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Instructions 
 
• Write your name and country code on all pages. 
 
• The test booklet consists of 7 tasks and 40 pages. 
 
• You have 4 hours for the examination. Do not start until the "START" signal is 
 given. 

 
• Use only the ballpoint pen and the calculator that have been handed out. 
 
• Read the entire task before you begin to solve it, as there may be important  
 information at the end of the text that you need to use to solve the task. 

 
• All results must be written within the boxes. Answers written outside the boxes will 
 not be reviewed and corrected. If you need paper, use the back of the paper sheets. 

 
• Show your calculations in the boxes. You will only get max points if you show your 
 calculations. 

 
• When you have finished the exam, you must pass the test booklet to the person in 
 charge. 
 

• You must stop writing when the "STOP" signal is given. 

 
• Stay in your place until you are allowed to leave the room. 
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Constants and Formulae 

 

Avogadro's constant, NA = 6.0221×1023 mol–1  

Boltzmann constant, kB = 1.3807×10–23 J K–1  

Universal gas constant, R = 8.3145 J K–1 mol–1 = 0.08205 atm L K–1 mol–1  

Speed of light, c = 2.9979×108 m s–1   

Planck's constant, h = 6.6261×10–34 J s  

Faraday constant, F = 9.64853399×104 C 

Mass of electron, me = 9.10938215×10–31 kg 

Standard pressure, P = 1 bar = 105 Pa  

Atmospheric pressure, Patm = 1.01325×105 Pa = 760 mmHg = 760 torr  

Zero of the Celsius scale, 273.15 K  

1 picometer (pm) = 10–12 m;   1 Å = 10-10 m; nanometer (nm) = 10–9 m   

1 eV = 1.6 × 10-19 J 

1 amu = 1.66053904 × 10-27 kg 

Ideal gas equation:  PV = nRT 

Enthalpy:  H = U – PV 

Gibbs free energy:  G = H – TS   QRTGG o ln  

o

cell

o nFEKRTG  ln   

Entropy change: 
T

q
S rev , where qrev is heat for the reversible process 

   

1

2ln
V

V
nRS   (for isothermal expansion of an ideal gas) 

Nernst equation: 

redC

oxC

nF

RTo
EE ln  

Energy of a photon:  


hc
E      

Lambert-Beer law:  bC
I

I
A  0log  

 

Integrated rate law 

Zero order   kt 0[A][A]   First order kt 0[A]ln [A]ln  

Second order    kt
0[A]

1

[A]

1
 

 Arrhenius equation  

   RTEaAek
/

   

 



Name:  Code: 

2nd Nordic Chemistry Olympiad – Theoretical Problems iv 

Periodic table of the elements with relative atomic masses and 
electronegativities
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Problem 1              8 % of total 
 
 
 
 

 

 

 

 

Salt of hartshorn, used for baking cookies, consists of two salts: ammonium carbonate and 

ammonium carbamate. H4CO2NH2(s) (ammonium carbamate) decomposes under heating 

to NH3(g) and CO2(g).  

 

NH4CO2NH2(s) ⇌ 2 NH3(g) + CO2(g) 

 

a) Write the expression for the equilibrium constant for this reaction if no CO2 or NH3 are 

present from the beginning. Simplify the expression as much as possible. 

 

 
 
K = (p2(NH3) ∙ p(CO2)) / x(NH4CO2NH2) = 4p3(CO2)  or  p3(NH3) / 2 

 
 
b) Use the thermodynamic data given in the following table to calculate ΔrH° for the 

 above reaction. Is the reaction endothermic or exothermic at standard conditions? 

 

Compound ΔfH° [kJ/mol] 

NH4CO2NH2(s) - 461.9 

NH3(g) 45.9 

CO2(g) -393.5 

 

 
 
 
 
ΔrH° = 2 ΔfH°(NH3(g)) + ΔfH°(CO2(g)) - ΔfH°(NH4CO2NH2(s)) 

 
 
ΔrH° = 2∙45.9 + (-393.5) – (-461,9) = 160,2 kJ/mol 

 
 
 
 
    Answer:    ΔrH° = = 160,2 kJ/mol 

 

a b c d e f Problem 1  % 

10 10 10 10 10 10 60 8 
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In an experiment pure NH4CO2NH2 and nothing else is in closed vessel. After some time, 

equilibrium is reached, the temperature being 40 °C  

 

NH4CO2NH2(s) ⇌ 2 NH3(g) + CO2(g) 

 

The total pressure in the vessel is recorded to 0.327 bar. 

 

c) Calculate the partial pressure of CO2 in vessel.  

 

 

 

 

p(total) = 2∙p(NH3) + p(CO2) = 0.327 bar ⟹ p(CO2) = 0.109 bar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Answer:    P(CO2) = 0.109 bar 

 
 

d) Calculate the value of the equilibrium constant, K at 40 °C. 
 

 
 
 
K = (p2(NH3) ∙ p(CO2)) / x(NH4CO2NH2) = 4p3(CO2) = 4(0.109)3 = 0,00515 bar3 
 
 
 
 
 
 
 
   Answer:    K = = 0,00515 bar3 
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Originally 2,00 mol NH4CO2NH2(s) was placed in the vessel, with the volume of 100 L at 

40 °C.. 

 

e) Calculate the amount of NH4CO2NH2(s) present at equilibrium; assume that the 

 volume of the solid substance can be neglected. 

 

 
 

p(CO2) = 0.109 bar, n = 
𝑝𝑉

𝑅𝑇
 = 

0.109∙100 

0.08314∙313
 = 0.42 mol 

 
n(NH4CO2NH2) = 2.00 mol – 0.42 mol = 1.58 mol 

 
 
 
   Answer:    n(NH4CO2NH2) = 1.58 mol 

 
 

 
 
ΔrH° for decomposing of 1 mol NH4CO2NH2(s) was calculated under point b), if you don’t 

have a result for ΔrH° then use the value 150.0 kJ/mol. The temperature was now raised to 

50 °C. 

 

f) Calculate K at 50 °C, assuming that ΔrH° and ΔrS° is independent of temperature. If 

you miss parameter values that would have been obtained from previous part you can 

set these parameters to 1. 

 

 
 
 

lnK = −
∆𝐺

𝑅𝑇
 = 

−∆𝐻

𝑅𝑇
 +

∆𝑆

𝑅
 valid both at 40 °C and 50 °C. Subtraction gives: 

 

ln
𝐾313

𝐾323
 = 

−∆𝐻

𝑅
 (

1

313
 - 

1

323
) = ln 𝐾323 +

∆𝐻

𝑅
 (

1

313
 - 

1

323
) = ln0.00518 + 

160200

8.314
 (

1

313
 - 

1

323
) 

 
 

ln 𝐾323 = - 5,263 +19268 ∙ (0.0000989) = -3.357 ⟹ 𝐾323 = 0.0348 bar3 

 
 
 
 
 
 
 
 
 
 
 
  Answer:  K = 0.0348 bar3 
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Problem 2              8 % of total 
 
 
 
 

 

 

 

 

The oxidation of carbon monoxide to carbon dioxide in the gas phase is assumed to take 

place in two steps: The oxygen molecule dissociates into oxygen atoms, which then react 

with carbon monoxide.   

 

   CO(g) + ½ O2(g)    CO(g) + O(g)   (1) 

   CO(g) + O(g)  CO2(g)   (2) 

 

 

The first step (1) is considered to be rate-limiting. The rate of reaction was measured for 

different partial pressures of CO and O2 at 1250 °C. The values given in the table are the 

initial partial pressures of CO and O2 and the time (in hours) that it took to lower the CO 

concentration by 0.1 mbar. Assume that initially there are no other gases present in the 

reaction vessel. 

Experiment 

# 
PO2 (bar) PCO (bar) t (h) 

1 100 50 21.0 

2 200 50 5.26 

3 100 100 21.1 

 

a)  Write the rate law for the reaction. Does it agree with the assumption that the first step 

 is rate-limiting? 

 

 

The reaction time is four times lower when the O2 pressure is doubled => The rate 

law is second order with respect to O2. The reaction time does not change 

(significantly) when the CO pressure is doubled => The rate law is zeroth order with 

respect to CO. 

 

 

 

Rate law: R = k (PO
2
)2 

 

Are the rate law in agreement with the assumption that the first step is rate-limiting?  

x Yes      No 

 

 

 

a b c d e f Problem 2 % 

10 10 10 10 10 10  8 
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The rate constant of the reaction was measured in experiments at a series of 

temperatures. The results are given in the table below.  

 

T (°C) ln(k) 

100 -90.3 

500 -48.7 

750 -39.3 

1000 -33.5 

1250 -29.7 

1500 -26.9 

 

b) Use the experimental data to estimate the activation energy of the reaction.  

 

 

 
The slope of the linear fit is approximately -29900 and this should be equal to -
EA/R. Therefore, we have Ea = 249 kJ/mol.  
 

 

 

 

 

 

 

 

 

 

   Answer:    Ea = 249 kJ/mol 

 

 

 

 

  

y = -29878x - 10,06

-55

-50

-45

-40

-35

-30

-25

-20

0,0004 0,0006 0,0008 0,001 0,0012 0,0014

ln
(k

)

1/T (K)
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Experiments have shown that the oxidation of CO is much faster on some metal surfaces. 

Such catalysis has been used in catalytic converters for car exhaust. The proposed 

reaction mechanism is that (1) the two gas molecules are adsorbed on the metal surface, 

where (2) O2 is dissociated and (3) CO2 formed. The schematic figure below (based on 

data from Ertl, 1983) shows a schematic energy diagram for the oxidation of CO on a 

Pt(111) surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) Which is the rate-limiting step in the catalysed reaction mechanism? 

 

 

The second step, COads + Oads  CO2ads, may be assumed to be rate-limiting as it 
has the highest activation energy; EA = 105 kJ/mol. 
 

 

 

 

 

  

E
 

All energy values in kJ/mol 
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d) Calculate the rate constant of the catalysed reaction at 100°C assuming that the pre- 

 exponential factor is 1014 s-1. 

 

 

 

 

 

If A = 1014 s-1 and Ea = 105 kJ/mol, then kcat = A exp(-EA/RT) = 0.198 s-1 at 100°C. 
 

 

 

 

 

 

 

 

 

 

 

 

  Answer:   kcat = 0.198 s-1 

 

 

 

   

e) How much faster is the catalysed reaction at 100°C? 

 

 

At 100°C we have 
 
 ln(k) = -90.3 => log10(k) = -39.2 and ln(kcat) = -1.6 => log10(kcat) = -0.70.   
 
 
Therefore, the catalysed reaction is about 1038.5 faster than the uncatalysed 
reaction. 
 

 

 

 

 

 

    Answer: 1038.5 = 3,16∙1038 times faster 
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Problem 3              8 % of total 
 
 
 
 

 

 

 
 
Global warming and fossil fuel depletion increasingly place the development of sustainable 

energy systems at the top of political agendas around the world. Major investments in new 

energy technologies and systems to improve energy efficiency and reduce greenhouse 

gas emissions will continue to grow the coming decades. Some of the suggested 

technologies for energy production and energy storage are based on electrochemistry, i.e.: 

batteries, fuel cells, electrochemical solar cells, supercapacitors. 

 

One promising alternative is a metal-air battery, i.e.: a hybride fuel cell. 

 

 
 

Consider an aluminum-air battery, which is a light and very promising battery for carbon-

free vehicles. 

 

a) The standard electrode reduction potential E0 for aluminum is -1.66 V and for oxygen  

 in an acidic water solution it is 1.23 V. What are the corresponding reactions at the 

 anode and cathode respectively in acidic environment? What is the total cell reaction 

 in an acidic environment? Note: The figure above shows the cell in basic environment. 

 

 

Anode reaction: Al(s) ⇌ Al3+ + + 3e- 

 

Cathode reaction: O2(g) + 4H+ + 4e- ⇌ 2H2O(l) 

 

 

Cell reaction: 4Al(s) + 3 O2(g)+ 12H+ ⇌ 4Al3+ + 6H2O(l)  
 
(Total reaction = 3 Cathode – 4 Anode) 
 

a b c d e Problem 3 x% 

10 10 10 10 10 50 8 
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b) Calculate the thermodynamic standard cell potential in acidic environment.  

 

 

 

 

 

E0
cell = 1.23 V – (–1.66) V = 2.89 V 

 

 

 

 

 

Answer:    E°cell = 2.89 V 
 

 
c) In practice the aluminum-air battery is often build with a basic electrolyte (e.g. KOH) in  

 which solid aluminum hydroxide is formed and the reduction of oxygen occurs in basic  

 water solution. What are the corresponding reactions at the anode and cathode  

 respectively? What is the total cell reaction in a basic environment? 

 

 

In basic environment (all half-reactions written as reductions): 
 
The anode reaction is coupled the formation of aluminum hydroxide: 
    
(1)    Al3+ + 3e- ⇌ Al(s)   E0

1 = -1.66 V 
(2)    Al(OH)3(s) ⇌ Al3+ + 3OH-  K2= Ksp = 1.3.10-33 
 
(3) = (1) + (2)  Al(OH)3(s) +3e-⇌  Al(s) + 3OH- 
 
Cathode reaction in basic solution: 
 
(4)   O2(g) + 4H+ + 4e- ⇌ 2H2O(l) E0

4 = +1.23 V 
(5)    H2O(l) ⇌ H+ + OH-   K5= Kw = 1.0.10-14 
 
(6) = (4) + 4.(5) O2(g) + 2H2O(l) + 4e- ⇌ 4OH- 
 
The total cell reaction = 3 Cathode – 4 Anode = 3(6) - 4(3): 
 
   4Al(s) + 3O2(g) + 6 H2O(l) ⇌ 4 Al(OH)3(s) 
 

  Answers:   Anode reaction:  Al(s) + 3OH- ⇌ Al(OH)3(s) + 3e- 
 
                    Cathode reaction: O2(g) + 2H2O(l) + 4e- ⇌ 4OH- 

 

                    Total reaction: 4Al(s) + 3O2(g) + 6 H2O(l) ⇌ 4 Al(OH)3(s) 
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d) Calculate the thermodynamic standard cell potential in a basic environment at 

 298K. 

 Hint: Coupled reactions occur at both electrodes which affect the cell potentials. The 

 solubility product of aluminum hydroxide is Ksp=1.3.10-33 and water autoprotolysis  

 ionization constant is Kw=1.0.10-14.  

 

 

In general: 
ΔG0 = –RT lnK = –nFE0  
E0 =  RT/nF lnK 
  

For the coupled anode reaction (see answer (c)) 
 
lnK3 = ln (K1K2) = lnK1 + ln K2 

 
and thus  
 

E0
3 = RT/nF lnK1 + RT/nF lnK2 = E0

1 + RT/nF ln Ksp = 
        = –1.66 V + 8.314 ∙ 298/(3 ∙ 96485) ln (1.3.10-33) V =  

       = –1.66 V – 0.65V = –2.31 V  
  

In similar way for the cathode reaction in basic environment 
 
lnK6 = ln (K4K5

4) = lnK4 + 4 ln K5 

and 
E0

6 = RT/nF lnK3 + 4RT/nF lnK5 = E0
3 + 4RT/nF ln Kw = 

        = 1.23 V + 4∙ 8.314∙298/(4 ∙ 96485) ln (1.0.10-14) V =  
       = 1.23 V - 0.83 V = 0.40V  
 

Finally the standard cell potential in basic environment: 
  
 E0

cell = E0
6 – E0

3 = 0.40 V –(– 2.31V) = 2.71 V 
 

 

 

 

 

 

 

 

 

 

 

 

 

  Answer:    E°cell = 2.71 V 
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e) Is the real potential of the cell in basic environment higher or lower than the 

 thermodynamic standard cell potential? Motivate your answer by showing the 

 calculations in basic environment  

 

 

 
The total cell reaction in basic environment is  
 

4Al(s) + 3O2(g) + 6 H2O(l) ⇌ 4 Al(OH)3(s) 
 
The real cell potential is slightly lower than the standard potential since in air the 
oxygen partial pressure pushing the reaction (Le Chatelier’s principle) is lower than 
the standard 1 bar.  In air pO2 ≈ 0.2 bar.  
 
From Nernst equation: 
 
 Ecell = E0

cell  – RT/nF ln Q =  
        = E0

cell  – RT/12F ln ({ Al(OH)3(s)}4/{Al(s)}4{pO2}3{H2O(l)}6)   
        = E0

cell  – RT/12F ln (1/(pO2/p0)3) 
          = E0

cell  + 3RT/12F ln (pO2/1bar) 
                      = E0

cell  + RT/4F ln (0.2) 
         = 2.71V – 0.01V = 2.70 V 
 
where the activity of pure condensed matter is one, e.g. {Al(s)} = 1. 
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Problem 4              9 % of total 
 
 
 
 
 
 
 
Pure iron metal melts at 1811 K. Between room temperature and its melting point, iron 

metal can exist in different allotropic or crystalline forms. From room temperature to 1185 

K, the crystal structure of iron metal exists as a body-centered cubic (bcc) lattice known as 

α-iron. Use the following data for this task: M(Fe) = 55.847 g/mol, M(C) = 12.011 g/mol,  

NA = 6.02214×1023 /mol 

 

a) Copy the general cube below and draw a sketch showing how atoms are distributed in 

 a bcc lattice. 

 
 

 

Several sketches are correct, e.g.  

   or        
 

 

 

 

 

 

 

b) How many atoms of iron are there per unit cell in a bcc cell? 

 

 

2 atoms (1 in centre of cell, and 8 x 1/8 per corner of cube) 

 

a b c d e f g h Problem 4 x % 
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c) the density of pure iron metal is 7.874 g/cm3 at 293 K. Calculate the atomic radius of 

 iron (expressed in cm). 

 

 

 

Two atoms of iron has a mass of 2 x M(Fe). The density is defined as d = 

mass/volume, where volume is V = a3 where a is the dimension of the sides of 

the cube. Finally, the radius of the iron atom (R) is found to be 4 times the 

diagonal of the cube, which is given as √3𝑎 (see figure below). Using this 

information,  

 

V = (2 ∙ 55.847 g/mol / 6.02214 1023 1/mol) / 7.874 g/cm3 = 2.356 10-23 cm3,  

 

which gives a = 2.867 10-8 cm, and then R = √3𝑎/4  = 1.241 10-8 cm. 

 
 

 

 

 Answer:    rFe = 1.241 10-8 cm        

 

 

When heating iron from room temperature, a transition to a face-centered cubic (fcc) form, 

called γ-iron, takes place at 1185 K. 

 

 

d) Copy the general cube below and draw a sketch showing how atoms are distributed in 

 a fcc lattice. 

 
 

 

 

 



Name:  Code: 

2nd Nordic Chemistry Olympiad – Theoretical Problems 14 

 

 

Several sketches are correct, e.g. 

   or      
 

 

 

 

e) How many atoms of iron are there per unit cell in a fcc cell? 

 

 

4 atoms (6 x 1/2 on each side, and 8 x 1/8 per corner) 

 

 

 

f) Calculate the density of γ-iron (expressed in g/cm3). Note: Ignore any small effect due  

 to the thermal expansion of the metal. 

 

 

From the radius R = 1.241 10-8 cm the volume of the fcc cell is given by  

 

V = a3 = (4R/√2)3 = 4.327 10-23 cm3  (see figure below).  

 

With 4 atoms per cell, the density becomes d = (4 ∙ M(Fe) / NA ) / V = 8.573 g/cm3. 

 

 
 Answer:   Density of γ-iron = 8.573 g/cm-3 
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Steel is an alloy of iron and carbon in which some of the interstitial spaces (“holes”) of the 

crystal lattice (iron) are occupied by small atoms (carbon). The carbon content in steel 

typically ranges from 0.1 % to 4.0 %. In a blast-furnace, the melting of iron is facilitated 

when it contains 4.3 % of carbon by mass. If this mixture is cooled too rapidly the carbon 

atoms remain dispersed within the α-iron phase. This new solid, called martensite, is 

extremely hard and brittle. The size of the unit cell of martensite is the same as that of α-

iron (bcc). Assume that the carbon atoms are evenly distributed in the iron structure 

 

g) Calculate the average number of carbon atoms per unit cell of α-iron in martensite 

 containing 4.3 % C by mass. 

 

 

100 g martensite contains 4.3 g C and 95.7 g Fe,  

 

which corresponds to 0.36 mol C and 1.71 mol Fe,  

 

and thus the ratio Fe : C is 4.8 : 1, or 0.21 C-atoms per Fe-atom.  

 

Since there are 2 Fe atoms per bbc cell, there are on average 0.42 C-atoms 

per unit cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Answer:    Average number of carbon atoms per unit cell = 0.42 
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h) Calculate the density (expressed in g/cm3) of this material. 

 

 

The total mass of material per bcc cell in martensite is  

 

(2 ∙ M(Fe) + 0.42 M(C)) / NA =  

 

= (2 ∙ 55.847 g/mol + 0.42 ∙ 12.011 g/mol) / 6.02214 1023 1/mol =  

 

= 1.9385 10-22 g material.  

 

The density of martensite is d = m / V = 1.9385 10-22 g / 2.356 10-23 cm3 =  

 

= 8.228 g/cm3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Answer:   Density =  8.228 g/cm3. 
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A coordination cage trapping a guest molecule. 

Problem 5              9 % of total 
 
 
 
 

 

 

 

 

The most recent use of chemical warfare 

agents, CWA, was in Syria this year. 

Methods for the destruction of CWAs exist 

and involves strong oxidants. This problem 

will deal with some aspects of a new potential 

method for trapping CWAs by means of 

coordination cages, using only mild 

conditions as developed by Michael D. Ward 

and published 2016. A coordination cage is a 

supramolecular assembly of metal ions and 

ligands and have shown to trap other 

molecules within the available space in the 

cage, e.g. CWAs. 

 

a) If two different ligands A and B, three of each kind, coordinates in an 

 octahedral geometry, then what are the possible different isomers that 

 exist? Use the following template and write A and B in the circles for 

 all isomers. 

 

 

 

  

a b c d e f g h Problem 5  % 
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b) Sarin is one of the most common chemical warfare agents. 

 Write its full Lewis structure and state the geometry at the 

 phosphorus center.  

  A sarin molecule 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Geometry at the phosphorous center: Tetrahedral 

 
         

 
c) The crystal field-splitting diagram for an octahedral complex has two sets of energy 
 levels, which d-orbitals corresponds to the different energy levels? Write the correct  
 d-orbitals on the lines in the diagram. 
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d) The coordination cage consists of 8 Co2+  ions and 12 ligands. Each metal ion center 

is  an octahedral coordination complex. If the  ligands are high field, to the far right in the 

 spectrochemical series, then what is the  electron configuration? Draw arrows to 

 denote an electron and its spin in the  splitting diagram in this case. Is the 

complex  high-spin or low-spin? 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

High spin:     Yes        No 
 

 
 
e) How many electrons does each Co2+ center have in its valence shell? Mark with a 
 cross in the correct box. 
 

 

i)  16 ii)  17 iii)  18 iv)    19 v)  20 
 

 
 
f) These cages can also be constructed with Cd2+ ions. Mark the correct property for 
 these coordination centers. 
 

 

i)  High-spin ii)  Low-spin iii)     Neither of i) and ii 
 

 
 
  

A
X 
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The equilibrium reactions that describes how a coordination host cage, Co-H, takes up 

DMMP molecules can be written as: 

  

 Co-H + DMMP ⇌ Co-H-DMMP   K1 (1) 

 Co-H-DMMP + DMMP ⇌ Co-H-(DMMP)2 K2 (2) 

 

Where Co-H: Host cage with Co metal ions. 

 K: Equilibrium constant.  

 DMMP: Dimethyl methylphosphonate.  

  A model substance for a CWA      molecule.  

      A DMMP molecule 

  

g) In acetonitrile solution there is only possible for the cage to take up one DMMP 

 molecule. The equilibrium constant at 298 K is K1 = 4.0 M-1. Calculate the molar 

 concentration of free DMMP molecules in a solution with the following initial 

 concentrations Co-Hinitial = 0,100 M and DMMPinitial = 1.00∙10-6 M.  

 

 

Co-H + DMMP  ⇌  Co-H-DMMP 
    0,100 – x 1,00∙10-6 – x x 
  

K1  =   
𝑥

(0.100−𝑥)(1.00∙10−6−𝑥) 
 = 4.0 M-1 

 

 Assume x<< 0,100 then  
 

 K1  =   
𝑥

(0.100)(1.00∙10−6−𝑥)  = 4.0 M-1 

  

 1.4x = 4.0∙10-7   x = 2.86∙10-7  M 
 

 DMMP = (1.00∙10-6 – 2.86∙10-7 ) = 7.14∙10-7  M 
 

 DMMP = 7.1∙10-7  M  
  
 
 
 
 
 
 
 

 Answer: DMMP =  7,1∙10-7 M 
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h) In water the Co-H cage can take up two DMMP molecule. The equilibrium constants at 

 298 K is K1 = K2 = 7.0 M-1. W. An aqueous solution can be purified from DMMP by 

 extraction, where Co-H-DMMP and Co-H-(DMMP)2 are selectively and repeatedly 

 removed from the solution. Calculate the percentage of DMMP molecules that 

 have been removed during the first purification step when Co-Hinitial = 0.100 M and 

 DMMPinitilal = 1.00∙10-8 M. 

 

 

DMMP  + Co-H-DMMP + 2Co-H-(DMMP)2 = DMMPinital = 1.0∙10-8 M   (1) 
 

 Assume that Co-Hinitial = Co-H = 0.100 M 
 

    
Co−H−DMMP

 Co−H DMMP
 = K1 = 7.0 M-1   Co-H-DMMP = 7.0Co-HDMMP  

 

  = 7.0 ∙ 0,100 ∙ DMMP = 0,7DMMP    
 

  Co-H-DMMP = 0,7DMMP (2) 
 

    
Co−H−(DMMP)2

Co−H−DMMP DMMP
 = K2 = 7,0 M-1   

 

 Co-H-(DMMP)2 = 7.0Co-H-DMMPDMMP 
 

 Use equation (2)    Co-H-(DMMP)2 = 7.0 ∙ 0.7DMMPDMMP    

  Co-H-(DMMP)2 = 4.9DMMP2 (3) 
 
 Equations (2) and (3) in (1): 
 

 DMMP  + 0.7DMMP + 2 ∙ 4.9DMMP2  = 1.00∙10-8   
  

 1.7DMMP  + 9.8DMMP2  = 1.00∙10-8    
 

 DMMP (1.7 + 9.8DMMP) = 1.00∙10-8   
 

Assume that 9.8DMMP)  1.7      DMMP = 
1.00∙10−8

1.7
 

 DMMP removed = 
DMMP𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − DMMP 

DMMP𝑖𝑛𝑖𝑡𝑖𝑎𝑙

 =  

 

 =  
1.00∙10−8− 

1.00∙10−8

1.7

1.00∙10−8
 = 41,2 % 

 

 

 

 

Percentage of DMMP removed: 41,2%       

 

 



Name:  Code: 

2nd Nordic Chemistry Olympiad – Theoretical Problems 22 

Problem 6              9 % of total 
 
 
 
 

 
 
 
 
Carbonyl compounds are often in keto-enol equilibrium. The enol form is very important for 

carbonyl condensation reactions.  

    
 
Ethyl acetoacetate and 2,4-pentanedione keto-enol tautomerism was studied with 1H and 
13C NMR. 

 

In theory, three different enol tautomers (B-D) can exist in solution (Benzene) for the ethyl 

acetoacetate. The CD is time-averaged structure that is commonly observed in NMR 

timescale.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H NMR spectrum of ethyl acetoacetate in C6D6 (residual signal 7.16ppm). The spectrum is 

integrated with values above the integral curves. 

a b c d e f g Problem 6 % 
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Corresponding situation can prevail for 2,4-pentanedione. The 13C spectra have been 

measured in CD3CN. 

 

 

I: proton coupled and II: proton decoupled 13C NMR spectrum of 2,4-pentanedione in CD3CN 

(118.26 and 1.32 ppm) 

 

I. 

II. 
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a) How many 1H NMR signals would ethyl acetoacetate tautomers A, B, C and D

 produce (ignore multiplicities)? 

 

 
A: 4 
 
B: 5 
 
C: 5 
 
D: 5 
 

 
 
b) How will the time averaging (CD) change the number of signals in the proton 

 spectrum? 

 

 

 

5 signals 

 

 

 

 

c) How many 13C NMR signals would 2,4-pentanedione tautomers A, B, C and D 

 produce. 

 

 
A: 3 
 
B: 5 
 
C: 5 
 
D: 5 
 

 
 
d) How will the time averaging (CD) change the number of signals in  

the carbon spectrum? 

 

 

 
 
3 signals 
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e) Interpret what tautomers (A-D) can be identified in the 1H NMR spectrum. (or 

 possibly mixtures of minor and major). Identify characteristic signals. 

 

 
 
 

 

Minor tautomer(s): CD. Characterstic signals:12.70, 5.00  and 1.7ppm 

 

Major tautomer(s): A. Characterstic signals 1.90 and 3.2 ppm  

[Ethyl ester: 1.05 and 4.02ppm]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Name:  Code: 

2nd Nordic Chemistry Olympiad – Theoretical Problems 27 

f) Interpret what tautomers (A-D) can be identified in the 13C NMR spectra above. (or 
 possibly mixtures). Identify characteristic signals. 
 

 
 
Again A and CD is considered.  
 
The six signals arises from the tautomers.  
 
Ketone 205 ppm belongs to A, while averaged carbonyl gives 192 ppm.  
 
100 ppm is CD enol methylene, while 58 ppm CH2 of A. 
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Disproportionation is a process where both oxidation and reduction takes place 

(bimolecularly) for single molecule yielding two products. In the case of 

(aromatic)aldehydes the process give alcohols and acid.    

 

 
 

Question. Salicylaldehyde was stored extended periods of time in toluene. After isolation 

of compounds from the mixture four different IR spectra (1-4) could be recorded. Identify 

them i.e. find characteristic signals for each compound, by using the IR absortion 

frequencies tables. 

 

 
 
1. 
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2. 

 

 
3. 
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4. 
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g) Identify the compounds and explain briefly your reasoning. (Remember that absolute  

IR stretching values differ to some extent from the tabularised ones due to interaction 

of functional groups 

 

 
 

The idea is to find characteristic signals that are aldehyde, OH and COOH 

stretching. One must then rationalize which spectra contain them and which 

not. The phenol signals makes the characterization more challenging while 

the OH hydrogen bonds effect on the hydrogen bond acceptor signals. 

 

Spectrum 1: Spectrum shows strong signal at ca. 1700 cm-1. Compared to 

spectrum 2 there is one characteristic OH signal at 3200 cm-1. This is 

salicylic acid spectrum. 

 

Spectrum 2: Spectrum shows also strong signal at ca. 1700 cm-1. Less OH 

than above. This is salicylic aldehyde spectrum. (The hydrogen bonding 

shifts aldehyde vibration to unusually low frequency.)   

 

Spectrum 3: No strong CO (ca. 1700 cm-1) absorption, but broad signals in 

3200-3600 cm-1. Compound is salicyl alcohol. 

 

Spectrum 4: No broad signals above 3000 cm-1 that are typical for OH, 

neither no strong C=O stretching signal for. This compound is toluene. 
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Problem 7              9 % of total 
 
 
 
 

 

 

 

Pfizer's cholesterol-lowering drug Lipitor has been the best-selling pharmaceutical in 

the world. The active compound in Lipitor, atorvastatin, belongs to the drug class of 

statins. Atorvastatin acts by inhibiting a HMG-coA reductase in the liver which is 

involved in the production of cholesterol.    

The first steps of a multi-stage synthesis of Lipitor are shown below. 

Given in the boxes are the most characteristic IR stretching frequencies of the 

intermediates in the synthesis. No stretches due to any C–C or C–H bonds are 

included; stretching frequencies due to single bonds other than bonds to hydrogen do 

not show up in the range listed. You are not expected to know these stretching 

frequencies, but through careful reasoning, you should be able to use them to help 

work out the structures of the unknowns. 

Note that not all the by-products are shown in the reaction schemes below 
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a) Give the structures for the compounds B to G. 
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b) Over the course of the whole question, complete the table of IR absorptions 
 (in the answer sheet) found in compounds A to M. 

 

 

Answer: 

 

absorption 
/ cm–1 

~ 3300 
(broad) 1775 2250-2275 3374 1700-1740 

bond O-H 
C=O in a 
small ring CN N–H C=O 

 

 

 

 

Ester H is deprotonated by strong bases to 

give the reactive carbon nucleophile, anion I. 

The R group in the structure is an alkyl chain 

which remains unchanged throughout the 

entire synthesis. 

 

c) Draw the structure for the anion I. 
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The synthesis continues as shown below:  
 

 

 

 

d) Give the structures for the compounds J, K and L. 
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In a separate branch of the synthesis, N reacts with phenylamine to give compound O. 
This compound reacts with benzaldehyde in an aldol condensation to give compound P. P 
then reacts further with fluorobenzaldehyde in the presence of a catalyst to give compound 
Q. 
 

 
 
e) give the structures of phenylamine and 4-fluorobenzaldehyde. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         
The end of the problem set 

 

 


