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Question 1  (20 minutes)
Data: h Planck’s constant 6.626 x 10–34 J s

c Speed of light in vacuum 2.998 x 108 m s–1

me Electron rest mass 9.020 x 10–31 kg

Carbon-carbon bond length in azulene 1.4 Å

1 Å Ångström 10–10 m

Azulene, C10H8, is an aromatic hydrocarbon isomeric to naphthalene. Interestingly, unlike
naphthalene, it has no resonance structure with a double bond between carbons 9 and 10.
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This suggests that its π-electrons are delocalised only around the edge of the ring, not across
the C9-C10 bridge, and hence that it might be valid to predict these electrons’ behaviour
using the particle-in-a-ring model.

(a) Suppose to begin with that this is indeed a valid model of the π-system.
(i) Sketch the wavefunctions of the lowest energy level and the two HOMOs.
(ii) Give a general expression for the possible wavelengths for a particle in a ring of

circumference C.
(iii) Use the de Broglie wavelength relationship to derive a general expression for the energy levels

accessible to a particle in this ring.
(iv) Choose an appropriate circumference for the azulene ring, and hence predict the main

wavelength absorbed by azulene. In what region of the electromagnetic spectrum is this
absorbance peak?

 (b) Don’t forget, though, that all this work is based on nothing more substantial than a few VSEPR
resonance structures. To confirm that our conjecture is correct, we turn to molecular orbital
theory. Erich Hückel (1896-1980), a German physical chemist, developed a method of
calculating the MOs of π-systems that predicts the orbitals depicted in the following diagram.
(Note that the individual carbon p orbitals have been shown for clarity, although of course the
real 90% inclusion surface would show these orbitals merging together. In addition, the
diagram is not to scale, and only occupied MOs are shown.)
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(i) Use the rules of qualitative molecular orbital theory to predict the effect on the total energy of
the π-system of breaking the C9-C10 bond in both naphthalene and azulene. Is our
conjecture that the π-electrons are not delocalised across this bond in azulene correct? What
about in naphthalene?

(ii) This should explain why the result in (a) above applies to azulene – and why it doesn’t to
naphthalene. One question, however, remains. Based on the above analysis, we might
expect the properties of azulene to be very similar to those of cyclodecapentaene.

cyclodecapentaene

In fact, though, their properties are radically different: azulene is a stable molecule while
cyclodecapentaene is so unstable that it can’t be isolated. Can you suggest – in terms of MO
theory, of course – a reason why we can’t apply the above result to cyclodecapentaene?

Question 2  (25 minutes)
Calcium cyanamide (CaCN 2) is a very versatile and powerful fertilizer. It can be produced easily

from cheap and common chemicals such as CaCO3. The thermal decomposition of CaCO3
leads to a white solid A and a colorless gas B which does not sustain combustion. A greyish
solid C and a gas D form by the reduction of A with carbon. Both C and D can be further
oxidized. The reaction of C with nitrogen finally leads to CaCN2.

 (a) Identify species A → D and write balanced equations for each of the reactions leading to the
synthesis of calcium cyanamide from calcium carbonate?

 (b) Both CaCN 2 and C readily react with water to give a gaseous product E and F, respectively.
Identify E and F and write a balanced equation for the two reactions. Sketch the molecular
structures of E, F and the cyanamide ion.

 (c) In solid state chemistry the cyanamide ion shows constitutional isomerism. The free acids of
both anions (at least in the gas phase) are known (referred to as cyanamide). Draw the
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structural formulas of both isomeric free acids. Indicate on which side the equilibrium is
favored. Draw a hybrid orbital diagram for each of the acids.

 (d) Cyanamide is known to dimerize at pH 7-9 to form dicyandiamide or on heating to ca 150 °C to
trimerize to give melamine, a cyclic compound with a ‘benzene-like’ structure. Sketch the
molecular structures of the dimer and trimer.

Question 3  (45 minutes)
Data: E0

 (Ag+/Ag) = 0.800 V log Kstab ([Ag(CN)2]–) = 21.1
E0

 (SCE) = 0.285 V F = 96485 C mol–1

pKsp (AgCN) = 15.8 R = 8.315 J K–1 mol–1

pKsp (AgCl) = 9.75 = 8.206 x 10–2 L atm J K–1 mol–1

An electrochemical cell is prepared by placing a silver electrode in 25.00 mL of a neutral
solution containing potassium chloride and potassium cyanide, then joining a standard
calomel electrode with a potassium nitrate salt bridge. The KCl/KCN solution is then
potentiometrically titrated with a standard 0.1000 M silver nitrate solution at 25 °C. The
potentiometric curve obtained (cell potential against burette reading) is shown below.

Throughout this problem, you may assume that protonation of the cyanide ion is negligible.
(a) The endpoints of the reactions taking place during the titration are marked with A, B and C.

Write a balanced ionic equation for each reaction.
(b) What volume of the titrant is required to reach point B?
(c) Calculate the concentrations of KCl and of KCN in the sample solution.
(d) Calculate the emf readings at points A and C in volts.
(e) What is the molar ratio Cl–/CN– in the solution at point C?
(f) What is the molar ratio Cl–/CN– in the precipitate at point C?

Question 4  (45 minutes)
Data: Atomic weights: C 12.0107g mol–1 N 14.0067 g mol–1 O 15.9994 g mol–1

Cp(O2 (g)) = 27.4 J K–1 mol–1 Cp(CO2 (g)) = 31.0 J K–1 mol–1

Cp(N2 (g)) = 29.1 J K–1 mol–1

At 298  K: ΔfH° (CO2 (g)) = -393.3 kJ mol–1 ΔfH° (CO (g)) = -110.4 kJ mol–1

(a) Consider the combustion reaction of carbon monoxide.
(i) What is the value for ΔcombH° (CO (g)) at 298K?
(ii) Air from a bus garage was sucked first through a desiccant (to remove water vapour) and then

through a vessel containing hopcalite, a catalyst that can bring about complete combustion of
carbon monoxide at room temperature. The temperature difference between the air entering
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and leaving the reaction vessel was eventually constant and equal to 3.2°C. What mole
percentage of CO did the air contain? It is assumed that air contains 20 mole percent O2,
and the remainder is nitrogen. The specific heat capacity of air is 1.007 J K–1 g–1.

We can also consider the (uncatalysed) reaction of carbon monoxide with air at higher
concentrations.

(iii) If carbon monoxide combusts under isobaric (1.0 atm) conditions with twice the stoichiometric
amount of air (again consisting of 20 mole percent oxygen and the remainder being
nitrogen), what is the maximum temperature possible? The reaction vessel was originally at
room temperature. You may assume that heat capacities and reaction enthalpy remain
constant over the temperature range considered.

Data: 0°C = 273.15 K 1 atm = 101.3 kPa
Normal boiling point of water is 100°C. R = 8.314 J K–1 mol–1 = 0.08206 L atm K–1 mol–1
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(b) The vapour pressure of liquid water at 18°C is 2.06 kPa.
(i) Find Δ vapH°(H2O). Assume that this value is constant over the relevant temperature range.
(ii) Starting from the thermodynamic definition of entropy, derive the formula for the entropy change

associated with a phase change at constant pressure.
(iii) Determine ΔvapS°(H2O). Explain why your answer is different to the value predicted by Trouton’s

rule:
Δ vapS° ~ 85 J K–1 mol–1.

(iv) For the reaction:
ZnSO4.7H2O (s)    ZnSO4.6H2O (s) + H2O (l)

ΔrG° = 1.48kJ at 18°C.
What is the vapour pressure of ZnSO4.7H2O in equilibrium with ZnSO4.6H2O at 18°C?

Organic Section (45 minutes)
Question 5  (15 minutes)

Serine transhydroxymethylase is a pyridoxal phosphate-containing enzyme that catalyses the
following reaction:

Serine + tetrahydrofolate (TetHF)  glycine + methylenetetrahydrofolate (Me-TetHF) + H2O

HO
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The R sidechain in the above structures for TetHF and Me-TetHF plays no part in the reaction;
its structure has been omitted for clarity.

This is an important reaction in the body, as the Me-TetHF produced may then be used in the
synthesis of the DNA component thymine monophosphate (the ‘T’ base in DNA). TetHF itself
is synthesized in the body from folate (Vitamin M), which is present naturally in leafy
vegetables, and added to Special K (so it keeps your DNA looking good too).

The first step in the reaction scheme is the standard imine formation between pyridoxal
phosphate (structure shown below) and the amino acid (serine).
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Pyridoxal phosphate  (PLP)

(a) Draw the structure of this imine intermediate.
x The second step is a typical PLP reaction; a resonance-stabilised one-carbon reactive

intermediate is produced, along with another resonance-stabilised intermediate.
(b) Give the mechanism for this reaction; and draw resonance structures for both the one-carbon

reactive intermediate and the other intermediate.
The one-carbon reactive intermediate then reacts in a series of steps with tetrahydrofolate to

form methylenetetrahydrofolate and water (and a proton).
(c) Draw the mechanism for this reaction. For clarity you may abbreviate the structure of

tetrahydrofolate to the following:

N
H

HN
R

R1

R2

The last step is addition of a proton to form a glycine-PLP imine, which is then hydrolysed to
glycine and PLP.

(d) Draw a mechanism for the hydrolysis of the glycine-PLP imine.

Question 6  (30 minutes)
A mixed aldol condensation with benzaldehyde and      p     -methylacetophenone (     p     -methylphenyl

methyl ketone) in the presence of sodium ethoxide, gives A and B as the major products
(C16H16O2 and C18H20O2 respectively). A reacts with acidified sodium dichromate to form C,
but B gives no reaction. When C is treated with sodium ethoxide in ethanol, followed by
2-(iodomethyl)-1,3-dichloropropane, D is formed, which when treated with zinc amalgam in
concentrated hydrochloric acid forms E. Heating E with aluminium chloride gives F.

When B is treated with hydrogen and a palladium on carbon catalyst G is formed, which when
heated in concentrated sulfuric acid gives H , which decolourises bromine water. H
subsequently reacts with ethanoyl chloride and AlCl3 to produce a mixture of products, of
which I is the major product. Upon treatment with iodine in sodium hydroxide, I gives J
(C19H20O2) and a yellow precipitate. Treatment of J  with OsO4 followed by basic hydrolysis
affords K, which does not react with bromine water. When K is heated with concentrated
sulfuric acid L is formed. L is resistant to oxidation by acidified potassium dichromate
solution.

(a) Draw the structures of all compounds A-K. If different stereoisomers of a compound are
possible, draw only one, but indicate which others are possible.

(b) Draw the structure of L. How many stereoisomers of L are possible? How many will be
produced from this synthetic route?


