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B The time allowed is 2 hours.

B Attempt all 6 questions.

W Write your answers in the special answer booklet.

M In your calculations, please write only the essential steps in
the answer booklet.

B Always give the appropriate units and number of significant
figures.

B You are provided with a copy of the Periodic Table.

B Do NOT write anything in the right hand margin of the
answer booklet.

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.

This resource was downloaded from https://rsc.li/2WmGF2V
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1. This question is about launching the space shuttle

EXTERNAL TANK
To launch the space shuttle, two propulsion
systems are used. Most of the thrust for the first
two minutes of flight comes from the two reusable
solid rocket boosters. The so-called ‘external
tank’ provides the remainder of the thrust needed

to get the shuttle into orbit. soLin | = SOLID
ROCKET § : ROCKET

BOOSTER| BOOSTER
The external tank is filled with liquid hydrogen Il =

and liquid oxygen which react to form water. The
solid rocket boosters use a mixture of aluminium
powder and ammonium perchlorate, NH,CIO,,
together with an iron oxide catalyst and an
organic binder.

ORBITER
o oo

(&) Write the equation for the reaction between hydrogen and oxygen.

(b) The external tank has a mass of 27 tonnes (27,000 kg) when empty and 745 tonnes
when full. Assuming these are present in the correct stoichiometric proportions,
calculate the masses of hydrogen and oxygen in the external tank.

(c) In practice, the actual masses of hydrogen and oxygen used are 104 and 614 tonnes
respectively. Given that the densities of liquid hydrogen and oxygen are 0.0708 and
1.141 g cm™3, calculate the volumes of these liquids needed and hence the total
capacity of the external tank in m°.

The reaction that takes place during the combustion of the solid rocket booster fuel has been
summarized as:
10Als) + 6NH4ClO4s) —> 4AlL,O5(s) + 2AICI3s) + 12H,0() + 3Na(g)

(d) Given the following standard enthalpies of formation, calculate the standard enthalpy
change at 298 K for this reaction as given.

N H4C|O4(S) A|203(S) A|C|3(S) H20(|)

AH® / kI mol™ —295.3 -1675.7 —704.2 —285.8

(e) Given that 450 tonnes of solid propellant are used in the solid rocket boosters in total,
and that aluminium is the limiting reagent present at 16% in the mixture, calculate the
energy released when this is reacted according to the above equation.




2. This question is about geometric shapes in chemistry

Phosphorus exists as a number of allotropes, the
most reactive being white phosphorus. This was
first prepared in the 17th century from the
reduction of the phosphate present in urine.

Solid white phosphorus contains P, molecules,
with each P atom at the vertex of a regular
tetrahedron.

cuboctahedron

(@) Draw the structure of a molecule of P4, showing all the chemical bonds.
(b) How many edges are there in total in a regular tetrahedron?

White phosphorus spontaneously ignites in air to form a mixture of phosphorus(lll) oxide and
phosphorus(V) oxide.

(c) Write an equation for the formation of i) phosphorus(lll) oxide and ii) phosphorus(V)
oxide from the elements.

The structure of each oxide is also based on a regular tetrahedron. The phosphorus atoms
remain at the vertices but are no longer bonded to each other. Instead the P atoms are
joined by bridging oxygens.

(d) Draw the structure of phosphorus(lil) oxide.

Phosphorus(V) oxide has a further oxygen atom bonded to each phosphorus atom at the
vertex of the tetrahedron.

(e) Draw the structure of phosphorus(V) oxide.

Each oxide reacts with water to form an acid — phosphorus(V) oxide forms phosphoric(V)
aCid, H3PO4.

(fy Draw the molecular structure of phosphoric(V) acid, showing all of the bonds.
(g) Write the equation for the reaction forming phosphoric(V) acid.

A gquantitative method for determining phosphate levels in agueous solution involves adding
ammonium molybdate, (NH4),Mo00Q,, to form a precipitate of ammonium molybdophosphate.
The structure of this solid is based on a cuboctahedron (shown above). A molybdenum
atom lies at each vertex of the cuboctahedron and these are joined by oxygen atoms with
every edge of the cuboctahedron being bridged by an oxygen atom. A further oxygen atom
is joined to every vertex. A single phosphate unit lies at the centre of the structure with each
of its four oxygen atoms coordinating to three molybdenum atoms.

(h) Calculate the oxidation state of molybdenum in ammonium molybdate.
(i) How many i) vertices and ii) edges are there in a cuboctahedron?

(1) Calculate the number of i) molybdenum atoms and ii) oxygen atoms in the
molybdophosphate ion.

(k) Given that no atom changes its oxidation state during the formation of ammonium
molybdophosphate, calculate the overall charge of the molybdophosphate ion and
hence the formula of ammonium molybdophosphate.



3. This question is about phosphate levels in our environment

Excess phosphate is undesirable in our water supply
since it promotes the growth of algae. High phosphate
levels in the blood (hyperphosphataemia), caused by an
inability of the kidneys to filter out excess phosphate from
food, cause a range of bone diseases. A safe level of
phosphate in blood serum is <1.8 mmol dm™.

To determine the concentration of phosphate ions in
solution, ammonium molybdophosphate (formed by the

| g TR

addition of ammonium molybdate, (NH4),M00Oy, to | @:0sreno! Z
phosphate ions) is titrated with NaOH using a , S L
phenolphthalein indicator. One mole of ammonium t 230"
molybdophosphate contains one phosphate unit and N Wanrg

requires 23 moles of NaOH in the titration before the end N

point is reached. (Shiré

R gy
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(@) Which two of the following statements explain why so many moles of hydroxide are
needed per mole of ammonium molybdophosphate? Circle the correct options in the

answer booklet.
Sodium hydroxide is a weak alkali
The molybdenum-containing species is acidic

Phosphate ions are acidic
The molybdophosphate ion contains many molybdenums

mooOw>

Ammonium molybdophosphate has a very high molecular mass

(b) 10.0 cm® of treated blood serum was reacted with excess ammonium molybdate and

the precipitated ammonium molybdophosphate required 17.25 cm?® of 0.0100 mol dm™
NaOH. Calculate the concentration of phosphate in the blood serum in mol dm™.

3

(c) The degree to which a phosphate ion is protonated in aqueous solution depends on the
pH. Use the following data to calculate which form of phosphate is prevalent in blood

serum at pH 7.4.

HsPOsag === H'(@q+H:POs (@  Ka =7.9x10° mol dm™
HoPOs ap === H'@a + HPO," a9  Kaz = 6.2x10°® mol dm™
HPO, ay === H'@g + POs g Kas = 4.4x107" mol dm

Lanthanum carbonate (marketed as Fosrenol™

) is currently being used to treat

hyperphosphataemia; aluminium sulfate has been used to control phosphate levels in ponds.

Both LaPO,and AIPO, are essentially insoluble in water and are therefore removed as

precipitates.

(d) Write the equation for the reaction between lanthanum carbonate and the hydrochloric

acid present in the stomach.

The saturated concentrations of these phosphates can be worked out from their solubility

products (Ksp):
Ksp(LaPO4) = [La3+(aq)]Sat[PO43_(aq)]sat = 7.08X10_27 m0|2 dm_ﬁ

Ksp(AIPOL) = [AP* aglsalPOs” aglsar = 9.84x10°2 mol® dm®

(e) Calculate the concentration of a saturated solution of lanthanum phosphate.

(f) If an equimolar solution of aluminium and lanthanum ions is added slowly to a solution

containing phosphate ions, which phosphate would precipitate first?



Retardol C, Pyroset TKC and Proban CC
are three trade names given to a flame-
retardant used to produce crease-
resistant and flame-retardant finishes on
textiles such as those used to make
nightclothes for children.

The flame-retardant is a salt , X" Y,
prepared by the reaction between
phosphine, PHs, and methanal in dilute
aqueous acid. The anion Y simply
depends on which acid was used in the
preparation.

e ———

(a) Draw the structures of phosphine and methanal, clearly indicating the geometry of each
molecule.

The mass spectrum of X" (down to 50 m/z) is shown over the page, together with the proton

and phosphorus-31 NMR spectra. The carbon-13 NMR spectrum of X" (not shown) shows

there is just one environment of carbon atom in the cation.

(b) By inspection of the *H NMR spectrum, suggest the number of environments of
hydrogen atoms in X*. What is the ratio of the number of hydrogen atoms in the
different environments?

When the sample is mixed with a little D,O instead of H,O, the signal at 6.25 ppm in the *H
NMR spectrum disappears.

(c) What functional group does this suggest may be present in X*?

The *P NMR spectrum shows one signal split into a multiplet due to coupling to hydrogens.
(d) How many hydrogen nuclei is the phosphorus coupling to?
The mass spectrum shows the molecular ion and a number of fragmentation peaks.

(e) i) The fragmentation process shows consecutive losses of a 30 mass unit. Suggest
the formula for the fragment lost.

ii) Suggest a formula for the X* ion.

iii) A mass spectrum of the D,O solution of X" no longer shows a peak at 155, but
instead shows a peak at a higher m/z. At what value of m/z would you expect this new
peak to come?

(f) i) Suggest a structure for the cation X", clearly indicating its geometry.

i) Suggest a structure for the ion at m/z = 65.



155

10071 positive ion mass spectrum of X*
80 —
60 —
40 —
20 - 65 a5 125 L

20Hz

31P NMR spectrum in H,O

27.00 26.95 26.90 26.85 ppm



5. This question is about the synthesis of Tamiflu ™

Tamiflu is the anti-
influenza drug currently O
being used to treat so-

called ‘Bird-flu". Its Oy, AT ok
structure is shown on the O " o - 11y & X
right. The bold wedged )J\ U Ay
bond is coming out of the \ Tamifiu™ ) | ,-:5

plane of the paper, the
hashed bonds are going H
into the plane.

C16H28N204 NN \( 4
Hy % 3\ 5 il

Z

In order to increase its solubility, Tamiflu is actually sold as the phosphate salt.

(@ On the structure in your answer booklet, circle the atom which will be protonated in the
salt.

One of the problems in the synthesis of the drug is ensuring the correct stereochemistry at
each of the stereogenic (chiral) centres in the structure.

(b) i) On the structure in your answer booklet, mark with an asterix each chiral centre.
i) What is the total number of stereoisomers possible for this structure?

Two syntheses of Tamiflu which have been tried start from the naturally occurring products
Quinic acid and Shikimic acid.

OH
HO/,//// D COOH HO/,//// COOH
. . Shikimic acid
o Quinic acid o
HO' HO\\ C7H1005
C7H1206
OH OH

Shikimic acid has the advantage of already having the double bond in place but quinic acid
has the advantage of being much cheaper.

One of the problems using either acid is trying to control which of the —OH groups reacts in a
given step. The first step starting from quinic acid is therefore to protect the two —OH groups
on the same side of the ring on adjacent carbon atoms by forming a so-called acetal group
by the acid-catalysed reaction with propanone:

OH OH
HOy,, Sacooy Propanone on, S
/ H cat
—_— W
\\\\\\ o A
HO' - H,0
OH OH

C7H120¢ C10H1606

The next steps in the synthesis are outlined below. Inorganic by-products are not shown in
the scheme.

O O
\\S//
~ON
ethanol Cl CHs SO.Cl,
—_— C —_— D + E + F
+ catalyst + base :
C10H1606 C13H2,08S major  unwanted C13H,,ClO;S

product isomer left over
intermediate



D reacts with an excess of pentan-3-one to give G as shown below.

O//
entan-3-one &z
D IO/ H* catalyst * H
catalys o C3HgO

C15"'2407S

//\\

(c) Draw the structures of compounds B, C, D, E and F and for the by-product H, showing
the correct stereochemistry by the use of bold and hashed bonds as appropriate.

G may easily be prepared from the more expensive Shikimic acid as outlined below.
Inorganic by-products are not shown.
o 0O
\7/

S
/ ~N
SOCI ethanol _3- Cl CH
Shikimic acid 2 > | > —>pentan 3-one &

G

/ H" catalyst

(d) Draw the structures of compounds I, J, and K showing the correct stereochemistry as
appropriate.

The acetal in G may be opened up under reducing conditions to give mainly L (shown
below). On treatment with base L cyclises to give M which contains a 3-membered ring.
The new ring is opened up with sodium azide yielding a mix of isomers, N and O either of
which yields the same cylic compound P on treatment with trimethylphosphine. Further
treatment with sodium azide opens the new ring to give mainly Q which upon acylation and
hydrogenation finally yields neutral Tamiflu as outlined below.

208

reductive acetal Orayy, 0/\ base M + O\\ //O
_—
- S
opening N H3C/ \O@
HO L
C15H2607S
0 15M26V97
>/S\/ Na> NO
o \o + weak acid
AR N + O
P + N + Ill//,,, - isomers
!
C14H23NO3 - \ C14H23N304
Na® N?

o) o)
+ weak acid )J\ )k
0 o R Hy / Ni

Q

)}\ + Tamiflu
C16H2gN>O
C14H24N403 OH C16H26N404 1671282V

(e) On the structure in your answer booklet, circle the most acidic proton in L which is
removed by the base.

(f) Draw the structures of compounds M, N, O, P, Q and R again showing the correct
stereochemistry as appropriate.



6. This question is about chlorine dioxid.e

oxide of chlorine to be discovered.
Although unstable as a liquid or gas, it
is now produced on a very large scale
for the bleaching of wood pulp and for
water treatment. More recently, it has
been used to remove mould from
houses flooded following Hurricane
Katrina in New Orleans.

Chlorine dioxide, CIO,, was the first b mh\

. L) = ..
A mobile chlorine dioxide generator
used for decontamination

(@) Draw a ‘dot & cross’ diagram of a ClO, molecule showing the outershell electrons. Give
an estimate of the O-CI-O bond angle.

Chlorine dioxide was first obtained by Humphry Davy by the very hazardous
disproportionation of chloric acid, HCIO3, formed by adding concentrated sulfuric acid to a
solid chlorate such as KCIO3;. The other products of this disproportionation reaction are
water and perchloric acid, HCIO,.

(b) 1) Give the oxidation states of chlorine in CIO,, HCIO3; and HCIO,.

i) Using these oxidation states, or otherwise, write a balanced equation for the
formation of ClO, from HCIOs.

iii) Give the structure of a molecule of perchloric acid. What is the bond angle in the
perchlorate ion?

For safety reasons, chlorine dioxide is usually generated where it is to be used. For pulp
bleaching, ClO; is made by the partial reduction of NaClO3 under acidic conditions using a
variety of reducing agents, for example, sulfur dioxide.

(c) Write a balanced equation for the formation of CIO, by this reaction, using sulfuric acid
for acidification (there is only one other product).

In the laboratory, ClO, is produced by the reaction between NaClO3; and oxalic acid,
(COOH),, again in the presence of sulfuric acid. This also generates CO,, which dilutes the
ClO,.

(d) Write a balanced equation for the formation of CIO, by this reaction.

The company Sabre produce their ClO, by oxidising sodium chlorate(lIl) with chlorine gas.

(e) i) Suggest the formula for sodium chlorate(lll).

ii) Write a balanced equation for the formation of CIO, from chlorine and sodium
chlorate(lll).
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