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20.1.1Nucleophilic Substitution Reactions

Nucleophilic Substitution Reactions

= |nnucleophilic substitutionreactions involving halogenoalkanes, the halogen atomisreplaced by a
nucleophile

= The strength of any nucleophile depends onits ability to make its lone pair of electrons available for
reaction

= The hydroxideion, OH",is a stronger nucleophile than water because it has a full negative charge
= This means thatit has areadily available lone pair of electrons

= Awatermolecule only has partial charges, 6+ and 6-
= This means thatitslone pair of electronsis less available than the hydroxide ions
= Thelone pairs of electronsin a water molecule are still available to react

X X S

o
B—r N

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

O Examiner Tip

Ingeneral:

= Anegatively chargedionwill be a stronger nucleophile than a neutral molecule
= Aconjugate base will be a stronger nucleophile thanits corresponding conjugate acid
= e.g.thehydroxideionis a stronger nucleophile than water
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SN1Mechanism

= Nucleophilic substitution reactions can occurin two different ways (known as SN2 and Sy1reactions)
depending on the structure of the halogenoalkane involved

Sn1reactions

= |ntertiary halogenoalkanes, the carbon thatis attached to the halogenis also bonded to three alkyl
groups
= These halogenoalkanes undergo nucleophilic substitution by an Sy1 mechanism
= ‘S’ stands for ‘substitution’
= ‘N’ stands for ‘nucleophilic’
= ‘I"means that the rate of the reaction (whichis determined by the slowest step of the reaction)
depends onthe concentration of only one reagent, the halogenoalkane

SN

SUBSTWUT\ON%} RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
NUCLEOPHILIC HALOGENOALKANE ONLY

= The Syl mechanismis a two-step reaction
= |nthe first step, the C-Xbond breaks heterolytically and the halogenleaves the halogenoalkane as an
X-ion (this is the slow and rate-determining step)
= Astherate-determining step only depends on the concentration of the halogenoalkane, the rate
equation foran Sylreactionisrate = k[halogenoalkane]
= Interms of molecularity, an Sylreactionis unimolecular
= Thisforms atertiary carbocation (whichis a tertiary carbon atom with a positive charge)
= |nthe secondstep, the tertiary carbocationis attacked by the nucleophile

= 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,
sy &- SLow |, &4 _ |
H,C—C=Br ——> H,C—C<—:OH —> H,C—C—OH
| U (RATE | |
DETERMINING
CH, bl CH, CH,
2—-BROMO-2-METHYL +Br— +Br—
PROPANE 2-METHYL-2—-
PROPANOL
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The mechanism of nucleophilic substitution in 2-bromo-2-methylpropane which s a tertiary ,

halogenoalkane
Your notes

O Examiner Tip

You are expected to know the difference between the heterolytic fission that features in Sy1reactions
and homolytic fissionin 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 covalent bond breaks
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SN2 Mechanism /

SN2 reactions Your notes

= |nprimary halogenoalkanes, the carbon thatis attached to the halogenis bonded to one alkyl group
= These halogenoalkanes undergo nucleophilic substitution by an Sy2 mechanism
= ‘S’stands for ‘substitution’
= ‘N’ stands for ‘nucleophilic’
= ‘2’means that therate of the reaction (whichis determined by the slowest step of the reaction)
depends on the concentration of both the halogenoalkane and the nucleophile ions

SN2

SUBSTlTUT\ON%} RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
NUCLEOPHILIC HALOGENOALKANE AND NUCLEOPHILE

= The Sy2mechanismis a one-step reaction
= The nucleophile donates a pair of electrons to the 6§+ carbon atom of the halogenoalkane to form a
new bond
= Asthisis a one-stepreaction, the rate-determining step depends on the concentrations of
the halogenoalkane and nucleophile, the rate equation foran Sy2 reactionisrate =
k[halogenoalkane][nucleophile]
= Interms of molecularity, an Sy2 reactionis bimolecular

= Atthe sametime, the C-Xbondis breaking and the halogen (X) takes both electronsin the bond
(heterolytic fission)
= The halogenleaves the halogenoalkane asan X~ ion

= Forexample, the nucleophilic substitution of bromoethane by hydroxide ions to form ethanol
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C-0OH BOND C-Br BOND
FORMING BREAKING

NUCLEOPHILE |

H T H

N\ 6+ S- /

e ——C—£Br —> |HO---C-=-Br| —> HO—C| +Br~
: \Q\‘ \\\\‘ ‘,,//
H H H

CH, CH, CH,
BROMOE THANE | TRANSITION STATE | ETHANOL |

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 ion nucleophile can only attack from the opposite side of the C-Brbond
= Attack from the same side as the bromine atomis sometimes called frontal attack
= While attack from the opposite side is sometimes called backside orrear-side attack

= Asthe C-OHbondforms, the C-Brbond breaks causing the bromine atom to leave as a bromide ion
= Asaresult of this, the molecule has undergone aninversion of configuration
= The common comparison for thisis anumbrella turning inside outin the wind

4 4

CHB\ CH,
HinC—Br ——>  HO—C.

)
H/ \H

H

Inversion of configuration - umbrella analogy
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4

© ExaminerTip Your notes

If you are asked to explain reaction mechanisms where there is aninversion of configuration, you willbe
expectedto:

= Use partial charges, 6+ and 6-, to help explain why the nucleophile attacks and the halogen leaves

= Usedotted, wedge and tapered bonds to show the change in configuration of the atoms /
functional groups around the carbon that is being attacked

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

= Beaware that the compound you draw is a transition state and not anintermediate
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Factors Affecting Nucleophilic Substitution
Factors affecting nucleophilic substitution

= Various factors affect the rate of nucleophilic substitution, regardless of Syl or Sy2, 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 most effective nucleophiles are neutral or negatively charged species that have alone pair of
electrons available to donate to the 6+ carbonin the halogenoalkane
= The greaterthe electron density on the nucleophile ion or molecule; the stronger the nucleophile
= Consequently, negative anions tend to be more reactive than their corresponding neutral species,
e.g. hydroxide ions and water molecules (as previously discussed)

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

= Thelesselectronegative the atom carrying the lone pair; the stronger the nucleophile
= Forexample:

= Ammoniais a stronger nucleophile than water because the nitrogen atominammoniaisless
electronegative than the oxygen atominwater

= Thisisbecause aless electronegative atom has a weaker grip onits lone pair of electrons, which
means that they are more available forreaction

= The effectiveness of nucleophiles is as follows:
Strongest CN™ > OH™ > NH3z>H,O Weakest
2. The halogeninvolved (leaving group)

= The halogenoalkanes have different rates of substitution reactions
= Since substitutionreactions involve breaking the carbon-halogen bond, the bond energies canbe
used to explain their different reactivities

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

C-F 492
(strongest bond)

GeEk 324
C-Br 285
=l 228

(weakest bond)

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

RsC-1+OH~ — R3C-OH+I"

The C-F bond, on the other hand, requires the most energy to break and is, therefore, the strongest
carbon-halogenbond
= Fluoroalkanes will therefore be less likely to undergo substitution reactions

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

As a halide ionisreleased, this results in the formation of a precipitate

The rate 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)
Page 9 of 32

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

4

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

= Theformation 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 and iodoalkanes are the most reactive Your notes

halogenoalkanes

FLUOROALKANES LEAST REACTIVE
CHLOROALKANES
BROMOALKANES

IODOALKANES MOST REACTIVE

N

The trendin reactivity 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 Sy1and Sy2 reactions depending on their
structure
= Primary halogenoalkanes undergo Sy2 reactions, forming the less stable primary carbocations
= Thishasto dowith the positive inductive effect of the alkyl groups attached to the carbon whichis
bonded to the halogen atom
= The alkyl groups push electron density towards the positively charged carbon, reducing the
charge density
= |ntertiary carbocations, there are three alkyl groups stabilising the carbocation
= |nprimary carbocations, there is only one alkyl group
= Thisiswhy tertiary carbocations are much more stable than primary ones
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4 H s

| + | Your notes
H H H H H H H H_?"C*_(f_H
11 1 s ! T !
H—C—C—C>C+ H—C—C=>C<C—H
R I [ I 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

= Qverall, the structure (class) has a direct effect on the formation of the carbocation and, therefore, the
rate-determining step
= Consequently, this affects the overall rate of the nucleophilic substitution reaction
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Protic & Aprotic Solvents
4. Protic & Aprotic Solvents

Hydrogen bonding

= Protic, polar solvents contain a hydrogen atom bonded to a very electronegative nitrogen or oxygen

atom
= This means that they are capable of hydrogen bonding
= Examples of protic solvents include ammonia, carboxylic acids, ethanol and water

= Aprotic, polar solvents contain hydrogen atoms but they are not bonded to an electronegative atom

= This means that they cannot participate in hydrogen bonding
= Examples of aprotic solventsinclude ethanenitrile, ethyl ethanoate and propanone

Solvation

= Solvationis where solvent molecules surround a dissolvedion
= |InSylreactions, the rate-determining step is not the attack of the nucleophile

= Therate-determining stepis the formation of the carbocation intermediates and halide ion
= Bothions could be stabilised by the use of a protic solvent, as shownin the following example:

H H .
N S o)
H .0. H AN
AN o HH HH
O' R cO . / \ *
ya N .0 O.
H . H N o
C H CI._ H
2N H H
H R R H . .
N o 0 O.
0. .0 N s
H/ 5 \H HH\ /HH
Z N .0,
H H -

Protic polar solvent stabilising carbocation intermediates and halide ions

= |nS\2reactions, the rate-determining step is the attack of the nucleophile
= Theuse of aprotic solvents does not solvate the nucleophile
= This means that the nucleophile is more able to react and form the transition state

= Sylreactions are best conducted using protic, polar solvents
= Sy2reactions are best conducted using aprotic, polar solvents
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20.1.2 Electrophilic Addition Reactions /

Your notes

Electrophilic Addition Mechanism

Electrophilic Addition

Electrophilic additionis the addition of an electrophile (or Lewis acid) to an alkene double bond, C=C
The alkene double bond, C=C, is an area of high electron density which makes it susceptible to attack
by electrophiles
The C=C bond breaks forming a single C-C bond and 2 new bonds from each of the two carbon atoms
Electrophilic addition reactionsinclude the addition of:

= Hydrogen, H,(9)

= Steam,H,0(9)

= Hydrogen halides, HX

= Halogens, X,

Page 13 of 32

©2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers



https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

ELECTROPHILIC ADDITION

HYDROGENATION
H H
H H - |
\ S Pt/Ni CATALYST
C=C + H, > H—C—C—H
/ N HEAT ]
H H H M
ALKANE
STEAM
i b
/ H,PO, CATALYST
C=C_ + H > H—C—C—H
H/ ’ HEAT L
H H
ALCOHOL
HYDROGEN HALIDES (HX)
H X
H\ /H ROOM |
C=¢C  + HX — H—C—C—H
/ N TEMP. ]
H H VY
HALOGENOALKANE
HALOGENS (X))
X X
H\ /H ROOM |
C=C + X, —_— H—C—C—H
/ N TEMP. ]
H H VI

DIHALOGENOALKANE

Alkene electrophilic addition reaction overview

Electrophilic addition of hydrogen halides

= Ahydrogenhalide moleculeis polar as the hydrogen and halogen atoms have different
electronegativities

= Forexample,inamolecule of hydrogen bromide, HBr, the bromine atom has a stronger pull on the

electronsinthe H-Brbond
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= Asaresult of this, the Bratom has a partial negative and the H atom a partial positive charge

+—>
6_

—Br

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

= |nelectrophilic additionreactions 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
= The H-Brbond breaks heterolytically, forming a Br-ion

= Thisresultsinthe formation of a highly reactive carbocation intermediate which reacts with the

bromideion, Br
= Forexample, the mechanism for the electrophilic addition of hydrogen bromide and etheneis:

DONATES PAIR OF PRIMARY
ELECTRONS TO H CARBOCATION
H\ /H ROOM T T@ T T
C=C _— H—C—C—H —> H—C—C—H
e AN TEMP. | |
ETHENE H :Br R Br
BROMOETHANE
S B
Ur

ELECTROPHILE

Electrophilic addition reaction of HBr and ethene to form bromoethane
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(o) Examiner Tip
For electrophilic addition mechanisms, the curly arrows must:

= Be double-headed to show the movement of a pair of electrons
= Start from alone pair of electrons oran area of high electron density, e.g. the C=C bond
= Move towards a &+ electrophile or the positive charge of a carbocation

Examiners often comment about the poor and incorrect use of curly arrows in organic mechanisms

Electrophilic addition of halogens

= The mechanism for the electrophilic addition of halogens (and hydrogen) is the same as the
electrophilic addition of hydrogen halides with one key exception:
= Hydrogen halide molecules have a permanent dipole (as shown above)
= Halogenmolecules have atemporary (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
= The mechanism for the 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 willbecome the
&+ electrophile
= The electronegativity increases as you move up the halogens, F> Cl> Br> |
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&+ S— /
Br CI' Your notes

o+ 65—

| — Br
The polarity of interhalogen molecules

©O Examiner Tip

The electrophilic additionreactions of alkenes with hydrogen halides, halogens and interhalogens are
the same. The difference is whether the electrophile is due to a permanent or temporary dipole
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Markovnikov’s Rule

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

Inductive effect

= Thealkyl groups attached to the positively charged carbon atoms are ‘electron donating groups’
= Thisisalso known as the inductive effect of alkyl groups

= Theinductive effectisillustrated by the use of arrowheads on the bonds to show the alkyl groups
pushing electrons towards the positively charged carbon
= This causes the carbocation to become less positively charged

= Asaresult of this, the charge is 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 alky!
groups which energetically stabilise the carbocation

= Due to the positive charge on the carbon atom, carbocations are electrophiles

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 stabilised it is

Markovnikov’s rule

= Markovnikov’s rule predicts the outcome of electrophilic addition reactions and states that:
= [nanelectrophilic additionreaction of a hydrogen halide (HX) to an alkene, the halogen ends up
bonded to the most substituted carbon atom
= |nanelectrophilic additionreaction of aninterhalogento 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-T-ene
= Markovnikov addition favours the formation of the major product
= Anti-Markovnikov addition favours the formation of the minor product
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= |nelectrophilic additionreactions, an electrophile reacts with the double bond of alkenes (as /
previously discussed) Your notes
= The mechanism for electrophilic addition reactions with unsymmetrical alkenes is slightly different, e.g.
propene + hydrogen bromide

H H
\C o /
VRN
H CH,
H —%r
ELECTROPHILE NUCLEOPHILE

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

1. Breaking the C=C bond and attaching to the the least substituted carbon
= Thiswill give the most stable carbocation as an intermediate that will form the major product

2.Breaking the C=C bond and attaching to the the most substituted carbon
= Thiswill give the least stable carbocation as anintermediate that will form the minor product

H H H H
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

= The nucleophile will bond to the positive carbon atom of the carbocation
= The more stable carbocation produces the major product
= Thelessstable carbocation produces the minor product
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H H —iBr H H /
v |

| | Your notes

H—C—C*CH, —> H—C—C—CH,
| ||
H SECONDARY H Br
CARBOCATION

MAJOR PRODUCT

AND

:Br
T4 Y
H—C™~C—CH, —> H—C—C—CH,

PRIMARY | | |
CARBOCATION

MINOR PRODUCT

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

= The mechanism for the electrophilic addition of hydrogen bromide to
propene, showing the formation of the major and minor products can be
shown as:
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DONATES PAIR OF SECONDARY CARBOCATION
ELECTRONS TO H* (MORE STABLE THAN PRIMARY)
H O H[ 4 H HyH H H H
4 LIV /7 Rroom e | 1
—C—C=C —> H—C—C—C—H —> H—C—C—C—H
| \H TEMP. | /I\ | | L
H H Brr H H Br H
PROPENE ROOM 2—-BROMOPROPANE
(MAJOR PRODUCT)
5+(\,5- TEMP.
) H H H _B~= H H H
ELECTROPHILE | | | @K | | |
H— (|? LIT C—H — H—(IT—(IT—(|3—H
H H H H Br
PRIMARY 1-BROMOPROPANE
CARBOCATION [ (\iNOR  PRODUCT)

The electrophilic addition reaction mechanism of HBr and propene to form 1-bromopropane and 2-
bromopropane

O Examiner Tip

The stability of the carbocationintermediate is as follows:
tertiary > secondary > primary

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

Page 210f 32

©2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

4

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

20.1.3 Electrophilic Substitution Reactions

The Structure of Benzene

Innormal, everyday conversation the word 'aromatic’ is used to refer to pleasant, fragrant smells
However, in chemistry, it is used to describe molecules that contain one or more benzenerings,i.e. a
ring with conjugated 1t systems
= Conjugatedmsystems arise from alternating double and single bonds in which the electrons are
delocalised

Benzene is found in many useful pharmaceuticals, pesticides, polymers and dyes
= The common painkillers aspirin, paracetamol, ibuprofen and morphine all contain benzene rings

Examples of aromatic compounds including benzene table

Functional
Group Example
Arene CH,CH,CH,
propylbenzene
Chlorobenzene cl CH
’ 2-methylchlorobenzene

Phenol OH

£l 2,3-dimethyl phenol

CH,

Structure of Benzene

The structure of benzene was determined many years ago, by the German chemist Friedrich August
Kekulé
The structure consists of 6 carbon atoms in a hexagonal ring, with alternating single and double
carbon-carbon bonds

= This suggests that benzene shouldreactinthe same way as an unsaturated alkene

= However, thisis not the case
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< MODERN DAY DRAWING
OF BENZENE

Like other aromatic compounds, benzene has a planar structure due to the sp? hybridisation of carbon
atoms and the conjugated msystemin the ring

= Eachcarbonatomin the ring forms three o bonds using the sp? orbitals
= Theremaining p orbitals overlap laterally with p orbitals of neighbouring carbon atoms toformamn
system
= This extensive sideways overlap of p orbitals results in the electrons being delocalised and able to
freely spread over the entire ring causing a Tt system
= Themsystemis made up of tworing shaped clouds of electron density - one above the plane and
one below it

= Benzene and other aromatic compounds are regular and planar compounds with bond angles of 120 ©
= Thedelocalisation of electrons, as shown below, means that all of the carbon-carbon bondsin these
compounds are identical and have both single and double bond character
= Single covalentbonds have abond order of 1and double covalent bonds have a bond order of 2
= The covalent bonds within benzene have abond order of 1.5

= Thebondsallbeing the same lengthis evidence for the delocalised ring structure of benzene
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The Delocalisation of Benzene Model
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Electrophilic Substitution Mechanism
Reactions of Benzene

= The mainreactions which benzene willundergo involve the replacement of one of the hydrogen atoms
from the benzenering
= Thisis different to the reactions of unsaturated alkenes, which involve the double bond breaking
and the electrophile atoms 'adding on' to the carbon atoms

= Thesereactions where benzene hydrogen atoms are replaced, are called electrophilic substitution
reactions

= Thedelocalised msystemis extremely stable andis aregion of high electron density
= The hydrogenatomis substituted by an electrophile, which is either a positive ion or the positive
end of apolarmolecule

General Electrophilic Substitution Mechanism:

E+

THE POSITIVE NATURE OF THE ELECTROPHILE
ST MEANS IT IS ATTRACTED TO THE ELECTRON
DENSITY OF THE DELOCALISED J1 RING IN
BENZENE

THIS INTERMEDIATE IS FORMED. THE
ELECTROPHILE IS BONDED TO THE BENZENE
STEP 2 H RING, BUT SO STILL IS THE H ATOM. THE
DELOCALISED JI SYSTEM IS TEMPORARILY
BROKEN, TO LEAVE A PARTIALLY DELOCALISED
l ELECTRON SYSTEM AND A POSITIVE CHARGE

THE INTERMEDIATE LOSES A PROTON,
STEP 3 + H | AND THE ELECTRONS FROM THIS C—H BOND
RESTORE THE DELOCALISED JT SYSTEM
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OVERALL EQUATION E
+ Y — @ + H

Make sure you understand the general steps of the electrophilic substitution mechanism and that you

can explain whatis happening - the same steps happen every time, the only difference is the
electrophile usedin the reaction!

©O Examiner Tip

= There are numerous electrophiles which canreact with benzene
= However, they usually cannot simply be added to the reaction mixture to then react with benzene

= The electrophile has to be produced in situ, by adding appropriate reagents to the reaction
mixture

Nitration of Benzene

= Youmust be able to provide the mechanism for the nitration of benzene via electrophilic substitution
= The electrophilic substitutionreactionin arenes consists of three steps:

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

Nitration of Benzene Mechanism

= The nitration of benzene is an example of electrophilic substitution as a hydrogen atomisreplaced by a
nitro (-NO») group

OVERALL REACTION

NO,
© + HNO, + H,0

The overall reaction of nitration of arenes

= Step1: Generation of an electrophile
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= The electrophilic nitroniumion, NO,*, is generated by reacting concentrated nitric acid, HNOz3,
and concentrated sulfuric acid, HySO4
= The sulfuric acidis a catalyst
= Step 2: Electrophilic attack
= Once the electrophile has been generated, it will carry out an electrophilic attack on the benzene
ring
= The nitrating mixture of HNOz and H,SO4 is refluxed with the arene at 25 - 60 °C

= Step 3: Regenerating aromaticity
= The aromaticity is restored by the heterolytic cleavage of the C-Hbond

= Forthe nitration of benzene, there is an extra step involving the regeneration of the sulfuric acid
catalyst

FORMATION OF ELECTROPHILE

ELECTROPHILE |

H,S0, + HNO, —— + HSO; + H,0

MECHANISM

H NO, NO,

NO;
O — — -

REFORMING THE CATALYST CCATALYST
T —

The different stages in the nitration of benzene

Chlorination of Benzene Mechanism

= The chlorination, orhalogenation, of benzene is another example of electrophilic substitution
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OVERALL REACTION /

Your notes
Cl
+Cl, — @ + HCl

The overall reaction of chlorination of arenes

= Step1: Generation of an electrophile
= The electrophilic chlorine cation, CI*, is generated by reacting chlorine with anhydrous aluminium
chloride, AICl5
= The aluminium chloride is electron deficient and acts as a Lewis acid by accepting alone pair
from one of the chlorine atoms
= Asthe aluminium forms a dative covalent bond with one of the chlorine atoms, the other
chlorine atom becomes a chlorine cation, CI*

= Step 2: Electrophilic attack
= Once the electrophile has been generated, it will carry out an electrophilic attack on the benzene

ring

= Step 3: Regenerating aromaticity
= Thearomaticity is, once again, restored by the heterolytic cleavage of the C-H bond

= Forthe chlorination of benzene, there is an extra step involving the regeneration of the aluminium
chloride catalyst
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FORMATION OF ELECTROPHILE ,

Your notes
[E:ELECTROPHILE

ACl, + cl, == (c)+ Acy

MECHANISM

A H Cl Cl
Cl
0 — & — O~

REFORMING THE CATALYST

CATALYST

AIC] + HY = + 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
= Primary alcohol — aldehyde — carboxylic acid
= Secondary alcohol — ketone
= Tertiary alcohol - noreaction

= Thesereactions canbereversedinthe presence of a suitable reducing agent
= Carboxylic acid — aldehyde — primary alcohol
= Ketone — secondary alcohol

= The two most common reducing agents for carbonyl compounds are:

1. Lithium aluminium hydride, LiAlH4, in anhydrous conditions, commonly dry ether, followed by the
addition of aqueous acid

= Thisis the stronger of these reducing agents and canreduce carboxylic acids

2. Sodium borohydride, NaBH,, in aqueous or alcoholic solutions
= Thisistheless hazardous of these reducing agents but it cannot reduce carboxylic acids

= Both of these reagents produce the nucleophilic hydride ion, H-

O Examiner Tip

You can be expected to 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 forreductionreactions can be written using [H] to represent the reducing agent
= Carboxylic acid to a primary alcohol (using LiAlH4 refluxed in dry ether, followed by dilute acid)
= Rememberthat NaBH4 cannotreduce carboxylic acids
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H
0 |
4
R—C\ + 4[Hl ——> R—C—OH + H,0
OH |
H
CARBOXYLIC ACID 1° ALCOHOL
= Aldehyde to a primary alcohol (using LiAlH4 or NaBIH4)
0 H
Vi |
R—C\ + 2[H] —_— R—C—OH
|
H H
ALDERYDE 1° ALCOHOL
= Ketone to a secondary alcohol (using LiAIH4 or NaBIH4)
H
/o l
R—C\ + 2[H] —_— R—C—O0OH
|
R R
KETONE 2° ALCOHOL

O Examiner Tip

Take care if you are asked about the formation of an aldehyde from a carboxylic acidYou have to use
LiAIH, refluxed in dry ether, followed by dilute acid but this reaction cannot

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

aldehyde from a carboxylic acid, you have to reduce the carboxylic acid down to a primary alcohol and
then oxidise it back up to the aldehyde
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Reduction of nitrobenzene

= Nitrobenzene, C4HsNO>, can bereduced to phenylamine, C¢HsNH>, according to the following two-
stagereaction:

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

ION

The two-stage reduction reaction of nitrobenzene to phenylamine
Stage 1- Reduction of nitrobenzene

» C4HsNO, (1) +3Sn (s) + 7H* (ag) = C¢HsNHz* (ag) + 3Sn2+ (aq) + 2H,0 (1)

= Nitrobenzene, C4qHsNO,, is reacted with tin, Sn, and concentrated hydrochloric acid, HCI
= Thereaction mixtureis heated underrefluxin a boiling water bath

= The phenylammoniumions, C4HsNHs*, are protonated due to the acidic conditions

Stage 2 - Formation of phenylamine

= C4HsNH3* (aq) + OH™ (ag) — C¢HsNH, (1) + H,O (1)
= The phenylammoniumions, C4HsNHz*, are deprotonated by the addition of sodium hydroxide
solution, NaOH (aq)
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