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m  The time allowed is 2 hours.
m  Attempt all 5 questions.
m  Write your answers in the special answer booklet.
m Inyour calculations, please write only the essential steps in the answer booklet.
m  Always give the appropriate units and number of significant figures.
m  You are provided with a copy of the Periodic Table.
m Do NOT write anything in the right hand margin of the answer booklet.
m  The marks available for each question are shown below; this may be helpful when
dividing your time between questions.
Question 1 2 3 4 5 Total
Marks
Available 9 9 13 18 16 65

Some of the questions will contain material you will not be familiar with. However, by logically
applying the skills you have learnt as a chemist, you should be able to work through the
problems. There are different ways to approach the tasks — even if you cannot complete certain
parts of a question, you may still find subsequent parts straightforward.
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1. This question is about controlling phosphate levels

Although phosphorus compounds are essential in our diet, g PSS -
too much phosphate ion, PO,>, in our blood can be

' OSRENOL
harmful. One treatment for high phosphate levels uses a FOSREN

4

drug called Fosrenol®, the active ingredient of which is ":,;g 1000 mg
lanthanum carbonate. & opiKaUtLIe BN L e
Once the chewed tablet is swallowed, the carbonate first % antha

reacts with the hydrochloric acid present in the stomach. § (Shire

Then the lanthanum ions react with any phosphate ions N

present to give a precipitate of lanthanum phosphate.

Lanthanum phosphate is essentially completely insoluble %

in water.

All lanthanum compounds in this question contain
lanthanum in the +3 oxidation state.

(@ (i) Give an equation for the reaction between lanthanum carbonate and hydrochloric
acid.

(i)  Give an ionic equation for the formation of lanthanum phosphate.

Lanthanum carbonate may be prepared by simply mixing aqueous solutions of lanthanum
nitrate and sodium carbonate.

(b) Write a balanced equation for this reaction.

The lanthanum carbonate precipitated by the previous reaction is usually the octahydrate. The
first sample of pure anhydrous lanthanum carbonate was prepared by dissolving lanthanum
oxide in aqueous trichloroethanoic acid to form lanthanum trichloroethanoate. Heating this
solution for six hours gave the desired carbonate, trichloromethane, and carbon dioxide.

(c) (i) Draw the displayed formula for trichloroethanoic acid.

(i) Give the equation for the reaction between lanthanum oxide and trichloroethanoic
acid.

(iii) Give the equation for the formation of lanthanum carbonate.
The lanthanum carbonate contained in the Fosrenol® tablets is prepared by mixing aqueous
solutions of lanthanum chloride and ammonium hydrogencarbonate. During this reaction,
carbon dioxide gas is given off.

(d) Give an equation for this reaction.

Fosrenol® is sold in different sizes of tablet, “1000 mg”, “750 mg”, and “500 mg”. The number
refers to the mass of lanthanum ions contained in the tablet.

(e) (i) Calculate the mass of lathanum carbonate dihydrate contained in the 1000 mg
tablet.

(i) Calculate the mass of phosphate ion removed after taking a single 1000 mg tablet
of Fosrenol®.



2. This question is about a sodium street lamp

Many of our streets are lit
by the extremely energy
efficient low-pressure
sodium discharge lamps.
The light appears mainly
yellow, but a spectroscope
reveals a number of
colours present, each with
a particular frequency.
Careful analysis of the
spectrum enables us to
determine the first
ionization energy of
sodium.

The so-called ‘ground state’ of an atom is where all the electrons are in their lowest possible
energy levels.

(a) Give the complete electronic configuration for the ground state of sodium in terms of the
relevant s and p sub-shells.

The ‘valence-shell electron’ is the electron easiest to remove from a neutral sodium atom.

(b) What is the valence-shell electron of sodium?

The familiar yellow colour of a sodium flame is actually due to an excited electron in a sodium
atom essentially falling from a 3p orbital to the 3s. The wavelength for this transition is
589.8 nm.

The energy, E, (in joules) corresponding to light of wavelength A (m) is given by the equation:

E_hc
A

where & is Planck’s constant = 6.626 x 103* J s

c is the speed of light = 2.998 x 10® m s™.

(c) Calculate the energy for the 3p to 3s transition in:
(i) J(atom™)

(i) kJ mol™.



The atomic emission spectrum of sodium includes a series of lines which all fall on a straight
line when (1 / wavelength) is plotted against (1 / n°), where = is the integer shown in the
following table.

Wavelength / nm 466.6 498.0 568.1 818.1

n 6 5 4 3

0-001 0 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

1/n?

The origin of the linear relationship is due to fact that the (1 / n?) is proportional to the
ionization energy (/.E.) of an excited sodium atom after the valence electron has been
promoted to the nd shell:

1
IE(Tld) =k><ﬁ

where k is an arbitrary constant, and # is the principal quantum number, e.g. n =1 for the 1s
shell; 2 for the 2s and 2p shell; 3 for the 3s, 3p and 3d shell and so on.

[Note for the graph, n cannot be one or two since there is no 1d or 2d shell.]

(d)  what does this ionization energy of the excited nd electron tend to as the electron is
removed from successively higher d shells? Circle one of the following answers in the
answer booklet.

one zero infinity the constant k

Each of the atomic emission lines included in the table and graph are due to transitions where
the valence electron drops from an excited d shell to the 3p shell in the neutral sodium atom.

(€) Give an expression for the energy change of these transitions in terms of /. E.(nd), and

1.E.(3p) (the ionization energy of the excited sodium atom after the valence electron has
been promoted to the 3p).

() () use the graph to determine £.E.(3p) in J (atom™).

(i) What is the ionization energy of the ground state of sodium in kJ mol™?



3. This question is about spot cream

The drug tazarotene (sold under the trade names of
Zorac® or Tazorac®) can be prescribed as a cream that
can be applied to the skin to help to treat acne and
certain other skin conditions. It is commonly sold as a
0.05% cream by mass.

S

Tazarotene OT

(@) The molar mass of tazarotene is 351.46 g mol™'. Assuming that tazarotene cream has a
density of 0.90 g cm™3, calculate the concentration of tazarotene in the cream in mol dm™
The synthesis of tazarotene is shown below. Not all of the reaction by-products are shown.
The synthesis begins with the conversion of 2-chloro-5-methylpyridine to Ester B.
X KMnO, C,HsOH

| A
cl” N7 H,SO,

B

(An ester)

2-Chloro-5-methylpyridine
(b) Draw the structure of Compound A and Ester B.

The second part of the synthesis begins with thiophenol, which is converted into Compound |

by a number of steps.
/L\/\Br

SH
NaOH ©
O ¢’ D
Thiophenol Lewis acid
@ isati
Li o (Isomerisation)
N o]
H
N @ _o© Y T /lk
. Cl
Y +u |G F E
(a base) Lewis acid
?
CszOfF\C|
C,Hs0 L2
N@
Cszo\P,,O S w/ W/ it ®
CoHs0F . + C2HsO- F"o Li
& C,H50

H

(c) Draw the structures of Compounds D, E, F and |, and anions C™ and G".



(d) How would you classify the reaction of Compound H into Compound 1?

Circle one of the following answers in the answer booklet.

Oxidation Reduction Addition Elimination Substitution

Finally, Compound | is treated with a very strong base to form anion J.

Anion J can be reacted with Compound B to form tazarotene.

S
I - L ) > N
(a very strong base) Palladium-catalysed X
+ coupling reaction | P 0
N~

Tazarotene 07

(e) Suggest a structure for Anion J.

(f) How many signals would you expect to see in the **C NMR spectrum of tazarotene?

Tazarotene is actually a pro-drug, meaning it is metabolised to its active form when inside the
body.

The active form has a molar mass of 323.41 g mol™" and two fewer signals in its **C NMR
spectrum than tazarotene.

(g) Suggest a structure for the active form of the drug.



4. This question is about bombardier beetles

Bombardier beetles get their name from the defence
mechanism that they have when attacked, whereby
they shoot a hot chemical spray at their attackers. In
their abdomen they have two separate chambers, one
containing an aqueous solution of hydrogen peroxide
and the other an aqueous solution of an organic
compound, denoted here as A.

When the beetle is attacked, fluid from both chambers is squirted into a mixing chamber which
contains enzymes. One of these enzymes, catalase, catalyses the breakdown of hydrogen
peroxide into oxygen and water.

(@ (i) Write a balanced equation for this reaction.

(i)  How would you classify this reaction? Circle one of the following answers in the
answer booklet.

Oxidation Reduction Disproportionation Hydrolysis Dehydration

Some of the intermediates produced during the breakdown of hydrogen peroxide react with the
organic compound, A, to give a product B. The overall equation for the reaction can be
considered as the result of A reacting with all of the oxygen produced by the equation in part
(a)(i) as in the equation below.

A+ ]/202 — B+ Hzo
(b) Write an overall equation for the reaction of hydrogen peroxide with A to form B.

The temperature of the mixture ejected from bombardier beetles has been measured to reach
the boiling point of water, considerably hotter than the beetle’s body temperature, which
matches the surroundings (20 °C).

(c) (i) Calculate the amount of energy needed to heat 1 dm? of this mixture by this
amount. Assume the specific heat capacity of the mixture is the same as that of
pure water, 4.18 J g~ K" and that the density of the mixture is the same as that of
pure water, 1.00 g cm >,

(i)  Assuming equal volumes of the two solutions are mixed, what is the minimum
concentration of the hydrogen peroxide solution in the beetle’s hydrogen peroxide
chamber?

The standard enthalpy change for the overall reaction (your answer to part (b)) per
mole of A is =203 kJ mol™.



Compound A is a 1,2,4-trisubstituted benzene, shown X
on the right, where there are substituents present at the H X
positions labelled with an X.

Compound A

(d) How many possible structures are there of this 1,2,4-trisubstituted benzene when:
(i)  All of the X substituents are different from each other?
(i)  Two of the X substituents are identical?

Combustion analysis of Compound A indicates that it contains only carbon, hydrogen and
oxygen.

In compound A, stretching in some of the bonds contained in the X substituents contributes to
characteristic peaks in the IR spectrum of this compound (shown below).

These characteristic peaks are marked I and II on the spectrum.

(e) Suggest which bond stretches are responsible for I and II.

[}
o
[
[0
£
& 1/ |mo
©
'_
R
IR spectrum of A
4000 3500 3000 2500 2000 1500 1000 600

Wavenumber / cm™1



In compound A, two of the three X substituents are the same (i.e. the substituents are X,, X,

and Xy).
The **C NMR spectrum of compound A contains seven signals.
The *H NMR spectrum of compound A is shown below.

Peaks Ill and IV in the *H NMR spectrum disappear on addition of D,O to the sample.

1H 3H

1
via

1H 1H

I v

TH NMR
spectrum of A

1 0 ppm

UNENO)
(ii)

The protons on the benzene ring in compound A (H, H, and Hs) can be
assigned by analysis of their coupling constants in the *H NMR spectrum.

Suggest an identity for the two identical substituents (X, and X,).

Suggest an identity for the other substituent (Xy).

The splitting that is observed in the spectrum due to coupling between two
non-equivalent benzene ring protons in a 1,2-relationship to each other, is
considerably larger than the splitting observed due to coupling between
two non-equivalent benzene ring protons in a 1,3-relationship.

The splitting due to coupling between two non-equivalent benzene ring
protons in a 1,4-relationship is generally too small to be observed.

(g) Assign one of the signals III-VIII in the *H NMR spectrum of A to each of the protons Hy,

H, and Hs.

Bombardier beetles also use a simpler organic compound, C for the same purpose.

Compound C is a relative of compound A where one of the X substituents is replaced by a

hydrogen atom, making a disubstituted benzene.
The *H NMR spectrum of compound C only contains two signals.

(h) Suggest a structure for compound C and hence also a structure for compound A.

Compound C is oxidised to D in the same way that compound A is oxidised to B.

The *H NMR spectrum of compound D only contains one signal.

(i)

Suggest a structure for compound B and a structure for compound D.

10




5. This question is about fire and ice

Water is able to form a range of cage structures called
clathrates which can contain many small molecules; a
common example is methane hydrate (CH.)x(H.O),. Methane
hydrates potentially offer a valuable supply of methane to
satisfy our demand for natural gas. Large reserves of methane
hydrates have been found at the bottom of Lake Baikal in
Russia.

(@) Write the balanced equation for the combustion of methane in excess oxygen.

A 100 g sample of methane hydrate, in the form known as clathrate structure Il, (CH,)«(H.O),
was burnt in excess oxygen in a sealed container. After the reaction had completed and the
products had cooled, 116.92 g of water was recovered from the container, and the gas, when
shaken with excess limewater, gave 84.73 g of CaCOs.

(b) (i) Determine the empirical formula of the methane hydrate in structure Il. The molar
mass of CaCOsis 100.09 g mol ™.

(i) The molar mass of the hydrate was 2835.18 g mol™. Determine the molecular
formula of the methane hydrate in structure II.

(c) 6.67 x 10* kg of methane is estimated to be at the bottom of Lake Baikal. Determine the
volume the gas would occupy if it were to escape the lake during the winter, at —=19.0 °C.
Use the ideal gas equation pV = nRT where p is the pressure in Pascal, V is the volume
in m?, T is the temperature in Kelvin and R is 8.31 J K™ mol™. [1 atm = 1.0 x 10° Pa]

The methane hydrate at the bottom of Lake Baikal is found as clathrate structure | having the
formula (CH4)s(H.0)46 and a molar mass of 957.07 g mol ™.

(d) (i) Determine the percentage by mass of methane within the methane hydrate.

(i) Using your answer to part (d)(i) to determine the mass of methane hydrate found at
the bottom of Lake Baikal.

(i) The density of methane hydrate crystals is 0.95 g cm™. Calculate the volume of
methane hydrate crystals at the bottom of Lake Baikal.

Clathrate structure | Clathrate structure Il

11



The smallest repeating unit of methane hydrate that contains all the symmetry of the crystal is

known as the unit cell. The unit cell for methane hydrate is a cube that entirely contains 8
methane molecules and 46 waters.

(e) (i) Whatis the mass of a single unit cell?

(i) Using the density of methane hydrate (0.95 g cm™) calculate the length of an edge
of the cubic unit cell.

Although the methane and water molecules are not spheres, we can treat them as spheres,

and an effective spherical radius can be estimated for them: 0.14 nm for water and 0.21 nm for
methane.

The formula for the volume of a sphere, V, is given below.

V_4
—37TT

3

(iii) Determine the volume of methane and the volume of water within a unit cell.
(iv) Work out the percentage of space in the crystal that is occupied with molecules.

When (CH,)g(H20)46 is burnt in excess oxygen at 298 K, the enthalpy change of combustion is
-6690.4 kJ mol™.

(f) Use the data below to determine the enthalpy change when methane hydrate is formed
from methane and water at 298 K.

Standard enthalpy changes of formation at 298 K in kJ mol™:
CH,: -74.8, H,0: -285.8, CO,: -393.5

12
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