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Carboxylic Acids A,

Your notes

Carboxylic Acids - Physical Properties

Carboxylic acids Carboxylic acid is the name given to the family of compounds that contain
the carboxyl functional group, ~-COOH The general formula of a carboxylic acid is
CnH2n:1COOH which can be shortened to just RCOOH (In some countries, this family is also
called alkanoic acid)

= The nomenclature of carboxylic acid follows the pattern alkan + oic acid, e.g. propanoic
acid

= Thereisnoneedtouse numbersinthe name as the carboxyl group, COOH, is always on
the number1carbonatom

Carboxylic Acids Examples Table

Molecular

Structural Formula Formula

methanoic acid HCOOH
0 (also known as
formic acid)

ethanoic acid CH;COOH
|l (also known as

H—C—C—0O—H acetic acid)

propdnoic dcid CH;CH,COOH

Physical properties of carboxylic acids
= Carboxylic acids contain two polarised groups
= C=0andO-H

= This means that the intermolecular forces that carboxylic acids experience are high and
they will have relatively high melting points and boiling points

= The presence of the O-Hbond means that they can exhibit hydrogen bonding
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= Not only does this contribute to the high melting and boiling points, it also ,
contributes to the solubility in water and other polar solvents of the shorter chained
carboxylic acids Your notes

= However, solubility falls as the length of the hydrocarbon chainin the carboxylic acid
increases

= The hydrocarbon chains are forcing their way between water molecules and so breaking
hydrogen bonds between those water molecules

= Carboxylic acids with more than eight carbon atoms will be solids at room
temperature and are very slightly soluble in cold water, but will be more soluble in
hot water
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Preparation of Carboxylic Acids 4

Your notes

Carboxylic Acids - Preparation

= Carboxylic acids are compounds with a-COOH functional group

= Theycanbe prepared by a series of different reactions

Oxidation of primary alcohols & aldehydes

= Carboxylic acids can be formed from the oxidation of primary alcohols and aldehydes
by either acidified K;Cr,07 or acidified KMnO4 and reflux

= The oxidising agents themselves getreduced causing the solutions to change colour
= |nK2Crp0O7the orange dichromateions (Cr2072‘) arereducedto green Cr3*ions

= InKMnO4 the purple manganateions (MnO4") are reduced to colourless Mn2*ions

H H H o o Ho o
| [0] | [0] |y
H—C—C—OH — H—C—C{ — H—C—C{

H H HooH HoOH

ETHANOL ETHANAL ETHANOIC ACID

(PRIMARY ALCOHOL)

[O1= ACIDIFIED K,Cr,O,

OR
ACIDIFIED KMnQ,

H H

1 S0 o 1 °
H—(lj—Cl,‘—C\ _—> H—(lt—Cl—C\
H Ho M H H OH
PROPANAL PROPANOIC ACID
(ALDEHYDE)

Oxidation of primary alcohols (1) and aldehydes (2) gives carboxylic acids

Hydrolysis of nitriles

= Carboxylic acids can also be prepared from the hydrolysis of nitriles using either dilute
acid or dilute alkali followed by acidification

= Hydrolysis by dilute acid results in the formation of a carboxylic acid and ammonium
salt

= Hydrolysis by dilute alkaliresults in the formation of a sodium carboxylate salt and
ammonia; Acidificationis required to change the carboxylate ioninto a carboxylic
acid
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= The -CN group at the end of the hydrocarbon chainis converted to a-COOH group ,

H H

ACID
HYDROLYSED

Your notes

H H 0

Y
H—Cl—Cl—CEN + HCL + 2H,0 —> H—C—C—C_  + NHCL

|
H H H oHo oM
PROPANENITRILE PROPANOIC ACID  AMMONIUM
CHLORIDE
ALKALI SALT
HYDROLYSED
H H H H
| 1 °
H—(lt—cl—cEN + NaOH + H,0 —> H—(lt—cl—c\ + NH,
H o H H H  ONa

PROPANENITRILE

SODIUM PROPANOATE AMMONIA

‘LACIDIFlCATION

H H
0

I
==
H oH o OH

PROPANOIC ACID

Hydrolysis of nitriles by either dilute acid (1) or dilute alkali and acidification (2) will form a
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Reactions of Carboxylic Acids ,

Your notes

Carboxylic Acids - Reactions

= |naqueous solutionthey are only slightly ionised, to give low concentrations of
hydroniumions and alkanoate ions (often called carboxylate ions)

= This partial ionisationin solution means that carboxylic acids are weak acids

= This means that the position of the equilibrium lies to the left and that the concentration
of H*is much smaller than the concentration of the carboxylic acid

= However, the concentration of hydrogenionsis sufficient to react with an aqueous
solution of sodium carbonate or sodium hydrogen carbonate to produce carbon
dioxide

= Thesereactions are a useful test for the possible presence of a carboxylic acid:
= Sodium carbonate: 2RCOOH + Na,COz— 2RCOONa*+ CO,+H,O
= |onic equationwith carbonates: 2RCOOH + CO3%~—2RCOO™ +COy+H,0O
= Sodium hydrogen carbonate: RCOOH + NaHCOz — RCOO ™ Na*+ CO,+H,0

= |onic equationwith hydrogen carbonates: RCOOH + HCO3z™—RCOO™ + CO2+H,0

EQUILIBRIUM POSITION
LIES TO THE LEFT

O O
V4 Y X
CH,C == CHC_ +H
OH O CONCENTRATION OF H*
ETHANOIC ACID ETHANOATE ION IS SMALLER THAN
OF CH,COOH

Carboxylic acids are weak acids that do not fully dissociate in water, the position of the
equilibrium lies to the left

Reaction with LiAIH,

= Carboxylic acids canundergo reduction when they react with areducing agent such as
lithium tetrahydridoaluminate, LiAIH,, suspended in dry ether at room temperature

= Acarboxylic acid willbe reduced to a primary alcohol, forexample
CH3zCH,COOH (I) + 4[H] - CH3CH,CH,OH (I) + H,O (1)
= Addition of water at the end will destroy any excess lithium tetrahydridoaluminate

Reaction with bases

= Carboxylic acids canform salts with metals, alkalis and carbonates.
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= [nthereactionwith metal oxides a metal salt and water are produced ,
= Forexample inreaction with magnesium the salt magnesium ethanoate is formed: Your notes
2CH3COOH (aq) + MgO (s) —» (CH3COO0),Mg (aq) + H20 (1)
= Inthereactionwith alkalis a salt and water are formed in a neutralisation reaction

= Forexampleinreaction with potassium hydroxide the salt potassium ethanoate is
formed:

CH3COOH (aq) + KOH (aq) —» CH3COOK (aq) + H20 (1)
= |Inthereactionwith carbonates a metal salt, water and carbon dioxide gas are produced

= Forexampleinreaction with potassium carbonate the salt potassium ethanoate is
formed:

2CH3zCOOH (aq) + K2CO3 (s) » 2CH3zCOOK (aq) + H20 (1) + CO2 (9)
Reaction with phosphorus(V) chloride
= Carboxylic acids react with solid phosphorus(V) chloride to form an acyl chloride

= Forexample, propanoic acid will react with phosphorus(V) chloride to form propanoyl
chloride, phosphorus trichloride oxide and hydrogen chloride

CH3zCH2COOH (l) + PCl5 (s) » CH3CH2COCI (I) + POCI3 (I) + HCI (g)
= |nthisreaction, steamy fumes of HCl are produced

= Theliquid products can be separated by fractional distillation

Reaction with alcohols
= When carboxylic acids react with alcohols an esteris formed

= Esters are compounds with an -COOR functional group and are characterised by their
sweet and fruity smells

= They are prepared from the condensation reaction between a carboxylic acid and
alcohol with concentrated H,SO4 as catalyst

= Thisis also called esterification

= The first part of the ester’'s name comes from the alcohol and the second part of the
name comes from the carboxylic acid

= E.g.Propanoland ethanoic acid will give the ester propyl ethanoate
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4

LOST AS H,O IN THE

CONDENSATION REACTION Your notes
H H H H H H H O H
|1 % | Ha20) |1 1|
IR T S MO
A 8 b CATALYST TR g
PROPAN-1-0L ETHANOIC ACID PROPYL ETHANOATE

Esters are formed from the condensation reaction between carboxylic acids and alcohols
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Acyl Chlorides & Esters ,

Your notes

Acyl Chlorides & Esters

Acyl groups can be builtinto many molecules using acyl chlorides or acid anhydrides (known
as acylating agents). Acyl chlorides are derivatives of carboxylic acids by substitution of the
-OH group by a chlorine atom. They are named by identifying the parent hydrocarbon chain
and adding the suffix -oyl chloride. They can also be named by removing the -oic acid from
the carboxylic acid and adding -oyl chloride

= Acid anhydrides are also derivatives of carboxylic acids formed by substitution of the -
OH group by an alkanoate

= Acid anhydrides are named by identifying the parent hydrocarbon chain and adding
the suffix -oic anhydride

= They canalso be named by removing the -oic acid from the carboxylic acid and
adding -oic anyhydride

O
y
0 0 R—C\/
R—C\ R—C\ /O
OH Cl R—C
N
O
| CARBOXYLIC ACID| | ACYL CHLORIDE | | ACID ANHYDRIDE |
H
H H O
) ) | Y
| | e
H—Cc—c H—C—c H=G=C M
L ToH Lo H OC\\O
|[ETHANOIC ACID|  |ETHANOYL CHLORIDE| |ETHANOIC ANHYDRIDE |

Ethanoic acid derivatives

o

Worked Example
Draw the displayed formula for the following:
A. Butanoyl chloride

B. Butanoic anhydride

Answer:
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H T 4

L /C\ Your notes
H,C® C° Cl

T
N

T O
Hy I H

/C\ /C\ /C\ /C\
HC™ ¢ 0" ¢” cH,
H, H,

= Acyl chlorides are reactive organic compounds that undergo many reactions such as
nucleophilic addition-eliminationreactions

= |nnucleophilic addition-elimination reactions, the nucleophilic addition of a small
molecule across the C=0O bond takes place followed by elimination of a small molecule

= Examples of these nucleophilic addition-eliminationreactions include:
= Hydrolysis
= Reactionwith alcohols to form esters
= Reactionwithammonia and primary amines to form amides
Hydrolysis

= The hydrolysis of acyl chlorides results in the formation of a carboxylic acid and HCI
molecule

= Thisis a nucleophilic addition-elimination reaction
= Awater molecule adds across the C=0O bond
= Ahydrochloric acid (HCI) molecule is eliminated

= Anexampleis the hydrolysis of propanoyl chloride to form propanoic acid and HCI

o 0 CARBOXYLIC
7 Y ACID
CHy—CH,—C_  + H,0 —> CH;—CH,~C_ + HCl
Cl OH
| PROPANOYL CHLORIDE | | PROPANOIC ACID |

Acyl chlorides are hydrolysed to carboxylic acids

Formation of esters
= Acylchlorides canreact with alcohols to form esters

= The esterification of acyl chlorides is also a nucleophilic addition-eliminationreaction
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= Thealcoholadds across the C=O bond ,

= AHCImoleculeis eliminated Yournotes
0 //OHESTER
CH;—CH,—C + CHy;—CH,—OH —> CH,—CH,~C_ + HCL
Cl O—CH,—CH,
PROPANOYL [ETHYL PROPANOATE |
CHLORIDE

Acyl chlorides undergo esterification with alcohols to form esters

Formation of amides

= Acylchloridesreact withammonia or primary amines to form amides in a condensation
reaction.

= Alone pairon the nitrogen atom attacks the carbonyl carbon in the acyl chloride.
= Thereaction proceeds via a nucleophilic addition-elimination mechanism:

= The nucleophile adds to the C=O bond

= Achlorideion(Cl)is eliminated

= Hydrogen chloride (HCI) is formed

What happens to the HCI?
= The HClformed does notremainunreacted.

= |tisimmediately neutralised by a second molecule of ammonia or amine presentin
excess.

= This forms anammonium salt (e.g. NH,CI, CH3NH;Cl).

Why 2 molecules are needed

= Thelst molecule of ammonia/amine forms the amide

= The 2nd molecule of ammonia/amine neutralises the HCl and forms ammonium salt

Examples
= Reaction withammonia
= Product: Primary amide (propanamide) and ammonium chloride
CH3zCHCOCI + 2NH3 — CH3CH2CONH2 + NH4CI
= Reaction with methylamine
= Product: Secondary (substituted) amide and methylammonium chloride

CH3zCOCI+2CH3NH; — CH3CONHCHz + CHzNHzCl
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= Reaction with ethylamine ,
= Product: Secondary (substituted) amide and ethylammonium chloride Your notes

CH3zCOCI+ 2CH3zCHaNH; — CH3CONHCHCHz + CH3CHoNH3Cl

Summary for formation of amides
= Allreactions form HCI, which is not observed as a separate product
= The HClis neutralised by excess ammonia or amine

= The final products are an amide and an ammonium salt

=

Examiner Tips and Tricks

.

Acyl chlorides also react with secondary amines to form secondary amides. They do
not react with tertiary amines.

= acylchloride + primary amine — secondary amide + HCI
= acylchloride + secondary amine — tertiary amide + HClI
= acylchloride + tertiary amine — no reaction
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Acid & Alkaline Hydrolysis of Esters 4

Your notes

Acid & Alkaline Hydrolysis of Esters
Hydrolysis of Esters - Acid

= Thereverse of the esterificationreactionis called hydrolysis
= Esterhydrolysisis ausefulreaction for creating biodegradable plastics

= Esters canbe hydrolysed to reform the carboxylic acid and alcohol or salts of carboxylic
acids by using either dilute acid (e.g. sulfuric acid) or alkali (e.g. sodium hydroxide) and
heat

= \When an esteris heated under reflux with acid an equilibrium mixture is established,
meaning that the hydrolysis reaction is not complete

ACID HYDROLYSED

°ESTER BOND (DILUTE  H,SO,)

H H
et 1 D I
H J, <T‘—c|:—H + HoN— H—<|:—c|:—c\ + HO—C—C—H
H H H H H H
ETHYL PROPANOATE PROPANQOIC ACID ETHANOL

REVERSIBLE ©

Ester hydrolysis by dilute acid is a reversible reaction forming carboxylic acid and alcohol

Hydrolysis of Esters - Alkaline

= However, heating the esterunder reflux with dilute alkali (e.g. sodium hydroxide) is an
irreversible reaction as the esteris fully hydrolysed and the reaction goes to completion

= The esterdirectly reacts with the alkali (NaOH) to produce to form a carboxylate salt and
alcoholin anirreversible step

= The sodium carboxylate salt requires further acidification to turninto a carboxylic acid

= The sodium carboxylate (-COQO~)ion needs to get protonated by an acid (such as
HCI) to form the carboxylic acid (-COOH)
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ALKALI
HYDROLYSED

s ESTER BOND

H
||
AL e 1
Lol C—C—H + NaOH —=> H—C—C—C{  + HO—C—C—H
“Nat
ol H 1 ONa H H

ETHYL PROPANOATE SODIUM PROPANOATE ETHANOL

IRREVERSIBLE

\LACIDIFlCATION

o}
Il |
H—C—C—C
[
H H

PROPANOIC ACID

Ester hydrolysis by dilute alkaliis an irreversible reaction forming a sodium carboxylate
salt and alcohol

Table showing differences in Hydrolysis of Esters

Acid hydrolysis Alkaline hydrolysis
Equilibrium established / Reaction is irreversible /
does not go to completion goes to completion

Reflux, heat and dilute acid Reflux, heat and dilute alkali

(HCL or H,S0,) (NaOH)
Carboxylic acid and alcohol Carboxylate salt and
produced alcohol produced
.
Worked Example

Name the products and write equations for the following hydrolysis reaction:

1. Ethyl ethanoate with hot dilute sulfuric acid solution
2. Methyl propanoate by hot sodium hydroxide solution
Answer:

Answer 1: Ethanoic acid and ethanol

CH3COOCH,CHs + H,0 = CHsCOOH + CH3CH,OH
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Answer 2: Sodium propanoate and methanol ,

CH3CH,COOCH: + NaOH — CH3CH,COONa + CH3OH Your notes
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Forming Polyesters 4

Your notes

Forming Polyesters

= Addition polymerisation has been coveredinreactions of alkenes

= They are made using monomers that have C=C double bonds joined together to
form polymers such as polyethene

= Condensation polymerisationis another type of reaction whereby a polymeris
produced by repeated condensation reactions between monomers

= Natural condensation polymers are all formed by elimination of water

= Although the process of condensation polymerisationinvolves the elimination of
asmall molecule

= Condensation polymers can be identified because the monomers are linked by ester or
amide bonds

Polyester
= |sformed by the reaction between dicarboxylic acid monomers and diol monomers

= Polyesteris produced by linking these monomers with ester bonds / links

cESTER LINK

————————————

I________
L

) —
O=0

OCHZ—CHZi ___________

n

|THE POLYMER STRUCTURE FOR A POLYESTER

This polymer structure shows an ester functional group linking monomers together
Formation of polyesters
= Adiolandadicarboxylic acid are required to form a polyester
= Adiolcontains 2 -OH groups

= Adicarboxylic acid contains 2 -COOH groups
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DIOL
20H GROUPS AT THE
ENDS OF THE MOLECULE

DICARBOXYLIC ACID /
2COOH GROUPS AT THE

ENDS OF THE MOLECULE Your notes

________________________________

| 0 0 |
'HO-CH,—CH,~+OH | EHO—C@C—OH
[ETHANE-1,2-DIOL| [ BENZENE-1,4-DICARBOXYLIC ACID |

The position of the functional groups on both of these molecules allows condensation
polymerisation to take place effectively

= Whenthe polyesteris formed, the Hatom on the diol and the -OH group of the -COOH
are expelled as a water molecule (H2O)

= Theresulting polymeris a polyester

= |nthis example, the polyesteris poly(ethylene terephthalate) or PET, whichis
sometimes known by its brand names of Terylene or Dacron

............... 0 3
HO—CH,—CH,—OH H§0—C~©7c—0H

|ETHANE-1,2-DIOL| | BENZENE-1,4—-DICARBOXYLIC ACID |

i i
C@C—O—CHZ—CHz— 0
n

THE POLYMER STRUCTURE FOR POLY(ETHYLENE TEREPHTHALATE) (PET)

Expulsion of a water molecule in this condensation polymerisation forms the polyester
called (ethylene terephthalate) (PET)

Formation of polyesters - hydroxycarboxylic acids

= Sofarthe examples of making polyesters have focused on using 2 separate monomers
forthe polymerisation
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= Thereis anotherroute to making polyesters ,
= Asingle monomer containing both of the key functional groups can also be used Your notes
= These monomers are called hydroxycarboxylic acids

= They contain analcohol group (-OH) at one end of the molecule while the otherend
is capped by a carboxylic acid group (-COOH)

2-HYDROXYBUTANOIC ACID IS AN EXAMPLE
OF A HYDROXY CARBOXYLIC ACID MONOMER.
THIS MONOMER CONTAINS BOTH FUNCTIONAL
GROUPS NEEDED FOR MAKING A POLYESTER

VS BVl e R Yl
'HOFCH—CH,~C{ | + {HO+CH—CH~C_ |
-------- . OH; . OH;
. I S —

—H,0

I |
H H H H
POLYMERISING 2-HYDROXYBUTANOIC ACID

MAKES A CONDENSATION POLYMER
CONTAINING ESTER LINKS

Both functional groups that are needed to make the polyester come from the same
monomer
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