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This unit builds on the foundation ideas of spectroscopy and basic organic chemistry
introduced at AS level and goes on to explore these concaptyéndetail.

It also explores the use of these topics in structure elucidation, in synthesis and in industrial
and environmental applications.

11.1 Alcohols and phenol.

11.2 Aldehydes and ketones.

11.3 Carboxylic acid and derivatives.




Topic 9 Spectroscopy

Spectroscopic techniques amgaluable tools in the determination of structure. Mass spectrometry has
already been encountered in the AS units. At A level infrared and nmr spectroscopy are encountered.

Candidates should be able to:

(€)) recall the energy gradation across theattemagnetic spectrum from u.v. to visible to
I.r. spectra;

(b) appreciate that energy levels can be split by a magnetic field, that certain mudieiing 1H,
possess intrinsic spin, and that measurements of the magnitudesnbétaetions betwen the
nuclear spin and the magnetic field are the basis of nuctesgnetic resonance spectroscopy;

(c) explain why some substances are coloured in terms of the wavelengths of visible light
absorbed;

(d) explain the meaning of the term chromophand give examples of chromophore®iganic
species, e.d. N = NT in conjugated systems, including azo dyes.

Students should recall the nature of the electromagnetic spedinemegion enclosed by the dotted
rectangle is specifically mentionedTiopic 9.

A simplified electromagnetic spectrum
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(b) Nuclear Magnetic Resonance

The fundamental particles that make up atoms may be regardpohamg charged particles. Nuclear
magnetic resonance is concerned with the spin properties of the nucleus.

If the number of protonand the number of neutrons are both even then the nucleus has no overall
spin.

If the number of protons plus the number of neutrons is odd, then the nucleus has half integer spin
If the number of protons and the number of neutrons are both odd, thaurctees has integer spin
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In the absence of a magnetic fighed spin energy levels are the same but in the presence of a magnetic

field, the energy levels split.

The nost common form of nmr is proton nmr. Thiel atom has a nuclear spifi%2and such

hydrogen atoms occur in most organic compounds. In the presence of a magnetic field the spin energy
level splits to +%2 andVa.

The basics of auclearmagnetic spectrometer are shown below.
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sweep coils

sweep coils

Sweep gen erator

The sample is held in @i®ning tube between the polesaopowerful magnet. The magnetic fielcthca
be varied by means of curreceirrying coils. Gradual variation of the magnetic field is called
sweeping. The sample is subjected to radio frequency electromagnetic radiaticieegidea can
detect absgtion of radiation by the sartgfor a given magnetic field strength and a fixed radio

frequencyAll factors are linked to a computer and recorder.

Although all;H atoms are the same, the absorption dependseoenvironment of the hydrogen atom.
The magnetic field at the nucleus is not the same as the applied magnetic field because the charged
electrons also interact with the applied magnetic fi€lte difference between the two is called the

nuclear shialing.



Topic 10

Candidates should be able to:

(@) give the systematic names of all simple compounds, including benzene derivatives, containing
the functional groups occurring in this Unit;

(b) understand the term stereoisomerism as embracingBidrand optical isomerism;

(c) explain what is meant by a chiral centre, recall that this gives rise to optical isomerism, and be
able to identify chiral centres in given molecules, and understand what is meant by an
enantiomer;

(d) recall that enatiomers rotate plangolarised light in opposite directions and that equimolar
amounts of enantiomers form racemic mixtures;

(e)  describe the structure of, and bonding in, benzene;
Q) calculate the delocalisation or resonance energy of benzene fvem gnthalpy data;

(9) describe and classify the nitration and halogenation reactions of benzene as electrophilic
substitution, and recall the mechanism for these reactions;
(The equation for the formation of N@s not required.)

(h) describe the FedelCrafts alkylation of benzene;

(i) compare benzene and alkenes with respect to benzene's resistance to addition and explain this
resistance in terms of electron delocalisation;

() compare the ease of alkaline hydrolysis of chloroalkanes and chlorobenzene and explain the
difference in terms of the ICCI bond strength, and rationalise the greater strength of the
C1 C1 bond in the latter case;

Nomenclature

(@) Systematic nomenclature.
Because of thlarge number of organic compounds it is necessary to devise a way of naming them
that leaves no ambiguity. Many organic compounds have been known for a long time and have trivial

names that preate sgtematic nomenclature.

Acetic acid, CHCOOH, which is found in vinegar, has the systematic netimenoic acid
Acetone, GHgO, sometimes used as nail varnish remover, has the systematipmgaeone

Naming hydrocarbons.
Organic compounds have a carlsieleton Compounds are named in terms of this carbon skeleton

and the individual carbon atoms are assigned a number to identify them.



Alkanes.

An alkane inwhich the carbon atoms form a continuous chain is called a straight chain molecule.

CH, _CH CH
/ 2 / 2
ne | Nod ol Son,
heptane

H H H
Pk I
H¢ GH, EH, GH,
The seven carbon atoms numbered
CH,
One isomer of heptane isni2ethylhexane ‘
Pl
H¢ GH, EH,
Thei CHs; groupis called the methyl group as it is derived from methane, @Hhe molecule above,

the methyl group is substituted for a hydrogen atom on the second carbon atom.

Anotherisomer is 3methylhexane /SHZ GH2
N TN
Hy¢ GH

CH,

_
§H.

4-methyl hexane does not exist because if we numbdretkene chain from the other end it would be
the same as-Biethylhexane above. See rules below.

When there is more than one methyl group attached to the chain we psefitkesdi- , tri- etc.
CH,

H H,
Hscf/ z \gH/ T

Rules CH,

e Look forthe longest continuous carbon chain

2,3-dimethylpentae

§s

e Base the name dhe straightchain alkane with the same number of carbons.

e Look forthe shorter carbon branches and the nam#sséstraightchain alkanes.

e Statethe numbeof identical branches by adding (two), tri- (three),tetra- (four), etc.

e Number the positions of the branches on the longest sbaimat the arithmetic total of the
numbers used is the lowest.

o Keepalphabetical order of branch name.



Naming alkenes

Like alkanes the structure is examined for the longest straigtih carbon chain.

Thenameis basedn thehydrocarbon witithe same number of-@toms as the longest continuous
carbon chain that contains the double bond.

The lowest number is useéad shav the position of the double bond.

The ending fiened replaces the ending fAaneo in
CH,
H H
A9 T
Hz? gHz C\ /CHz
H3C/\CH CH,
but1-ene

2-methylpent-2-ene

Aromatic hydrocarbons
Compounds based on the benzene ring are called aromatic hydrocarbons. The name originates from
the odours of such compounds but now hanore sophisticated meaning.

Benzene is a six membered ring which can be represented as

H
/(EH\ H 2N H
" ) (@)
Rl T
g see later

Derivatives are named by numbering the ring.

CH, CH,
l9 |
72N I
v V@t
I I
H
gk&H/ g\CHS Hg\gH/ g\cH3
CH, CH,
1,3-dimethylbenzene
CH, CH,

Functional Groups
Atoms and groups of atoms other than hydrogen which are attacbadtm atora are known as

functional groups.



6

Functional Groups

Functional Group Type of Prefix in Suffix in
compound name name
>C=C< /\c=C< alkene ene
arene, aromatic
CsHs- @ O compounds phenyt benzene
H
-CH,OH |C_
o | O\H primary alcohol hydroxy -ol
H
C
>CHOH |
c— T_O\ secondary alcohol|  hydroxy- -ol
H
H
' I
_?OH —=a_ tertiary alcohol hydroxy -ol
[
- V4
Snlo —c/o aldehydes -al
\H
>CO
/P
R—c\ ketones OXO- -one
R
Ar-OH phenol
<: :}—OH
any OH attached to
a benzene ring hydroxy- -0l
is a phenolic group
-COH y 0
—C/ carboxylic acid -oic acid
\OH
/o
-cocl —c7 | .
N acyl or acid oyl chloride acidor acyl
el chloride chloride




-(COXR0 —C\
/0 acid anhydrides anhydride
—c
AN
0
-COR 0O
7
—cC ester -oate
No—r
R-O-R O ether oXy-
R/ \R
-NH; _AH
—N primary amine amino amine
\H
RoNH
A _ . .
R—N secondary amine amino amine
N R
RsN /R
R—N _ . . .
N\ tertiary amine amino amine
R4N+ R +
‘ quaternary
R_’\"_R ammaium ion
R
-CONH, /o
—C
W ~H amide amido amide
\H
T
RCH(NH;)COOH H— C — COOH . .
o-amino acid
NH,
O
ez — N < nitro compounds nitro-
N\
O
—C=N _ o
-CN nitriles cyane nitrile




= -Cl chloro compoundg  chloro -chloride
Br -Br bromo compoundy ~ bromo -bromide
. -l iodo compounds jodo- -iodide

(b) STEREOISOMERISM

This occurs witttompounds with the sanmeolecular and structural formulae but which have a

different arrangement of their atoms in space.

E-Z isomerism

With analkane such as ethane,Bs, there is free rotation about the carbrarbon single bond.
Viewed along the carbancarbon bond, the three

TR
hydrogen atoms of each thgl group can rotate
H— H with respect to each other.

In analkenesuch as ethene, 8, the double bond prevents this rotation.

There is no rotation around the carbmarbon double bond and the molecule is confined to a planar

shape. This means that in compounds such as
1,2-dichloroethene, represented by the ball diwk sliagrams below, two forms are possible.

This are described asZEisomers.

N/ 5)#%
H/ \H
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The rules for assigning-E nomenclature are known as CIP rules after the chemists who developed

the system, Cahn, Ingold and Prelog.

The first step is to look at the/o groups at the end of the double bond and rank the two groups in
terms of the atomic number of the atoms concerned. The atom with the higher atomic number takes
precedence (higher priority). This is done for both ends of the double bond. If thegdrighigy

groups are on the same side of the double bond, then itdsiseener (from the Germazusammen

which is together). If they are on opposite sides then it is the E isomer( from the @engegen

which is opposite).

Examples

but2-ene

Look & the left hand end of the double bond. C has a higher priority than H.
Look at the right hand end of the double bond. C has a higher priority than H.

The carbons are on the same side of the double bond and so this is

(2) - but-2-ene and (E) T but-2-ene
H H HsC H
AN / AN /
CcC=C Cc=cC
/ AN / N\
H,C CH, H CHs

Consider the molecule off@omo-but-2-ene.
H Br
/
c=cC

/ \
HsC CH,

Look at the left hand end of the double bond. C has a high priority than H.
Look at the right hand end of the double bond. Br has a high priority than C.
The higher priority atoms are opposite sides of the bond and thigk3 - 2-bromo-but-2-ene.

[Note incis/transisomerism this would be th@sisomer]

The E and Z isomers may have different and physical properties
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Consider the two butenedioic acids.

I
H H H
Ne=c” Ho N O\
HO_ ~ \__OH C=C_ "OH
C H
| I I
O 9] @)

(2)7 butenedioic acid (E) T butenedioic acid

trivial name, maleic acid, trivial name, fumaric acid
b.p. 130°C b.p. 200°C sublimes
forms an anhydride on heating does not form an anhydride
- : Br Cl
Consider the following te structures Br F
Two different moleculesas there is no free rotation about the\C:C/ C—
carboncarbon double bond. I/ \CI | =

Looking at the left hand end ofl has higher priority than Br i
and at the right hand side CI has higher priority tharhié. higher priority atoms a@n the same side

of the double bond so structuris theZ- isomerand similarly structuré is theE 1isomer.

Optical isomerism

This occurs when the isomers have the same molecular formula and same structural formula but have
a different effect on plee polarised light. The isomers are rguperimposable mirror images. This
property is known ashirality and the isomers are said todseral.

Optical isomerism arises mainly from molecules which have four different atoms or groups of atoms
attached t@ tetrahedral carbon atom. The carbon atom is said to &&yammetric carbon atom

since the molecule does not possess a plane or axis of symmetry. A ball and stick model shows the
mirror image relationship and the fact that the isomers cannot be supsednppon each other. Such

isomers are described agtical isomersor enantiomers

mirror line
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The isomers of organic compounds of this type, in the liquid state or in solution, have the ability to

rotate the plane of polarised light either to the leftiydaetatory) or to the right(dextrorotatory). They
are said to beptically activeand are given the prefix or d- for the laevorotatory and dextrorotatory
forms respectively. The amount of rotation can be measured by a polarimeter.

An equimolar mixturef the two optically active forms is optically inactive and is calledcg@mic

mixture or racemate Separation of a racemate into its component enantiomers is regtddtion

A diagram of a simple polarimeter

Cell containing a solution of an optically active compound. The compound
rotates the plane of polarised light.

\ 4

4_:\CT>£, ﬂ ) f\ eye

“TN\ Y ¥

Source of monochromatic

light

With vibrations in all

directions at right angles to \ \

the direction of propagation.
The polarizer which allows only The analyser which has to be
light vibrationsin one direction at rotated to restore the original
right angles to the direction of illumination before the compound
propagation through was inserted in the instrument.

Examples of optical isomers.
2-hydroxy propanoic acid.

CHs H3C * indicates
‘ ‘ asymmetric carbon
C *C atom or chiral centre
HOOC/ , "OH HO” \COOH
g J
Y

Mirror images
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2-Substituted butane molecules have an asymmetric carbon.

B ey
RN Siaam
bohoa HHHH
2-methylbutane -chrobutane

* indicates the asymatric carbon atom or chiral centre

(e) Bonding in benzene.

Benzene, gHs is an important molecule
Benzene is a ring of six carbon atoms in a planar regular hexagon. The structure was initially solved

by Kekulé as H
|
H C H
N~ TN~
C|3| \C|3 This is called the Kekulé structure of
benzene
c. =C
e \?/ ~H
H

Although this formula explains some of the properties of benzene it does not explain all its reactions

or its stability towards certain reagents.

The modern view is that the double bonds hold no fixed positions but that all the p electrons from

eachof the six carbon atoms overlap to form a ringraglectrons.

H\ 12[
\

H

H

Di howing the-orbitals at Diagram showing thr-orbital, a ring
lagram showing the-proitals a above and below the plane of carbon

right angles to the hexagon of carbu
atoms.

atoms. Ther-electrons are said to be
delocalised. i.e. any one of the
electrons cannot be assigned to a
particular atom.
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For this reason the benzene ring is represented as

Kekulé structure  or with the internal ring

Physical evidence shows all the atoms of benzene to lie in a plane and all theceaboonbonds are

of equal length Wwich would not be true if single and double bonds were present.

The enthalpy change of hydrogenation of cyclohexene

CH
P CHZ\
H,C CH, H,C CH,
T |
2 \CH/ HC _CHy

CH,

cyclohexane

is approximately-120 kJ mol and it might be expected that for the Kekulé structure the enthalpy
change of hydrogenation woube of the order of360 kJ mol.

However, the enthalpy change for

H
C CH,
HC/ \CH H2C/ \CHz _
I | +3h, T | isi 208 kJ mof .
HC CH
e HC_ _CH,
CH,

This means that benzene is more stable than expected, by approximatelylS'é kJ mol
This energy difference arises from the delocalisation ofitakectrons and is called tldelocalisation

energyor stabilisation energyAn older term was theesonance energy

For this reason, in writing formulae, the hexagon with the delocalised ring is preferred to the Kekulé

structure.

As in the alkenes, the-electrons provide a region of high electron density.
This means that benzene should be susceptible to attack by electrophiles.

Unlike the alkenes, benzene undergoes substitution reactions.
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A typical substitution reaction is nitration which can be regmesd by

O\ _O
% ~
N/
_CH HC A NCH
@) ()
+ HNG, = HCN_/CH * HO
HCA__/.CH Nt
N CH
nitrobenzene

The reaction conditionare
e Reflux at a temperature below %5

e Use a mixture of concentrated nitric asudfuricacids (nitrating mixture)

The nitrating mixture produces the nitryl cation or nitronium ion.

2H,SO, + HNO; — 2HSQ + H3O+ + NOZ+ Eisif%gi)on is not required by the specification, seg

nitryl cation

The reaction then involves interaction of thelectrons of the benzene ring with the NO

electrophile. The intermediate structure is called a Wheland intermediate. (after G. Wheland)

NO;

/ NO,
NO,"
— B
+ H
Wheland the bonding pair of electrons between

carbon and ydrogen shifts into the ring
to restore delocalisation as a proton is
lost.

intermediate

This reaction mechanism is calletkctrophilic substitution.
The ejected proton will react with any nugkdes present and reaction with the hydraggfateion
will form H,SO..

/NOZ NO,

NO," —_—

HSO,
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At higher temperatures further nitration occurs.

NO, O, NGO,

NO,
1 5 1
@ @

The trinitro- derivative is explosive and can be compared

to 2methyt1,3,5trinitrobenzene (old name trinitrotedne or TNT)

3 3
NO, NO,
1,3-dinitrobenzene 1,3,5-trinitrobenzene
CH,
02|\|\1 2 NO,

5
NO,

2-methyl-1,3,5-trinitrobenzene
TNT

Chlorination.

Chlorine may be substituted into the benzene ring under the following reaction conditions

Absence of light
Room temperature
Anhydrous conditions

In the presence of another substance called a halogen carrier, e.g. alumioiighe chl

Aluminium chloride, AIC}, is electron deficient, the aluminium having only six valency electrons

around the aluminium. The reaction mechanism is thought to involve the formation of TAICI

The mechanism is electrophilic substitution.

Cl

/

CI\ | CI""A|;
C'Q'KA /A|—C|—> @: JZCI/ c
cl

The CICI bond undergoes
heterolysis and a positive
intermediate formed t@gher
with AICl4

Cl
+ HCI + AIC}

chlorobenzene
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Further substitution gives a mixture of -dhlorobenzene and 1i4lichlorobenzene

Cl
Cl |
ZlL /1\
Cl 6 2
6——2~ | |
| | 5 3
5 3 N7
71 |
Cl

1,2-dichlorobenzene  1,4-dichlorobenzene

(h) The Friedel-Crafts Reaction

When benzene is treated with iodomethane;lJhRi the presence of aluminium chloride at room
temperature and in anhydrousdiions, methylbenzene is formed.

CH,

AICl;

¥ HC—I ——— +  HA

lodomethane methylbenzene

This is another electrophilic substitution reaction. The reaction is sometimesatijliationas it is a
means of introducing an alkyl group&,, + 1—) into an benzene ring.

It will work with halogenoalkareof formula GH2, + 1 X where X is halogen.

If an acyl halide is used then a ketone is formed.

O§ /CHs
C
O
+H,C—C > + H-Cl
Cl
ethanoyl chloride phenyethanone

Although benzengakes part in some addition reactions, such reactions occur much less readily than in
the alkenes. This can be explained by sayingithlere were addition across a double bond in
benzene then delocalisation would be lost and the system lose stability.
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(j) Aromatic halogen compounds are far more resistant to hydrolysis than halogenoalkanes.

When the halogen atom is attached to a beazing, it is far less reactive than when in a
halogenoalkane.
The reason is that thegrbital of the halogen atom can enter into the delocatiseléctrons of the

ring.
J //Sidﬂwaj,rs ovetlap of p orbitals m-electron cloud

The result is that the halogen atom attached to the ring is not easily substituted since delocalisation
must be destroyed.
It can only be replaced BYOH under drastic conditions.

+

Cl O_ Na

200 atmospheres/20CQ

+ 2NaOH — > +NaCl +HO

The aromatic ring of chlorobenzen®y be chlorinated, nitrated efithe product is a mixture of the-2

and 4 isomers.

Cl
/ N02
H,SO,/HNO,
1-chloro-2-nitrobenzene
Cl
NO,

1-chloro-4-nitrobenzene
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Aromatic compounds with halogen in the sidechain.

Any carbon chain attached to the benzene ring is called zisade.
Methylbenzene can be chlorinatedlem chlorine is passed into boiling methylbenzene in the presence
of light. (Free radical conditions.)
Clil
Cl-C—Cl

I SO

(chloromethyl)benzene (dichloromethyl)benzene (trichloromethyl)benzene

H Cl

The chlorine atoms in these compounds are readily susceptible to substitution reactions.

For example, they are easily hydrolysed.

lTI H
I
H—C—Cl H—C—OH
boiling water
(chloromethyl)benzene phenylmethanol
Cl
H_(l;_C| H\C§O Two T OH groups on the
Ca(OH)(aq) same carbon atom is called

gemdiol and eliminates a
molecule of water to form the

Y

aldehyde.
(dichloromethyl)benzene
benzaldehyde
or benzenecarbaldehyde
Cl
| O§C/OH
Cl-C—Cl Eachchlorine atom is replaced
Ca(OH)(aq) by i OH, this isunstable and
> eliminates water to form the
followed by HCl carboxylic acid.
(trichloromethyl)benzene benzoic acid

or benzenecarboxylic acid

The lack of reactivity of halogen bound to the benzene ring is one cause of the persistence of some

insecticides in the environment.
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The classic case is that of DDT, which is also fat soluble and accumulates in the food chain.

Its use is now sittly controlled.

Remember that halogen in a side chain of an aromatic compound is much more reactive than halogen
directly bonded to a carbon atom in the benzene ring. The bond strength of the latter is greatly

increased by participation in delocalisatias described above.

TOPIC 11  Organic compounds containing oxygen
Candidates should be able to:

(@) describe the methods of forming paim and secondary alcohols framalogenoalkanes and
carbonyl compounds ;

(b) recall:

(i) the reactions of pmary and secondary alcohols with hydrogen haliddsanoyl
chloride and carboxylic acids (to give sweet smelling esters);

(i) the dehydration reaction (elimination) of alcohols;
(c) describe the oxidation reactions of primary and secondamails;
(d)  show an awareness of the use of ethanol as a biofuel;

(e)  explain the acidity of phenol and describe its reactions with bromine ancthéhnoy!
chloride;

Q) recall the colour reaction of some phenols with Regolution and the use tis testto
distinguish phenols from alcohols.

Topic 11.1Alcohols and phenol.

(a) Methods of forming alcohols from halogenoalkanes.

When iodomethane is warmed wahueoussodium hydroxide, the corresponding alcohol is formed.

CHsl + NaOH — Cy;HsOH + Nal

Kinetic studies show that the reaction is second order overall, first order with respect to both the

halogen compound and the hydroxide ion. (see kinetics Unit 5)
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The mechanism is referred to as beirg.§Nucleophilic substitutio by a bimolecular process)

Br
e.g.
Br
~_H He | R
slow _—
CH H—C — » N c
VRN .
H R N (L
. R
| 0
o /
| H H
H
. Formation of a transition state in Formation of product with the
Nucleophilic attack which a partial bond is forming bromide ion leaving
By the hydroxide ion between the carbon and the oxyge
atom and the carbon bromine bonc
is breaking.

Secondary halogenoalkanes are also hydrolysed by warm aqueous sodium hydroxide.

CHsCHBrCH; + NaOH — CyHsCH(OH)CH; + NaBr

2-bromobutane butan2-ol

Formation of alcohols from carbonyl compounds

Reduction

The carbonyl group may be reduced by a number of reagents, e.g. lithium tetrahydridoaluminate(lll),
sodium tetrahydridoborate(lll), sodium and ethanol, zinc and ethanoic acid.

Sodium tetrahydridoborate(lll) is verymmeenient because it can be used in aqueous media whereas
lithium tetrahydridoaluminate(lll) must be used in anhydrous conditions and involves a solvent such

as ethoxyethane

Examples o) NaBH, H
R—Cf\/ > R—(ll—OH
H H
a primary alcohol
R NaBH, ?H
,\C:O > R_C.:_ H
R1 R1

a secondary alcohol
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(b) (i) Reactions of alcohols with hydrogen halides

The geneal reaction is
ROH + HX > RX + HO0O
X =-Cl,-Broril.

This is the basis of tHeucas testto distinguish primary, secondary and tertiary alcohols.

The test is based on the relative stabilities of carbocations.

The alcohol is treated with anhyulis zinc chloride (a catalyst) in concentrated hydrochloric acid.

Tertiary alcohols react quickly to form the tertiary chloride compoug@;®&. This is insoluble and
appears almost instantly as cloudiness in the solution.
The secondary alcohol will givsome cloudiness after some time but the primary alcohol gives no

indication of reaction.

The specification only refers to primary and secondary alcohols.

Reactions with acyl chlorides, such as ethanoyl chloridgOCHI.

//O
Acyl or acid chlorides havéaé general formula > R—C\
Cl
R H R
alcoho|_| /1 ‘of b
Q o |
Q) / R—C—cl
R— C\ — g
acyl chloride Cl
Alcohols are goc
nucleophile
O—R

R_C\\/ 1+ HCI

O este

The result is a sweet smelling compound called an ester.
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Example

CHsCOCl + GHsOH — CH;COOGHs + HCI

ethanoyl chloride ethanol ethyl ethanoate

Reaction with carboxylic acids.

Alcohols react with carboxylic acids in the presence of a small amount of concestifieid acid to
form esters. This reaction is often calksterification

ROH + RCOOH [0 R,COOR + HO

o O
H,C—CH / |C|2 i
— S Y.
i N C\ ' yd \O/CHZ\
OH OH H,C CH,
ethanol ethanoic acid ethyl ethanoate

The oncentratedulfuric acid acts as a catalyst. Its function is to protonate the carboxylic acid and the
resulting positive species undergoes nucleophilic attack by the alcohol. Elimination of a proton and a
molecule of water results in the formation of dster.

Another method uses anhydrous hydrogen chloride as the catalyst (FBpeher Method).

(i) Elimination reactions of alcohols

When ethanol is heated with an excess of concentsatéutic acid to 1® °C, ethene is formed by

elimination of a mtecule of water.

C,HsOH —> CHs + HO
concentratedH,S0O,
1800C

The same reaction can be achieved by passing ethanol vapour over aluminium oxide or porous pot
above 300C.

Alcohols may also be dehydrated by treated with hot concentrated phosphoric acid.



(c) Oxidation of alcohols.

The usual reagent for oxidising alcohols is aqueous potassium or sodium dichromate and aqueous

sulfuric acid.

Primary alcohols are oxidised atddehydes and carboxylic acids; secondary alcohols are oxidised to
ketones. Tertiary alcohotge resistant to oxidation but under severe conditions may yield carboxylic
acids containing fewer carbon atoms than the parent alcohol.

Primary RCH,OH — RCHO — RCOOH
aldehyde carboxylic acid

Secondary H R

_— >

AN
R—Cll—OH =0
R; Ry ketone

The oxidation of the primary alcohol can be con®deas a twestage process. To obtain the
aldehyde mild conditions must be used with the aldehyde distilled off as it forms. Complete oxidation

of a primary alcohol to the carboxylic acid may be avoided.

More vigorous conditions result in the acid.

CrO” + 14H + 66 — 2Cr + 7H0 Half-equations
RCH,OH — RCHO + 2H +2e
Cr,0;7- + 8H + 3RCHOH — 3RCHO + 2CF 7H,0

Cr,04 + 14H + 6e > 2Cr" + 7H,0
RCHOH + HO > RCOOH + 4H +4e
2Cr,0- + 16H + 3RCHOH — 3RCOOH + 4Cf 11H,0

} Half-equations

A similar redox equation can be constructed for a secondary alcohol being oxidised to a ketone.

Primary, secondary and tertiary alcohols may be distinguished bydaeitonswvith acidified

dichromate.

Aldehydes and ketones may be obtained by passing the alcohol vapour over a copper catalyst

at 500°C.

Cu/500°C
EEE—

RCH,OH RCHO + H

Cu/500°C
RzCHOH e cho + |‘&
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(d) Ethanokan be used as a biofuel which is carbon neutral. For manyetearsl has been blended

with petrol to form a fuel called fAiGasohol 0.

In growing, plants utilise the process of photosynthesis to form carbohydrates.
e.g.

sunlight

6C0O, + 6H0 — CeH1205 + 60,
chlorophyll

The carbohydrate material from plantel as starclsugars etc. may be fermented using enzymes

from the microorganism, yeast.

e.g. Starch, (6H100s), is hydrolysed to form the disaccharide maltosgHgOa1,
which changes under the influence of enzymes from yeast at ab%Dtt85Formethanol and carbon

dioxide

CioH2011 + HO —  2CeH1206

CsH1205 — 2GHsOH + 2CQ

Combustion of the ethanol forms water and carbon dioxide. The carbon dioxide simply replaces that

used in photosynthesis to form the plant carbohgdrat

(e) Phenol

Phenol itself is a toxic crystalline compoun@HgOH. Skin contact with phenol must be avoided.

OH

phenol

In aqueous solution, phenol is aciddometimes calledarbolic acid This contrasts with the alcohols

which are neutral in aqueoudion..

CeHsOH + HO [0 CgHsO + HO"
phenoxide ion
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The phenoxide ion is stabilised by incorporation of thoglptal of the oxygen atom into the

delocalisedt-electrons of the ring.

Sideways overlap of p orbitals n-electron cloud

Some reactions of phenol

Phenol, although sparingly solublevirater, reacts with aqueous sodium hydroxide

CeHsOH + NaOH — CgHsONa + HO

Sodium phenoxide
The presence of tliéOH group activates the benzene ring to electrophilic reagents.

Substitution takes place in tReand 4 positions. With bromine or bromine water the Zh8omo

derivative is obtained.

OH OH
Br Br

+ 3B  — + 3HBr

Br
2,4,6-triboromophenol

The trichlore derivative can also be formethis may be used as an antiseptic, TCP.
2,4,6tribromophenol forms as a whitish precipitate when aqueous piseineated with bromine

water.

Thei OH group in phenol differs from thiéOH group in an alcohol in that it cannot be esterified by
reaction with a carboxylic acid and concentratetiuric acid.

It will react with an acyl chloride to form an ester.

CeHsOH + CHCOCI — CH;COOGHs + HCI
phenyl ethanoate
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() Thei OH group attached to a benzene ring is callptiemnolic groyp. Such groups often react

withm aqueous iron(lll) chloride to form an intensely coloured complex, tyiblee or green. Phenol

itself gives an intense violet colour. Alcohols do not give sucblour with aqueous iron(lll)

chloride.

Topic 11.2 Aldehydes and ketones

Candidates should be able to:

(@)

(b)

(©)

(d)

()

(f)

describe the formation of aldehydes and ketones by the oxidation of primary andesgcon
alcohols respectively;

describe how aldehydes and ketones may be distinguished by their relative ease of oxidation
using Tollens' reagent and Fehling's reagent ;

recall the use of NaBHo reduce aldehydes and ketones and state the mrgasducts
formed

describe the reaction of aldehydes and ketones witligjophenylhydrazine reagent as a
nucleophilic additiorelimination (condensation) reaction and explain the use of this reaction
in showing the presence of a carbonybgp and in identifying specific aldehydes and ketones
by determining the melting temperatures of the purified products;

describe and understand the mechanism of the addition of HCN to carbonyl compounds as an

example of a nucleophilic addition ream ;

describe how the triiodomethane (iodoform) test is carried out and explain its use in detecting

CH3COT groups or their precursors.

(a) Aldehydes and ketones are formed by the oxidation of primary and secondary alcohols respectively

with addified aqueous sodium or potassium dichromate(VI1). See Topic 11.1 above.

The formation of the aldehyde requires mild conditions to prevent complete oxidation to the

carboxylic acid.

The reactions can be written KoCr0;/ HSO

and

RCH,OH ———» RCHO + HO

R1

R1
\ KzCr207/H2804
CHOH — & N\c=0

R> R>

(b) Aldehydes and ketones may be distinguished by the resistance of ketones to oxidation.

Two commonreaget s are Fehlingds solutions and Toll

Fehlingds solutions are

e

r
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Solution 1 aqueous copper(lbulfate

Solution 2 sodium potassium tartrafpotassium sodium 2-@ihydoxybutanoatedissolved in

aqueous sodium hydroxide

The substance under téstvarmed with equal volumes of the above solutions. If an aldehyde is
present, a reddish colour will develop as copper(l) oxideOCig formed.

Ketones do not give this reaction.

Tollen®reagent is an ammoniacal solution of silver nitratepntairs the diamminesilver(l) ion,

[NH3),Ag]". The reagent should always be freshly prepared and unused solution together with the
used test solutions destroyed with dilute nitric acid after use. This prevents the possible formation of
explosive silver compoundjlver fulminate.

When a small amount of an aldehyde is added tc
a black precipitate of silver is formed or a silver mirror is seen on the inside of the test tube.

Ketones do not give this reaction.

(c) Reduction of the carbonyl group

The carbonyl group may be reduced by a number of reagents, e.g. lithium tetrahydridoaluminate(lll),
sodium tetrahydridoborate(lll), sodium and ethanol, zinc and ethanoic acid.

Sodium tetrahydridoborate(lll), NaBHl is very convenient because it can be used in aqueous media
whereas lithium tetrahydridoaluminate(lll) must be used in anhydrous conditions and involves a

solvent such as ethoxyethane

o NaBH, M
/ o
propanal propan-1-ol

a primary alcohol

H3C NaBH, H.C /H
C=0 > ° ~c H
/N0
HaC—CH, HaC—CH,
butan-2-ol

a secondary alcohol
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(d) Addition -elimination (condensation) reactions.

In thesereactions the carbonyl undergoes nucleophilic attack but the adduct loses a small molecule,
usually water.

One of the most useful reagents is @liditrophenylhydrazine reagent. This is a solution of
2,4-dinitrophenylhydrazine in a suitable solvent. Wiies carbonyl compound reacts with this

reagent the result is a yellow or orange solid (the corresponding hydrazone). These derivatives may be
isolated and purified and the original carbonyl compound identified from the melting point of the
2,4-dinitrophenylhydrazone that is formed.

H
O 5—©6 \N H
\\N 4/C)\1 Nﬁ
g \3 2/
\
N=0
Va
O
2,4 - dinitrophenylhydrazine
R
/NHZ /N:C
O,N NH + /R O,N NH R,
AN _
NO, R, NO, + H—O_

The product is called a 2j4dinitrophenylhydrazone.

If R; or Ry is hydrogen then the reactant is an aldehyde.

Examples of the melting points of 2¢éhitrophenylhydrazine derivatives of common carbonyl

compaunds.
Carbonyl compound Melting point of the 2,4-dinitrophenylhydrazone / °C
ethanal 168
benzaldehyde 237
(benzenecarbaldehyde)
salicyladehyde 252 decomposes
propanone 126
butanone 115
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(e) Nucleophilic addition of HCN

Carbonyl compounds will adoh a molecule of hydrogen cyanide, HCRhe rate is slow but is

greatly increased by addition of alkali or cyanide ions.

Alkali will neutralise some of the HCN molecules giving a higher concentration of cyanide ions.
HCN + OH [0 CN  + H,O

e.g. CH;CHO + HCN —> CH;CH(OH)CN

H
/O HCN H c—clz—o
H3C—C\ > 3 | \
H c H
m

2-hydroxypropanenitrile

The mechanism for this reactionnscleophilic addition

o OoH
/_* H/ <
o— e H
NI qo) 7
H,c——Ct » HC—C—H H,C—C—H
| —> |
C C
.. il 1l
C- N
N
Nucleophilic attack by The resulting negative ion gains a
cyanide ion at the carbon proton from water (solvent) or any
atom of the polar carbonyl other availablenolecule such as
group HCN

Benzenecarbaldehyde, benzaldehyd#{sCHO does not react with cyanide ions in this way.
When it is refluxed with ethanolic potassium cigim the product is g1sCH(OH)COGHSs.

0
H\ |c|:
C/

\
OH
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The haloform reaction.

This is a reaction which is given by methyl ketones of the forrgG@HX and alcohols which can be
oxidised to methyl ketones. e.g., ethanol 3CH,OH and propanal, CH;CH(OH)CHs.

A usefuldiagnostic test for methyl ketones is the iodoform reaction.

lodoform is triiodomethane, CHlillt is a yellow, insoluble compound with a characteristic antiseptic

smell.

The procedure is to add the compounditber iodine and aqueous sodium hydroxaeaqueous
potassium iodide and aqueous sodium chlorate(l), NaClO, if a yellow precipitate of triiodomethane is
formed then the methyl ketone group is present.

It is possible for a methyl ketone to exist in the enol state.

H,C CH, Hsc\C¢CH2

\C/

[ Z !
H

In the presence of alkali, ketone ad from thi enol 1 negative ion, a carbanion.

This negative ion will react with iodine

H.C CH,
SN
g a carbanion
O
| i
A~
H,C CH,  1— H,C CH,
—v
1
I
This then undergoes further iodination to form C /
ch/ \C

I/ ™~

In the presence of alkali GHOCL + OH — CH3;COO + CHk

triodomethane
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Topic 11.3 (a) (i)

Candidates should be able to:

@)

(i)

(ii)

(iii)

describe the physical properties of lower carboxylic acids (volatility and solubility) and
relate these to the presence of hydrogen bonding;

discuss and show understandingtu# telative acidities of carboxylic acids, phenol,
alcohols and water, and appreciate that carboxylic acids liberateff@@ carbonates
and hydrogencarbonates but that phenol does not;

recall that phenols in aqueous solution give colour reast with iron(lll) chloride
solution;

(b) recall the following listed processes and apply knowledge of them to the elucidation of organic
problems:
(i) the formation of carboxylic acids from alcohols and aldehydes ;
(i) the formation of aromat carboxylic acids by the oxidation of methyl sidechains with
alkaline MnVIl and subsequent acidification;
(i)  methods of converting the acids to esters and acid chlorides, and the hydrolyses of
these compounds;
(iv)  the behaviour of acids ameduction with LiAlH; acid decarboxylation and its use in
structure determination;
(c) recall the following listed processes and apply knowledge of them to the elucidation of organic
problems:
0] methods of converting carboxylic acids to amides;
(i) formation of nitriles from halogenoalkanes;
(i) the reduction of nitriles with LiAlldand the hydrolysis of nitriles and amides;
(d) recall the industrial importance of ethanoic anhydride and polyesters.
O
The carboxyl groupCOOH, is —C//
AN
O—H
0 )
The carboxylate iorCOQ, isor - // C{—
N -

The arc indicates delocalised electrons. The two oxygt
atoms are identical.
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The alkanoic acids

The firstfour members are

T A~ H,C—CH O
0 o H,C C 3 2
/ ’ N/
H—C H,C—C CH;—C
\ O
O—H O—H H O—H
methanoic acid ethanoicacid propanoic acid butanoic acid

These acids are weak acids although they are much stronger than phenol. They liberate carbon dioxide

from aqueous sodium carbonate or aqueous sodiunodgdcarbonate. Phenol does not.

Acid HCOOH CH;COOH CHsCH,COOH CH;CH,CH,COOH
methanoic acid ethanoic acid propanoic acid butanoic acid

pK, at

3.75 4.76 4.87 4.82
298K
b.pfC 101 118 141 154

solubility in
very soluble very soluble soluble not solle

water

The boiling points of these acids are higher than would be expected from their molar masses.

The reason is that there is extensive hydrogen bonding within the ligwidence shows that

carboxylic acids often form dimers through hydrogen bonding.

Hydrogen bonds

The solubility in water is favoured by hydrogen bonding between the carboxyl group and water
molecules but as the carbon chain lengthens, its hydrophobic nature reduces the solubility in water.
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(i) The pKavalues abovshow that the acids becomeaker as molar mass increases.

pKa = — logKa
ThepKavalue for phenol is approximately 1iGe. K, = 10 ** mol dm’®
Sincethe value oK, for water is 10** mofdm ° at 298K, the order of acidity is

carboxylic acid > phenol> water.

The Kyvalues or carbonic acid, bCOs, and the hydrogencarbonate ion, HCQ@re 6.37 and 10.32
respectively. It follows that carboxylic acids are strong enough to release carbon dioxide from aqueous
sodium carbonate and aqueous sodium hydrogencarbonate but phenot,sifice it is not a strong

enough acid.

(iii) It must be remembered that phenol gives a violet coloration with aqueous iron(lll) chloride. When
neutral agueous iron(lll) chloride is added to an aqueous solution of the ammonium salt of a lower
carboxylic acid, a reddish brown colour is observed. If repeated with benzoic acid a buff coloration is

observed.

(b) (i) Carboxylic acids are formed from alcohols and aldehydes by oxidation with aqueous potassium

or sodium dichromate(VI) acidified witbulfuric adad.

CH3;CHCH,OH KLrO/H:SQ CH;CH,COOH + HO

»

This redox reaction may be balanced from the ion/electron half equations
Cr,O/ + 14H + 6¢ — 2CF" + 7HO

CHsCH,CH,OH + HO — CH3CH,COOH +4H + 4¢

for the aldehyde

CH3CH,CHO +H,O — CHzCH,COOH + 2H + 2€

Aromatic carboxylic acids may be formed by the oxidation of a side chain of an aromatic compound
by heating with alkaline potassium manganate(Mile product is a salt of the acid since the
conditions are alkaline and the mixture must be acidified with hydrochloric acid to release the free

acid.
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HaC._ O _ONa O _oH
CH,
alkaline potassium manganate(V.
Heat
ethylbenzene sodium benzenecarboxylate benzenecarboxylic acid

Benzenecarboxylic acid is almost insoluble at room temperature and can be filtered from the reaction

mixture and purified by recrystallisati from hot water.

e
(i) Esters //
Esters are sweet smelling compounds of general formula RGQOORR——C

O—R,

They are prepared byeating a carboxylic acid and an alcohol in the presence of an acid catalyst such

as concentratesulfuric acid.

RCOOH + ROH — RCOOR; + H,O
CH;COOH + GHsOH — CH3COOGHs + HO

ethanoic acid ethanol ethyl ethanoate

o @) _H
H-O
// // +
H,C—C + H,C—CH>OH Ya H3C———C
\O_H O——CH5—CH,

ethyl ethanoate

Sometimes it is more convenient to use dry hydrogen chloride as the catalyst. This is called the

FischerSpeiemethod.
Alternatively, the alcohol may be treated with an acid chlo(sie belowy.

When esters are heated with dilute mineral acids such as hydrochlogalfnit acids, they are
hydrolysed. e

RCOOR + HO — RCOOH + ROH

RCOOR + NaOH — RCOONa + ROH
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Notice that alkaline hydrolysis gives the sodium eathe carboxylic acid.

o
|

The ester group

c—2©O

Sometimes it is possible to form amernal ester from some hydroxyacids.

o)
O O\C/
HO | /
N _CH, _C =~ — > R—HC \ + H0
C “CH, OH CH
R\ 2
Y CH,

The ring structure of such an ester is broken on hydrolysis.
Acid chlorides

The reaction between carboxylic acids and phosphorus pentdehjoeids acid or acyl chlorides.

//O O
R—C + PCL, — R—C + POC} + HCI
0—H OH

An acid chloride
e.g CH;COOH + PG — CHiCOCI + POGH HCI

ethanoyl chloride

Alternative reagents are phosphorus trichloride and sulphur dichloride oxide.
3CH;COOH + PG — 3CH;COCI +HPGs
CH3;COOH + SOCL — CH;COCI + SG+ HCI

Acid chlorides are extremely reactive and are acylating reagents. This means they are reagents which

can introduce the RG@roup into a molecule.

Ethanoyl chloride, CECOCI is more reactive than benzenecarbonyl ctiéo(benzoyl chloride),
CeHsCOCI.

Ethanoyl chloride is readily hydrolysed by water

CH;COClI + HO — CH;COOH + HCI
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When a bottle of ethanoyl chloride is opened, misty fumes of hydrogen chloride are seen as the

compound reacts with atmospheriater vapour.

Benzoyl chloride reacts much more slowly than ethanoyl chloride.
(iv) Reduction by lithium tetrahydridoaluminate(lll), LiAlH

LiAIH ,
R.COOH———» RCH,OH

Sometimes written for simplicity as

R.COOH +4[H] — RCH,OH + H0
This reagent vl not reduce any carbeoarbon double bonds in the carbon chain of the acid.
It is important to note that unlike aldehydes and ketones, carboxylicaeit®t reduced by sodium
tetrahydridoborate(ll).

Decarboxylation.

If a carboxylic acid or its sadm salt is strongly heated with sodalime, a carbon atom is removed.

CH3;CH,COOH + 2NaOH — C;Hg + NaCOs;
This reaction is calledecarboxylation

CH;CH,COONa + NaOH — GC;Hg + NaCOs

All the reactions infopic 11.3(b)may be useth examination questions for students to elucidate

structures in organic problems.
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A straightforward example is shown below.

Study the following reaction scheme.

CompoundA
CHsO
KzCr207
I H,S0,
Reagent / conc. HSO,
CompoundB Reaction() CompoundC
C2H402 - C4H802
Reageni
ReageniA
Reactioffii) Reaction(iv)
Reagenty
Reaction(iii)
CH, CompoundD
C,HsCIO
Write full displayed structural formulae for compoudsB C and D.
Identify reagentX andY.
Write balanced equations for reactidins (ii), (iii) and(iv).
(c) (i) Conversion of carboxylic acids to amides.
Amides
/ ’
The amide or amidagroup is —C<
NH,
Aliphatic amides are
@) 0) @)
H,C——~C H3C—CH2—C\ H,C——CH;-CH;—C
NH, NH,

NH,

ethanamide propanamide butanamide
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The simplest aromatic amide is H,N o

NP

C

benzamide

or benzenecarboxamide

Amides maybe formed from carboxylic acids by a variety of methods
e By dehydration of the ammonium salt of the acid.

Excess of the acid is refluxed with ammonium carbonate for several hours.

(NH),CO; + RCOOH — RCOONH, + CO + H,O

The excess acid prevents

RCOONH, — RCOOH + NH

The ammoniunsalt dehydrates on heating

RCOONH, — RCONH + HO
e Viathe acid chloride

RCOOH + PGl — RCOCI + POG +HCI

RCOCI + NH — RCONH, + HCI

e Viathe ester

The carboxylic acid can be converted to an ester. Esters react with ammonia to form amides

(ammonolysis).

e.g. CHCOOGHs + NH; — CH3CONH, + GHsOH
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(i) Formation of nitriles.

Nitriles.
Thenitrile group is —C=N

CHsCN is called ethanenitrile. The name is based on the hydrocarbon with the same number of carbon

atoms.CgHsCN is cyanobenzene or phenyl cyanide

A cyanide ion can be introduced into a halogenoalkane by nucleophilic substitution or into a carbonyl
compaind by nucleophilic addition. Both these methods provide a means of increasing the length of a

carbon chain in an organic molecule.

The halogenoalkane is refluxed with ethanolic potassium cyanide.
RCH,l + KCN — RCH,CN + HI

Reactionsof nitr iles

Nitriles are hydrolysed by both aqueous strong acids (HCI aB@fiand by agueous sodium

hydroxide.
//O
R—CH7C=N + 2H0+ k' - H3C—CH2—C\ + NH,
OH
//O
R—CH;-C=N + H,0 + NaOt —>H3C—CH2—C\ * NHg
O Na*

Note that nitriles evolve ammonia when heated with aqueous sodium hydroxide.

This also true of amides.

CH;CONH, + NaOH — CH;COONa + NR

Primary amines, RCH;NH, do not give ammonia with NaOH

Nitriles may be reduced to primary amines by lithium tetrahydridoaluminate(lIl).

LiA|H4
R—CHz—CE N ——  » R—CHZ—CHZ—NH2

a primary amine
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(d) Polyesters

The ester linkage isnportant in polyestersuch as Terylene. In this polymer thelbzatyl groups of
1.4-benzenedicarboxylic acid combine with #f@H groups of ethang,2-diol.

e.g. HO o) OH OH

\ // |

C C H—C—C—H
/ \ |
O OH H H
\C C// H H

/ N

’ T

H o H |

In the manufacture of Terylene the twmnomers are heated. (details given later)

In some processes the dimethyl ester oftieAzenedicarboxyiacid is used.

There are many differetgpes of polyesterTheir structures depend upon the monomers used.
The diols may bethanel,2-diol or 1,2diydroxypropane and the dicarboxylic agids

1,4-benzenedicarboxylic acid,6-hexanedioic acid and 1,A&@nedioic acid.

Polyesters are used in the textile industry either as a spun fibre or blended with natural fibres such as

cotton to form polycotton fibres.

Ethanoic anhydride

This is an important acylating agent which introduces thegGCHgroup inb compounds.
e.g. it is used to react withi®/droxybenzoic acid to form aspirin.
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O HOO

©ﬁ

2-hydroxybenzoic acid

H3C—

H C—C

HO O
@) \ /
Lo I
e
H,C aspirin
+
O
4
HSC—C\
OH

In recent times, concern has been shown about supplies of ethanoic anhydride; especially for the
illegal manufacture of heroin. Morphine has tiM@H groups whicltan be ethanoylated (acetylated)

to form a diethanoyl derivative called diacetyl morphine. Diacetyl morphine is also known as

diamorphineor heroin.

HO CH_
C___C
/ ¢ CcH,
o) | /CH2—|—CH
Hae O O
C /C - N
| H7 [ H O
. CH _-CH CH,
HO “CH morphine

I heroin or diamorphine
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Topic 12 Organic compounds containing nitrogen.

Candidates should be able to:

(@)

(b)
(©)
(d)

()

()
(9)

(h)
()

describethe geparation of primary aliphat&nd aromatic amines frohalogenoalkanes and
nitrobenzenes respectively;

recall that, and explain why, amines are basic;

recall the ethanoylation reaction of primary amines using ethanoyl chloride;

compare the reaction of primary aliphatic and aromatic amines with cold nitraxid)
(nitrous acid), describe the coupling of benzenediazonium saltphetiols such as
naphthaler2-01 and aromatic amines and the importance ofr#aistion for azo yks; recall
the role of thé N=Ni chromophore in azo dyes anddeare that this group links two
aromatic rings;

recall the general formulae afamino acids and discuss their amphoteric 2amitterionic
nature;

write down the possible dipédes formed from two different-amino acids;

understand the formation of polypeptides and proteins and have an antderstanding of
primary, secondary and tertiary protein structure;

show an awareness of the importance of proteingimglisystems, e.g. as enzymes;

recall in outline the mode the synthesis and the industrial importance of polyamdies
understand the similarity of thpeptidelinkage to that in naturallgccurring proteins.

(a) Primary amines.

Aliphatic primaryamines may be prepared from halogenoalkanes.

The halogenoalkane (usually the iodide) is heated with an ethanolic solution of ammonia in a sealed

tube immersed in boiling water.

RCHl + NHs — RCHNH; + HI

Since the amine is basic, the salformed RCHNH;" I".
Also there will be some (RGHNH and (RCH)sN

Alternatively the halogenoalkane may be converted to the nitrile which may be subsequently reduced

to the primary amine.

RCH + KCN — RCH,CN + Ki

RCH;CN - RCH, CH2NH3

lithium tetrahydridoaluminate(lIl)
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Notethis is a synthetic method to introduce another carbon atom into the carbon chain.

Preparation of the aromatic primary amine, phenylamine, GHsNH..
The laboratory preparation of phenylamine involves the reduction of nitrobenzénewvaind

concentrated hydrochloric acid. The mixture is heated and the phenylamine produced forms

phenylammonium hexachlorostannate(1V).

2CsHsNO, + 18HCI + 3Sn—>  (CeHsNH3")[SnCl]* + 2[SnCH?* + 4H,0 + 4H

Sodium hydroxide is then add&glrelease phenylamine.

(C6H5NH3+) + OH — CgHsNH, + HO

The phenylamine is then removed by steam distillation and purified by extraction with ethoxyethane

and final distillation.

(b) The basic nature of amines.
All amines are basic becausetnitrogen atom caries a nbonding pair of electrons which can

accept a proton.

RNH, + H,O Y% RNH;"® + OH Some Xy values are

Ammonia NH; 475 K, = 178 x 10°
Ethylamine C,HsNH, 327 K, = 5.37 x 10°
phenylanne  CgHsNH, 935 K, = 4.47 x 10%

So ethylamine is a stronger base than ammonia which in turn is stronger than phenylamine.

(c) Primary amines react with ethanoyl chloride to form substituted amides.
The amines are nucleophiles whicHhattack the positive centre in an acid chloride.

6 -
H
/ R, Cl
— (" VN4
" |

O
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The resulting intermediate then loses a proton and a chloride ion to-GiveCOR-R;

which is a substituted amide.

e.g.
H,C O
G AN TN H (:/CHZ\CH/NH\C/CH3
H,C CH, N — s 2 - HCI
Cl e)
propylamine N-propyl ethanamide

Note the nomenclatur e. Us i ng liedto thd nitrdgencatbmn.e s t h ¢
(d) Reaction with nitrous acid

Nitrous acid is always prepared from sodium nitrite (sodium nitrate(lll)) and hydrochloric acid when
required.

Aliphatic primary amines give an almost quantitative yield of nitrogen gas. Theresctomplex

and a mixture of organic products is usually formed.

At room temperature, phenylamine also yields gaseous nitrogen and phenol.
CeHsNH, + HNO, — CgHsOH + N + H,O

If the temperature is below £, then another reaction takplace and the product is aqueous

benzenediazonium chloride.

N
||| Cr
N+
+ NaNQ(aq) + 2HCl(aq) —> @ + Nd(ag) + Cl(ag)+ 2H,0(l)

benzeneihzonium chloride

NH,



The conditions for the reaction are

e The temperature must be below°@ The reaction is exothermic so temperature control is
important. At temperatures near t8@, the reactions very slow.

e There must be an excess of nitrous acid so that all the amine is converted. Benzenediazonium
chloride can couple with unused phenylamine. For every mole of phenylamine used there must
be more than two moles of HCI and just over one mole atisoditrite.

The product is not isolated as pure benzenediazonium chloride is explosively unstable.

Diazonium compounds are useful intermediates in the synthesis of organic compounds.

1. If aqueous benzenediazonium chloride is warmed abo%, Jihenols formed
CeHsNCl(ag) + HO(I) — CeHsOH(aq) + NaCl(aq) + Ng)

2. lodobenzene is formed when agueous benzenediazonium chloride is warmed with aqueous

potassium iodide.

CeHsN2Cl(ag) + Kl(ag) >  CeHsl(l) + KCl(aq) + N(g)

4. Couping reactions.
Benzenediazonium chloride reacts with phenols and amines to form coloured compounds called azo

dyes.

e With phenol, in alkaline solution, the reaction below takes place.

N OH
V4
NZ=N o — N
+ 4-hydroxyazobenzene

This is the reason that in the preparation of benzenediazoniondelthe temperature must not rise

above 10C otherwise a coupling reaction make take place.
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The product is yellow. The colour arises from the overlap-efectrons from thé N=N-

bond and the-electrons of the two benzene rings. Such an extended electron system is known as a
conjugated system. Such systems absorb electromagnetic radiation. When this absorption takes place

in the visible region of the spgum, the electron system is known asheomophore.

HO
N
@\\ O
N

(b) An alkaline solution of naphthaléhol also couples with benzenediazonium chloride to form an
insoluble red dye.

(Knowledge of this reaction demanded by the specification).

e The reaction Wth phenylamine to give §15-N=N-NH-CgHs as a yellow precipitate
CeHsNoCl + GHsNH, —  CgHs-N=N-NH-CgHs + HCI

In the presence of strong acid the product undergoes an isaiange tadCsHs-N=N-CgHs-NH

Knowledge of this reaction demandéy the specification).

(e) 2-amino acids ¢ 7 amino acids)

Amino acids are bifunctional compounds containing an amino grbilify, and a carboxyl group,
COOH.

The most important amino acids aremino acids, with general formula

NH, o
7/
R—C—C
N
Y OH

These are imptant compounds since they are derived from proteins by hydrolysis.
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All except the Zaminoethanoic acid, glycine, exhibit optical isomerism.

I I
H.N C C NH
"> Do HO” ¢ °
R H H R
mirror line

Human proteins are formed from twemtyamino acids. Some of these acids are knowesasntial
amino a&ids. The essential amino acids are obtained through diet whereas tb&seatial amino
acids can be synthesised by biochemical processes within the body. The essential amino acids are

obtained by the hydrolysis of animal or vegetable protein in digestio

The amino acids derived from proteins are all chiral in the same sense.

2-Aminoethanoic acid has a melting point over 20(but a molar mass of only 75 g mal
The reason is that, by migration of a proton from the carboxyl group, the amino acid
exists as

/CHZ\ - /O

HsN The zwitterion of glycine

O
Amino acids in this ionic form are calledvitterions.

Amino acids are amphoteric since the carboxyl group acts as an acid and the amino group acts as a

base.

The carboxyl group will form esters and can be decarboxylated.

The amine grop will react with nitrous acid and with acid chlorides.
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(H) Two amino acids so linked is called a dipeptide.

Glycine, CH(NH2)COOH and alanine,G€H(NH)COOH can form two dipeptides.

CHj

Ho |l |

\ C CH @)
/C/ \N/ \C/
H,NT N | |

H H OH

i
C_  _CH, _O
?H “SNH Z?¢:

NH, OH the peptide link

HSC\

(9) Proteins contain a sequence @mino acidsgined by an amide (or peptide) link.

Proteins are naturally occurring polymers containing a large numbeawiino acid units smaller

sequences af-amino acid units are usually called polypeptides.

The hormone, oxytocin, responsible for contractiothefuterus in childbirth is a polypeptide. It is a
polypeptide made up of eight amino acid units. The two cysteine units count as one since they are

linked via the sulphur atoms and called cystine.

| \
CysTyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NH,

The abbreviatns in this formula are shown below.

Q ﬁ CH; O NH, o)
oH |(|: CH, O H.C (|3H lcl: lc CH ﬂ
Hs™ 2‘(|:H/ oH /©/ |CH OH  3™an, \(llH/ SOH 07 cH, ‘cH ow
NH, HO NH, NH, |1|H2
CysteindCys)k Tyrosing(Tyr) Isoleucine(lle) Glutamine(GIn)
0
H.N CH (lj_j H\ /lcl:\ H.C CH E (0]
2 \ﬁ/ 2‘(|3H/ Son HC ?H OH : \lCH/ 2‘(|3H/ “OH [
H,N_  _C
o] NH, CH; CH, CH, NH, 2 SCcH, oH
Asparagin€Asn) Proline (Pro) Leucine (Leu) Glycine (Gly)

* Note that two cysteine units can joig tmeans of a disulphide bridg&-S- to form cystine as in

oxytocin above.
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Proteins and polypeptides are hydrolysed by both acids and alkalis. The hormone, itsciting w

used bydiabeticscannot be taken orally since it would be hydrolysed in the digestive system before it

could become effective in treating the condition.
When the dipeptide o) CHs
Hool |
NG CH O
_C N C
HoNT N\ | |
H H OH

is hydrolysed by acid the products are

If hydrolysed by alkalthe products are ”

(9) The structures of proteins.

Primary structure.

CH

This is simply the sequence chaino acid$orming the protein chain. If the protein contains

cysteine units in the chain which form disulphide links, the disulphide bridgesligparstof the

primary structure.

Secondary Structure

The secondary structure is concerned with how parts of the protein can fold up to tormetin

which is held in shape by hydrogen bonds involving the peptide linkg-@eated sheetn which

the amino acids form a shape like a piece of paper stabilised by hydrogen bonds between amino acids

in different polypeptide chains.

Tertiary Structure

This refers to the protein as a whole @the way in which the.-coils andB-pleated sheets of the

protein fold with respect to each other.

Visit http://www.nature.com/horizon/proteinfolding/backaground/importance.html



http://www.nature.com/horizon/proteinfolding/background/importance.html
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(h) Protein is an essential component of dthgaliet. The functions of proteins are numerous.

They are necessary for structural functions in living organisms e.g. in nails, feathers, hair skin and the
collagen of cartilageRProteins are enzymes, the biological catalysts.
Some proteins and some poeéptides are hormones e.g. oxytocin and insulin.

(i) Polyamides

These are very useful polymers with uses as fibres in textiles, filaments such as fishing lines and as

small light gears in small electric motors.

Nylon-6.6 was first manufactured in 194
It is made from 1 &liaminohexane, and hexanedioic acid

NHN(CH2)eNH, + nHOOC(CH).COOH —>  [-OC(CHy)4CONH(CHy)eNH-], + n H,0

It is a condensation polymer.
It may be made in the laboratory by adding aqueouslidjiinohexanéo a solutiorof hexanedioyl
chloride, CIOC(CH),COCI, in tetrachloromethane. The polymer forms at the interface of the two

immiscible liquids and may be drawn out of the mixture. (The nylon rope trick.)

Note that the linkage between the monomers in nylon 6.6 entige link hence the nylons are

classified as polyamides. o

|

This amide linkage is the same as the peptide link in proteins —C——N—

and polypeptides. IL

There are a number of Nylons depending on the monomers used.

nylon6.10

NH-(CH,) -NH-CO-(CH,),-CO-NH~(CH,),-NH-CO-(CH,) -CO-

nylon 6.8

NH-(CH,).-NH-CO-(CH,) -CO-NH-(CH,) -NH-CO-(CH,) -CO-
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Nylon 6 is manufactured from a single monomer, caproladfénen this molecule polymerises, the

ring opens, and the molecules join up in a continuous chain.

H
\
0
Pl [
H,C \ N~—CH;CH;CH; CHz CHzC
\ CH, H
L n
Sony

caprolactam Nylon-6

6 carbon atoms

Another interesting polyamide is Kevlar.

Kevlar has a polyamide structure similar to ny®6 but instead of the amide links joining chains of

carbon atoms together, they join benzene rings.

The two monomers are benzehd-dicarboxylic acid and 1;diaminobenzene.

HO O
\ 7
C C H2N NH2
//
O OH

The amino and carboxyl groups can eliminate watéorm the polymer with the repeat unit

e e} -
H——|C|I C/\/
/ O |
u H H |n

Kevlar is a very tough polymer which is used in body armour. Its properties are very different from

the ordinary Nylons which have carboraats.
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TOPIC 13 Organic Synthesis and Analysis

Candidates should be able to:

€)) derive empirical formulae from elemental composition data and deduce molecular formulae
from these results plus additional data such as titration values, gas volunsss, ma
spectrometric molecular ion values and gravimetric results;

(b) use given mass spectral data to elucidate the structure of simple organic molecules (up to and
including C8 molecules, with one chlorine atom);

(c) interpret given simple infraredpectra using characteristic group frequencies (supplied in cm
1) : Gi H(str), Nl H (str), O N (str), C=0 (str) and NH (bend) [str = stretch] and use these to
identify groupings in organic molecules;

(d) understand that n.m.r. spectra can give information regarding the environment and number of
equivalent hydrogen atoms in organic molec@aed use such supplied information in
structure determination;

* Candidates will be supplied with simplified n.m.r. spectra of relevant compounds and
with a table listing the approximate positions of commonly encountered resonances.
They may alsodsupplied with an indication of the relative peak areas of each
resonance and with a note that the splitting of any resonance into n components
indicates the presence oflnhydrogen atoms on oagljacentcarbon, nitrogen or
oxygen atom. Questionsay be set showing spectra at low resolution where splitting is
not shown.

(e)  outline the general reaction conditions and basic techniques of manipulséiparation and
purification used in organic chemistry, and recall the essential seggtyirements during
these operations;

Q) understand the use of melting temperatures as a determination of purity;

(g) propose sequential organic conversions by combining a maximum of three reactions
specification;

(h) deduce percentage yieldspreparative processes;

® show understanding of the wide applicability of spectroscopic techniqaeslhgical
problems in industry, medicine and the environment;

() understand and be able to explain and exemplify the distinction between cdittiensa
polymerisation and addition polymerisation;

(K) give, as examples of important industrial and processes, the outline chemistry and any
necessary conditions of the manufacture of migrs (e.g. PET) and polyamid@sg. Nylon 6
and 6,6) startig from compound(s) containing the respective famational groups;

0] outline the uses of thin layer chromatogrgdiiLC), gas chromatography and
highperformanceiquid chromatography (HPLC) in analysis (details of the theory of
chromatography and dhe methods used are not required) and be able to fincoimgosition
of mixtures by use of retardation factor (Rf), retention time and peak area.



(a) Derivation of empirical formula

The specification requires candidates to derive empirical fiarfoun elemental composition data.

This data may be given as percentage composition, by mass or as actual gravimetric data.

All methods involve finding the ratio of the numbers of moles of each kind of atom in the compound.
To determine molecular formuéxtra information is required. This may be molar mass, molecular ion
mass spectrum data, volumetric analysis data or gaseous volume data from which molar mass may be

evaluated.

Example

An organic compountas the following percentage composition, by mass

C 63.97; H 4.49; CI 31.54:

The mass spectrum of the compound shows two peaks in the molecular ion region with m/z values of
112 and 114 with heights in the ratio of 3:1.

Identify the compound and explain the molecular ion region of the mass spectrum.

% by Ratio of number

element mass A iils of moles of atoms
C 63.97 12.0 5.33 6.00
H 4.49 1.01 4.44 5.00
Cl 31.54 35.5 0.888 1.00

Empirical formula is gHsCI
Empirical formula mass = 112.5 g ritol

Molecular formula is gHsCl, the two moleculaion peaks correspond tolds>°Cl at 112 and
CeHs>'Cl at 114, the chlorine isotopes being in the ration 3:1.

(b) Use of mass spectra in the determination of structure, limited containing up to and including

eight carbon atoms per molecule and no more thame chlorine atom.

When organic molecules are introduced into the mass spectrometer, the high speed electrons not only
ionise the molecules but also fragment them. The fragmentation pattern is often a clue to the structure

of the compound.



Relative abundance
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The diagranbelow shows the simplified mass spectrum-ghloro-2-methylbenzene

CHj3

Cl

1-chloro-2-methylbenzene

100

80

60 —

20 |

0 40 80 120

m/z

The base peak is at m/z = 91 which suggests >~

The peaks at m/z at 126 and 128 are molecular ion peak€sB+°Cl and CHCsH,>'Cl and are in

the ratio 3:1. Candidates should be able to familiarise themselves with mass spectra.
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A simplified mass spectrum of chloroetfgisshown below.

H
v _Cl
\_C chloroethane
H/C\ H

H
100
g
= ]
@
e
c —
>
<
250 ]
=
c_-cBi —]
Q
o ]

0 - . u - . . . . vl
16 24 32 40 48 56 64

m/z

Once again we notice the two molecular ion peaks at 64 and 66 in aniagieoR:1ratio. These are

due to [GHsCI]" ions for the two isotopes of chlorine.

The peaks at 49 and 51 are due to the fragmentatipfy@* — -CH; + "CH.CI
Other fragmentations which can be deduced are

[CHsCII"  — H  + "CHCICH; peaks at 63 and 65
[C2H5C|]+ — Cl  + "CH,CHs peak at 29
[CHsCIIY  —  HClI + [CyH4" peak at 28

For mass spectra visit

http://webbook.nist.gov/chemistry/



http://webbook.nist.gov/chemistry/
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(c) For interpretation of infrared absorption spectra, candidates will be supplied with the following

data.
Infrared Spectroscopy characteristic absorption values
Bond Wavenumber/cm*
C- Br 500 to 600
C-Cl 650 to 800
C-O 1000 to 1300
Cc=C 1620 to 1670
C=0 1650 to 1750
CI N 2100 to 2250
C-H 2800 to 3100
O-H 2500 to 3550
N-H 3300 to 3500

Infrared spectra

Infrared data is available from a small quantity of the compaumagjives a good spectrum very
quickly.

Example

A compound has molecular fornauGH;NO and the infrared absorption spectrum below.

10

90 |
80 7
70

60 -

50 |

40

30

20

10

0

3600 3200 2800 2400 2000 1600 1200 800
wavenumber / cnt

Suggest a structure for this compound. What extra IR information would be useful to be more certain?
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Oneapproach.

Possible bonds are

C-H 2800i 3100 cm* (28501 3000 cm’ is the GH stretching frequency with saturated carbon)
C=0 approx 1650 chin spectruntthis is the C=0 stretching frequency in amides
N-H 3000-3500 cm* (the NH stretching frequency in thiéNH, group is 33068400 crm’)

The candidates are not exgted to know the information in italics
H3C_CH2
Could be
/C:O
HoN
No information on alwption of GN bond or GC bond is given and would be desirable.

Infrared spectrum of hexan-2-one

Theinfrared absorption spectrum of hex2-one is shown below.

Note some sgcial features.

100 —

1 Nw

50 —

— a CH; next to C=0 exhibits
l / an umbrellamode vibration
at 1359 crif

— Y

Transmission /%

alkyl C-H stretch 2960 crh C=0 stretch 1715 cih

O T T T T T T T T T 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber / cm*
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(d) Nuclear Magnetic Resonanspectra.

Some aspects of nuclear magnetic resonance have been dealt with in Topic 9(b).

The most common NMR is proton NMR. This usually employs a radio frequency of 60 Mhz and an
magneic field of about 1.41 Tesla. In nuclear magnetic resonance, the frequency of the radiation
absorbed by a nucleus depends upon its environment in the molecule. Different types of protons in an
organic molecule absorb radiation of different frequenciegintiathese absorptions, the radio

frequency is kept constant and the magnetic field varied by the sweep coils.

The absorptions are compared with the standard tetramethylsilane, TMS, which has twelve identical
hydrogen atoms (CHLSi. TMS is assigned a cmecal shift,s, value of zero. The shift values of other

absorptions are measured in ppm.

Candidates will be supplied with th&fermation following.

Typical proton chemical shift values §) relative to TMS =0

Type of proton Chemical hift (ppm)
-CHs 0.1t0 2.0
R-CH;3 0.9
R-CH,-R 1.3
CHs-CI N 2.0

O
J 20to 2.5
H3C_C\
/° 2.0t0 30
—CH,-C
\

CH, 2.2



R-CH,-Halogen

3.3t04.3

-O-CH3, -OCH,-R, -O-CH=C< 3.5t04.0
R-OH 45*
CH,=C< 4.8
OH 7.0*
H 7.3
@)
Y Y
R—C R—O—C 9.8*
\ \
H H
//O
R—C\ 11.0*
OH

* variable figure dependent on concentration and solvent
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Low resolution NMR

e the number of peaks gives the number of different environments the hydrogen atoms occur in
e the ratio of the areas under the peaks gives the ratio of the numbers of hydrogen atoms in the
different environments
e.g. the ratio of the aas under the three peaks of low resolution NMR for ethanol are 3:2:1
¢ information of the environments of the hydrogen atoms is obtained from the values of the

chemical shifts of the peaks

High resolution NMR

In high resolution NMR the peaks are oftentsglie to spin coupling.
The amount of splitting gives information about the number of hydrogen atoms attached to the carbon

atom adjacent to the one being considered.

The number of peaks in the cluster is one more than the number of hydrogen atormedgactre
carbon atom. This is the (n+1) rule. Note that this is stated differently in the specififaon.ot e t h
the splitting of any resonance into n components indicates the presenteéhgtirogen atoms on one

adjacentcarbon, nitrogen or oxygen@atms . 0

l.e.a single peak (a singlet) is due to hydrogen atoms adjacent to a carbon carrying no hydrogen atoms
a doublet is due to hydrogen atoms adjacent to a carbon carrying one hydroge&ktom,

a triplet is due to hydrogen atoms adjacent to a carhoging two hydrogen atomsCH,-

A quartet is due to hydrogen atoms adjacent to a carbon carrying three hydrogenGitbms,

Hence NMR for ethandias a triplet, a quartet and a single peak.

@)
Butan2-one H
«— give rise to a triplet
/C\ CHj
HsC CH,
| give rise to a
give rise toa quartet

singlet
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Look at the following

Cl Cl Cl Cl Cl H Cl H
o e et i
Cl H Cl H Cl H H H

Spectrdor the hydrogen atoms in each of the molecules

M be A e U b

1:1 1:1 1.2:1 1:1 1:3:3:1 1:1 1:3:3:1 1:2:1

(e) Basic practical techniques

Reflux

Many organic compounds are volatile and when heated would escape to the atmosphere before

reaction is complete and the products if volatile would be lost.

To cantain the compounds when heating a reaction mixture, the process of reflux is used.

\

—» Wwater out

cold waterin — L

HEAT
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By cooling the vapours from the reacting mixture, the chemicals are contained within the reaction

flask as they condense and run back.

Reflux with addition for reactions

HEAT

Modem glassware has interchangeable ground glass joints. Care should be taken to avoid these joints
sticking. One method is to use a small I ength

does not impair the seal but does prevent sticking.

Simple distillation

Often a fraction is collected between two temperatur
and the product then purified and therdistilled.

bulb of thermometer
oppositethe side arm of

3 / seal the still head

still .

head

vent

/
,[ water out /‘

cold water in 3
HEAT —
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Fractional distillation -

Fractionating columns vary in design and
efficiency. The fractionating column provides

surfaces on which the components can condense

and then reevaporate. The lower the boiling

point of thecomponent the higher up the column
until it eventually distils over. The collecting

flask can be changed as various fractions distil.

fractionating

/ column

Steam Distillation steam from steam
generator
Steam distillation is used to \

remove insoluble high boiling
pointliquids from reaction
mixtures.It is particularly
useful for compands that may
decompose or @mge near their
boiling points.The liquid forms
an insoluble layer with the

condensed steam in the receivi

layers of the
extracted
liquid ard
water

Distillation under reduced pressure

Some compounds may decompose ongeaat temperatures near their boiling points.
It is therefore advisable to distil such compounds under reduced pressure. A liquid boils when its
vapour pressure equals the external pressure. The technique involves connecting the distillation

apparatus ta vacuum pump while carrying out the distillation.
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Filtration

This technique is used temove solids from liquid mixtures.
Simple filtration involves a filter funnel and filter paper. Faster filtration is used with a fluted funnel

1744

A Fold the filter paper as shown
/\\7\ then open out and place in th

funnel

and paper.

Better filtration results are obtained by vacuum filtration.

The most common method is to use a Buchner funnel attached, via a splash back flask, to a water

vacuum pump.

A porcelain Buchner
funnel

pressure
tubing

to vacuum
pump / Buchner funnel
4— /
R S
residue

[ | perforated ceramic plate o
| I Buchner funnel
— Buchner flask
rubber seal

filtrate

filter paper




