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20.1.1Nucleophilic Substitution Reactions

Nucleophilic Substitution Reactions

= |nnucleophilic substitutionreactions involving halogenoalkanes, the halogenatomis replaced by

anucleophile
= Thestrengthof anynucleophile depends onits abilityto make its lone pairof electrons available

forreaction
= The hydroxideion,OH",is astrongernucleophile thanwaterbecause it has afull negative charge

= This means thatit has areadilyavailable lone pairof electrons

= Awatermolecule onlyhas partial charges, §+and -
= This means thatits lone pairof electronsisless available than the hydroxide ions

= Thelone pairs of electrons inawatermolecule are still available to react

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

O ExamTip

Ingeneral:

= Anegativelychargedionwillbe astrongernucleophile thananeutralmolecule
= Aconjugate base willbe astrongernucleophile thanits corresponding conjugate acid
= e.g.thehydroxideionis astrongernucleophile thanwater
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SN1Mechanism

= Nucleophilic substitutionreactions canoccurintwo different ways (known as
SN2 and Sy1reactions) dependingonthe structure of the halogenoalkane involved

Snylreactions

= |ntertiary halogenoalkanes,the carbonthatis attached to the halogenis also bonded to three

alkyl groups

These halogenoalkanes undergo nucleophilic substitutionbyan Sy1mechanism

= ‘S’stands for substitution’

= ‘N’stands for‘nucleophilic’

= ‘I"means thattherate of thereaction(whichis determined bythe sloweststep of the
reaction)depends onthe concentration of onlyone reagent, the halogenoalkane

= The SyTmechanismis atwo-step reaction
= Inthe first step, the C-Xbond breaks heterolyticallyand the halogenleaves the halogenoalkane
as anX“ion(thisis the slow and rate-determining step)
= Astherate-determiningstep onlydepends onthe concentration of the halogenoalkane, the
rate equationforan Sylreactionis rate = k[halogenoalkane]
= Interms of molecularity,an Sylreactionis unimolecular
= This forms atertiarycarbocation(whichis atertiary carbonatom with a positive charge)
= |nthe second step,the tertiarycarbocationis attacked by the nucleophile

= Forexample,the nucleophilic substitution of 2-bromo-2-methylpropane by hydroxide ions to
form 2-methyl-2-propanol
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The mechanism of nucleophilic substitution in 2-bromo-2-methyipropane which s a tertiary
halogenoalkane

O Exam Tip

You are expected to know the difference between the heterolytic fission that features in Sy1
reactions and homolytic fissioninotherreactions:

= Heterolytic fissionforms anions and cations and uses double headed arrows to show the
movement of bothelectrons from the covalent bond

= Homolytic fissionforms free radicals and uses single headed arrows,sometimes called fish
hooks,to show the movement ofasingle electronas the covalent bond breaks
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SN2 Mechanism

Sn2reactions

= |nprimary halogenoalkanes, the carbonthatis attached to the halogenis bonded to one alkyl
group
= These halogenoalkanes undergo nucleophilic substitutionbyan Sy2 mechanism
= ‘S’stands for substitution’
= ‘N’stands for‘nucleophilic’
= ‘2’means thattherate of thereaction(whichis determined by the sloweststep of the
reaction)depends onthe concentrationof boththe halogenoalkane and the nucleophile
ions

= The Sy2mechanismis aone-step reaction
= The nucleophile donates apairofelectrons to the 8+ carbonatom of the halogenoalkane to
formanewbond
= Asthisisaone-stepreaction,the rate-determining step depends onthe concentrations
of the halogenoalkane and nucleophile, the rate equationforan Sy2reactionisrate =
k[halogenoalkane][nucleophile]
= |Interms of molecularity,an Sy2reactionis bimolecular

= Atthe same time,the C-Xbond is breaking and the halogen (X) takes bothelectronsinthe
bond (heterolytic fission)
= The halogenleaves the halogenoalkane asanX-ion

= Forexample,the nucleophilic substitutionof bromoethane byhydroxideions to formethanol
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The SN2 mechanism of bromoethane with hydroxide causing an inversion of configuration

The bromine atom of the bromoethane molecule causes steric hindrance

This means that the hydroxide ionnucleophile can onlyattack fromthe opposite side of the C-Br
bond

= Attack fromthe same side as the bromine atomis sometimes called frontal attack
= While attack fromthe opposite side is sometimes called backside orrear-side attack

As the C-OHbond forms, the C-Brbond breaks causing the bromine atomto leave as abromide
ion

= Asaresultofthis,the molecule has undergone aninversion of configuration

= The commoncomparisonforthisis anumbrellaturninginside out in the wind
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Inversion of configuration - umbrella analogy

Q Exam Tip

If you are asked to explainreaction mechanisms where there is aninversion of configuration,you
willbe expected to:

= Use partial charges, 5+and §-,to help explainwhy the nucleophile attacks and the halogen
leaves

= Usedotted,wedge and tapered bonds to show the change inconfiguration of the atoms /
functional groups around the carbonthatis being attacked

= Draw the transition state with the nucleophile attached to the carbonwithadotted bond
and the halogenstillattached to the carbon, also,withadotted bond

= Be aware thatthe compound youdraw s atransitionstate and notanintermediate
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Factors Affecting Nucleophilic Substitution
Factorsaffecting nucleophilic substitution

= Various factors affect the rate of nucleophilic substitution,regardless of SylorSy2,involving a
halogenoalkane:

1.The nature of the nucleophile

2.The halogeninvolved (leaving group)

3.The structure (class) of the halogenoalkane
4.Protic & aprotic solvents

1. The nature of the nucleophile

= The mosteffective nucleophiles are neutral ornegatively charged species that have alone pairof
electrons available to donate to the 5+ carboninthe halogenoalkane
= The greaterthe electrondensityonthe nucleophileionormolecule;the strongerthe nucleophile
= Consequently, negative anions tend to be more reactive thantheircorresponding neutral
species,e.g.hydroxide ions and watermolecules (as previouslydiscussed)

= Whennucleophiles have the same charge, the electronegativity of the atom carrying the lone pair
becomes the decidingfactor

= Theless electronegative the atom carrying the lone pair; the strongerthe nucleophile
= Forexample:

= Ammoniais astrongerelectrophile than waterbecause the nitrogenatominammoniais
less electronegative thanthe oxygenatominwater

= Thisisbecause aless electronegative atomhas aweakergrip onits lone pairof electrons,
which means that they are more available forreaction

= Theeffectiveness of nucleophilesis as follows:
Strongest CN->OH->NH;>H,O0 Weakest
2.The halogeninvolved (leaving group)

= The halogenoalkanes have differentrates of substitutionreactions
= Since substitutionreactions involve breaking the carbon-halogenbond, the bond energies can
be used to explaintheirdifferentreactivities

Approximate Halogenoalkane Bond Energy Table
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The table above shows that the C-Ibond requires the least energyto break, and is therefore the
weakest carbon-halogenbond
= During substitutionreactions, the C-Ibond will breaks heterolytically as follows:

RsC-1+OH — RzC-OH+I

The C-Fbond,onthe otherhand, requires the mostenergyto break and is, therefore, the
strongest carbon-halogenbond
= Fluoroalkanes will therefore be less likelyto undergo substitutionreactions

Thisideacanbe confirmed byreactingthe product formed bynucleophilic substitutionof the
halogenoalkane with aqueous silvernitrate solution

As ahalideionisreleased,this results inthe formation of a precipitate

Therate of formationof these precipitates canalso be used to determine the reactivityofthe
halogenoalkanes

Halogenoalkane Precipitates Table
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= The formationof the pale yellow silveriodide is the fastest (fastest nucleophilic substitution
reaction) whereas the formation of the silverfluoride is the slowest (slowest nucleophilic
substitutionreaction)

= This confirms that fluoroalkanes are the leastreactive and iodoalkanes are the mostreactive
halogenoalkanes

The trend in reactivity of halogenoalkanes
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3. The structure (class)of the halogenoalkane

= Tertiaryhalogenoalkanes undergo Sylreactions,forming stable tertiary carbocations
= Secondaryhalogenoalkanes undergo amixture of both Syland Sy2reactions dependingon their
structure
= Primaryhalogenoalkanes undergo Sy2reactions,forming the less stable primary carbocations
= This has to do with the positive inductive effect of the alkyl groups attached to the carbon
whichis bonded to the halogenatom
= The alkyl groups pushelectrondensitytowards the positivelycharged carbon,reducing the
charge density
= |ntertiarycarbocations,there are three alkyl groups stabilising the carbocation
= |nprimarycarbocations,thereis onlyone alkyl group
= Thisis whytertiarycarbocations are muchmore stable than primaryones

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

= Qverall,the structure (class) has adirecteffect onthe formationof the carbocationand,
therefore, the rate-determining step
= Consequently, this affects the overallrate of the nucleophilic substitutionreaction
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Protic & Aprotic Solvents
4. Protic &Aprotic Solvents
Hydrogenbonding

= Protic,polarsolvents containahydrogenatombonded to averyelectronegative nitrogenor
oxygenatom
= This means that theyare capable of hydrogenbonding
= Examples of protic solventsinclude ammonia, carboxylic acids, ethanoland water

= Aprotic,polarsolvents containhydrogenatoms but theyare notbonded to anelectronegative
atom
= This means that theycannot participate inhydrogenbonding
= Examples of aprotic solvents include ethanenitrile, ethyl ethanoate and propanone

Solvation

= Solvationis where solvent molecules surround adissolvedion
= InSylreactions,therate-determiningstepis not the attack of the nucleophile
= Therate-determiningstepis the formation of the carbocationintermediates and halide ion
= Bothions could be stabilised bythe use of aprotic solvent,as shownin the following
example:

Protic polar solvent stabilising carbocation intermediates and halide ions

= |InSny2reactions,therate-determining stepis the attack of the nucleophile
= Theuseofaprotic solvents does notsolvate the nucleophile
= This means that the nucleophile is more able to react and formthe transitionstate

= S\lreactions are bestconducted using protic, polarsolvents
= SyZ2reactions are bestconducted using aprotic,non-polarsolvents
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20.1.2 Electrophilic Addition Reactions

Electrophilic Addition Mechanism

Electrophilic Addition

= Electrophilic additionis the addition of anelectrophile (orLewis acid) to analkene double
bond,C=C
= Thealkene double bond,C=C,is anareaof highelectrondensitywhichmakes it susceptible to
attack byelectrophiles
= The C=C bond breaks formingasingle C-C bond and 2new bonds fromeach of the two carbon
atoms
= Electrophilic additionreactions include the addition of:
= Hydrogen,H,(9)
= Steam,H,0O(g)
= Hydrogenhalides, HX
= Halogens, X,
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Alkene electrophilic addition reaction overview

Electrophilic addition of hydrogen halides

= Ahydrogenhalide moleculeis polaras the hydrogenand halogenatoms have different
electronegativities
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= Forexample,inamolecule of hydrogenbromide, HBr,the bromine atomhas astrongerpullon
the electronsinthe H-Brbond
= Asaresult of this,the Bratomhas a partial negative and the Hatom a partial positive charge

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

= Inelectrophilic additionreactions with hydrogenhalides, the Hatomacts as an electrophile and
Lewis acid byacceptingapairofelectrons fromthe C=C bond inthe alkene
= The H-Brbond breaks heterolytically,formingaBr ion

= Thisresultsinthe formation of a highlyreactive carbocationintermediate whichreacts withthe
bromideion, Br
= Forexample,the mechanismforthe electrophilic additionof hydrogenbromide and ethene is:

Electrophilic addition reaction of HBrand ethene to form bromoethane
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O Exam Tip

Forelectrophilic additionmechanisms, the curlyarrows must:

= Bedouble-headed to showthe movement of apairofelectrons
= Startfromalone pairofelectrons oranareaof highelectrondensity,e.g.the C=C bond
= Move towards ad+electrophile orthe positive charge of acarbocation

Examiners oftencomment about the poorandincorrectuse of curlyarrows in organic
mechanisms

Electrophilic addition of halogens

= The mechanismforthe electrophilic additionof halogens (and hydrogen)is the same as the
electrophilic additionof hydrogenhalides with one keyexception:
= Hydrogenhalide molecules have apermanent dipole (as shownabove)
= Halogenmolecules have atemporary (orinduced)dipole caused bythe repulsionofthe
halogens electrons bythe highelectrondensity C=C bond

The temporary (orinduced) dipole in a halogen molecule
Electrophilic addition of interhalogens

= Interhalogens are compounds that containtwo ormore different type of halogens
= The mechanismforthe electrophilic addition of interhalogens is the same as the electrophilic
additionof hydrogenhalides
= Justlike hydrogenhalide molecules,interhalogens have apermanent dipole
= Differences betweenthe electronegativity of the halogens determine which halogen will
become the §+electrophile
= The electronegativityincreases as youmove up the halogens,F>Cl>Br> |
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The polarity of interhalogen molecules

O ExamTip

The electrophilic additionreactions of alkenes withhydrogen halides, halogens and
interhalogens are the same.The difference is whetherthe electrophile is due to apermanentor
temporarydipole
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Markovnikov’s Rule

= Carbocations are positivelycharged carbonatoms withonlythree covalent bonds instead of
four
= There are three types of carbocations: primary, secondaryand tertiary

Inductive effect

The alkyl groups attached to the positively charged carbonatoms are ‘electron donating groups’
= Thisis also knownas the inductive effect of alkyl groups

= Theinductive effectisillustrated bythe use of arrowheads onthe bonds to show the alkyl groups
pushingelectrons towards the positivelycharged carbon
= This causes the carbocationto become less positivelycharged

= Asaresultofthis,the chargeis spread around the carbocationwhich makes it energeticallymore
stable

= This means that tertiarycarbocations are the most stable as theyhave three electron-donating
alkyl groups which energetically stabilise the carbocation

= Due to the positive charge onthe carbonatom, carbocations are electrophiles

Alkyl groups push electron density towards the carbocation making it energetically more stable; the
more alkyl groups the carbocation is bonded to, the more stabilised it is

Markovnikov’srule

= MarkovnikoV’s rule predicts the outcome of electrophilic additionreactions and states that:
= |nanelectrophilic additionreactionof ahydrogenhalide (HX) to an alkene, the halogenends
upbonded to the most substituted carbonatom
= |nanelectrophilic additionreactionof aninterhalogento analkene,the most
electronegative halogenends upbonded to the most substituted carbonatom

Page 17 of 31
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

= Markovnikovadditionapplies to electrophilic additionreactions withunsymmetrical alkanes, e.g.
propene and but-1-ene
= Markovnikovadditionfavours the formation of the majorproduct
= Anti-Markovnikovadditionfavours the formationof the minorproduct

= |nelectrophilic additionreactions,anelectrophile reacts withthe double bond of alkenes (as

previouslydiscussed)
= The mechanismforelectrophilic additionreactions withunsymmetrical alkenes is slightly
different,e.g.propene + hydrogenbromide

The electrophile reacts with the electron-rich C-C double bond
= Theelectrophile canattachintwo possible ways:

1.Breakingthe C=C bond and attachingto the the least substituted carbon
= This will give the most stable carbocationas anintermediate that will form the major
product

2.Breakingthe C=C bond and attaching to the the most substituted carbon
= This will give the least stable carbocation as anintermediate that willformthe minor

product

The majorand minorcarbocation intermediates formed during the reaction of propene and hydrogen
bromide
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= The nucleophile willbond to the positive carbonatom of the carbocation
= Themore stable carbocationproduces the majorproduct
= Theless stable carbocationproduces the minorproduct

Formation of the majorand minor products of the reaction of propene with hydrogen bromide

= The mechanismforthe electrophilic addition of hydrogen bromide to
propene, showing the formation of the majorand minor products can be
shown as:
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The electrophilic addition reaction mechanism of HBrand propene to form 1-bromopropane and 2-
bromopropane

O Exam Tip
The stabilityof the carbocationintermediate is as follows:
tertiary > secondary > primary

Whenmore thanone carbocationcanbe formed, the majorproduct of the reactionwillbe the
one thatresults fromthe nucleophilic attack of the most stable carbocation.
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20.1.3Electrophilic Substitution Reactions

The Structure of Benzene

= |Innormal,everydayconversationthe word 'aromatic'is used to referto pleasant, fragrant smells
= However,inchemistry,itis used to describe molecules that containone ormore benzenerings,
i.e.aringwithconjugated msystems

= Conjugated nsystems arise fromalternatingdouble and single bonds inwhich the electrons
aredelocalised

= Benzeneis foundinmanyuseful pharmaceuticals, pesticides, polymers and dyes
= The common painkillers aspirin, paracetamol, ibuprofen and morphine all containbenzene
rings

Examples of aromatic compounds includingbenzene table

Structure of Benzene

= The structure of benzene was determined manyyears ago, by the German chemist Friedrich
August Kekulé

= The structure consists of 6 carbonatomsinahexagonalring, with alternating single and double
carbon-carbonbonds

= This suggests thatbenzene should reactinthe same wayas anunsaturated alkene
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= However, thisisnotthe case

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

= Eachcarbonatominthe ringforms three sbonds using the sp? orbitals
= Theremaining p orbitals overlap laterallywith p orbitals of neighbouringcarbonatoms to forman
system
= This extensive sideways overlap of p orbitals results inthe electrons beingdelocalised and able
to freelyspread overthe entireringcausingansystem
= Thernsystemis made upoftwo ringshaped clouds of electrondensity - one above the plane
and one below it

= Benzene and otheraromatic compounds are regularand planarcompounds withbond angles of
120°

= Thedelocalisationofelectrons,as shownbelow, means thatall of the carbon-carbonbonds in
these compounds are identical and have both single and double bond character
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= Single covalentbonds have abond orderofland double covalentbonds have abond order
of2
= The covalentbonds withinbenzene have abond orderof15

The bonds allbeingthe same lengthis evidence forthe delocalised ring structure of benzene

The Delocalisation of Benzene Model
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Ele ctrophilic Substitution Mechanism
Reactionsof Benzene

= The mainreactions whichbenzene willundergo involve the replacement of one of the hydrogen
atoms fromthe benzenering
= Thisis differentto thereactions of unsaturated alkenes, whichinvolve the double bond
breaking and the electrophile atoms 'addingon'to the carbonatoms

= Thesereactions where benzene hydrogenatoms are replaced, are called electrophilic
substitutionreactions
= Thedelocalised nsystemis extremelystable and is aregionof highelectrondensity
= The hydrogenatomis substituted byan electrophile, whichis eitherapositiveionorthe
positive end of apolarmolecule

General Electrophilic Substitution Mechanism:
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Q ExamTip

Make sure youunderstand the general steps of the electrophilic substitution mechanism and
that you canexplain whatis happening - the same steps happen everytime, the onlydifferenceis
the electrophile used inthe reaction!

= There are numerous electrophiles which canreactwithbenzene
= However, theyusuallycannotsimplybe added to the reaction mixture to thenreact with
benzene

= The electrophile has to be produced insitu,byaddingappropriate reagents to the reaction
mixture

Nitration of Benzene

= Youmustbe able to provide the mechanismforthe nitration of benzene via electrophilic
substitution
= The electrophilic substitutionreactioninarenes consists of three steps:

1.Generationofanelectrophile
2.Electrophilic attack
3.Regenerating aromaticity

Nitration of Benzene Mechanism

= The nitrationofbenzeneis anexample of electrophilic substitutionas ahydrogenatomis
replaced byanitro (-NO>y) group

The overall reaction of nitration of arenes
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= Stepl:Generationofanelectrophile
= The electrophilic nitroniumion,NO»* is generated byreactingconcentrated nitric acid,
HNO3z, and concentrated sulfuric acid,H,SO4
= The sulfuric acid is acatalyst

= Step 2:Electrophilic attack
= Once the electrophile has beengenerated,itwill carryout anelectrophilic attack onthe
benzenering
= The nitrating mixture of HNOzand Ho SOy is refluxed with the arene at 25 - 60 °C

= Step 3:Regeneratingaromaticity
= The aromaticityis restored bythe heterolytic cleavage of the C-Hbond

= Forthenitrationofbenzene, thereis anextrastepinvolving the regeneration of the sulfuric acid
catalyst

The different stages in the nitration of benzene

Chlorination of Benzene Mechanism
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= The chlorination,orhalogenation,of benzene is anotherexample of electrophilic substitution

The overall reaction of chlorination of arenes

= Stepl:Generationof anelectrophile
= The electrophilic chlorine cation, Cl*,is generated byreacting chlorine with anhydrous
aluminium chloride, AlCl
= The aluminiumchlorideis electrondeficientand acts as aLewis acid byacceptingalone
pairfromone of the chlorine atoms
= As the aluminiumforms a dative covalent bond withone of the chlorine atoms, the other
chlorine atombecomes achlorine cation, Cl*

= Step2:Electrophilic attack
= Oncethe electrophile has beengenerated,itwillcarryout anelectrophilic attackonthe
benzenering

= Step 3:Regeneratingaromaticity
= The aromaticityis,once again,restored bythe heterolytic cleavage of the C-Hbond

= Forthe chlorinationofbenzene, thereis anextrastepinvolving the regeneration of the aluminium
chloride catalyst
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The different stages in the chlorination of benzene
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20.1.4 Reduction Reactions

ReductionReactions
Carbonyl compounds

= Alcohols canbe oxidised to carbonylcompounds inthe presence of asuitable oxidisingagent
= Primaryalcohol—aldehyde —carboxylic acid
= Secondaryalcohol—ketone
= Tertiaryalcohol-noreaction

= Thesereactions canbereversedinthe presence of asuitable reducingagent
= Carboxylic acid — aldehyde — primary alcohol
= Ketone —secondaryalcohol

= Thetwo mostcommonreducingagents forcarbonylcompounds are:

1. Lithium aluminium hydride, LiAlH,4, in anhydrous conditions,commonly dry ether, followed by
the additionofaqueous acid

= Thisis the strongerofthesereducingagents and canreduce carboxylic acids

2.Sodiumborohydride,NaBH,,inaqueous oralcoholic solutions
= Thisistheless hazardous of thesereducingagents butitcannotreduce carboxylic acids

= Bothofthesereagents produce the nucleophilic hydride ion, H-

O ExamTip

Youcanbe expected to know typical conditions and reagents of allreactions, e.g. catalysts,

reducing agents, reflux,etc.However,youdo notneed to know more precise details such as
specific temperatures

Reduction Reactions

= Equations forreductionreactions canbe writtenusing[H] to represent the reducingagent
= Carboxylic acid to aprimaryalcohol (using LiAlHs refluxed indry ether, followed by dilute acid)
= Rememberthat NaBH4 cannotreduce carboxylic acids
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= Aldehyde to aprimaryalcohol(using LiAlH4 orNaBIHj4)

= Ketonetoasecondaryalcohol(usingLiAlH4 orNaBIH,)

O Exam Tip

Take care if you are asked about the formation of analdehyde froma carboxylic acidYou have to
use LIAIH, refluxedin dry ether, followed by dilute acid but this reaction cannot

be stopped at the aldehyde because the LiAlH, is too powerfulTo forman

aldehyde fromacarboxylic acid,youhave to reduce the carboxylic acid downto a primary
alcoholand thenoxidiseitbackupto the aldehyde
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Reduction of nitrobenzene

= Nitrobenzene, C4HsNO,, canbe reduced to phenylamine, C¢HsNH2, according to the following
two-stagereaction:

The two-stage reduction reaction of nitrobenzene to phenylamine

Stage 1- Reductionof nitrobenzene

C¢HsNO, () +3Sn(s) + 7H* (aq) = C4HsNHz* (aq) + 3Sn2+(aq) + 2H, O (1)

= Nitrobenzene, C(HsNO,, is reacted withtin,Sn,and concentrated hydrochloric acid, HCI
= Thereactionmixture is heated underrefluxinaboilingwaterbath

= The phenylammoniumions, C4HsNH=* are protonated due to the acidic conditions

Stage 2 - Formation of phenylamine

L] C6H5NH3+(aq)+OH'(aq)—>C6H5NH2(I)+HZO(|)
= The phenylammoniumions, C4HsNH<* are deprotonated bythe additionof sodiumhydroxide
solution,NaOH (aq)
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