:
o Oneenantiomerrotates plane polarisedlightin a clockwise mannerand the otherin
an anticlockwise fashion
o Acommon way to differentiate theisomersis touse (+) and(-), but there are other
systemsusingdandl,DandL,orRandS

e Therotation of plane polarisedlight can be used to determine the identity of an optical
isomer of a single substance
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o Forexample, pass plane polarisedlight through a sample containing one of the two

opticalisomers of a single substance
o Dependingonwhichisomerthe sample contains, the plane of polarised light will be

rotated either clockwise or anti-clockwise by a fixed number of degrees

E
|
= Cl—CuwiBr =)

A
H

\

| ENANTIOMER 1| |ROTATED
ANTICLOCKWISE

<W> |
7T

v = ||

UNPOLARISED
LIGHT

POLARIZER | | POLARISED =2

LIGHT |

=) BrinC—C|l ==
A
H

(2N

| ENANTIOMER 2|

ROTATED
CLOCKWISE

Each enantiomer rotates the plane of polarisedlight in a different direction
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Racemic Mixtures

¢ Aracemic mixture (orracemate) is a mixture containing equal amounts of each
enantiomer
o Oneenantiomerrotates light clockwise, the otherrotates light anticlockwise

¢ Aracemic mixture is optically inactive as the enantiomers will cancel out each others
effect
o This means thatthe plane of polarised light willnot change

U RACEMIC MIXTURE U

502 ENANTIOMER 1 PLANE POLARISED
E‘-G‘L'*f POLARISED| | 507 ENANTIOMER 2 | === [LIGHT REMAINS
UNCHANGED
KEY:
ENANTIOMER 1 =ROTATES PLANE CLOCKWISE
ENANTIOMER 2 = ROTATES PLANE ANTICLOCKWISE

Racemic mixtures are optically inactive
Racemic mixtures and drugs

¢ Inthe pharmaceuticalindustry,itis much easierto produce synthetic drugs thatare
racemic mixtures than producing one enantiomer of the drug

e Around 56% of alldrugs in use are chiraland of those 88% are sold as racemic mixtures

e Separatingthe enantiomers gives a compoundthatis described as enantiopure, it
contains only one enantiomer

e This separation process is very expensive and time consuming, so formany drugs itis not
worthwhile, even though only half the of the drugis pharmacologically active

e Forexample, the painrelieveribuprofenis sold as aracemic mixture

H,C GH
3 \ / 3
C
A
CH, H

CH3—<|:'—COOH
H

The structure of ibuprofen showing the chiral carbon that is responsible for the racemic
mixture producedin the synthesis of the drug
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