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Nucleophilic Substitution

Nucleophilic Substitution

Whatis a nucleophile?

= Anucleophileis an electron-rich species that can donate a pair of electrons
= ‘Nucleophile’ means ‘nucleus/positive charge loving’ as nucleophiles are attracted to positively
charged species
= Nucleophilic refers toreactions thatinvolve a nucleophile
= There are various different species which can behave as nucleophiles, and some make better
nucleophiles than others

B —H| aw

A hydroxide ion is a better nucleophile as it has a full formal negative charge whereas the oxygen atomin
water only carries a partial negative charge

Examples of neutral and charged nucleophiles

Neutral Charged
H,O OH-
NH3 crr
ROH CN~
RNH» R~ (carbanions)

= Anucleophilic substitution reactionis one in which a nucleophile attacks a carbon atom which carries
a partial positive charge
= Anatomthat has a partial negative charge is replaced by the nucleophile
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Equations for Nucleophilic Substitution

= Haloalkanes willundergo nucleophilic substitution reactions due to the polar C-Xbond (where Xis a

halogen)
Partial positive C atom and partial negative X atom
PARTIAL POSITIVE POLAR BOND
CHARGE 3
S+

5— PARTIAL NEGATIVE
oy C )( CHARGE

CARBON HAS A LOWER 5 HALOGEN WITH HIGHER
ELECTRONEGATIVITY ELECTRONEGATIVITY

Due to large differences in electronegativity between the carbon and halogen atom, the C-Xbond is
polar

Diagram to show nucleophilic substitution where :Nu~ represents the nucleophile

H H H H
| |5_+[W¢5— | | ”
H—C—C-+X —_— H—C—(IZ—NU + :X
| /' |
H/ H H H
:Nu~

General Mechanism for Nucleophilic Substitution

Hydrolysis of Haloalkanes

= Thenucleophilein thisreactionis the hydroxide, OH™ ion
= Anaqueous solution of sodium hydroxide (NaOH) or potassium hydroxide (KOH) with ethanol is used
= Thisreactionis very slow at room temperature, so the reaction mixture is warmed
= Thisis an example of a hydrolysis reaction and the productis an alcohol
CH3zCH2Br + OH™ — CHzCH20H + :Br-

bromoethane — ethanol

:Br-is the leaving group
= Halogens make good leaving groups as they formrelatively weak bonds with carbon
= Theirhigherelectronegativity also means the bonded electrons are drawn towards the halogen
atom making the carbon partially positive, 6+, and susceptible to nucleophilic attack
The rate of thisreaction depends on the type of halogenin the haloalkane
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= The strongerthe C-Xbond, the slower the rate of the reaction /
= Interms of bond enthalpy, C-F> C-Cl> C-Br> C-I
= Fluoroalkanes do notreact at all, butiodoalkanes have a very fast rate of reaction Your notes

The nucleophilic substitution mechanisms for the above reactions are as follows:

Nucleophilic substitution mechanism of bromoethane with a hydroxide ion

H H H H
| |5_p/5 |
H—C— Br — H—C—C—0R + BF
I | |
H H oM™ H H

Nucleophilic Substitution with OH™, the bond that forms and the bond that breaks must both involve the
carbon atom that is bonded to the leaving group

Neutral nucleophiles

= Whenthe nucleophileis neutral, e.g. H,O, theinitial product is positive
= The positive product then deprotonates, losing H*, and forms a neutral product

= CH3CH,Cl+H0 — CH3CH20H +:H*
Diagram to show water acting as a nucleophile forming a positive product whichis then
deprotonated

H H

| | g+
H(I:c“/l

H

Nucleophilic substitution reactions with neutral nucleophiles involves deprotonation
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Heterolytic Fission 4

Your notes
Heterolytic Fission

Heterolytic fission

= Heterolytic fissionis breaking a covalent bondin such a way that the more electronegative atom takes
both the electrons from the bond to form a negative ion and leaves behind a positive ion
Diagram to show the process of heterolytic fission

THE 2 ELECTRONS X HAS NOT TAKEN ANY
SHARED IN A ELECTRONS FROM THE
COVALENT BOND COVALENT BOND

HETEROLYTIC X @ y DAY X+ + Y~

FISSION
COVALENT BOND Y HAS TAKEN BOTH
BETWEEN X AND Y ELECTRONS FROM THE
COVALENT BOND

Heterolytic fission forms a positive ion and a negative ion

= |nheterolytic fission, a double-headed arrow is used to show the movement of a pair of electrons
= Theresulting negative ionis an electron-rich species that can donate a pair of electrons
= This makes the negative ion a nucleophile
= Theresulting positive ionis an electron-deficient species that can accept a pair of electrons
= This makes the positive ion an electrophile
Heterolytic fission mechanism

MOVEMENT OF
ELECTRON PAIR
REPRESENTED BY
A DOUBLE-HEADED
ARROW

H—[\C'U ———> H" + :Cl¥
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= The opposite reaction to heterolytic fission occurs when a nucleophile donates a pair of electrons to /
the electrophile forming a coordination bond
Reaction between a nucleophile and an electrophile forming a coordination bond Your notes

CURLY ARROW SHOWING
THE MOVEMENT OF AN
ELECTRON PAIR

+ .e = L]
H :0—H  ——> H—O—H
ELECTROPHILE NUCLEOPHILE

A nucleophile ‘loves’ a positive charge and an electrophile ‘loves’ a negative charge
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Electrophilic Addition Reactions

Electrophiles

What s an electrophile?

= Anelectrophileis a species that forms a covalent bond whenreacted with a nucleophile by accepting
electrons
= They are electron-deficient so will have a positive charge or partial positive charge
Examples of neutral and charged electrophiles

Neutral Charged (cations)
HX (hydrogen halides) H*
X, (halogens) NO,*
H,O NO*
RX (halogenoalkanes) R+
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Electrophilic Addition Reactions /

= Electrophilic additionis the addition of an electrophile to an alkene double bond, C=C Your notes
= The alkene double bond, C=C, is an area of high electron density which makes it susceptible to attack

by electrophiles
= The C=Cbond breaks forming a single C-C bond and 2 new bonds from each of the two carbon atoms
= Electrophilic additionreactionsinclude the addition of:
= Steam, H,O(g)toformalcohols
= Hydrogen halides, HX, to form halogenoalkanes
= Halogens, Xp, to form dihalogenoalaknes
Why does the C=C bond react with electrophiles?

= Alkenes are unsaturated molecules that containa C=C bond
= The atoms around the carbon-carbon double bond adopt a planar arrangement and the bond angle is
120°

Diagram to show the planar arrangement of the C=C bond

— S BONDS
c c\>C
H H

IJT BONDS

The bond angles are 120°

= The presence of the C=C bond gives alkenes a number of chemical properties that are not seenin
alkanes
= Since the alkene contains t-bondes, it is possible to break the weaker m-bond and form stronger o-
bonds with other species without forcing any atoms on the molecule to break off
= Asaresult alkenes (unlike alkanes) are capable of undergoing addition reactions
= The ability of alkenes to undergo addition means that they are much more reactive than alkanes
Diagram to show the general equation for addition reactions across the C=C

H H T T
c=c{ + X—Y ——> X—C—C—Y

||

H H Lol

Addition reactions in alkenes

Addition of water
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= When alkenes are treated with steam at 300 °C, a pressure of 60 atmospheres and sulfuric acid /
(H2S04) or phosphoric acid (H3zPO4) catalyst, the wateris added across the double bond in areaction
known as hydration

= Analkeneis convertedinto analcohol

= Thereaction processesviaanintermediate inwhichH*and HSO4~ ions are added across the double
bond

= Theintermediateis quickly hydrolysed by water, reforming the sulfuric acid

= The following equation shows the conversion of ethene to ethanol

H,S0,
CH,CH, W’ CHzCH,OH

2

Your notes

ethene ethanol

= Thisisaveryimportantindustrial reaction for producing large quantities of ethanol, a widely used
solvent and fuel
= The processis much fasterand higheryielding that producing ethanol by fermentation

Addition of halogens

= Thereaction between alkenes and halogens is known as halogenation

= |tisanexample of an electrophilic addition where an electrophile (‘electron seeker’) joinsontoto a
double bond

= The C=C double bondis broken, and a new single bond is formed from each of the two carbon atoms

= Theresult of thisreactionis a dihalogenoalkane

This reaction occurs readily at room temperature and is the basis for the test
for unsaturation in molecules

H H

ROOM TEMP. | |

AN P
=c_ + X > X—C—C—X

|
H H H H

DIHALOGENOALKANE

Halogenation in alkenes

= Halogens canbeusedto testif a moleculeis unsaturated (i.e. contain a double bond)
= Bryisanorange oryellow solution, called bromine water
= The unknown compound is shaken with the bromine water
= |fthe compoundisunsaturated, an addition reaction will take place and the coloured solution will
decolourise
Diagram to show the colour change that occurs when testing for unsaturation
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H H oo s/
. C—C ROOM H—C—C—H ADDITION Your notes
>3 " TEMP. | | REACTION
N - N -
l |
] | —
ROOM
Bry| + ETHENE —m> CiH,Br,
TEMP. '
BROMINE DECOLOURISED SOLUTION
WATER (Br,) OF 1,2 — DIBROMOETHANE

The bromine water test is the standard test for unsaturation in alkenes

Addition of hydrogen halides

= Alkenes willreact readily with hydrogen halides such as HCl and HBr to produce halogenoalkanes
= Thisreactionis known as hydrohalogenation
= |tisalso anelectrophilic addition reaction that occurs quickly at room temperature

Formation of a halogenoalkane from an alkene and hydrogen halide

H H T T
N ' ROOM TEMP.
C=C + HX > H—C—C—X
H/ \H | |
H H
HALOGENOALKANE

Hydrohalogenation reactions in alkenes

= Allthe hydrogen halides react in this way, but the fastest reaction occursin the order HI > HBr >
HCl due to the increasing bond strength of the hydrogen-halogen bond, so the weakest bond reacts
most easily
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Lewis Acids & Bases (HL) 4

Your notes

Lewis Acids & Bases
A more general definition of acids and bases was given by G.N. Lewis who defined them as:

= Alewisacidis anlone pairacceptor
= Alewisbaseisanlone pairdonor
= The generalmechanism for Lewis acids and bases can be represented as:

A* + B~ —  A—B

Lewis acid
Lewis base

Coordinate

| .
(lone pair (lone pair donor) bond

acceptor)

This enabled a widerrange of substances to be classed as acids or bases
= This canbe shownin the following examples in which a hydroxide ion, OH-, and ammonia, NHz, donate a
lone pairto ahydrogenion

Diagram to show how OH~ and ammonia act as Lewis bases

H*K\:OH — > 6

The OH™ ion and ammonia act as Lewis bases in both examples by donating a lone pair of electrons

How are Brensted-Lowry Acids and Bases Different from Lewis Acids and Bases?

= ABrensted-Lowry acid is a species that can donate H*
= Forexample, hydrogen chloride (HCl) is a Bransted-Lowry acid as it can donate aH* ion
HCI (aq) - H* (aq) + Cl~ (aq)
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Lewis acids, by definition, covers aboarder spectrum than Brgnsted-Lowry acids ,
Lewis acids are any compounds that are able to accept alone pair of electrons which includes H* itself
Brensted-Lowry acid and base theory considers acids as H* donors only Your notes

This does not of course occurin every reaction

ABrensted-Lowry base is a species that canaccept H*

= Forexample, a hydroxide (OH")ionis a Brgnsted-Lowry base asit can accept H* to form water
Lewis bases and Brgnsted-Lowry bases are in the same group of compounds as both of these must
have alone pair of electrons
The following molecules can behave as either Lewis bases and Brgnsted-Lowry bases

= |Lewisbases asthey candonate anelectron pair

= Brgnsted-Lowry base as they can accept a proton

Hydroxide, cyanide and methylamine

T0—H C=N CH,NH,

Examples of molecules that can behave both as Lewis bases and Bronsted-Lowry base
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Lewis Acid & Base Reactions (HL) 4

Your notes
Lewis Acid & Base Reactions

Formation of coordinate bonds

= Whenammonia, NHz, and boron trifluoride, BF3, react a coordinate bond is formed

= This occuras the lone pairon the nitrogen atomin NHz can be donated to the boron atom in BF3,
creating amolecule of NHzBF3

= NHsreactsasalewisbase asis donates alone pair of electrons and BFz acts as a Lewis acid

= Onlyelectron pairs are being donated and accepted

= |nthis case, neithercompoundreacts as an Brgnsted-Lowry acid or Brensted-Lowry base as no
protons (H*ions) are being donated or accepted

Diagram showing boron trifluoride acting as a Lewis acid and ammonia acting as a Lewis

base
E F H
” ) ]
(B)" + H—N—H > F—B<g T —H
F = H F H
LEWIS ACID LEWIS BASE COORDINATE
BOND

Ammonia donates a lone pair of electrons to form a coordinate bond

= Here boron forms three sp? hybridised orbitals leaving a vacant 2p, orbital which allows the lone pair on
the nitrogen atom to form a dative covalent bond
Boron forms three sp? hybridised orbitals
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SPACE FOR A LONE
PAIR TO FORM
COORDINATE BOND

2p |1 |1 2p’

HYBRIDISE
2s |/ > 25p° (1 |1 |1

1s |1, 15 |1}

EXCITED STATE

Hybridisation of the boron atom

Electrophiles and Nucleophiles

= Anelectrophileis an electron-deficient species that accepts alone pair from anotherreactant to form
anew covalent bond
= Anelectrophileis therefore a Lewis acid
= Anucleophileis anelectron-rich species that donates alone pairto anotherreactant toformanew
covalent bond
= Anucleophileis therefore a Lewis base
Lewis acids behave as electrophiles and Lewis bases act as nucleophiles

LEWIS BASE

CH3 AND NUCLEOPHILE CH3
| &~ Zf.- ..
H3C—C+ + :Brs —_— HC—C—Br:
| - | i<
CH, CH

LEWIS ACID AND
ELECTROPHILE

3

The carbocation, C*(CH3z)3zis accepting a pair of electrons from the bromide ion, Br-
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@ Worked example

Identify the Lewis acid and Lewis base in the following reaction

Answer

.b.
. va
£ O —— H—C\ ¥ IOH
H/ \H O+—>H

= The Lewis acidis water, H,O

= The hydrogeninthe water molecule is accepting a pair of electrons leaving an OH™ion
= Thelewis baseisthe methanoateion, HCOO"~

= Thelone pair of electronsin the methanoate ion forms a coordinate bond with one of the
hydrogens from the water molecule
= \We have seen previously that water can act as a Brensted-Lowry acid or base, so it should be

no surprise that water can act as both a Lewis acid or base depending onhowitisinteracting
with other species

= |ewisacidsandbasescanalsobe seenincomplexions

Inthe case of a complexion, such as hexaaquacopper(ll), the water molecule is acting as a Lewis base

and the metalionis acting as a Lewis acid

Copper(ll), like other transition metals, can form a complex due to a partially occupied d subshell

= Cu?*(aqg) +6H,0 (1) - [Cu(H,0)4]%* (aq)

Diagram showing the formation of the hexaaquacopper(ll) complex

Cu2+

LEWIS
ACID

-+

[Cu(H,0),1"
(COMPLEX)

600 —>
a
H H
LEWIS

BASE
(LIGAND)
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Hexaaquacopper(ll) complex /

= The CuZ*ionacts as aLewis acid and electrophile asitis accepting alone pair of electrons from water Your notes
= The water molecules are acting as Lewis bases and nucleophiles as they are donating a lone pair of
electrons to the Cu2+ion
= Thecyanideion, "CN and ammonia, NHz, are examples of Lewis bases and they canalso act as
nucleophiles
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Coordination Bonds (HL) x/

Your notes

Coordination Bonds

Transition elementions can form complexes which consist of a central metalion and ligands
Aligandis a molecule orion that forms a co-ordinate bond with a transition metal by donating a pair of
electrons to the bond
= Thisis also the definition of a Lewis base
This means ligands have a negative charge or alone pair of electrons capable of being donated
= This definition may seem familiar: aligandis the same as a nucleophile
Different ligands can form different numbers of coordination bonds to the central metalionina
complex
= Monodentate ligands can form one co-ordinate bond to the central metalion
= Bidentate ligands can form two co-ordinate bonds
= Multidentate ligands can form multiple coordination bonds
Coordination number is the number of co-ordinate bonds to the central metal atom orion

Common Ligands

Water molecules frequently act as ligands
Each water molecule makes a single bond with the metalion using one of the lone pairs on the oxygen
atom
The lone pairis donated to the partially filled d-subshell of the transition metalion
Table showing examples of common monodentate ligands

Name of Ligand Formula of Ligand
Water H,O
Ammonia NH=
Chloride Cl-
Cyanide CN-
Hydroxide OH-

Representing complexions

Square brackets are used to group together the ligands and metalionin a representation of the
geometrical arrangement
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= The overall charge onthe complexionis the sum of the oxidation states of all the species present
= |ftheligands are neutral then the overall charge will be the same as the oxidation state of the metalion
Examples of complexes with monodentate ligands

B cl 1% [ HQ 1%
| H0N_ | /OH,
/ Cu \ > Fe <
Cl iL Cl H0: T ‘O,
H.O
L g i - |
[CuCL*" [Fe(H,0)1%"
il NH, T 2% e o
H,N: J, NH NC: :CN
\\ Co / ’ \ Ni /
H3N-/ T ‘\-NHg NC:/ \-CN
NH
L % — L— J
[Co(NH,)1** INI(CN),1*"

Each ligand has one lone pair of electrons so forms one coordinate bond to the central metalion

Coordination number

= The coordination numberis the number of coordinate bonds to the metalions
= Thisnumber can be the same as the number of ligands if they are monodentate
= |tcanbe differentif bidentate or multidentate ligands are present

= Complexeswith a coordination number of 4 commonly have a tetrahedral shape, while complexes with

a coordination number of 6 have an octahedral shape
Charges of complexions

= The charge of acomplexion depends upon three factors:
= The charge of the central metalion
= Thecharge of the ligands
= The coordination number
= |fthesefactors are known then we can deduce the charge on the complexion
Table showing the charges of complexions
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. Coordination . Formula of complex /
Centralion Charge on complexion !
number [e]}] Your notes
Cuz+ Cl- 4 2*+(4x17)=2" [CuCl4)?-
Fe2+ H,O 6 2+ +(6x0)=2* [Fe(H,0)612*
Fes* H>O 6 3*+(6x0)=3* [Fe(H20)61%*
Ag* NH3 2 T*+@2x0)=1* [Ag(NH3)2]*
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@ Worked example /

Your notes
The three formulas shown are compounds of chromium(lll). What are the charges on the complexions

shown?
| [Cr(Hzo)é]Cb
Il [CrCI(H20)5]1Cl2.H,O

Il [CrCly(H20)4]CLL.2H,0

A 0,0,0
B 1+, 2+, 3+
C 2+,3+, 1+

D 3+, 2+, 1+

Answer:

= ThecorrectoptionisD
= Water molecules do not contribute to the charge
= The chlorideion, CI-, outside the square brackets must balance against the charge on the complex

« [Cr(H,0O):Cls contains three chloride ions
» S0, the charge onthe complexis 3+

» [CrCI(H,0)s]Clo.H,O contains two chloride ions outside the square bracket
= S0, the charge onthe complexis 2+

= [CrCly(H,0)41CI.2H,0 contains one chloride ion outside the square bracket
= S0, the charge onthe complexis 1+

Bidentate ligands

= Bidentate ligands can each form two co-ordinate bonds to the central metalion
= Thisisbecause eachligand contains two atoms with lone pairs of electrons
= Examples of bidentate ligands are:

= ],2-diaminoethane (HoNCH,CH,NH>,) whichis also written as ‘en’

= Ethanedioateion (C2042~) whichis sometimes written as ‘ox’ (coming from the common name of
oxalate)

Transition metal complexes with bidentate ligands diagram

Page20of44

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



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

o
~
Hz.N/ /c:H2
HN: NH
HZC/ ’ \\(t‘l/u / ’
Hzc\Hth/ T \:NHZ
HN \
\C/CHz
2
L

[Culenm),**

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

2+

O=p

/\c

T\
/

[ColC,0),"

4

Your notes

Each ligand has two lone pairs of electrons so forms two coordinate bonds to the central metal ion

Multidentate ligands

Some ligands contain more than two atoms with lone pairs of electrons
These ligands can form more than two dative bonds and are said to

be multidentate or polydentate ligands

An example of a multidentate ligand is EDTA“~, which is a hexadentate ligand as it forms é dative

covalent bonds to the central metalion

EDTA comes from ethylenediaminetetraacetic acid, whichis rather a mouthful so EDTA is easier!
Transition metal complexes with multidentate ligands diagram

O
o. _O
\{ -
N/\/ N
O_WH
O

EDTA LIGAND

Gt

e

0

COPPER(Il) — EDTA
COMPLEX
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The ligands contain more than one atom with a lone pair of electrons so multiple coordinate bonds are /

formed
Your notes
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Nucleophilic Substitution in Halogenoalkanes (HL) 4

Your notes

Nucleophilic Substitution in Halogenoalkanes

= |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 -
= This means thatitslone pair of electronsis less available than the hydroxide ions
= Thelone pairs of electronsin a water molecule are still available to react
Lewis diagram of OH~ and H,O

—_ X X 6_

- o
S N

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

O ExaminerTip

= |ngeneral:
= Anegatively chargedion will be a strongernucleophile than a neutral molecule
= Aconjugate base willbe a strongernucleophile than its corresponding conjugate acid
= e.g.the hydroxideionis astrongernucleophile than water

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

= |ntertiary halogenoalkanes, the carbon thatis attached to the halogenis also bonded to three alkyl
groups

= These halogenoalkanes undergo nucleophilic substitution by an Sy1mechanism

= ‘S’stands for ‘substitution’

= ‘N’ stands for ‘nucleophilic’

= ‘T"means that the rate of the reaction (whichis determined by the slowest step of the reaction)

depends on the concentration of only one reagent, the halogenoalkane
Meaning of S\1

Page23of44

© 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

S s

Your notes
suaswmno@j\ RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
NUCLEOPHILIC HALOGENOALKANE ONLY

'S' stands for substitution, N stands for nucleophilic and '1' shows that the rate
of reaction depends upon the concentration of one reagent

= The SNTmechanismis atwo-step reaction
= |Inthe 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
equationforan SyTreactionisrate = k[halogenoalkane]
= |nterms of molecularity, an Sy1reactionis unimolecular
= Thisforms atertiary carbocationintermediate (whichis a tertiary carbon atom with a positive
charge)
= |Inthe secondstep, the tertiary carbocationis attacked by the nucleophile
= Thistwo-step processis evidentin the energy profile diagram foran Sy1reaction
Reaction profile for an Sy1 mechanism

TRANSITION
STATE 1

TRANSITION
STATE 2

CARBOCATION
INTERMEDIATE

ENERGY

REACTANTS

PRODUCTS
PROGRESS OF THE REACTION
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The reaction profile for an Sy1 mechanism is a two-step mechanism so has /
two curves. The connection between the first two curves represents the Your notes
carbocation intermediate
= Forexample, the nucleophilic substitution of 2-bromo-2-methylpropane by hydroxide ions to form 2-

methyl-2-propanol
Example of Sy1 mechanism

TERTIARY TERTIARY
HALOGENOALKANE CARBOCATION
CH, CH, CH,
lsy/ s- sLow |, & _ |
H,C—C=Br H—C<—:OH —> H,C—C—OH
| \ A (RATE | |
DETERMINING
CH, sl CH, CH,
2-BROMO-2-METHYL +Br +Br-
PROPANE 2-METHYL-2-
PROPANOL

The mechanism of nucleophilic substitution in 2-bromo-2-methylpropane which is a tertiary
halogenoalkane

O Examiner Tip

= You are expected to know the difference between the heterolytic fission that featuresin S\
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 covalent bond breaks

Sn2reactions

= |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’meansthat 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
Meaning of SN2
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Sn2 s

Your notes
SUBSTWUT,OM RATE OF REACTION DEPENDS
ON THE CONCENTRATION OF
NUCLEOPHILIC HALOGENOALKANE AND NUCLEOPHILE

'S' stands for substitution, N stands for nucleophilic and '2' shows that the
rate of reaction depends upon the concentration of both the halogenoalkane
and the nucleophile ions

= The SN2 mechanismis aone-step reaction
= The nucleophile donates a pair of electrons to the 6§+ carbon atom of the halogenoalkane to form a
new bond
= Asthisis aone-stepreaction, therate-determining step depends on the concentrations of the
halogenoalkane and nucleophile which means that the rate equation foran Sy2 reactionis
rate = 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 as an X-ion
= Thisone-step processis evidentin the energy profile diagram foran Sy2 reaction
Reaction profile for an Sy2 mechanism
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4

Your notes
TRANSITION STATE

REACTANTS

ENERGY

PRODUCTS

PROGRESS OF THE REACTION

S,

The reaction profile for an SN2 mechanism is a one-step reaction so has one
curve. The transition state always involves partial bonds

= Forexample, the nucleophilic substitution of bromoethane by hydroxide ions to form ethanol
Example of an SN2 mechanism

C—-0OH BOND C-Br BOND
FORMING BREAKING
NUCLEOPHILE
H H H
\ S+ B | /
HO:/’?.C—éBr —> [HO---C-=-Br| —> HO—C_ +Br~
o N 1
CH, CH, CH,
BROMOETHANEI TRANSITION STATE ETHANOL

The SN2 mechanism of bromoethane with hydroxide causes 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
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= Anattack from the same side as the bromine atomis sometimes called a frontal attack ,
= While attack from the opposite side is sometimes called a backside orrear-side attack
= Asaresult of this, the molecule has undergone aninversion of configuration Your notes

= The common comparison for thisis an umbrella turning inside outin the wind
= Asthe C-OHbondforms, the C-Brbond breaks causing the bromine atom to leave as a bromide ion
Diagram to demonstrate inversion of configuration

CHs\ CH,
Him C—Br ———>  HO—C,

\

H H
Inversion of configuration - umbrella analogy

O ExaminerTip

= |fyou are asked to explainreaction mechanisms where there is an inversion of configuration, you
will be expected to:

= 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 still attached to the carbon, also, with a dotted bond

= Beaware that the compoundyoudraw is a transition state and not anintermediate
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Relative Rates of Nucleophilic Substitution (HL)

Relative Rates of Nucelophilic 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

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)
= When nucleophiles have the same charge, the electronegativity of the atom carrying the lone pair
becomes the deciding factor
= Theless electronegative the atom carrying the lone pair; the stronger the nucleophile
= Forexample,ammoniais a stronger electrophile than water because the nitrogen atomin
ammoniais less electronegative than the oxygen atomin water
= Thisisbecause aless electronegative atom has a weaker grip onits lone pair of electrons,
which means that they are more available forreaction
= The effectiveness of nucleophilesis as follows:
Strongest CN->OH~>NH;>H,O0 Weakest

2. The halogen involved (leaving group)

= The halogenoalkanes have different rates of substitutionreactions
= Since substitutionreactionsinvolve breaking the carbon-halogen bond, the bond energies can be
used to explain their different reactivities
Approximate Halogenoalkane Bond Energy Table

Bond Energy / k) mol-!

C-F 492 (strongest bond)
C-ClI 324
C-Br 285
C-l 228 (weakest bond)
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The table above shows that the C-Ibond requires the least energy to break, i.e. itis the weakest
carbon-halogen bond
= During substitutionreactions, the C-Ibond will break heterolytically as follows:
RzC-1+OH- — R3C-OH+I-

The C-F bond, on the otherhand, requires the most energy to break and is, therefore, the strongest
carbon-halogen bond
= 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 an 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
Chloride White (silver chloride)
Bromide Cream (silver bromide)

lodide Pale yellow (silveriodide)

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 and iodoalkanes are the most reactive
halogenoalkanes

Diagram to show the relative reactivity of the halogenoalkanes
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4

‘ Your notes

FLUOROALKANES LEAST REACTIVE

( CHLOROALKANES

L BROMOALKANES

\ IODOALKANES MOST REACTIVE

) 4

The trendin reactivity of halogenoalkanes

3. The structure (class) of the halogenoalkane

= Tertiary halogenoalkanes undergo Sylreactions, 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
= This has to do with 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

Primary, secondary and tertiary carbocations
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HoH s

| i | Your notes
H H H H H H H H_(l:’*c*"(l:_"’
L . ! T !
H—C—C—C»C+ H—C—C->C-~<C—H
[ I B | < 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 the 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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The Mechanisms of Electrophilic Addition Reactions (HL) /

Your notes
The Mechanisms of Electrophilic Addition Reactions

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=Cbond breaks forming a single C-C bond and 2 new bonds from each of the two carbon atoms

= Electrophilic additionreactionsinclude the addition of:
= Hydrogen, H,(9)
= Steam,H,0(9)
= Hydrogen halides, HX

= Halogens, X,
Different reactions of the alkenes including reagents and conditions
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HYDROGENATION

H H
H H - |
\ P P+/Ni CATALYST
C=0C + H, > H—C—C—H
v N HEAT I
H H H o H
ALKANE
STEAM
H H T ?H
R y H,PO, CATALYST
C=iC + H,0 > H—C—C—H
H/ \H HEAT I
H H
ALCOHOL
HYDROGEN HALIDES (HX)
H X
H\ 2 ROOM |
C=C  + HX —_— H—C—C—H
A N TEMP. ]
H H VI
HALOGENOALKANE
HALOGENS (X,)
X X
i \ /H ROOM |
c=cC + X, —> H—C—C—H
/ L TEMP. |
H H b M
DIHALOGENOALKANE

Alkene electrophilic addition reaction overview

Addition of hydrogen halides

= Ahydrogenhalide moleculeis polar as the hydrogen and halogen atoms have different
electronegativities
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= Forexample,inamolecule of hydrogen bromide, HBr, the bromine atom has a stronger pull on the ,
electronsin the H-Brbond
= Asaresult of this, the Bratom has a partial negative charge and the H atom a partial positive charge Your notes
Partial chargesin the H-Brbond
+—
(S_
T Ol
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 H atom 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 aBr-ion

= Thisresultsinthe formation of a highly reactive carbocationintermediate whichreacts with the
bromideion, Br-
= Forexample, the mechanism for the electrophilic addition of hydrogen bromide and etheneiis:
Electrophilic addition mechanism

DONATES PAIR OF PRIMARY
ELECTRONS TO H CARBOCATION
H H H H
i\ 1 Room | e |
C=¢C ———> H—C—C—H —> H—C—C—H
/ N TEMP. | |
H H H _ H B
ETHENE :Br r
BROMOETHANE
S+ &—
H \ABr

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: Yournotes
= 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 6+ electrophile or the positive charge of a carbocation

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

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)

Halogen molecules have a temporary (or induced) dipole caused by the repulsion of the halogens

electrons by the high electron density C=C bond

The partial charges in a halogen molecule are caused by the high electron density inthe 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

© Examiner Tip

= The electrophilic addition reactions of alkenes with hydrogen halides and halogens are the same
= The differenceis whetherthe electrophile is due to a permanent or temporary dipole

Addition of water
= Wateris aweak electrophile, so does not undergo addition reactions with alkenes unlessin the

presence of a strong acid which can act as a catalyst
= H30O%acts as the electrophile
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= Thereactionoccursintwo steps

= Stepl

= Themelectronsinthe C=C are attracted to H30O+

= Heterolytic fission occurs and a carbocationis formed

= Step?2

= Wateracts as anucleophile and donates a pair of electrons to the positive carbon atom forming
the C-O bond
= Anequilibriumis established between the positive product and the deprotonated product (the
alcohol)
= TheHzO%isregenerated as the catalyst
Electrophilic addition of water

IrI—O—xI

+O)—T

SLOW

P
H—?—Q—H + :0H,

H

T
H—?—?—H

H ﬁlﬁqmm

H

T
H—?—?—H + HO

H O—H
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This mechanism is catalysed by concentrated acid /

Your notes
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Addition to Unsymmetrical Alkenes (HL)

Addition to Unsymmetrical Alkenes

= 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
= Duetothe positive charge on the carbon atom, carbocations are electrophiles
Primary, secondary and tertiary carbocations

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
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= Markovnikov addition favours the formation of the major product ,

= Anti-Markovnikov addition favours the formation of the minor product
Your notes
= |nelectrophilic additionreactions, an electrophile reacts with the double bond of alkenes (as

previously discussed)
= The mechanism for electrophilic addition reactions with unsymmetrical alkenes is slightly different, e.g.
propene + hydrogen bromide
Step 1in the electrophilic addition mechanism

H H

N /
AT
H CH,

Héj[g rJ_

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 least substituted carbon
= This will give the most stable carbocation as an intermediate that will form the major product
2. Breaking the C=C bond and attaching to the most substituted carbon
= Thiswill give the least stable carbocation as anintermediate that will form the minor product
Relative stabilities of primary and secondary carbocations

H H H H
H—é—é—cm H—é—é—cm
’ ;
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 willbond to the positive carbon atom of the carbocation
= The more stable carbocation produces the major product
= Theless stable carbocation produces the minor product

Formation of major and minor products
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SECONDARY MAJOR
CARBOCATION PRODUCT

H H H H
H—(+|:_(|:~~(:H3 — H~<|:—<|:—c:H3
( ; B 1
Br-
PRIMARY MINOR
CARBOCATION 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:
Electrophilic addition mechanism showing the formation of the major and minor products
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SECONDARY 2-BROMOPROPANE /
CARBOCATION (MAJOR PRODUCT) Your notes
H H H 5 A R

H
| /
H—C—C=C
| N
H H
&+ é-
- g
ROOM\ Br
TEMP.
T 1kl T
PEEeel ~——= e el
H H H Br
PRIMARY 1-BROMOPROPANE
CARBOCATION (MINOR PRODUCT)

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

© ExaminerTip

= 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
thatresults from the nucleophilic attack of the most stable carbocation.
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Electrophilic Substitution in Benzene (HL) /
Your notes
Electrophilic Substitutionin Benzene

Reactions of Benzene

= Benzene undergoes awide range of reactions including combustion - (complete and incomplete) and
nitration

= Nitrationinvolves the substitution of a hydrogen atom from the benzene ring with an electrophilic atom
orgroup of atoms

Nitration of benzene

NO,
© + HNO, ——> + H,0

NITRO BENZENE |

In nitration reactions, a nitro (-NO,) group replaces a hydrogen atom on the arene

= Nitrationis an electrophilic substitution reaction
= Thisisdifferent to the reactions of unsaturated alkenes, whichinvolve the double bond breaking
and the electrophile atoms 'adding across' the carbon atoms
Electrophilic substitution reaction

= The electrophilic substitution reactionin arenes consists of three steps:
1. Generation of an electrophile
2. Electrophilic attack
3. Regenerating aromaticity
Generation of an electrophile

= Thedelocalised t systemis extremely stable and is aregion of high electron density

= Consequently, the first step of an electrophilic substitutionreactioninvolves the generation of an
electrophile

= Anelectrophile canbe a positive ion or the positive end of a polar molecule
= The electrophile for nitrationis the nitroniumion, NO,*

= Thisis producedin situ, by adding a mixture of concentrated nitric acid (HNO3z) and concentrated
sulfuric acid (H,SOy), at a temperature between 25 and 60 °C, to the reaction mixture

Electrophilic attack

= The second step in nitration is when a pair of electrons from the benzene ring is donated to the
electrophile to form a covalent bond
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= Thisdisrupts the aromaticity in the ring as there are now only four telectrons and there is a positive ,
charge spread over the five carbon atoms
The electrophilic attack of the nitroniumion by benzene Your notes

STEP 2: ELECTROPHILIC ATTACK

NO, H
NO,

2

AROMATICITY IS LOST AND + CHARGE
IS SPREAD OVER THE 5 CARBON ATOMS

Electrons from the benzene mbonding system attack the electrophile
Regenerating aromaticity

= |nthe third step of electrophilic substitution, the aromaticity of the benzene ring systemis restored
= This happens by heterolytic cleavage of the C-Hbond
= This means that the electronsin this bond gointo the benzene mbonding system
Breaking a C-H bond to restore aromaticity

STEP 3: RESTORING AROMATICITY

NO, H NO,
A&

The C-H bond breaks heterolytically to restore the aromaticity of the benzene mbonding system
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