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Preface

We are happy to provide Preparatory Problems for the 46" International Chemistry
Olympiad. These problems were prepared with reliance on fundamental topics firmly
covered in high school chemistry courses along with some advanced topics for the
chemistry olympiad competition. These topics are listed under “Topics of Advanced
Difficulty’, and their applications are given in the problems. Solutions will be updated
on www.icho2014.hus.edu.vn on May 31%, 2014. Although a lot of efforts have gone
to making this Booklet, some mistakes, typos may still be there. We welcome any

comments, corrections, or questions about the problems to icho2014prep@hus.edu.vn.

We hope that these problems will be motivating for students to participate in the
IChO-2014 competition. We believe that IChO-2014 will not only be a chemistry
competition, but also a pleasant time for you to Know about Vietnamese culture.

We look forward to seeing you in Hanoi and at Hanoi University of Science, Vietnam
National University.

Hanoi, January 31, 2014
Editor in Chief
Nguyen Tien Thao
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Fields of Advanced Difficulty

Theoretical

Kinetics: Integrated first- and second-order rate equation; analysis of moderately
complex reactions mechanisms using the steady state approximation, the use of the
Arrhenius equation.

Thermodynamics: Electrochemical cells, the relationship between equilibrium
constants, electromotive force and standard Gibbs energy, the variation of the
equilibrium constant with temperature.

Quantum mechanics: Particle-in-a-box calculations.

Spectroscopy: Interpretation of IR spectra and relatively simple 'H, "°C, and *’Al
NMR spectra: chemical shifts, multiplicities, coupling constants and integrals.

Advanced Inorganic: Trans effect; the use of simple crystal field theory to explain
electronic configurations in octahedral and tetrahedral complexes; calculation of
the magnetic moment using the spin-only formula.

Practical

Laboratory techniques:
Thin layer chromatography,
Extraction,
UV — Vis spectroscopy.
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Physical Constants, Symbols and Conversion Factors

Avogadro's constant, Ny = 6.0221x 10* mol™
Boltzmann constant, kg = 1.3807x107% J- K
Universal gas constant, R = 8.3145 J-K "'mol"' = 0.08205 atm-L-K 'mol '
Speed of light, ¢ = 2.9979x10° m's™
Planck's constant, 4 = 6.6261x107* J-s

Faraday constant, F = 9.64853399x10* C
Mass of electron, m, = 9.10938215x107" kg-mol'1

Standard pressure, P = 1 bar = 10’ Pa

Atmospheric pressure, Py, = 1.01325x 10° Pa =760 mmHg = 760 Torr
Zero of the Celsius scale, 273.15 K
1A=10""m;

1 picometer (pm) = 10'* m;

1eV=1.6x10"77

nanometer (nm) = 10 m

Periodic Table of Elements with Relative Atomic Masses

18
1 2
H He
1.008 2 13 14 15 16 17 4.003
3 4 5 6 7 8 9 10
Li Be B (03 N 0] F Ne
6.941 9.012 10.81 12.01 14.01 16.00 19.00 20.18
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
2299 | 2431 | 3 4 5 6 7 8 9 10 11 12 | 2698 | 2809 | 30.97 | 3207 | 3545 | 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.10 | 40.08 | 44.96 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.38 | 69.72 | 72.64 | 74.92 | 78.96 | 79.90 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sh Te | Xe
85.47 87.62 88.91 91.22 92.91 95.96 [98] 101.07 | 102.91 | 106.42 | 107.87 | 112.41 | 114.82 | 118.71 | 121.76 | 127.60 | 126.90 | 131.29
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.91 | 137.33 | 138.91 | 178.49 | 180.95 | 183.84 | 186.21 | 190.23 | 192.22 | 195.08 | 196.97 | 200.59 | 204.38 | 207.2 | 208.98 | (209) (210) (222)
87 88 89 104 105
Fr Ra Ac Rf Ha
(223) | 226.0 (227) (261) (262)
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er m Yb Lu
140.12 | 140.91 | 144.24 | (145) | 150.36 | 151.96 | 157.25 | 158.93 | 162.50 | 164.93 | 167.26 | 168.93 | 173.05 | 174.97
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa V] Np Pu Am Cm Bk Cf Es Fm Md No Lr
232.04 | 231.04 | 238.03 | 237.05 | (244) | (243) | (247) | (247) | (251) | (254) | (257) | (256) | (254) | (257)
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PART 1. THEORETICAL PROBLEMS

Problem 1. Polar and non-polar molecules

In chemistry, a molecule is considered non-polar when its positive charge
center and negative charge center coincide, i.e. the charge distribution is
symmetrical in the molecule. On the other hand, when a molecule has two distinct
centers for positive and negative charges, it is considered polar.

This charge distribution property is measured by a quantity called the dipole
moment which is defined as the magnitude of the charge q and the distance /
between the charges:

ji=ql
The dipole moment is a vector pointing from the positive charge center to the

negative one.

The dipole moment is often expressed in debyes (D). The relationship between
debyes (D) and coulomb meters (C-m) in SI units is as follows: 1 D = 3.33x107°
Cm.

1. The dipole moment is closely related to the molecular geometry. In order to
calculate the net dipole moment p of multi-atomic molecules, we can add the
dipole moment vectors for individual bonds. In this case, an individual bond is

considered to have its own dipole moment called the bond moment.
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For a non-linear molecule with three atoms, ABC, the net dipole moment p can be

calculated by adding vectors in which 7 and z, are the bond moments for AB and

AC bonds, and a is the bond angle. Determine the general equation for calculating

the net dipole moment.

2. The directions of the individual bond moments should be considered.

2.1 The molecule of CO, is linear. Calculate the net dipole moment p of the
molecule.

2.2 A non-linear molecule of A,B such as H,S has the net dipole moment p # 0.

Determine p for H,S if pgy = 2.61x107° D and the bond angle a. = 92.0°.

3. The bond angle HCH in the formaldehyde molecule is determined
experimentally to be approximately 120°; the bond moments for C-H and C-O
bonds are p. ,=0.4 D and p._,= 2.3 D, respectively.

3.1 Determine the orbital hybridization of C and O atoms, and plot the overlaps of
orbitals in the formaldehyde molecule.

3.2 Calculate the net dipole moment (p) of the formaldehyde (D), given the order
of the electronegativity as y, >x. >x, . (Hints: Electronegativity is the ability of

an atom in a molecule to attract shared electrons to itself).

4. The dipole moments of water and dimethylether in gaseous state are determined
as 1.84 D, and 1.29 D, respectively. The bond angle formed by two bond moments
of O-H in the water molecule is 105°. The bond angle formed by two bond
moments of O-C in the ether molecule is 110°.

Estimate the bond angle formed by the bond moments of O-H and C-O in the
methanol molecule, given that the dipole moment of methanol molecule is 1.69 D.

Assume that individual bond moments are unchanged in different molecules.
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Problem 2. Calculations of lattice energy of ionic compounds

1. Lithium is the lightest metal and does not exist in pure form in nature due to its
high reactivity to water, moisture, oxygen... Lithium readily forms ion with a 1+
charge when reacting with nonmetals. Write down the following chemical
reactions at room temperature:

1.1 Lithium reacts with water.

1.2 Lithium reacts with halogens, e.g. Cl,.

1.3 Lithium reacts with dilute sulfuric acid and concentrated sulfuric acid.

2. The change in enthalpy of a particular reaction is the same whether it takes place
in one step or in a series of steps (Hess’s law). Use the following data:

Sublimation enthalpy of Li(s), AsH = 159 kJ-mol .

Ionization energy of Li(g), [ =5.40 eV.

Dissociation enthalpy of Cl,, ApH = 242 kJ-mol .

Electron affinity of Cl(g), E =-3.84 eV.

Formation enthalpy of LiCI(s), AH = —402.3 kJ-mol .

r. =062 A; r, =183 A; Ny =6.02x10" mol .

> tar
2.1 Establish the Born-Haber cycle for lithium chloride crystal.

2.2 Calculate the lattice energy U, (kJ-mol") using the Born-Haber cycle.

3. In practice, experimental data may be employed to calculate lattice energies in
addition to the Born-Haber cycle. One of the semi empirical formulae to calculate
the lattice energy U, for an ionic compound, which was proposed by Kapustinskii,

1s as follows:

7. 7
Uy = -2872 2= DN (1-0'345]

r, +1_ ro+r

10
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where: v is the number of ions in the empirical formula of ionic compound,
1, and r. are the radii of the cation and anion, respectively, in A,
Z. and Z. are cation and anion charges, respectively,
U, is the lattice energy, in kcal'mol ™.

Use the Kapustinskii empirical formula to calculate U, (in kJ'mol ') of LiCl

crystal, given that 1 cal =4.184 J.

4. Based on the results of two calculation methods in sections 2 and 3, choose the

appropriate box:

According to the Born-Haber cycle and Kapustinskii empirical formula

for lithium chloride crystal structure, both methods are close to the

experimental value.

Only the calculated result of the Born-Haber cycle is close to the

experimental value.

Only the calculated result of the Kapustinskii empirical formula is close

to the experimental value.

Data: Given the experimental value of lattice energy for LiCl is 849.04 kJ/mol.

5. In the formation of LiCl crystal, it is found out that the radius of lithium cation is
smaller than that of chloride anion. Thus, the lithium ions will occupy the
octahedral holes among six surrounding chloride ions. Additionally, the body edge
length of LiCl cubic unit cells is 5.14 A. Assume that Li" ions just fit into
octahedral holes of the closest packed chloride anions.

5.1 Calculate the ionic radii for the Li" and CI ions.

11
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5.2 Compare the calculated (theoretical) radii with the experimental radii given

below, and choose the appropriate box:

Both calculated radii of lithium and chloride ions are close to the

experimental values.

Only the calculated radius of lithium ion is close to the experimental value

Only the calculated radius of chloride ion is close to the experimental value.

The experimental radii of Li" and C1™ are 0.62 A and 1.83 A, respectively.

Problem 3. A frog in a well

The energy levels of an electron in a one-dimensional box are given by:

E =n’ b’

. — n:1,2,3...
m

in which /% is the Planck’s constant, m is the mass of the electron, and L is the
length of the box.

1. The © electrons in a linear conjugated neutral molecule are treated as

individual particles in a one-dimensional box. Assume that the m electrons are

delocalized in the molecular length with the total number of N & electrons and

their arrangement is governed by the principles of quantum mechanics.

1.1 Derive the general expression for AE; ymo - nomo When an electron is excited
from the HOMO to the LUMO.

1.2 Determine the wavelength A of the absorption from the HOMO to the LUMO.

2. Apply the model of m electrons in a one-dimensional box for three dye

molecules with the following structures (see the structural formula). Assume

12
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that the m electrons are delocalized in the space between the two phenyl groups
with the length L is approximately equal to (2k + 1)(0.140) nm, in which k is
the number of the double bonds.

a) 1,4-diphenyl-1,3-butadiene

O/\/\\/O (denoted as BD)

b) 1,6-diphenyl-1,3,5-hexatriene

O/\/\\/\/O (denoted as HT)

c¢) 1,8-diphenyl-1,3,5,7-octatetraene

O/\/\\/\/\\/Q (denoted as OT)

2.1 Calculate the box length L (A) for each of the dyes.

.2 Determine the wavelength A (nm) of the absorption for the molecules of the

investigated dyes.

3. Recalculate the box length L (A) for the three dye molecules, assuming that the
7 electrons are delocalized over the linear conjugated chain which is presented

as a line plotted between the two phenyl groups (see the structural formula).
The bond angle C — C — C is 120° and the average length of C — C bond is 0.140

nm.

4. Give the following experimental data on the wavelength A of absorption.

Substance BD HT oT
A (nm) 328.5 350.9 586.1

13
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4.1 Determine the box length L (A) of the linear conjugated chain for each of the
three investigated dyes.

4.2 Tabulate the values of the box length L for the dyes calculated above by the
three different methods, denoted as 1, 2, and 3. Choose the method which is the

most fit to the experimental data.

Problem 4. Particles in 2, 3 - Dimensional Box

1. In Problem 3, the energy E of particle in one- dimensional box is calculated as:

E =n’ b’
8 ml?

where % is Planck’s constant; m is the mass of the particle; L is the box length;
n is the quantum number, n =1, 2, 3...

An electron in a 10 nm one-dimensional box is excited from the ground state to a
higher energy level by absorbing a photon of the electromagnetic radiation with a
wavelength of 1.374x10™ m.

1.1 What is the energy gap (AE) of the two mentioned transitions?

1.2 Determine the final energy state for this transition.

2. The treatment of a particle in a one- dimensional box can be extended to a two-

dimensional box of dimensions Ly and L, yielding the following expression for

2 2
8m (L° L

energy:

X y

14
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The two quantum numbers independently can assume only integer values.

Consider an electron confined in a two-dimensional box that is L, = 8.00 nm in the

x direction and Ly = 5.00 nm in the y direction.

2.1 What are the quantum numbers for the first three allowed energy levels? Write
the first three energy, E,,, in order of increasing energy?

2.2 Calculate the wavelength of light necessary to move an electron from the first

excited state to the second excited one.

3. Similarly, the treatment of a particle in a one-dimensional box can be extended
to a rectangular box of dimensions Ly, L, and L,, yielding the following expression

for energy:

2 2 Il2 2
E= h [n; +—2y+n§J
8m |L L L

The three quantum numbers ny, ny, and n, independently can assume only integer
values. An oxygen molecule is confined in a cubic box of volume 8.00 m’. Assume

that the molecule has an energy of 6.173 x 107" J; temperature T = 298 K.

1
3.1 What is the value of n = (n? +n’ +n?)> for this molecule?

3.2 What is the energy separation between the levels n and n + 1?
4. In quantum mechanics, an energy level is said to be degenerated if it
corresponds to two or more different measurable states of a quantum system.

Consider a particle in a cubic box. What is the degeneracy of the level that has

energy 21/3 times that of the lowest level?

15
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Problem 5. Tug of war
“Tug of war is a sport that directly pits two teams against each other in a test of strength.

This is also a traditional game of Vietnamese people”

The following table gives the standard molar Gibbs energy at different

temperatures for the reaction (1) below:
SOs(g) = SO2(g) + 2 02(g) (1)

T/°C 527 552 627 680 727
AG® /kJ-mol ™! -21.704 -20.626 -14.210 -9.294 -4.854

1. Use the Van Hoff’s equation to estimate the InK,,; at each temperature.

2. Plot InK,,; against 1/T to determine the value of A,H® in kJ ‘mol”" assuming that

AmxH® does not vary significantly over the given temperature range.

3. Using the best-fit line to plot a InK,; versus 1/T, determine the K, for the
following reaction (2) at 651.33 °C:
2505(g) = 280, (g) + O2(g) 2)

4. An amount of 15.19 g of iron (II) sulfate was heated in an evacuated 1.00 L
container to 651.33 °C, in which the following reactions take place:

FeSO4(s) = Fe,05(s) +SOs(g) +S0O,(g) (3)

2S05(g) = 2S0:(g) + 02(g) 4)
When the system has reached equilibrium, the partial pressure of oxygen is of
21.28 mmHg. Calculate the equilibrium pressure of the gases and the value of K,
for the reaction (3) at equilibrium.

5. Calculate the percentage of FeSO4 decomposed?

16
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Problem 6. Radiochemistry

Zircon (ZrSiO,) is a mineral found abundantly in placer deposits located in the
central coast of Vietnam. Besides being widely utilized in the ceramic industry,
zircon is also used as a raw material for the manufacture of zircaloy which is used
to build fuel rods that hold the uranium dioxide (UO,) fuel pellets in nuclear
reactors. Zircon ore contains a trace amount of uranium, and it is not a viable
source of uranium in practice. However, zircon crystals make a perfect storage
medium to avoid the loss of uranium and lead (Pb) isotopes because of its stable
crystal structure. This allows developing uranium-lead dating method.

There are 3 naturally occurring decay series:

- The thorium series begins with ***Th and ends up with ***Pb.

- The uranium series (also referred to as the uranium-radium series) is headed

by **U. The half-life (t;,) of 2**U is 4.47 x 10’ years.

- The actinium series is headed by *°U with the half-life of 7.038 x 10® years.
Four stable isotopes of Pb exist in nature: 204pp_2°py 27ph. and ***Pb. The natural

abundance of each isotope is shown in the following table.

204Pb 206Pb 207Pb 208Pb

1.4 24.1 22.1 52.4

An analysis of a zircon mineral sample gives the following mass ratios of U and Pb
isotopes:

m(**U) : m(*°U) : m(*°Pb) : m(**Pb) =99.275 : 0.721 : 14.30 : 0.277

1. Indicate the stable isotope of Pb which is not involved in the above decay series.

17
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2. Determine the mass ratio of U to *°U when the zircon mineral was first
formed. Assume that the mineral already contained natural Pb right at the onset of
its formation.

3. Production of uranium from low-grade will encounter many difficulties, notably
large concentration of impurities and low concentrations of uranium in leach
solutions. Various technological advances have been applied to overcome the
aforementioned problems; these include fractional precipitation, liquid-liquid
extraction, or ion exchange methods.

In an experiment to extract uranium from sample of low uranium content using
diluted H,SO,, in the preliminary treated leach solutions, the concentration of
uranyl sulfate (UO,SO,4) is 0.01 M and the concentration of iron(IIl) sulfate
(Fex(SO4);) goes up to 0.05 M. The separation of uranium from iron and other
impurities can be carried out by the fractional precipitation method.

Calculate the pH necessary to precipitate 99% of Fe’* without losing uranium
ions. Assume that the adsorption of uranium onto Fe(OH); is negligible. Under the
experimental conditions, the solubility product values for UO,(OH), and Fe(OH);
are 1.0 x 10>* and 3.8x107%, respectively.

4. One of the proper methods to obtain a rich uranium solution is the liquid-liquid
extraction with the organic phase containing the extracted agent of
tributylphosphate (TBP) diluted in kerosene. When extracting uranium in the form
of uranyl nitrate (UO,(NO;),) under appropriate conditions, the relationship

between the concentrations of uranium in water and organic phases is given by:

.. ) . C
Distribution coefficient: D = =22 =10

aq
where: C,, and C,q are the equilibrium concentrations (M) of UO,(NOs), in

organic and aqueous phases, respectively.

18
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Calculate the mole percentage (in comparison with the initial concentration) of
UO,(NOs), remaining in the aqueous phase after extracting 1.0 L of the solution

(with an initial concentration of 0.01 M) with 500 mL of organic solvent.

5. Propose a scheme to extract 96% of UO,(NOs), from 1.0 L of the aqueous phase
into 500 mL of the organic phase. Assume that the distribution coefficient remains

constant throughout the extraction process (D = 10).

Problem 7. Applied thermodynamics

1. In applied thermodynamics, Gibbs free energy plays an important role and can
be calculated according to the following expression:
AG595 = AH 95 — TAS 505
AG®,95 - standard free energy change
AH’,95 - standard enthalpy change
AS®9g - standard entropy change
The burning of graphite is represented by two reactions:
C (graphite) + 12 O, (g) — CO (g) (1)
C (graphite) + O, (g) — CO:(g) 2)
The dependence of AH®, AS® on temperature is as follows:
Reaction (1):  AH°r (1) (J'mol™) =—112298.8 + 5.94T;
AS°c (1) (K 'mol™") = 54.0 + 6.21InT
Reaction (2):  AH’r(2) (J'mol™) =—393740.1 + 0.77T;
AS°r(2) (J-)K " 'mol™) = 1.54 — 0.77InT

Based on the above data:

19
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1.1 Derive the expression for the Gibbs free energy as a function of temperature,
AG°r = f(T) for each reaction.

1.2 Predict the changes of AG°; with an increase in temperature.

2. Assume that at 1400 °C, during the course of reactions (1) and (2), CO gas might
continue to react with O, to form the final product CO..

2.1 Write down the reaction (3) for the formation of CO, from CO gas.

2.2 Calculate AG’1(3).

2.3 Determine the equilibrium constant K, for reaction (3) at the given temperature.

3. In an experiment, NiO powder and CO gas were placed in a closed container
which was then heated up to 1400 °C. When the system reached equilibrium, there
were four species present: NiO(s), Ni(s), CO(g) and CO,(g). The mole percentages
of CO and CO, are 1 % and 99 %, respectively, and the pressure of the system is
1.0 bar (10 Pa).

3.1 Write down the reactions in the above experiment.

3.2 Based on the experimental results and the above thermodynamic data, calculate

the pressure of O, in the equilibrium with NiO and Ni at 1400 °C.

Problem 8. Complex compounds

Ethylenediamine tetraacetic acid (EDTA) is used as a reagent to titrate the
metal ions in the complexometric titration.

EDTA is a tetraprotic acid, abbreviated as HyY, with the structure:

20
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HOOC-CH, CH,-COOH
N-CH,-CH,-N

HOOC-CH2/ CH,-COOH
As EDTA is sparingly soluble in water, a more soluble sodium form, Na,H,Y, is
usually used and H,Y*" is commonly known as EDTA. EDTA forms strong 1:1
complexes with most metal ions M™".
1. How many atoms of an EDTA molecule are capable of binding with the metal
ion upon complexation?

1.1 Check in the appropriate box.

2 4 6 8
1.2 Draw the structure of the complex of a metal ion M*" with EDTA.

2. Complexation reaction between Y* form of EDTA and metal ion M"" has a
large formation constant (stability constant) [3:

M +Y" = MY“™" po "1
(M"Y ]

Besides complexation reaction between Y* form of EDTA and metal ion M™,
other processes in the solution also develop such as formation of hydroxo
complexes of the metal ion, acid-base equilibrium of H,Y* ... To account for such
processes conditional formation constant ° is used for the calculations. B’ is

determined from [ as the following expression:

B'=P.otygne -Oya

21
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4—
where: a4 and a, . are fractions of Y+t (o4 =%) and free metal ion M""

(aMn+ =%), with [Y]’ and [M]’ being the total concentrations of all forms of Y+

and M™, excluding MY“™". Given that: HyY has pK,; = 2.00; pKy, = 2.67; pKys =
6.16; and pK,4 = 10.26 (pK, values for HsY and HY"" are ignored).

PK ngom,) 1095 1084, =869

Mg” + H,0 =MgOH" + H*  #=1.58x10"; (pK, = -logK,; pK;=-logKy)

In a typical experiment, 1.00 mL of 0.10 M MgCl, solution and 1.00 mL of 0.10 M

Na,H,Y solution are mixed together. pH of the resulting solution is adjusted to

10.26 by a NH3/NH," buffered solution.

2.1 Calculate conditional formation constant (B’) of the MgY>™ complex at pH =
10.26 given that acid-base equilibrium of H,Y>™ and formation of mononuclear
hydroxo complex of Mg”" occur in the solution.

2.2 Does the Mg(OH), precipitate in this experiment? Check in the appropriate box.

[] []

Precipitation No precipitation
3. In order to titrate metal ions by EDTA, the conditional formation constant ([3”)
of the complex metal — EDTA (MY"“™") must be large enough, usually p’ > 1.00 x
10®- 1.00 x 10°. To determine the concentrations of Mn”>" and Hg”" in an analytical

sample, two experiments are carried out.

Experiment 1: Add 25.00 mL of 0.040 M EDTA solution to 20.00 mL of the

analytical solution. Adjust the pH of the resulting solution to 10.50. Titrate the
excess EDTA with a suitable indicator and 12.00 mL of 0.025 M Mg”" solution is

consumed.
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Experiment 2: Dissolve 1.400 gram of KCN into 20.00 mL of the analytical

solution (assuming that the volume is unchanged upon dissolution) and then add

25.00 mL of 0.040 M EDTA solution. Titrate the excess EDTA in the resulting

mixture at the pH of 10.50; 20.00 mL of 0.025 M Mg*" solution is consumed.

3.1 Prove that: in the experiment 2, Hg”" cannot be determined by titration with
EDTA in the presence of KCN in solution (or Hg*" is masked in the complex
form of Hg(CN)4>).

3.2 Write down chemical equations for the reactions in the two experiments and
calculate molar concentrations of Mn®" and Hg”" in the analytical solution.

Given that: log 8, . =21.80:logB, . . =38.97: pK, ey, =935

v (N
(Other processes of Hg®" are ignored; the pK, values of H,Y are provided in
question 2 ).

4. In the titration of polyprotic acids or bases, if the ratios of consecutive
dissociation constants exceed 1.00x10, multiple titrations are possible with an
error less than 1%. To ensure the allowed error, only acids or bases with
equilibrium constants larger than 1.00x10” can be titrated. To find the end-point,
pH range of the indicator must be close to that of the equivalence point (pHgp); the
point at which the stoichiometric amounts of analyte and titrant has reacted. Titrate
10.00 mL of 0.25 M Na,H,Y solution by 0.20 M NaOH solution in a typical
experiment.

4.1 Write down the chemical equation for the titration reaction.

4.2 Determine the value of pHgp.

4.3 Choose the most suitable indicator (check in the appropriate box) for the above

titration from the following: bromothymol blue (pH = 7.60); phenol red (pH =
8.20); phenolphtalein (pH = 9.00).
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L] L] L]

Bromothymol blue ~ Phenol red Phenolphtalein

4.4 Titration error g defined as the difference between the titrant amount added and
the titrant amount needed to reach the equivalence point is expressed as:
q= CNaOHVl _CNaOHVZ x100% = Vl ; V2 x100%

CNaOH 2 2

where Cnaon 1s the NaOH concentration; V: End-point volume of NaOH; V,:
equivalence point volume of NaOH.
Calculate the consumed volume of NaOH solution and the titration error if the final

pH is 7.60.

Problem 9. Lead compounds

1. Consider the following nuclide: **Bi(I), ***Pb(Il), *’Pb(III), ***Pb(IV). Which

238

nuclide is the last member of the decay series for “"U? Check in the appropriate

box.

[] [] [] []
I (IT) (11T Iv)

2. There are three natural decay series. They begin with Th-232(I), U-238(1I), U-
235(1III) and end with Pb-208, Pb-206, Pb-207. In which decay chain are there 6 a
decays and 4 f decays? Choose the correct answer by checking in the appropriate

box.
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L] L] [] L]

D (1) (I10) None

3. Pb(NO;), solution is slowly added into 20.00 mL of a mixture consisting of
0.020 M Na,SO4; 5.0x107° M Na,C,04; 9.7x10° M KI; 0.05 M KCl and 0.0010 M
KIO;. When the bright yellow precipitate of Pbl, begins to form, 21.60 mL of
Pb(NO;), solution is consumed.

3.1 Determine the order of precipitation?

3.2 Calculate the concentration of Pb(NOs), solution?

sz(PbSO4): 7.66; sz(Pb(IO3)2): 12.61; sz(PbIZ): 7.86;

sz(PbC204): 10.05; pK, pc,,, =4.77. (Other processes of the ions are ignored).

Given that:

4. One of the common reagents to detect Pb*" species is K,CrO,, giving yellow
precipitate PbCrO,, which is soluble in excess of NaOH. The solubility of PbCrO,
depends not only on pH but also on the presence of coordinating species... Given
that the solubility of PbCrO, in 1 M acetic acid solution is s = 2.9x107 M,
calculate the solubility product K, of PbCrO,.

PK crr,coom = 4.76; g ﬂPb(CH;COO)* =2.68; lg,BPb(CH}COO)2 =4.08; pKa(HCVOD =6.5

Pb>" + H,0 = PbOH + H" "p=10""°

5. Lead-acid battery, commonly known as lead battery consists of two lead plates a
positive electrode (cathode) covered with a paste of lead dioxide and a negative
electrode (anode) made from sponge lead. The electrodes are submersed in an
electrolyte consisting of water and sulfuric acid H,SO,. Write the chemical
equations for processes on each electrode, overall reaction as the battery discharges

and the cell diagram.
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=2.00; pK| pys0, =7.66; at

Pb* /Pb

Given that: E? =—0.126 V; Epyp 1, =1.455V; pK

a(HSOy )

25°C: 2.303%:0.00592 14

6. Calculate E%bso4 /Pb;E%bOZ /pbso, and the potential V' of the lead battery if

CHZSO4 ~ 18 M.

Problem 10. Applied electrochemistry

1. Reduction-oxidation reactions have played an important role in chemistry due to

their potential to be valuable sources of energy for technology and life. Write down

chemical equations for the following reactions:

1.1 Oxidation of glucose (C¢H,06) with KMnO, solution in the presence of
sulfuric acid to form gaseous CO..

1.2 Oxidation of FeSO, with KMnQ, in an acidic medium environment (sulfuric
acid) to form Fe,(SOy)s.

1.3 Based on the second reaction in section 1.1, determine the anodic reaction and
cathodic reaction and the relevant cell diagram.

1.4 Derive the expression for electromotive force E of the cell.

2. In the thermodynamics point of view, Gibbs free energy AG at constant P, T

condition is closely related to electromotive force E of a redox reaction according

to below expression:

AG
AG =-nFE 5> E=—-—
nF

where: n — number of electrons transferred,

F — Faraday constant.
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The correlation of the standard reduction potential between Mn ions in acidic

medium 1s:

- 0.56V - EY? EJ? 3 1517 2
MnO, —=—> MnO;” ———> MnO, —+—>Mn"" — > Mn™"

+1.7V T | +1.23V T

2—
2.1 Determine the standard reduction potential of the pair MnO, %/[n 0
2

2.2 Determine the standard reduction potential of the pair Mn O%/[n -

3. A process is spontaneous if Gibbs free energy is negative. Based on the
thermodynamic data:
3.1 Determine Gibbs free energy of the following reaction:
3MnO,” +4H" == 2MnOy4 + MnO, + 2H,0
3.2 Is the reaction spontaneous?

3.3 Calculate K. for the reaction.

Problem 11. Phosphoric acid

A is a solution of H3;PO,4 with pH of 1.46.

1. Calculate the molar concentrations of all species in solution A. Given that K,
values for HyPO, are 7.5x107; 6.2x10° and 4.8x10™", respectively.

2. Mixing of 50 ml of solution A and 50 ml of 0.4 M NHj solution results in 100

ml of solution B. Calculate pH of solution B ( pK e =9:24 ).

3. 100 ml of solution B is mixed with 100 ml of 0.2 M Mg(NO;), solution.
Determine if precipitate of NH4MgPO, forms and calculate the mass of the
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precipitate. The hydrolysis of Mg”" is ignored and precipitation of NH;MgPO, is
assumed to be the only reaction, given that K, = 2.5x 107",
4. Calculate the solubility (mol-L™") of Ca3(PO,),, given Kyp =2.22x 107

(Hint: The hydrolysis of Ca’" is ignored).

Problem 12. Chemical Kinetics

Thermal decomposition of dinitrogen pentoxide (N,Os) in the gas phase has time-

independent stoichiometry.
2N;0s5 (g) =4 NOz(g) +02(g) (1)

A kinetic measurement for N,Os at 63.3 °C is shown in Figure 1 below.

4.00E-03 pruais
Time — [N;Os)/ 350803 1\ i
I-dm™ i

(S) mobdm 3.00E-03 \\\

0 380x10° \

50 304x10° 5 PN

100 2.63x10° £ 20B0 il

S

150 2.13x10°  z 0 N

225 1.55x107° 1.00E-03 i

350 9.20x10°* 5.00-04 i
510 4-70X10_4 0.00E+00 TTTTT T T T T T (T T T T T T T T T T T T T T T T T T T T [T T T T T T T I T T [T ITTTT

- 0 100 200 300 400 500 600 700 800 900
650 2.61x107*

800 1.39x10°*

Time/ s
Figure 1. Concentration of N,Os versus time.
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1. What is the half-life (t;,,) for the decomposition of N,Os at 63.3 °C?

2. The reaction order for the reaction (1) can be determined by plotting of In
[N,O5]/[N,O5]o versus time or {[N,Os]/[N,Os]o -1} versus time.

2.1 Plot the graphs into the two figures below to determine the reaction order?
2.2 Write down the rate law and integrated rate equation.

4T

3.5+

In{[N2Os]o/[N2Os] ¢}

LN L Y N B B B §
0 100 200 300 400 500 600 700 800 900

Time/ s

Figure 2. A re-plot of the data in Figure 1 as function of In {[N,Os]¢/[N,Os];} versus time

30
25 +
To20
g
£ 15T
2 ]
g 1
z 107
s+
o

L L I L I L I B B
0 100 200 300 400 500 600 700 800 900

Time/ s

Figure 3. A re-plot of the data in Figure 1 as function of {{N,Os]y/[N,Os];-1} versus time
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3. Determine the rate constant for the reaction (1).

4. The rate constant k for (1) at 45 °C is of 5.02x10™ s™'. Calculate the activation
energy (E,) and pre-exponential factor (A) for the reaction (1) assuming that the
activation energy and pre-exponential factor are temperature independent.

5. The following mechanism is proposed for the reaction (1):

K

N,O:s NO, + NO; )
NO, + NO; —& » NO, +0, +NO  (3)
NO + NO;, —8 »  2NO, &)

Using this mechanism, derive the rate law for -d[N,Os]/dt assuming that the

intermediate concentrations can be treated by the steady-state approximation.

Problem 13. Kinetics of the decomposition of hydrogen peroxide

In order to decompose hydrogen peroxide (H,O,) with iodide ion as catalyst in
neutral solution, the 3 % H,O, solution (which approximately corresponds to 30 g
of H,O, in 1 L of solution) is mixed with 0.1 M KI solution and water at different

volumetric ratios; and the volume of the oxygen gas released 7, (mL) is measured.

Experiment V, , (mL) Vi (mL) V, ,(mL) V,,, (mL/min)

at 298 K and 1 atm

1 25 50 75 4.4
2 50 50 50 8.5
3 100 50 0 17.5
4 50 25 75 4.25
5 50 100 0 16.5
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1. Determine the reaction order with respect to H,O,, and I', respectively.
2. Write down the chemical reaction, and determine the rate law.
3. Calculate the molarity of H,O, at the beginning of the experiment #4 and after 4 min.
4. The reaction mechanism involves a series of the following steps:
H,0, + T 455 HO + 10 (1)
100 + H0, %2> O+ I (2)
Do the two above steps have the same rate or different rates? Which step

determines the overall rate of the oxygen release? Justify your answer.

Problem 14. Magnetism of transition metal complexes

A transition metal complex containing diamagnetic ligands can be overall
diamagnetic (all electrons are paired) or paramagnetic (having unpaired
electron(s)) depending on the electronic configuration of the central metal ion, the
nature of the ligand, and geometry of the ligand sphere. The magnitude of
paramagnetism of a metal complex is commonly reported in terms of the effective
magnetic moment (ll.¢) Which can be obtained from the experimental measurement
of molar magnetic susceptibility (y,) and is commonly expressed in Bohr
magneton (BM).

Theoretically, the magnetic moment is contributed by two components, the spin
angular momentum and the orbital angular momentum. For many complexes of
first row d-block metal ions, however, the contribution of the second component
can be ignored. Thus, the so-called spin only magnetic moment can be determined

by the number of unpaired electrons, n:

31



>

A4k IChD
[rep ey

f (spin only) = Juln +2) (BM)
1. The observed effective magnetic moment of two octahedral complexes,
K4[Mn(CN)s].3H,0 and K4[Mn(SCN)] are 2.18 BM and 6.06 BM, respectively.
1.1 Calculate number of unpaired electrons in each complex. Which complex is
low spin? Which complex is high spin?

1.2 Rationalize your answers by applying crystal field theory.
2. Calculate the p (spin only) of complex [Ni(H,0)4]Cl..

3. In practical, the experimentally observed p.¢ value of [N1(H,0)6]Cl, 1s 3.25 BM.
This is not surprising due to the fact that magnetic moment of octahedral
complexes of Ni** (d*) usually does not obey the spin only formula. In these cases,
the contribution of orbital angular momentum should be taken into account. The
simplification of spin-orbit coupling model can be applied to calculate their

magnetic moment:

&4
ferr = plspin only) x (1- n

)

eat
where A is spin-orbit coupling constant of Ni*" and has the value of 315 cm™

Aot 18 the crystal-field splitting parameter
Calculate the effective magnetic moment of [Ni(H,O)s]Cl, taking into account

spin—orbit coupling. Aee of [Ni(H,0)e]*" is 8500 cm™.

4. Dibenzoylmethane (DBM) is a well known chelating k-O,0-ligand which can

form stable complexes with many transition metal ions.
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Reaction of Ni(CH3COO),.4H,0 with DBM in EtOH - H,0 solution gives light
green crystalline complex A which loses 6.8 % of mass on heating at 210 °C in the
air to form green solid B. The substance B is quantitatively converted to brown
prismatic crystals C by re-crystallization in dry toluene. B and C are two
polymorphic forms and their inter-conversion is reversible. The X-ray single
crystal structure of C shows a square planar geometry with the chemical
composition of [Ni(DBM),]. While B is paramagnetic with effective magnetic
moment of 3.27 BM, the complex C is diamagnetic. When B and C are kept in the
air, they slowly convert to A. This happens much faster in the presence of some

organic solvents (Inorg. Chem., 2001, 40, 1626-1636).

4.1 Draw the splitting diagram of the d orbitals of Ni*" in C and confirm its
diamagnetic property.

4.2 What 1s the molecular formula of A? Assume that A i1s a mononuclear
complex.

4.3 The effective magnetic moment of A is 3.11 BM (Synth. React. Inorg. Met. Org.
Chem., 2009, 39, 694-703). What 1s the most suitable molecular geometry of A?
(Assuming that If A is an octahedral complexes, A, of A is similar to that of
[Ni(H,0)6]*).

4.4 Draw all possible isomers of A.

4.5 What do you expect for the molecular geometry of B?
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Problem 15. Structure and synthesis of Al-Keggin ion

1. A molecular dimer of aluminum chloride in gas phase has the structure:

:CA'/ \

206 pm

CI

1.1 What is the hybridization of the Al atoms in a dimer?

1.2 Determine the distance between two Al atoms.

2. Aluminum chloride dissociates in basic solution yielding several Al-polycations.
A typical Al-Keggin ion with the molecular formula of [Al,;0,5H,4.12H,0]Cl,, was
formed at a hydrolysis ratio [OH)/[AI’"] of 1.5 to 2.5. It is only composed of
tetrahedral and octahedral Al cations. The *’Al NMR spectrum of an Al;; ion is
shown below. The sharp signal at 64 ppm is due to the very symmetrical

environment of the corresponding Al atom(s) in the Keggin cation.

= @ 3 @
@
5 6
, ® _ @ g
. ® e
£ ® @
- 11 12
e  ©
AT e FoisTOrR .

2.1 Determine the absolute value of (n) in the Al;; Keggin ion.

34



>

A4k IChD
[rep ey

2.2 Assign *’Al NMR signals in the spectrum to the appropriate Al cation(s) in the
right figure.

2.3 In an Alj5-Keggin ion, Al tetrahedron(s) is(are) only linked with other Al atoms
by the oxygen bridge. Propose the structural formula for the Al;3-Keggin ion.

2.4 Determine the number of oxygen atoms bridging adjacent octahedra.

2.5 Write down the overall equation to prepare Al-Keggin ions from the reaction
between NaOH and AICI; solution.

3. Al;3-Keggin ions have recently been prepared by solid - solid interaction
referred to as mechanochemical synthesis [J. Catal. 245 (2007) 346; Inorg. Chem.
Commun. 11 (2008) 1125]. A mixture of (NH,4),CO3/[Al(H,O)s]Cl; was blended
together in a silicon carbide crucible (with the inner volume of 17 c¢m’) in the
presence of three hardened silicon carbide balls (with the radius of 0.542 c¢m) in
atmospheric condition (25 °C, 1 atm). The milling was kept for a period of time at
25 °C until the pressure gauge remains at constant value of 2.50 atm (Hint: The
volume of solids is negligible).

3.1 Write down the overall reaction between aluminum hexahydrate chloride and
ammonium carbonate to yield the Al,; -Keggin ions.

3.2 Determine the number of molecular Al;;-Keggin cations in the crucible.
Problem 16. Safrole

Safrole (4-allyl-1,2-methylendioxybenzene) is obtained from oil extracted from
sassafras, an evergreen tree growing in the central and northern regions of
Vietnam. Safrole has interesting functionality and chemical reactivity suggesting

its use as an efficient and versatile natural synthon in the synthesis of numerous
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biologically active compounds. [PtCl(Safrole-1H)(Pyridine)] is a complex with a
similar activity to the anticancer drug Cisplatin. [PtCl(Safrole-1H)(Pyridine)] has
been synthesized for the first time by chemists at the Department of Chemistry,

Hanoi National University of Education. The reaction scheme is given below.

0
K[PtCls(CoH,)] + <om % KIPtCl3(C1oH1002)]  (A)
(Safrole) (2)| EtOH,H,0

Pyridine, EtOH
3)

[Pt2Clx(C1oHgO2)2]  (B)

(C) [PtCI(C1oHgO2)(CsHsN)] =

Some spectral signals of uncoordinated safrole and coordinated safrole in A, B and

C are given below.

IR
02409
7<om absorption, '"H NMR signals of aromatic protons, & (ppm)

-1
Vco-c1o , €M

HS5

Uncoordinated 1630
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H3 H6
HS5
Coordinated in
A 1510
.
I i ] T
7.0 6.8 6.7 6.6
H6 H3
Coordinated in
1495
B
M
1 | I ; T
Taid 7.0 6.8 6.6
H6 H3
Coordinated in
c 1500
St U
I ' 1 I T kg
L 7.0 6.8 6.6

1. Write balanced equations for the three reactions in the above scheme.

2. What information about the coordination of safrole with Pt in A, B and C can be
obtained from the IR and 'H NMR data?

3. Draw the structures of A, B and C, given that in C pyridine is in the cis-position

with respect to the allyl group of safrole.

4. What is the driving force of each of the reactions (1), (2) and (3)?

5. Why does reaction 3 not seem to obey the trans effect?
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Problem 17. Imidazole

Heterocyclic chemistry is one of the most important fields of organic chemistry
and biochemistry. Approximately 55% of publications in organic chemistry are
related to the field, and the number of heterocyclic compounds recently found is
far more than that of homocyclic compounds. The five-membered ring compounds
with two heteroatoms are often present in many substances that are important for
life. For example, imidazole ring is present in the essential amino acid, histidine,
and its decarboxylation product, histamine. Histidine residues are found at the
active sites of ribonuclease and of several other enzymes and play a vital part in the
structure and binding functions of hemoglobin. Several drugs are based on the
imidazole ring such as nitroimidazole, cimetidine, azomicin, metronidazole,

medazolam.

1. Draw the structures of 1,3-diazole (imidazole, CsH4N,), imidazol-1-ide anion,
imidazolium cation, 1,3-oxazole (oxazole, C;H;NO) and 1,3-thiazole (thiazole,

C;H3NS). Which structure(s) can be considered aromatic?

2. Arrange imidazole, 1,3-oxazole and 1,3-thiazole in decreasing order of melting

and boiling points and justify your order.

3. Using structural formulae, write down equations for the ionization of imidazole,
oxazole, and thiazole in water. Arrange the substances in decreasing order of base

strength and justify your answer.

4. Propose a reaction mechanism showing the catalytic behavior of imidazole in
hydrolyzing RCOOR’ without a participation of OH . Justify this behavior based
on the structure of imidazole.

5. Propose a reaction mechanism for the formation of 1,1’-carbonyldiimidazole
(C7H¢N4O, CDI) from imidazole and phosgen (COCl,).

38



>

A4k IChD
[rep ey

6. Explain why the C=0 stretching frequency in 1,1’-carbonyldiimidazole is 100
cm ' higher than that of 1,1’-carbonyldipyrrolidine (CO(C4HsN),).

7. Write down reaction equations for the preparation of CDI (a) using a mixture of
4 mol imidazole and 1 mol phosgene and (b) using a mixture of 2 mol imidazole, 1

mol phosgene, and 2 mol NaOH. Explain why reaction (a) is preferable.

8. CDI is often used for the activation of carbonyl group for the coupling of amino
acids in peptide synthesis.
8.1 Use curly arrow mechanisms to complete the scheme below, showing the

formation of the active compound G from CDI and Alanine.

0
I\ ! A 0
N/ N/C\N \N A+ D N ” ﬁ
\ﬁ s \_—_/_> +_>C_>+_>F_>N/N/C\R+ﬁ+E

0—H ] —

HiC-HC=C " ; © 0

. 0

NH,

8.2 Propose a reaction mechanism for the formation of dipeptide Ala-Gly from G

and Glycine.

Problem 18. Small heterocycles

Heterocyclic compounds containing the CF; group are interesting targets of
advanced researches to generate biologically active compounds. It is quite difficult
to bring the trifluoromethyl group into saturated heterocyclic structures, especially

heterocycles containing nitrogen. However, these heterocyles bearing CF; groups
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have several promising applications. Therefore, studies of such compounds have
been carried out by many chemists.

Trifluoroacetaldehyde (A) was treated with ethanol and then refluxed with
benzylamine in toluene to afford compound B (CyoHgNF;). The reaction of
compound B with ethyl diazoacetate in diethyl ether with borontrifluoride etherate
(BF3.Et;,0) as a catalyst at -78 °C for 4 hours provided compound C
(C13H4NO,F;). The reduction of compound C by LiAlH; in THF at room
temperature for 2 hours formed compound D. Then, D reacts with hydrogen in the
presence of Pd(OH), as a catalyst in CH,Cl, at room temperature for 60 hours to
obtain E (C4H¢NOF;). Compound E was then allowed to react with 2 equivalents
of tosyl chloride (TsCl) in dicloethane with the catalytic Et;N and amount of 4-
dimetylaminopyridine (DMAP). The reaction was carried out at room temperature
for 2 hours, then 3 hours of reflux, to furnish compound F. F reacted with 1.2
equivalents of phenol in the presence of K,CO; in DMF to form compound G
(C17HsNSOsF3).

A derivative of G can be synthesized according to the following diagram:

O O BIINH2 3 NaBH4
H H CH;COOH H CH;CH,0H I
—— —>
HCl (Ci3H14NO,F5) THF
N CHC,
L1 Ecgiglocb 2.2 equi LIHMDS
)
! > K N,, THF » L ¢, 1Ny
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1. Complete synthetic schemes from B to L.
2. Write reaction mechanisms from B to C.

3. Write reaction mechanisms from F to G.
Note:

BnNH,: benzylamine, CcHsNH,.
Bn: Benzyl, C¢HsCH,-, THF: tetrahydrofuran
LiHMDS: Lithium bis(trimethylsilyl)amide, Et: C,Hs-;

Equi: equimolarity

Problem 19. Vitamin H

Vitamin H or biotin is a highly effective growth promoter which plays an

important role in many organisms, for instance baker’s yeast (Saccharomyces
corevisiae). Human beings have different demand in biotin depending on age. Lack
of biotin can lead to diseases such as dermatitis, absence of appetite, fatigue,
muscular pain and nerve perturbance.
Biotin was first found in 1901 by Wildiers as a growth-promoting vitamin of
yeasts. Thereafter, it was found in egg yolk (by Kogl, 1936) and in liver (by Szent-
Gyorgyi, 1936). The absolute configurations of chiral carbons of biotin were
established by Trotter and Hamilton in 1966 by the single-crystal X-Ray
diffraction. The molecule of biotin has three chiral carbons. Hence, there are
theoretically eight diastereomers. Only the (3aS, 4S, 6aR)-(D)-(+)-biotin, however,
shows the high bioactivity.
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(D)-(+)-Biotin
In 1982, researchers from Hoffmann-La Roche published an elegant synthesis
procedure for (D)-(+)-Biotin from the methyl ester of the amino acid L-Cysteine

with the following steps.

1. The thiol group of the methyl ester of L-cysteine was transformed into a
disulfide S-S bond (compound A) in an oxidation reaction. A was then treated with
hex-5-inoyl chloride to give compound B which was subsequently reduced by
Zn/CH;COOH to afford a thiol. This compound was cyclized by the addition of the
—SH group to the terminal alkyne under atmospheric condition, resulting in the
formation of C with a ten-membered ring containing a (Z) C=C double bond. Write

down the structural formulae of A, B and C in the hereunder scheme.

s Y

Me0,C \ ° ., B AR, C (C4oH15NO3S)

e N v -

2"\6aR  CHN, CH,Cl, Air, 25 °C e
NH2 OoC

A

2. The reduction of C by diisobutylaluminium hydride ((i-Bu),AlH, DIBAL)
resulted in the formation of (D). The condensation reaction between D and
benzylhydroxylamine in dichloromethane produced nitrone E (a nitrone is an

organic compound which contains a > C=N"-O" group). E underwent a 1,3-dipolar

42



>

A4k IChD
[rep ey

intramolecular cyclization reaction to afford polycyclic compound F of which the
two heterocycles, i1soxazolidine (1,2-oxazolidine) and tetrahydrothiophene, shared
a common bond. The cyclization reaction resulted in the (S) configurations of the
two carbons at the common bond and the (R) configuration of the carbon

connected to the oxygen. Write down the structural formulae of D, E and F.

LI Ph”NHOH A
e 75, DICHNOS) T T ECaNS)

3. When F was reduced with Zn powder in acetic acid, the N-O bond of the
heterocycle isoxazolidine was broken to give compound G. The reaction between
G and chloroformate in the presence of Na,CO; in THF resulted in the formation
of compound H. The treatment of H in a hot solution of Ba(OH), in dioxane,
followed by an acidic work-up yielded the bicyclic 6-hydroxy acid I containing all
the chiral centers of (D)-(+)-Biotin but with an “excessive” -OH group. Draw the

structures of G, H and I and explain the formation of I from H.

1) Ba(OH)
' Zn, AcOH, H,0 SN0 CICO,Me ! Dioxan, H,0 NS
— > - > —_
0 (CrgftaN003) No,00, THE (C1gHaN:0s8) 108 (CirN0d)

4. I was treated with SOCI, to yield the corresponding chloride acid K, given that
the configuration of the carbon attached to the “excessive” -OH is maintained in K.
Ester L was formed when K was reacted with methanol. L was reduced with
NaBH, in dimethylformamide at 80°C to give ester M which was hydrolyzed in
aqueous acidic solution of HBr to give optically pure (D)-(+)-Biotin. Draw the
structures of I, K, L and M and the intermediates to explain the influence of the

sulfur atom on the stereochemical outcome of K.
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Problem 20. No perfume without jasmine

The Spanish jasmine originated from the valleys of Himalaya. This so called
Jasminum grandiflorum L., which was grafted on the wild Jaminum officinale L,
has the possibility to resist against the cold of the mountain climate. In 1962, E.
Demole and E. Lederer successfully isolated and clearly determined the structures
of the important flavor component of the essential oil of jasmine. It was actually a
mixture of two diastereomers (£)-(3R,7R) methyl jasmonate and (Z£)-(3R,7S)

methyl jasmonate with the structures shown below.

Q:\/(fo\mi Q““‘\COOMe
K T
(Z2)-(3R,7R) methyl jasmonate (Z2)-(3R,7S) methyl jasmonate

Due to its important role in perfume industry as well as its limited natural resource,
the synthesis of jasmonates has attracted interest of many chemists. The first
synthesis of optically pure (£)-(3R,7S)-methyl jasmonate was carried out in 1990
by Helmchen with the following steps:

1. The first step in the synthesis is a Diels-Alder reaction between cyclopentadiene

A and ester B of fumaric acid with (S)-ethyl lactate to yield C.
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A cyclo-addition reaction, a kind of pericyclic reaction, involves bonding
between the termini of two © systems to produce a new ring (scheme below). The
product has two more ¢ bonds and two less m bonds than the reactants. The Diels-
Alder reaction, or so called [4+2], is a common thermally activated cycloaddition
whose stereoselectivity is syn addition. In this concerted syn addition, the

stereochemical relationships among the substituents are retained in the product(s).

g H A
+ —
N\

The hydrolysis of C in basic solution followed by an acidification step resulted in
the formation of D. Draw the structures of C and D.

2. The reaction between D and I, in KI solution gave rise to the formation of the 6-
iodolacton of the endo —COOH group. When heated under basic condition, E
underwent a decarboxylation-cyclization reaction to produce compound F. The
hydrolysis in basic medium followed by oxidation with NalO4/RuQO, transformed F
into y-keto acid G. Write down the structures of E to G.

5 Kls e KOH - F 1. NaOH _
DMSO, 175°C 2. NalO4 RuO4
-CO,

3. G was reacted with HI to yield compound H containing only five-membered
rings. When 