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Constants and Formulae
Avogadro's constant, Na = 6.0221x10% mol*

Boltzmann constant, ks = 1.3807x10% J K1

Universal gas constant, R = 8.3145 J KX mol™ = 0.08205 atm L K™ mol™
Speed of light, ¢ = 2.9979x108 m s?

Planck's constant, h = 6.6261x1073 J s

Faraday constant, F = 9.64853399x10* C

Mass of electron, me = 9.10938215x10-3! kg

Standard pressure, P = 1 bar = 10° Pa

Atmospheric pressure, Pam = 1.01325x10° Pa = 760 mmHg = 760 torr
Zero of the Celsius scale, 273.15 K

1 picometer (pm) = 102 m; 1 A =10 m; nanometer (nm) = 10°m
1eV=16x10"]

1 amu = 1.66053904 x 102" kg

Ideal gas equation: PV =nRT

Enthalpy: H=U-PV

Gibbs free energy: G=H-TS AG =AG° +RT InQ

AG° =—RT InK = -nFE;

cell

Entropy change: AS = q_lr_‘” , Where Qrev is heat for the reversible process

Vs . . .

AS = nRInV— (for isothermal expansion of an ideal gas)
1
: RT C

Nernst equation: E=E%+ —|n=0X

nF Cred

hc |0

Energy of a photon: E = 7 Lambert-Beer law: A = IogT = &bC
Integrated rate law
Zero order [A] =[A], —kt First order In[A] =In[A], —kt

1 1

Second order —=—+kt
[Al [Al,

Arrhenius equation

k — Ae—Ea/RT
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General Directions

e Write your name and student code on each page of the answer sheets.

e You have 5 hours to work on the exam problems. Begin only when the START command is
given.

e You must stop working when the STOP command is given.

e The official English version of this examination is available on request only for clarification.
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Problem1l. Crystals
8 points

AB AC, DB ADB3
3,34 g/cm?® 3,18 g/cm® 4,25 glem® 3,98 g/cm?®
a=481A a=546 A a=bh=459 A a=384A

c=2,96A

Unit cell, density, and lattice parameter(s) of four crystals are given in picture. Picture with colours will
be presented separately.

a) Determine the number of each ion in each unit cell.
AB AC, DB; ADB3

n(A) -
n(B) -
n(C) - - -
n(D) - -

b) Determine the coordination number (CN) of A and D in all crystals.

AB

AC,

DB

ADB3

CN(A)

CN(D) -




Name Code

c) Calculate the molar mass of each compound.

AB

AC,

DB

ADB3

d) Determine elements A-D.

A B C
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Problem2: Solubility
10 points
In the table below are ionic radii and standard reduction potentials (Me"*/Me) for a set of metals:

Fe3*|  Fe?*| cCu*  Cu*| 2Zn?**| Hg* Pb*| Ag"| Hg
r« 1 A 0,55 0,61 0,73 0,77 0,74 1,14 1,19 1,15 1,19
E°(Me™/Me)/V| -0,04) -0,45 +0,34| +052/ -0,76| +0,85 -0,13 +0,80 +0,80

Enthalpy change of the metal-iodide solvation (Meln(s) — Me""(aq) + nl~(aq)) can be roughly estimated
using Latimer and Kapustinskii equations:

2
24| vz |z

AHSOIV = A- + nAthd(I') —-B-

.+ 10 r+r

where A = —610 kJ A/mol, B = —1080 kJ A/mol, ro = 0,50 A, v is the number of ions in the empirical
formula, z+ and z- are the charges on the cation and anion, respectively, in elementary charges, and r+ and
r- are the radii of the cation and anion, respectively, in A, AHnya(I") = =308 kJ/mol. Radius of the iodide
is 2,06 A.

Entropy change of the metal-iodide solvation can be estimated using Sackur—Tedore and Powell-Latimer
equations:

|z

ASyn = C +nASy(I) =D - ———— —F - InM,
(. + 7p)
where C = 88 J/(mol K), D = 644 J A%/(mol K), raip = 1,30 A, E = 12,5 J/(mol K), M is the molar mass of
the cation, AShyd(1") =—58,1 J/(mol K).

a) Show with calculations that for Cul AGso > 0, while for Culy AGsoy < 0.
Cul

Cul,
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b) Mark with an X which of the following iodides are insoluble in water.
Fel; Cul Znl; Hagl> Pbl, Agl Hol

In aqueous solution Cu?* and Fe3* reduce I to lo. E°(I2/17) = 0,535 V.
c) Calculate the standard reduction potential for Fe**/Fe?* and show that the reduction of I to I, by Fe3*
is spontaneous under standard conditions.

d) Calculate the standard reduction potential for Cu?*/Cu* and show that the reduction of I~ to I, by Cu?*
is spontaneous. Ksp(Cul) =1,1-10712,
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Five test tubes A-E contain 0,1 M aqueous solutions of one of the following substances: AgNO3, CuSOg,
FeCls, Hg(NO:s)2, KI. The results of identification of the particular test tubes by mutual reactions are shown
in table.

A B C D E
A —
B orange-red P —
C yellow P, brown S - -
D brown S — — —
E yellowish P — — white P -

e) Determine the content of the tubes A—E and write balanced chemical equations of the reactions
marked in the table (P = precipitate, S = solution).

A B C D E

orange-red P formation

yellow P and brown S
formation

brown S formation

yellowish P formation

white P formation




Code

Name

Problem 3. Analeptics
9 points

It is known that when people are highly intoxicated with depressants they tend to stop breathing
and could even die. It happens because of breathing centre depression in human brain. Analeptics
(breathing stimulators) such as Doxapram could help in such critical situation when injected. Following
you will find two synthesis schemes of main components used in Doxapram manufacture.

1) Please complete synthesis schemes by filling in missing parts:

benzene —<
Br, ©/\Br KCN Br, DCM 0”7 "N
— —_ B —> C ——> |
light DMF 110°C AICI
3 CN DMF
A B C

10



Name Code

2) Why is light so important in the first reaction?
a) Reaction performs faster.
b) Light generates radicals.
c) Light makes no influence to the reaction.
d) aand b correct.
e) All correct.

3) Would compound E1 be racemic or not if we used enantiomerically pure D?

a) Yes
b) No
c) Compound E1 has no stereocenters

4) Please complete Doxapram synthesis scheme by filling in missing parts:

Cl
L O, D wse LT
+ 3N — ¢ —> oy —

CN ) "0 rN o

or

SOBr2
G1
holi HN
H M Doxapram \\//\\o
MeCN C24H30N20; morpholine

*Compound H is not acidic and not basic.

*In doxapram all carbons attached to N of morpholine are Sp®.

G H

Doxapram

5) What are the most suitable conditions F:
a) HCI/MeOH
b) KOtBu/THF
c) bees wax and naphtha
d) BFs-Et2O

11
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6) Draw reaction mechanism G1 > H

7) What side products would we get if SOBr, would be used in G1 - H step?

8) Is Doxapram acidic, basic or amphoteric by Lewis (underline correct answer)

9) What type of reaction is H - Doxapram?
a) Sn2
b) Snl
c) E1Cb
d) SnAr

10) Mark chiral centres with asterisks (if there are any) in all compounds (tasks and your answers).

12
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Problem 4. Nickel knickknackery
11 points
By exploring the deepest corners of his table drawers a student Dominykas (respectfully called
Cheminykas by his friends) found a bottle containing a green crystalline substance with a writing
NiClz - 6H20. It might be due to never-coming spring, mesmerized by the greenery of this substance,
Cheminykas decided to carry out a few experiments with this material.

After dissolving it in water he treated the solution with concentrated ammonia solution, the odour of
which might wake even the heaviest sleeper from the deepest winter hibernation. A colourful metal-
ammine complex is formed when the reaction is taking place.

NiClz2 - 6H20 + 5 NH3 — [Ni(NHz3)s5(H20)]Cl2 + 5H20

Several colourful crystals have formed, were filtered, dissolved in 5 mL of water, poured into
spectrophotometrical cuvette and placed into spectrophotometer. After registering the UV-Vis spectrum,
Cheminykas observed, that the most intense absorbance occurred at 394 nm wavelength. Wanting to
explore this material more thoroughly, he decided to carry out a photometric analysis.

Consequently, he dissolved 0,2017 g of obtained colourful crystals in 10,0 mL water and poured this
solution into photometric cuvette with 5,00 cm optical pathlength. The device showed, that the solution
transmitted only 0,7 % of light. By knowing, that the device is not very accurate at this part of the scale,
he transferred the solution from the cuvette into volumetric flask, diluted it to 25,0 mL and again
transferred 10,0 mL of this solution to the same photometric cuvette. This time the device showed that
13,5 % of light was transmitted.

4.1.Calculate the molar absorption coefficient of this material:

13
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Colour wheel is a simplified, but effective and visual tool to predict the absorbance bands without

having to use a spectrophotometer.

4.2.Take a look at Fig 1. Determine and mark the colours of substances A, B and C.

Wavelength, nm

Fig. 1 Absorbance spectra of octahedral Ni(ll) coordination compounds: A - [Ni(en)s]%*(en —
ethylenediamine), B -[Ni(NH3)s]%*, C - [Ni(H20)6]?",

14

Colour Substance Substance B | Substance C
A
600-640 Red (Red) O @) Q
e . Orange (Orange ) O O O
640-700 nm 563;_600 o Yellow ( Yellow) O O O
Green ( Green) O O O
wiolet oreen Blue ( Blue) O O O
400-450 nm 450-560 nm Violet ( Violet) O O O
blue
450-450 nm
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o L N |
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Three absorption bands in UV-VIS spectrum are usually observed for the coordination compounds of
octahedral geometry, given in the descending order of transition energy: 3Tig (P) « Az,
3Tlg (F) «— 3A29 il’ TZg «— 3A2g,

4.3.Calculate the difference between 3Tiq (F) < 3Agq transition energies of [Ni(en)s]**(en —
ethylenediamine) (substance A) and [Ni(NHs)s]** (substance B), providing an answer in
electronvolts (V).

Later on, Cheminykas heated the NiCl - 6H20 salt to remove water and treated it with dry
dimethylammonium chloride to synthesize another compound - ((CH3s)2-NH2)2[NiCl4] -
bis(dimethylammonium) tetrachloronickelate (I1), coordination number of which is 6.

Having completed the synthesis, he took some of the material for characterization, but carelessly left the
remaining material on the heating plate. When the temperature rose to 110°C, the colour of the substance
changed from red (substance D) to deep blue (substance E). Cheminykas quickly noticed that and turned
off the heating plate. He further noticed, that while the substance was cooling down to room
temperature, the colour if it changed again from blue to yellow (substance F). Even more so, in two
weeks it came back to original red colour while being stored at room temperature.

Genuinely interested by this phenomenon, Cheminykas carried out a literature research and found out,
that materials, which possess an ability to reversibly change its colour according to their temperature are
called thermochromic, and the phenomenon itself is called thermochromism. He raised a few hypotheses
to explain the thermochromic behaviour of ((CH3)2-NH2)2[NiCls].

after a few weeks

<

15
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4.4 Which of the following statements best describe the colour change of ((CHsz)2-NH>2)2[NiCl4] upon
heating?

a) With an increasing temperature, enough energy is passed to material to surpass the activation
energy of reforming crystal lattice and formation of more thermodynamically stable ((CH3)2-
NH2)2[NiCl4] stereoisomer.

b) A decomposition reaction of organic ligands is taking place followed by the change of
chemical composition of coordination compound.

c) Because of the increased temperature, hydrogen bonds are weakenend and infinite two-
dimensional structure is destroyed, accompanied by the shift from octahedral to tetrahedric
coordination geometry.

d) The temperature excites the electrons in Ni?* d orbitals, enabling the electronic transitions
within the semiconductor bandgap.

4.5.Draw all possible coordination stereocisomers of ((CH3)2-NH>2)2[NiCl4]. If there are any optically
active stereoisomers (enantiomers) — mark them.

4.6.Schematically depict the absorbance spectra of thermochromic nickel coordination compound
before heating (substance D), at thermochromic shift temperature (substance E) and after cooling
back to room temperature (substance F). Only one absorbtion band per material is required to
draw.

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

Absorbance

300 400 500 600 700 800
Wavelength, nm

16
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4.7 \Which conclusion can we draw from the absorbance spectra above?

Compared with the ((CHs)2-NH2)2[NiCl4] at thermochromic shift temperature, after cooling to room
temperature, the required energy for d-d electronic transitions is:

a) Lower than at thermochromic shift temperature
b) Higher than at thermochromic shift temperature
c) Same as at thermochromic shift temperature

Finally Cheminykas decided to treat the thermochromic nickel complex with some bromine and
ethylenediamine (H2N-CH2-CH2-NH2, en) which is common bidentate ligand in coordination
chemistry. He obtained a compound [NiBrCl(en).], coordination number of which is 6.

4.8.Draw all possible coordination stereocisomers of [NiBrCl(en).]. If there are any optically active
stereoisomers (enantiomers) — mark their pairs.

17
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Problem 5. Cleaning oil pipes
11 points
As oil wells are drilled further offshore in deeper water, the phenomenon of paraffin, asphaltene, and
hydrate deposition becomes more severe and extensive due to the extremely low temperature of the ocean
floor. Removal of wax from wells and pipelines has accounted for significant additional operating costs
for example using using deep-sea divers with special equipment who can cut and remove paraffin blockage
from a pipeline.

One of the more feasible solutions to the paraffin deposition problem is to melt it. The reaction between
ammonium chloride and sodium nitrite has been proposed to design reaction systems.

1. Complete reaction equation (reaction 1):
NaNO> + NHsCl — NaCl + Ho O +

and calculate standard enthalpy change for reaction, enthalpies of formation are: —359.4 kJ - mol
! for sodium nitrite, —314.43 kJ - mol* for ammonium chloride, —411.12 kJ - mol™* for sodium
chloride and —285.8 kJ - mol* for water.

2. It is known that reaction 1 equilibrium constant is approximately K = 10%. Based on this
information and calculations before what can be stated about reaction 1, choose one most correct
answer:

a. reaction is endothermic and reversible;

b. reaction is exothermic and irreversible;

c. reaction is endothermic and irreversible;

d. reaction is exothermic and reversible.
If reaction 1 is planned to use in oil industry, then reaction rate and reaction mechanism should be known.
Scientists proposed different mechanisms for this reaction, for example, scientist group | proposed that
reaction is second order and rate determining step is the reaction of nitrosyl ion (NO™) with molecular
ammonia (NHz3) while other scientist group 11 proposed that reaction is a third order with rate determining
step attack of N2Os, derived from HNO2, on NHa.

3. Draw Lewis structures for all compounds or particles mentioned:
NH3 NO+ HNOZ NZOS

18
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One more scientist group (abbreviated as scientist group 111) repeated and modified experiments done by
scientist groups I and Il. They took 150 mL of sodium nitrite solution and 150 mL of ammonium chloride
solution and mixed both solutions at various temperatures and pH levels (adjusted by adding HCI solution
or NaOH solution to reaction mixture). Before reaction apparatus was swept with nitrogen gas to minimize
side reactions. Experimental setup for investigation reaction 1 kinetics is shown in figure 1.

ko Pipet \\\
o filler %\

| wom)
=)

B\
1 \
f i
(] \
=] 2 \ \
\

Tygon‘ T\
tubing \ N\

(

9 = |

i Buret

Jacketed| |-\
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|Recirculator

TP A ATRPP AR

Tnnunnn

T

S i@ @\ |meter
LD—U_\

I

Magnetic stirrer
Figure 1.

4. Which reactions can be as side reactions in experiment if pH values were in interval from 3 to 7.
Choose one or more answers.
a. NO +% 0>~ NO2
b. 2HNO2& NO2 + NO + H20
c. NH4Cl + NaOH — NH3s + H>0 + NaCl (PKa(NH4") = 9,25)
d. NaNO: + O2— NaNO3

If side reactions are eliminated then reaction 1 rate can be determined from gas formed this reaction
volume.

5. Obtain or give rate expression for reaction 1 as function of gas volume, use standard abbreviations
for variables.

dC )
—— =reaction rate =...

dt

Calculated reaction rates at various concentrations of nitrite and ammonium ions were plotted, graph
obtained is shown in figure 2 (at 25°C temperature, pH = 5). Use graph provided and determine reaction
orders with respect to both reactants.

6. Reaction order with respect to ammonium ions (ammonium chloride)
7. Reaction order with respect to ammonium ions (ammonium chloride)

19
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8. Determine value and units for reaction rate constant (at 25°C temperature, pH = 5).

1E-03
R Cont (mol dm™ )
' NO,
ﬁ"? 1E-04 = r/-/,‘.
7 ®25
£
= +10
3 P
1E-05 +—|{ ™ 0.5
E- « %
c A D1
=]
- 1
g 1E-06
@
T
.E /
r 9
..3 1E-07 x rt
m ‘/
1E-08 —
0.0 0.1 1.0 10.0
total -
C‘\,H:(mo! dint ]
Figure 2.

A temperature range of 4-50°C was used to study the reaction of ammonium chloride with sodium nitrite
at an initial concentration of each reactant of 0.5 mol dm= and pH 4, 5, and 6 as a function of temperature.
As expected, the reaction rate follows the Arrhenius equation, corresponding data are provided in figure 3

1E-03
1E-04 —
pH 4
1E-05
PH 5 \.\.

1E-06 \

\‘\.‘K
1E-07

1E'08 T T T T T T
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

1T (1/K)

Rate of reaction (mol.dm>.s™)

Figure 3.
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9. Determine activation energy form data provided.

Scientist group Ill continued their studies with aim to determine reaction mechanism. They firstly
postulated that an intermediate that can form the two final products N2 and H2O in the fast step, then
propose different reaction pathways to form the intermediate from the two true reactants, NHz and HNO;
or its derivatives. It is believed that nitrosamine H2N-N=0O is the most plausible intermediate which
proceeds to the final two products.

10. Propose mechanism for decomposition of nitrosamine

There are several ways for formation of nitrosamine from initial reactants. One way to investigate the
feasibility of a possible formation pathway is to compare its intrinsic Arrhenius (E”) activation energy
with the experimental Arrhenius activation energy (E) obtained from kinetics study.

The intrinsic Arrhenius activation energy can be obtained from molecular modelling
E* = AH* + RT

where AH*- enthalpy change in the slowest step.

If you did not calculate activation energy in 9 part, assume it is 60 kJ-mol.

11. There has been proved that HNOzq) are in equilibrium with N2Os, NO and NO.. Write reaction
equations shoving equilibrium existing.

21



Name

Scientists proposed multiple mechanisms for production of nitrosamine. Three of them are shown below

Code

in table:
Mechanism I: Mechanism I1: Mechanizm I1I:
Fast step: Slow step: B Fast step:
. H H o] H N—o0
Q d | { ‘ I LN
IN: N—n" N A e
ot + \N‘ ~ Py 4 N sy T //N N —=H T N H/N\H+ N=—0 _— /N\H
i /2R ! / d N H
© © Fast step:
Slow step S Slow step:
H .
N=0 N=—0 o
H | / He / \ —
Ho . \ . : - N— ~p W N+ N=0
N, + ‘N—0 —= N—N N—N—H + O N—N + / N - Nt —= N—N /
- / /), RO ™~ H—0
| A O// 'L p H J TH O_/ o \\o

12. Write rate expression for each mechanism in terms of concentrations of HNO2 and NHz. Show
your calculations. Comment on mechanism — does it correspond to reaction.

Mechanizm |

Mechanizm 11

Mechanizm 1

22
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13. Which of these mechanisms could be the correct one comparing intrinsic Arrhenius activation
energies at standard conditions (25°C)?
Bond enthalpies:

N-H 391 kJ - mol? H-H 432kJ- mol?! N-N 163 kJ - mol?
N-O 201 kJ - mol™ N=N 418 kJ - mol™ N=O 607 kJ - mol™
0=0 495kJ - mol* O-H 467 kJ - mol? N=N 941 kJ- mol?

23
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Problem 6. The synthesis of Stagonolide D

During the last decade there has been a singificant interest in 10-
membered cyclic macrolides. One such macrolide is the Stagonolide

D, which in 2007 was isolated from fungus Stagnospora Cirsii.

Stagonolide D produces necrotic lesions on leaves and has shown

some herbicidal activity. In this problem we will discuss the total
synthesis of Stagonolide D.

In order to make Stagonolide D, we first have to make the
fragment X, the synthesis of which is shown below.

OBn 1. LDA PCC
/\ 2. CH;CHO A B

OBn
mCPBA i
g _TBsCl

PPh,, CH;Br HF OH o Z
—»
KOtBu Pyridine
Fragment X

Alpine Borane

OT%S Pd/C, H,
—ee ——
imidazole

11 points

3
1),

0]

Stagonolide D

Pd /BaSO,, H,
—»

D
quinoline
Dess - Martin
G
periodane

The obtained fragment is further used for the synthesis of the Stagonolide D, as shown below and

employs Ring Closing Methathesis as the key step.

24
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o Q
|:./OMe

MeO ~
BAIB OMe PhSiH, >

Hnix

t
:

OMe

TEMPO Base o Cu(I) cat.

é © OTBS
2,4,6-trichlorobenzoyl
R TBS-Cl LiOH N OH chloride
— > K —>» L —> > M
BuLi imidazole DMAP, Fragment X
0

Grubb's 2nd

generation catalyst HF, Pyridine

[ .

Stagonolide D
Reagents and abreviations
0
\\\\B
Dess - Martin 0 Alpine Borane ——
periodane - /
/\~oAc
AcO OAc
PCC - pyridinium chlorochromate BAIB =— OA TEMPO ==
/| — C N
AcO |
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1. Deduce the structures A — N. Show the appropriate stereochemistry, where necessary.

A B C
D E F
G H I
J K L
M N

26
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2. Provide a mechanism for the transformation leading to K.

I

£

|

S
OMe @

Y
~

BuLi

27
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3. Provide a mechanism for the transformation F -> G.

28
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Problem1. Crystals (solutions)
a)
AB AC; DB; ADB;3
n(A) 4 - 1
n(B) - 4 3
n(C) - 8 - -
n(D) - — 2 1
b)
AB AC; DB ADB;3
CN(A) 6 8 - X
CN(D) - - 6 6
3
¢) M(AB) = 73,34 glem®6,022:10% mol-(4,81-10 em)” = 56,0 g/mol
1 3 23 -1 -8 3
M(AC,) = ;3,18 g/em™6,022:10™ mol +(5,46:10° cm)” = 78,0 g/mol
M(DB,) = 14,24 glem®6,022:10% mol(4,59-10* em)*2,96:10° cm
M(DB,) =79,9 g/mol
3 23 -1 -8 3
M(ADB;) = 3,98 g/em’-6,022-10> mol™+(3,84-10° cm)” = 136 g/mol
d A=Ca
B=0
C=F
D=Ti
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b)

d)

Code

Name
Problem2: Solubility (solutions)
Cul
+ 12 211
AHg, (Cu) = =610 - o+ 1080 - s——o — 308 = —25 kJ/mol
ASe(Cu') = 88 — 644 - ———— — 12,5 n63,5 — 58,1 = —172 J/(mol K)

(0,77+1,30)2
AGgo(Cu’) = —25kJ/mol + 298K - 0,172 kJ/(mol K) = 26 kJ/mol > 0
Cul2

AH,(Cul,) = —610 - —2— + 1080 - —21_ _308-2 = —277 kJ/mol
0,73+4+0,50 0,73+2,06

ASqon(Culy) = 88 — 644 - o — 12,5 In63,5 — 58,1- 2 = ~393 J/(mol K)

AGgy,(Cul,) = —277 kJ/mol + 298 K - 0,393 kJ/(mol K) = —160 kJ/mol < 0

Hgl2

Pbl;

Agl

Hgl

Solvation entropy change is negative for all studied iodides. We may assume that solvation enthalpy
change is negative. Thus, for salts insoluble in water, AHsolv — TASsov > 0 and |AHsov] < TASsolv.
Taking into account that AHsov = AHhyd — AHiat, where AHnyg ~ —A/(r+ + o), AHja ~ —B/(r+ + 1-), r-
> ro, and |B| > |A| we may conclude that AHsoiv decreases with increasing r+. Therefore, Agl and Hgl
are less soluble than Cul as Ag* and Hg* have larger radii. Similarly, Hg?* and Pb?* have much larger
radii than other divalent metal ions. Note that |ASson| ~ 1/r+2, yet the decrease in absolute entropy
change is compensated by the E-InM term which is larger for heavier Hg?* and Pb?* ions. Estimated
AHsoIv, ASsolv and AGsolv are:

Fe3* Fe Cu®* Cu* Zn** | Hg* | Pb* Ag* Hg*

AHsolv —1187 —387 =277 —25 —269 —79 —66 -5 —4
ASsolv —701 —432 —393 -172 -390 —311 —303 —136 —140
AGsoly —978 —259 —160 26 —153 14 24 36 37

E°(Fe®*/Fe?") = [BE°(Fe3*/Fe’) — 2E°(Fe?*/Fe%)]/(3 —2)=0,78 V
2Fe3t + 21" = 2Fe?** + I,

AE = E°(Fe*'/Fe*") —E°(I2/1") = 0,245 V

AG = —nF-AE <0, thus the reaction is spontaneous.
E°(Cu?*/Cu*) = [2E°(Cu?*/CuP®) — E°(Cu*/Cu%)]/(2 - 1)=0,16 V

Cul(s)=Cu™ + 1" AG1 = —RT:InKsp

Cu**+e =Cu* AG; = —FE°(Cu?*/Cu*)

Cu®* + 1 +e =Cul(s) AG3 = AG2— AG,

lo+2e =21 AG4=—2FE°(I2/I")

2Cu?* + 41" = 2Cul(s) + 12 AGs = 2AG3— AGs = 2(AG2— AG1) — AGs

AGs = —2FE°(Cu?*/Cu*) + 2RT-InKsp + 2FE°(I2/17) = —64 kJ/mol

AGs =<0, thus the reaction is spontaneous. Precipitation of Cu* as Cul is the key step of the reaction
as it practically removes the product Cu* from the solution, driving the reaction in the forward
direction.

A=Kl

B = Hg(NO3)2

C = CuSOg4

D = FeCls
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E = AgNO3

Hg(NO3)2 + 2KI = Hglz| + 2KNO3
2CuSO4 + 4KI1 = 2Cul | + |2 + 2K2S0O4
2FeCls + 2KI = 2FeCl; + 2KCI + I,
AgNOs + Kl = Agl| + KNOs3

FeCls + 3AgNO3 = 3AgCl| + Fe(NOs)3

31
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Name
Problem 3. Analeptics (solutions)
1)
A B C
D E
X HO_,
. ] x-Br b
X or any good leaving group N
(OMs, OTHf, I, etc.)
OH )
2) d
3) No
4)
G H Doxapram
OS5 .;C .
NC *
5 b
O 0 L e
* * O
0 —> O —
OH Br )N rv
7) SOz ir HBr
8) basic
9) a
10)

B s
Yo Yoy e
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Problem 4. Nickel knickknackery (solutions)
1.1. Calculate the molar absorption coefficient of this material:

M ([Ni(NHz3)sH20]Cl2) = 232.77 g/mol

n=m/M =0.2017 / 232.77 = 0.00086652 mol

A = -Ig(T/100) = -1g(0.135) = 0.8697
A _AV

0.8697 X25 mL _ _
g=—=""= o — 5.01 L mol?*cm? (answer)
cxl In 5cm X 0.00086652 mol

1.2. Take alook at Fig 1. Determine and mark the colours of substances A, B and C.

Colour Substance A | Substance B Substance C
Red (Red) O O O
Orange ( Orange) O O O
Yellow ( Yellow ) O O O
Green ( Green) O O @)
Blue ( Blue ) O @) O
Violet ( Violet) @) O O

1.3. Calculate the difference between 3Ty, (F) <& 3A,, transition energies of [Ni(H>0)e]?* (substance A) and
[Ni(NHs)e]?* (substance B), providing an answer in electronvolts (eV).

}Lmax(A) =550 nm
}\,max(B) =580 nm

_hc 6.6261X10-34] s X 2.9979X108m S-1

E - = 3,612 % 1071

A A 5,50x10~7m 3 6 O ]
hc 6.6261X10-34] s X 2.9979X10sm s- _

Eg="f= ls X 28 NS 3425 x 10719
A 5,80x10~7m

AE =E, —Eg = 3.612x 107'°] — 3.425 x 107'°] = 1.868 x 10727
AE =1.868 X 1072%] + 1.6 x 107 %V x |~ = 0117 €V (answer)
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1.4. Which of the following statements best describe the colour change of ((CHs)>-NH,)>[NiCl4] upon
heating?

e) With an increasing temperature, enough energy is passed to material to surpass the activation energy of
reforming crystal lattice and formation of more thermodynamically stable ((CH3)2-NH,),[NiCls]
stereoisomer.

f) A decomposition reaction of organic ligands is taking place followed by the change of chemical
composition of coordination compound.

g) Because of the increased temperature, hydrogen bonds are weakened and infinite two-dimensional
structure is destroyed, accompanied by the shift from octahedral to tetrahedric coordination geometry.

h) The temperature excites the electrons in Ni?* d orbitals, enabling the electronic transitions within the
semiconductor bandgap.

1.5. Draw all possible coordination stereoisomers of ((CHs),-NH5),[NiCl4]. If there are any optically active
stereoisomers (enantiomers) — mark them.

c
04“
e —
| o |
cl c
04,“ “4,_‘ C'z,,. |
e Gl N e N e Ol e e G e
I\a |\c: I\o
cl cl ]
04". |
_c|_"|._c_
.} (=}

1.6. Schematically depict the absorbance spectra of thermochromic nickel coordination compound before
heating (substance D), at thermochromic shift temperature (substance E) and after cooling back to
room temperature (substance F). Only one absorption band per material is required to draw.
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0.9
F D E
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1.7. Which conclusion can we draw from the absorbance spectra above?

Compared with the ((CHs),-NH,),2[NiCls] at thermochromic shift temperature, after cooling to room
temperature, the required energy for d-d electronic transitions is:

d) Lower than at thermochromic shift temperature

f) Same as at thermochromic shift temperature
Finally Cheminykas decided to treat the thermochromic nickel complex with some bromine and ethylenediamine
(H2N-CH2-CH2-NH2, en) which is common bidentate ligand in coordination chemistry. He obtained a compound
[NiBrCl(en).], coordination number of which is 6.

1.8. Draw all possible coordination stereoisomers of [NiBrCl(en),]. If there are any optically active
stereoisomers (enantiomers) — mark their pairs.

|
HNhh

c
| N
Niz
-~k
LoH

r

HN <f/\\\NH

‘1, . l ‘\\\\\

Ni
cv” [ ‘HNi
Br

o

NH

H
‘n, | \\\\\N
N
Br | HN
c

ZT

H

Ny, | N
N
NH |\CI
Br

H HN/B

HN

N//’l:, R\
Ni_
T~
Cc
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Problem 5. Cleaning oil pipes (solutions)

This task is based on scientific publication:

Ngugen D.A,,

Iwaniw M.A., Fogler H.S. Kinetics and mechanism of reaction between ammonium and

nitrite ions: experimental and theoretical studies, Chemical Engineering Science, 58, 2003, 4351-4362
http://www.sciencedirect.com/science/article/pii/S0009250903003178

1. Complete and balance reaction equation (reaction 1):

NaNO; + NHsCl — NaCl + 2HO0 + N2 [1 point]
and calculate standard enthalpy change for reaction, enthalpies of formation are: —359.4 kJ - mol
! for sodium nitrite, —314.43 kJ - mol* for ammonium chloride, —411.12 kJ - mol™* for sodium
chloride and —285.8 kJ - mol™ for water.
AHi = AH¢(NaCl) + 2*AH¢(H20) + AH#(N2) - AHf{(NaNO3) - AH¢{(NH4Cl) =
= 2*(-285.8) -411.12 + 0 + 359.4 + 314.43 = -309 kJ
Other comments: kJ/mol as units also accepted; if coefficients are ignored, then -23.09 kJ, 0.25
point (except ECF (error carried forward) from 1% part of question), if wrong answer but correct
expression, then 0.5 points

2. It is known that reaction 1 equilibrium constant is approximately K = 10%. Based on this
information and calculations before what can be stated about reaction 1, choose one most correct
answer:

a.
b.
C.

d.

reaction is endothermic and reversible;

reaction is exothermic and irreversible; (correct answer), 1 point.

reaction is endothermic and irreversible; (correct answer if answer in question 1 is positive,
no double punishment), 1 point.

reaction is exothermic and reversible.

If reaction 1 is planned to use in oil industry, then reaction rate and reaction mechanism should be known.
Scientists proposed different mechanisms for this reaction, for example, scientist group | proposed that
reaction is second order and rate determining step is the reaction of nitrosyl ion (NO™) with molecular
ammonia (NHz3) while other scientist group 11 proposed that reaction is a third order with rate determining
step attack of N2Os, derived from HNO2, on NHa.
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3. Draw Lewis structures for all compounds or particles mentioned, if there are resonance structures,
then draw them: (0.5 points for each structure, 0.25 if there is only one resonance structure)

NH3 NO* H|\.|Qz . N203
1017 b s a4 . . fon PO
‘H/"F/\H ["Nm;’uO] H/O\ N//O . \\N—N/_/ — \N—N/{
H o7 particle :N®=0: is | no resonance o A
not accepted as it | structures,
does not H-O-N=0 and
correspond to octet | O=N-O-H are not
rule resonance

structures as
“atoms move” but
in resonance
structures atoms
do not change their
positions

(no penalty for
this)

One more scientist group (abbreviated as scientist group 111) repeated and modified experiments done by
scientist groups | and 11. They took 150 mL of sodium nitrite solution and 150 mL of ammonium chloride
solution and mixed both solutions at various temperatures and pH levels (adjusted by adding HCI solution
or NaOH solution to reaction mixture). Before reaction apparatus was swept with nitrogen gas to minimize
side reactions. Experimental setup for investigation reaction 1 kinetics is shown in figure 1.

4. Which reactions can be as side reactions in experiment if pH values were in interval from 3 to 7.
Choose one or more answers.
a. NO + % O>— NO2(correct answer)
b. 2HNO2& NO2 + NO + H2O(correct answer)
c. NH4Cl + NaOH — NH3 + H20 + NaCl (pKa(NH4") = 9,25)
d. NaNO: + %20,— NaNO3

Each correct answer will give 1 point, each incorrect answer stated as correct gives minus
0.5 points, but not less than 0 for this question.
If side reactions are eliminated then reaction 1 rate can be determined from gas formed this reaction
volume.
5. Obtain or give rate expression for reaction 1 as function of gas volume, use standard abbreviations

for variables.

C )
—— =reaction rate = ...
dt

1 dn(N,) _ p(N,) dV(N,)
dt R . T(Nz) ' Vsolutil)n dl

Answer: reaction rate =
solution
2 points
Calculated reaction rates at various concentrations of nitrite and ammonium ions were plotted, graph
obtained is shown in figure 2 (at 25°C temperature, pH = 5). Use graph provided and determine reaction
orders with respect to both reactants.
6. Reaction order with respect to ammonium ions (ammonium chloride) 1 1 point
7. Reaction order with respect to nitrite ions (nitrous acid..) 2 1 point
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8. Determine value and units for reaction rate constant (at 25°C temperature, pH = 5).

Numerical value of reaction rate constant is equal to reaction rate when concentrations of reactants are 1
mol dm?3, itis 1...3 * 105, (1 point)

Units: L? / (mol? x s) (1 point for units)

Comment: Calculated rate constant and units must correspond to reaction order determined in questions 6
and 7. If question 6 or 7 is wrong, then no penalty for ECF.

A temperature range of 4-50°C was used to study the reaction of ammonium chloride with sodium nitrite
at an initial concentration of each reactant of 0.5 mol dm and pH 4, 5, and 6 as a function of temperature.
As expected, the reaction rate follows the Arrhenius equation, corresponding data are provided in figure
3.

9. Determine activation energy form data provided.

As all three experiments give Arrhenius plot with similar slope we can choose one:

1E-03
«
™
_ 1E-04 A
£
—= H4
S P
£ 1E-05
c
g 1E-06 - \
E \K
-
© ye07
(] A
E \A
14
1E-08 ; ‘ ‘ ‘ ‘ .
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
1T (1/IK)

|tg o | = (In (1¥10°) — In(1*107)) / (0,00348 — 0,00318) = ~ 7600
E=|tga|xR=64KkJ/mol
Comments: Any number in range 64 + 4 kJ/mol gives 2 points, in range 64 + 10 kJ/mol gives 1 point;
additional 0.5 points are given for units.
Scientist group Il continued their studies with aim to determine reaction mechanism. They firstly
postulated that an intermediate that can form the two final products N2 and H>O in the fast step, then
propose different reaction pathways to form the intermediate from the two true reactants, NHz and HNO>
or its derivatives. It is believed that nitrosamine H2N-N=0O is the most plausible intermediate which
proceeds to the final two products.

10. Propose mechanism for decomposition of nitrosamine.

O ‘OH
H Fi
‘N s :N
H)\j . ~ /

=

. ‘OH

/ .
N=—N ——> N=N + H,0

Comment: any mechanism with more than one step without electron transitions or with quite realistic
electron transitions was accepted. Mechanism were awarded with 3 points.
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There are several ways for formation of nitrosamine from initial reactants. One way to investigate the
feasibility of a possible formation pathway is to compare its intrinsic Arrhenius (E”) activation energy
with the experimental Arrhenius activation energy (E) obtained from kinetics study. Assume activation
energy of reaction as 60 kJ/mol if you were not able to calculate it in question 9.
The intrinsic Arrhenius activation energy can be obtained from molecular modelling
E*=AH*+ RT
where AH*- enthalpy of formation for transition state.
11. There has been proved that HNOzq) are in equilibrium with N2Os, NO and NO.. Write reaction
equations shoving equilibrium existing.
2HNO2< N203 + H20
N203< NO + NO2
Comment: there should be equilibrium between acid and nitrogen(l1l) oxide and second equilibrium
between three oxides. 1 point for each equation.
Scientists proposed multiple mechanisms for production of nitrosamine. Three of them are shown below
in table:

Mechanism I: Mechanism II: Mechanism IlI:
Fast step: Slow step: . Fast step:
) /H H o] H o H N=—0O

H H O\ H ° I'!l + N*N( —= H—N—N_ + N/ I + :N=— — H\\‘N
N+ N i‘ SN+ \N H™ H // \\ ‘ N\ N\ H/N\H IN=O0 — / \H

L V4 4 4 o] 0 N b o) H

o © Fast step:
Slow step: : . Slow step:
H .
N=0 H _ N=—0 o H
H . / / N=0 H / N—O

PN+ N—0 = N N—I‘\I—H + 0 = NN +H~o/ S+ \\N* —= N—N_ *F /

| - / N\ YA O// Y VAT / / \ H—C

H H o IS Y H o H o]

12. Write rate expression for each mechanism in terms of concentrations of HNO2 and NHz. Show
your calculations. Comment on mechanism — does it correspond to reaction.

Mechanism I:

rate = k * [NH2] * [NO] (slow step)

equilibrium constant for fast stepKrast = [NH2][HNO2] / [NH3][NO2]
form reactions in question 11:

K1 = [N203] / [HNO2]?

K2 = [NO][NO2] / [N20O3]

[NO] = K2 * [N203] / [NO2]

[NH2] = Ksast * [NH3][NO2] / [HNO2]

[N203] = K1 * [HNO2]?

Substitution leads to:

[NOJ = K2 * [N203] / [NO2] = Kz * K1 * [HNO2]? / [NO7]

rate = k* ( Krast * [NH3]fNO2} / [HNO2] ) * (K2 * K1 * [HNO2]? / [NO2})
rate = k> * [HNO2] * [NHz] .. does not correspond to observations

Mechanism II:
rate = k * [NHz] * [N20s]
Substitution: rate = k’ * [NH3] * [HNO2]?which corresponds to observations

Mechanism I11:

rate = k * [NO,] * [NH3NO]

equilibrium constant for fast stepKrst = [NH3NO] / [NH3][NO]

[NH3NO] = Krast * [NH3][NO]

form reactions in question 11: [NO2] = K, * K1 * [HNO2]?/ [NO]

Substitution: rate = k * ( K2 * K1 * [HNO2]? / [NO]) * Krast * [NH3][NO]
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rate = k> * [HNO2]? * [NHs] .. which corresponds to observations

Calculations give 3 points for mechanism I, 2 points for mechanism Il and 3 points for mechanism I11.
13. Which of these mechanisms could be the correct one comparing intrinsic Arrhenius activation
energies at standard conditions (25°C)?

E* = AH* + RT (formula is correct, there is no need for An * R * T as An = 0)

AH = Sum of enthalpies for bonds broken minus sum of enthalpies for bonds formed

In complex reaction activation energy of slowest step is activation energy of reaction.

If calculations in question Il were correct, then it is not necessary to test reaction mechanism Il in this

question.
Mechanism II:
Slow step: i
H 0 H o
N W P
H™ ™SH — —= H—N—N N\
JN N Y%

H
Calculation of standard enthalpies of formation from bond enthalpies:
E* ~ ... unrealistic number (very small), it is not realistic

Mechanism IlI:
Slow step:
" /N:O 0 H\
\N+ \\N+ N—N + N=0
/ H / / N\ H—0
\—’VO- H

AH{(H2NN=0) = 68,5 kJ/mol,;
AH{(HONO) =-93,5 kJ/mol.
AH=68,5-93,5+ 24 - 106,5 =57 kJ
E* = -57 * 10% + 8,314 * 298 ~ 59,5 kJ, which is close to calculated value of 64 kJ/mol for
activation energy
Possible mechanism is mechanism I11.
In this question 3 points are for calculations leading to realistic and unrealistic E* values and 1 point is
awarded for correct choose of mechanism.
Additional comments:
e mechanism Il is not stated as most favourable in research paper cited on first page, but it is same
as mechanism for diazotisation of amines;
e inquestion 13, there is assumption that energy of intermediate is close (almost same) to energy of
transition state.
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Problem 6. The synthesis of Stagonolide D (solutions)
1. Deduce the structures A — N. Show the appropriate stereochemistry, where necessary.

OBn

&
:&

OBn

OH
2 pt 2 pt
D -2pt E - 2pt F-1pt
OBn OBn OH
OH OH OTBS
O O
/
G- 2 pt H - 1pt 1-2pt
O = H
z OTBS N
J-2pt K - 2pt L-1pt
. H OH OTBS
= . 0 \*/\’(OMG \A/\’(OMe
OMe @) O




Name

Code
M -3 pt N -2 pt
| OTBS OTBS
oy
/;, o)
= 0

2. Provide a mechanism for the transformation leading to K.

H |,@
O:

S
z NN
oM ®
\>\/\”/e - K
o]

BuLi

5 pt Total

3. Provide a mechanism for the transformation F -> G.
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O
O
OTBS = 0
(@) + |/
|
OAc

6 pt total
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