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GENERAL CHEMISTRY

1. Sulfur dioxide (SO,) is produced by volcanoes and in various industrial processes. Since coal
and petroleum often contain sulfur compounds, their combustion generates sulfur dioxide.
Further oxidation of SO,, usually in the presence of a catalyst such as NO,, forms H,SOj, and
thus acid rain. This is one of the causes for concern over the environmental impact of the use of
these fuels as power sources.

(a). Draw the best two resonance structures for sulfur dioxide, SO,, which do not involve sulfur

using its d-orbitals in "hypervalency". Be sure to include all formal charges (should they exist)
and lone pairs of electrons in your structures.

4 marks
(b). Draw the best resonance form for sulfur dioxide in which sulfur does use its d-orbitals in

bonding. Be sure to include all formal charges (should they exist) and lone pairs of electrons in
your structure.

2 marks

(c). What is the hybridization of the sulfur atom in SO,?
2 marks

(d). Write a reaction involving SO, which illustrates how its sulfur atom may act as a Lewis base
in reaction with a Lewis acid. In your reaction, designate the Lewis acid as “A”.

2 marks



(e). Write a reaction involving SO, which illustrates how its sulfur atom may serve as a Lewis
acid in reaction with a Lewis base. In your reaction, designate the Lewis base as “B”.

2 marks



PHYSICAL CHEMISTRY

2. Electrons moving back and forth in a one-dimensional box may only occupy discrete energy
levels given by the formula

h2
8mL2

n=1273..

E=n’
in which n is the energy level, h is Planck’s constant, m is the mass of the electron, and L is the
length of the box.

(a). Calculate the energy of an electron in the second energy level of a box with length 1.00 nm.

1 mark

Pi electrons in a linear, conjugated molecule or section of a molecule can be modeled after the
one-dimensional box system.

(b). In the molecule 1,8-diphenyl-1,3,5,7-octatetratriene shown below, how many pi electrons are
part of the linear, conjugated system between the two phenyl groups?

number of pi electrons:
1 mark
(). The linear, conjugated system in 1,8-diphenyl-1,3,5,7-octatetratriene can be modeled roughly
after a one-dimensional box. How many orbitals do the pi electrons in the system occupy when
the molecule is in the ground state?
1 mark
(d). The Highest Occupied Molecular Orbital, or “HOMO?, is the highest energy level orbital

that is occupied by electrons in ground state. Given a linear, conjugated system with N electrons,
what is the equation for the energy of the HOMO in terms of h, m, and L?

1 mark



(e). The Lowest Unoccupied Molecular Orbital, or “LUMO”, is the lowest energy level orbital
that is not occupied by electrons in ground state. Given a linear, conjugated system with N
electrons, what is the equation for the energy difference between the HOMO and LUMO in
terms of h, m, and L?

2 marks

Retinal is a form of Vitamin A produced by oxidative cleavage of carotenoids. Retinal has the
following structure:

HyC CHs CHy CHy O

\'\\‘\H

CHy

(f). The conjugated system in retinal can be roughly modeled as a one-dimensional box. Given
that the average length of a C — C bond in the system is 0.140 nm and the average length of a
C =0 double bond is 0.123 nm, estimate the length of the box.

2 marks

(g). Calculate the wavelength of light that retinal can absorb to reach an excited state.

4 marks



INORGANIC CHEMISTRY

3. Titanium is an economically important element used principally in the aerospace industry, but
also in medical prosthetics and as an industrial pigment. For example, the white lettering on
Skittles and M&M candies is made with titanium dioxide, which was recently declared a possible
carcinogen in humans by the International Agency for Research on Cancer (IARC).

(a). Among its minerals, titanium most commonly occurs with an oxidation number of +4. State

the complete electron configuration for titanium, corresponding to this oxidation number. Do not
use short-hand notation.

1 mark
(b). llmenite, FeTiOs3, is one of the principal titanium-bearing minerals. An essential step in

producing high-purity titanium is the chloride process. Balance the chemical equation below for
the chloride process.

__FeTiOs(s) +  Clx(g) + _ C(s, graphite) = _ TiCly(l) + _FeCls(s) + _ CO(g)
1 mark

(c). Write a balanced chemical equation for the complete hydrolysis of titanium tetrachloride.

1 mark

Though titanium metal can be produced from ilmenite by the sulfate process, a higher yield can
be obtained by refining the less common mineral rutile. The rutile unit cell (based upon a
body-centred tetragonal arrangement of titanium atoms) is shown below. The oxygen atoms are
dark-coloured spheres in the rutile unit cell.

N

(d). Name the localized geometries around oxygen and titanium.

O: Ti:

1 mark



(e). Given the dimensions of the unit cell, a=b = 0.4584 nm and ¢ = 0.2953 nm, calculate the
density (in g cm™) of the rutile form of titanium dioxide.

3 marks

(f). Titanium tetrachloride is a liquid at standard ambient temperature and pressure (SATP).
Given AHyqp of +37.5 kJ mol™, a vapour pressure of 1.70 kPa at SATP and using the
Clausius-Clapeyron equation (below), calculate the boiling temperature of TiCls. Assume no

change in external pressure.

dinP AH, B AH, 1 1
= LEW £ Inn (_:L) = ﬂ(_ —_— _)
@r  RIT? P, R \T, T,

2 marks

(g). High-purity titanium metal can be prepared industrially in a stainless-steel, high-pressure
reactor from titanium tetrachloride and magnesium metal, according to the Kroll process.
Assume the processing temperature is 900°C and a positive pressure (P > 100 kPa) is maintained
within the reactor by means of an inert gas. Using the data provided below, explain how titanium
metal could be produced by the Kroll process with the use of a diagram and a balanced chemical
reaction. If you were unable to obtain an answer from part (f), use 150°C for the boiling point of

TiCly.

Substance | Melting point (°C) | Boiling point (°C) | Density at 25°C (g cm™)
TiCly -24 see part (f) 1.726
Mg 650 1091 1.584
Ti 1668 3287 4.506
MgCl, 714 1412 2.325

3 marks



ORGANIC CHEMISTRY

4. GlaxoWellcome first marketed the pharmaceutical bupropion (structure below) in 1985 under
the trade-name Wellbutrin® as a treatment for depression. Many smokers taking the drug
reported that after one or two weeks their craving for tobacco ceased and they were able to quit
smoking with few withdrawal symptoms. Bupropion therefore began to be marketed in 1997
with a new name (Zyban®) for use as an aid in smoking cessation.

0]
+
/N\ -CI"  Bupropion
Cl H G

Bupropion can be prepared from benzene according to the following scheme:

© Q T
—_— S e \"
R
C9H100 U O
Cl

Bry, H' catalyst
X

z C4HyN
Bupropion -=— Y <-—— W

(a). Draw the structures of reagents Q, R, T, U, X and Z.

U= X= 7=
3 marks
(b). Draw the structures of intermediate compounds S, W and Y.
S= W= Y=
3 marks
(c). State how many stereoisomers of bupropion exist.
0.5 marks



(d). State whether you would expect bupropion to be soluble or insoluble in water, explaining
your reasoning IN LESS THAN TEN WORDS.

0.5 marks

(e). Draw the major organic product formed when intermediate compound V reacts with each of
the following five sets of reagents:

NaBHy4, ethanol:

(1) CH;MgBr, ether, then (2) H;O™:

H,, Pt metal:

CH;NH,, H' catalyst:

(CH3),NH, H" catalyst:

5 marks



ANALYTICAL CHEMISTRY

5. The concentration of copper(Il) ions in a dilute solution may be determined by a two-step
titration procedure as follows:

e the sample is treated with excess potassium iodide, resulting in the formation of copper(I)
iodide and iodine

e the iodine formed is titrated with sodium thiosulfate

(a). Balance the net ionic equation for the reaction of copper(Il) with iodide.

_Cu*(aq) + _I" (ag) - _Cul(s) + _L (aq)

1 mark
(b). Balance the net ionic equation for the reaction of iodine with thiosulfate.

_L(aq) + _$:05" (aq) — _T (aq) + _S406" (aq)

1 mark

(c). Using these balanced equations, derive a relationship between the number of moles of
copper(Il) gy in the sample and the number of moles of thiosulfate ny required to reach the
stoichiometric equivalence point for the titration.

2 marks

(d). An excess of iodide is added to 50.00 mL of a solution containing copper(Il). The solution
is then titrated with 0.1002 M thiosulfate, requiring 32.07 mL to reach the equivalence point.
Determine the initial concentration of copper(Il) in the sample, making sure to show all steps in
your calculation.

2 marks

-10 -



(e). It is very important that an excess of iodide is used in the first step of this procedure. What
does the excess iodide do?

2 marks

(). Suggest a suitable indicator that you could use for this titration. At what point in the
procedure would you add this indicator?

2 marks

(g). Titrations involving iodine require a number of precautions. Suggest two possible issues,
and the precautions you would take to deal with them.

2 marks

--END OF PART C--
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Atomic mass unit amu 1.66054 x 10%' kg Unité de masse atomique
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Charge of an electron e 1.60218 x 10 C Charge d’un électron
Dissociation constant (H,O) Kw 1.00 x 10 (25°C) Constante de dissociation de I’eau (H,O)
Faraday’s constant F 96 485 C mol™ Constante de Faraday
Gas constant R 8.31451 J K mol™ Constante des gaz
0.08206 L atm K™* mol™
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