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Section A
Answer all the questions in this section.

Electrosynthesis in organic chemistry is the synthesis of compounds in an
electrolytic cell using inert electrodes. One important process is the Kolbe
reaction. The Kolbe reaction is the decarboxylative dimerization of two

carboxylate ions. Alkanes can be formed at the anode by the following reaction.

0
2 J\ — » R—R + 2CO, + 2e
R o

(@) Explain why alkanes are generally unreactive. [1]

b)) O Calculate the volume of carbon dioxide produced when a steady
current of 5A is passed through the electrolyte for 32 minutes at

standard temperature and pressure. [2]
(i) Methanoate ions undergo the Kolbe reaction to form only 2 gases.
Using the axes given below, sketch the variation of pV/RT against
p for one mole of each gas at the same temperature. Briefly explain

your answer. [2]

pV/RT

1.0 ideal gas




(c) The cathodic reaction for the Kolbe reaction can be represented by the
following half equation: 2H,0 + 2e - H; + 20H".

Write an overall equation for the Kolbe reaction involving ethanoate ions.
Hence, calculate AG® for the Kolbe reaction given that the E° value for

the reaction is +2.28 V.

[2]

(d) The reaction mechanism of the Kolbe reaction involves a 4-step reaction

mechanism as described below:

Step 1: Dissociation of carboxylic acid to form a carboxylate ion.

Step 2: Oxidation of carboxylate ion to form a carboxyl radical, RCOQe.

Step 3: Decomposition of the carboxyl radical to form carbon dioxide gas

and an alkyl radical, Re.

Step 4: Formation of a covalent bond between two alkyl radicals.

() Using ethanoic acid as a starting reagent, suggest suitable
equations for Steps 1, 2 and 4 on how ethane can be produced
using the Kolbe reaction. [3]

(i) The decomposition of the carboxyl radical to form carbon dioxide
gas and an alkyl radical, Re, in Step 3 can be represented by the
following equation: RCOOe &> CO; + Re
Outline the mechanism of this step by copying the diagram below

and include relevant curly half arrows.

)

[1]

(e) In another separate experiment, a new alkane A, CsH12, was produced.
When reacted with bromine under ultraviolet light, A produced only one
isomeric monobromo compound, B, which does not have a chiral centre.

Draw the skeletal formulae of A and B. [2]
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() Using monohalogenoethane, CzHsX, as examples, describe and
explain the relative reactivities of chloro- and bromo-compounds in
hydrolysis reactions.

(i) Halogenoalkanes such as chlorofluoroalkanes, CFCs, were once
used as refrigerant fluids and aerosol propellants. In many
applications, they have now been replaced by alkanes. This is
because CFCs contribute to the destruction of the ozone layer.
Explain how CFCs destroy the ozone layer and suggest one
potential hazard of using alkanes instead of CFCs.

(i)  Halogenoalkanes can react with lithium to give organolithium
compounds.

R-Br + 2Li > R-Li + LiBr
These organolithium compounds can react with carbonyl

compounds to form alcohols.
Q Lio H* HO
)J\ f R—L — ><R — > R+
R" R R" R R" R
(R is alkyl, R’ and R” are either alkyl or H)
Using the above reaction sequence, deduce the structure of a
suitable bromoalkane, R-Br, and a suitable carbonyl compound to

synthesise hexan-2-ol.

[2]

[2]

Li*

[2]

[Total: 19]



2 Wastewater has to be treated carefully to remove all harmful contaminants before it can be

released into water bodies.

(@)

(b)

Industrial wastewater contains high levels of heavy metal ions. Electrocoagulation is
used to remove heavy metal ions from wastewater. In this method, heavy metal ions
are oxidised to form hydroxides, so that they can coagulate easily and be removed
easily in subsequent steps.
A sample of wastewater containing Fe?* is treated by electrocoagulation.
4Fe?* (aq) + 10H20 (I) + Oz (g) = 4Fe(OH); (s) + 8H* (aq)
(i) By considering the interaction it forms with water, explain why Fe?* cannot be
easily removed from wastewater. [1]
(i) State a suitable physical method to remove Fe(OH); from the wastewater. [1]
(iii) Using Le Chatelier's Principle, suggest why the wastewater has to be kept
alkaline for a more effective removal of Fe?*. [1]
(iv) With an appropriate sketch of the Boltzmann distribution, explain how an
increase in temperature would affect the rate of the electrocoagulation

process. [3]

Ammonia is a toxic substance present in wastewater from the mining industry.
Nitrification is a common biological treatment method to convert ammonia into less
toxic nitrate.
NH; (aq) + 202 (9) = NOs™ (aqg) + H* (aq) + H20 ()

(i)  Write the expression for the equilibrium constant, K¢, for this reaction given

that K¢ has units of mol~" dm3. [1]
(i) 12 mol of oxygen gas was pumped into 1000 dm? of wastewater containing

5 mol of NHs. After nitrification, the resulting treated wastewater had a pH of

4.2.

Calculate the value of K.. Leave your answer to 3 significant figures. [3]
(iii) State how the K. in (ii) would change when the amount of NH3 in wastewater

is increased to 10 mol. [1]
(iv) The nitrification process was carried out at room temperature. It was

observed that the outer surface of the reaction vessel was cold after some

time.

By considering the effect of temperature on the equilibrium, suggest and

explain how you can change the reaction temperature to increase the

conversion of ammonia. [2]
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2 (b) (v) Construct a suitable energy cycle using the following equations to show how

the enthalpy change of reaction, AH;, can be determined.

NHs (aq) + 20, (g) — NO3™ (aq) + H* (aq) + Hz0 (/) AH,
NHs(aq) + O2(g) + Hz(g) —> NH;OH(aq) + H.0(/) AH,
NH.OH(aq) + H0(/) + %40,(g) —* NOs~(aq) + 2H2(g) + H*(aq) AH;
2H,0(7) — 2H,(g) + 04(9) AHs

(3]

(c) Wastewater treatment plants that treat pharmaceutical wastewater produces sludge that
contains a high amount of organic substances. These organic substances can be
combusted to harness energy for other processes. Tonalide, CisH20, is one such

organic compound found commonly in sludge. It has a melting point of 54.5°C.

O

tonalide
(i) Write an equation which describes the standard enthalpy change of
combustion of tonalide. [1]
(ii) The enthalpy change of combustion of tonalide is =865 kJ mol".
Given that the combustion is 70% efficient, determine the amount of energy
that can be harnessed from the combustion of sludge, which contains
900 g of tonalide. [2]
(iii) The sign of the entropy change of combustion of tonalide is positive. Briefly
explain the effect of temperature on the spontaneity of combustion of

tonalide. [1]
[Total: 20]



3 Geraniol, C10H1g0, is commonly used in perfumes and food flavourings.

\K\/Y\/OH

Geraniol

It is produced from geranyl diphosphate as shown in the following equation.

OPP OH
W + Hzow + HOPP

Geranyl diphosphate

O O

o) ) o
where OPP: .~ \||3|/ \||:!/

o o}

(@) The mechanism of this reaction consists of the following:

/_0PP
Reaction I: \K\/\K\/ Slow \(\/\K\+

+

OH, OH
Reaction II:W + H,0 — W + HyO'

(i)
(i)

(iii)

State the mechanism in reaction I. [1]

Explain why the mechanism in reaction | takes place in two steps
instead of one step. [1]

State the role of water in reaction 11. [1]
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3

(@)

(b)

(€

(iv)  The following compound can be synthesised from geraniol.

@)

Propose a reaction scheme for this synthesis.

(v) Explain what is meant by constitutional isomers and draw a
constitutional isomer of geraniol that will form a yellow precipitate

with alkaline aqueous iodine.

Geranyl diphosphate can be synthesised using P4O1o.

(i) Write an equation for the reaction of P4O10in water and describe

the effect of the resulting solution on universal indicator solution.

(i) Naturally occurring phosphorus contains the isotopes 3'P, 32P and
3P, Explain the term isotopes and calculate the relative atomic
mass of phosphorus given that the relative abundance of each

isotope is 91.1 %, 7.9% and 1.0 % respectively.

Geraniol is a by-product of the metabolism of sorbic acid, CsH;COOH.
Sorbic acid and its salt are used to prevent growth of mould and fungi and
to regulate the pH in food and drinks. With the aid of relevant equations,
explain how the pH of food and drinks can be regulated through the use of

sorbic acid and its salt.

[4]

[2]

[2]

[2]

[3]



(d) Another constitutional isomer of geraniol is compound X. X does not react
with 2,4-dinitrophenylhydrazine. X produces effervescence when sodium
metal is added to it. When hot acidified K2.Cr,O7 is added to X, orange
solution remains. On addition of aqueous bromine to X, the orange solution
decolourises and compound Y is formed. X reacts with hot acidified KMnO4
to form compound Z only. When Z is reacted with excess concentrated
H.SO,4 at 170 °C, the following product is obtained.

HO (0]

HO

X, Y and Z are all able to rotate the plane of polarised light. Suggest the

identities of X, Y and Z, explaining your reasoning.
[5]
[Total: 21]
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Section B

Answer one question in this section.

Transition elements and its compounds have various applications, such as in materials,

catalysis and even in nature. An example of a transition element which has many uses and is

widely researched on is copper.

(@)

(b)

(c)

Explain what is meant by the term transition element. [1]
(i) Plastocyanin is a copper-containing protein found in vascular plants. The shape

around Cu?* in plastocyanin is tetrahedral and can be represented by the following

simplified structure. The amino acids found around Cu?* act as ligands.

@ Methionine amino acid

cu‘@— Cysteine amino acid

Define the term ligand. [1]

Histadine amino acid

(ii)  Plastocyanin is commonly involved in electron transfer and this results in the
formation of Cu* complex which has a deep blue colour.
State the electronic configuration of Cu*. [1]
(iii)  The deep blue colour seen is considered to be unusual.

Suggest a reason why this is so. [1]

Azurite is a copper containing mineral that is deep blue in colour. The formula of azurite
is Cu3(COs3)2(OH)2 and it can be inferred that azurite contained copper(II) carbonate and
copper(Il) hydroxide, which are sparingly soluble salts.

(i)  To prepare small crystals of azurite in the lab, a few drops of copper(Il) sulfate
solution can be added into a saturated solution of sodium carbonate and leave to
stand overnight.

With reference to the preparation method as described, write an equation to
suggest how OH- may be produced from a saturated solution of sodium
carbonate. [1]

(i) A student wishes to determine the percentage of azurite in a rock sample. He

proposes to do so by performing a direct titration with dilute sulfuric acid.

Suggest an explanation why the proposed method is not ideal. [1]



4

(c)

(d)

(iii)

(iv)

(V)

(vi)

11

Another student proposed the following method which is ideal in determining the
percentage of azurite in a rock sample.
Step 1: Add 7.00 g of the rock sample to 130 cm? of 0.550 mol dm-3 sulfuric acid.
The resulting solution was topped up to 250 cm? using deionised water.
Step 2: 25.0 cm? of the solution required 15.55 cm?® of 0.200 mol dm-2 sodium
hydroxide for complete reaction.
Azurite reacts with sulfuric acid according to the following equation.
Cu3(CO3)2(OH)2 + a HoSO4 > a CuSO4 + b H20 + ¢ CO»
Complete the balancing of the above equation by deducing values for a, b
and c. Hence, calculate the percentage of azurite in the rock sample.
(3]
Using your knowledge on the thermal decomposition of carbonates and given that
Cu(OH); thermally decomposes to form CuO and H»0, write an equation for the
thermal decomposition of azurite.
Using the equation written and appropriate molar mass values, calculate the
percentage loss in mass upon strongly heating a sample of azurite until no further
changes. [3]
In another instance, a student tried to synthesise azurite by adding
copper(Il) nitrate solution slowly to a solution containing 0.100 mol dm-3 sodium
carbonate solution and 0.100 mol dm-3 potassium hydroxide solution. Calculate
the concentration of Cu?* required to begin precipitating CuCO3; and Cu(OH),
respectively. Hence, state which compound precipitates first assuming that there

is a negligible change in volume.

Ksp of CuCO3 = 7.08 x 10-° mol? dm-5
Ksp of Cu(OH), = 4.8 x 10-2°mol® dm-®

[3]
When sufficient ammonia is added to copper(Il) hydroxide precipitate, the

precipitate dissolves. Explain this observation with the aid of relevant equations.

[2]

Copper metal is obtained from copper ore and is widely used in electrical wiring. To

prevent short circuit, the metal used must have high purity. Outline how the impure

copper ore is purified industrially to remove impurities such as zinc and silver metals.

[3]
[Total: 20]
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5 lIron is an important transition element and the second most abundant metal in Earth’s crust. Iron
containing compounds have various uses and the element itself can also be found in a number
of proteins within living things. Iron and its compounds have been widely researched on as they

are relatively cheap and non-toxic.

(@) Haemoglobin is a protein found in red blood cells. Within haemoglobin, it contains an Fe?*
ion which has an octahedral shape as it is surrounded by five nitrogen-containing ligands
and one oxygen-containing ligand, which is H>O in deoxyhaemoglobin and O; in
oxyhaemoglobin.

() A species with unpaired electrons is paramagnetic and can be attracted by an
externally applied magnetic field. On the other hand, a species with no unpaired
electrons is diamagnetic and is unaffected by a magnetic field.

Oxyhaemoglobin is found to be diamagnetic. Based on the information provided and
using the diagram below, show the electronic distribution of the 3d electrons of Fe?*

in oxyhaemoglobin.

energy gap E

(1]

(i) In both oxyhaemoglobin and deoxyhaemoglobin, the 3d orbitals are no longer
degenerate as they are split into two different energy levels.

Explain this observation. Using the Cartesian axes like those shown below, draw a

fully labelled diagram of one of the 3d orbitals which has a lower energy level.

yA

v
x

(3]



5 (@)

(iii)
(iv)

Explain why oxyhaemoglobin is red.

The complementary colours are shown using the following colour wheel.

The wavelength of each colour component in visible light is as provided.

13

Yellow

[2]

Colour Purple Blue Green Yellow Orange | Red
Wavelength | 380-450 | 450-495 |495-570 |570-590 |590-620 | 620-750
/nm

Oxyhaemoglobin is bright red while deoxyhaemoglobin is blue. Given that the

wavelength of light is inversely proportional to energy, state and explain if water or

oxygen causes a larger energy gap between the 3d orbitals.

[2]
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5 (@ (v) Fe?* complex in oxyhaemoglobin does not have an overall charge. The structure is

as shown.

State the charge around the N atom labelled (1) and the bond angle around the N
atom labelled (2). [2]
(vi)  Besides Fe?*, Fe** may also exist in haemoglobin. Explain why Fe can have variable

oxidation states in haemoglobin. [1]
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5 (a) (vii) Each polypeptide chain in haemoglobin is made up of more than 100 amino acid

residues. The general structure of an amino acid is as shown below.

H H O

|
H—N—C—C—OH

R

In each chain, histidine, leucine and glycine amino acids can be found.

Amino acid R group
Histidine ‘
CH,
N)E
\\—NH
Leucine -CH2CH(CHj3):
Glycine -H

Draw the structural formula of a tripeptide with the sequence histidine-leucine-
glycine at pH 2. [2]
(viii) Haemoglobin can undergo complete hydrolysis non-enzymatically. State the

reagents and condition for this to occur. [1]
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5 (b) To detect for the presence of blood in a crime scene, an organic compound named luminol
may be used. Luminol uses iron in haemoglobin to catalyse the decomposition of hydrogen
peroxide, which eventually leads to a blue glow to indicate the presence of blood.

The synthetic route for luminol is as shown.

NO,
COOH
Step 1 Step 2 Step 3
> X > —_— Y
NH2-NH;
COOH

NH; ﬁ NO, 0
! |
c
\NH Step 4 \NH
N |
NH
NH
i i
o u
Luminol
() State the reagents and conditions for steps 1 to 3. [3]
(i) Draw the structures for intermediate products X and Y. [2]
(iii)  For Step 4, Na»S204 is commonly used as the reagent.
State the role of NaxS204. [1]
[Total: 20]

END OF PAPER



