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General Instruction

You are allowed to use only pen to write the answer.

Your calculator must be non-programmable.

This examination has 9 problems.

You can solve the problems in any order.

You will have 5 hours to solve all problems.

You can begin working only after the START command is given.

All results must be written in the appropriate answer boxes with pen on the answer sheets. Use
the back of the question sheets if you need scratch paper. Remember that answers written outside
the answer boxes will not be graded.

Write relevant calculations in the appropriate boxes when necessary. Full marks will be given for
correct answers only when your work is shown.

The invigilator will announce a 30-minute warning before the STOP command.

You must stop working when the STOP command is given. Failure to stop writing will lead to the
nullification of your examination.

The official English version of this examination is available on request only for clarification.

You are not allowed to leave your working place without permission. If you need any assistance
(broken calculator, need to visit a restroom, etc), raise your hand and wait until an invigilator arrives.

GOOD LUCK!
Problems and Grading Information

Title Total Score | Percentage

1 | Hydrogen at a Metal Surface 24 1
2 | Isotope Time Capsule 35 1
3 | Lambert-Beer Law? 22 8
4 | The Redox Chemistry of Zinc 32 1
5 | Mysterious Silicon 60 12
6 | The Solid-State Chemistry of Transition Metals 45 13
7 | Playing with Non-benzenoid Aromaticity 36 13
8 | Dynamic Organic Molecules and Their Chirality 26 1
9 | Likes and Dislikes of Capsules 23 10
Total 100
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Physical Constants and Equations

Constants

Speed of light in vacuum

c = 2.99792458 x 10°m s~

Planck constant

h = 6.62607015 x 10734 s

Elementary charge

e = 1.602176634 x 10719 C

Electron mass

me = 9.10938370 x 103! kg

Electric constant
(permittivity of vacuum)

gy = 8.85418781 x 107 2F m~"

Avogadro constant

N, = 6.02214076 x 102 mol~"

Boltzmann constant

kg = 1.380649 x 10723 K

Faraday constant

F = N, x e = 9.64853321233100184 x 10* C mol~"

Gas constant

R = N, x kg = 8.31446261815324 ) K~" mol~"
= 8.2057366081 x 10~2L atm K~' mol~’

Unified atomic mass unit

u=1Da = 1.66053907 x 10~27 kg

Standard pressure

p = 1bar = 10° Pa

Atmospheric pressure

Patm = 1.01325 x 10° Pa

Zero degree Celsius

0°C=1273.15K

Angstrom

1A=10"1m

Picometer

lpm=10""m

Electronvolt

1eV = 1.602176634 x 1071

Part-per-million 1ppm =10-6
Part-per-billion Lppb =107°
Part-per-trillion lppt=1012

pi

T = 3.141592653589793

The base of the natural logarithm

(Euler's number)

e = 2.718281828459045
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Equations

The ideal gas law

PV =nRT
, Where P is the pressure, V is the volume, n is the amount of substance,
T is the absolute temperature of ideal gas.

Coulomb's law

F =k L;gz

, Where F is the electrostatic force, ko(=~ 9.0 x 10° Nm? C2) is Coulomb's
constant, ¢; and ¢, are the magnitudes of the charges, and r is the distance
between the charges.

The first law of thermo-
dynamics

AU =g+ w
, where AU is the change in the internal energy, ¢ is the heat supplied, w
is the work done.

Enthalpy H H=U+PV

Entropy based on Boltz- S =kzgInW

mann's principle S , where W is the number of microstates.

The change of entropy AS = Jrev

AS , where ¢, is the heat for the reversible process.
Gibbs free energy G G=H-TS

AG° = —-RTINK = —2FE°
, where K is the equilibrium constant, z is the number of electrons, E° is
the standard electrode potential.

Reaction quotient @

AG=AG +RTInQ
For a reaction
aA+bB = 2C +dD
Q= [C°[D]
- a b
[A]"[B] _
, where [A] is the concentration of A.
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Heat change Aq Ag = ne, AT
, Where ¢, is the temperature-independent molar heat capacity.
. T
Nernst equation for re- FE =FE°+ R—F In COX
dox reaction z red

, Where C,, is the concentration of oxidized substance, C\q is the concen-
tration of reduced substance.

Arrhenius equation

E

k= Aexp|—=2

° (7

, Where k is the rate constant, A is the pre-exponential factor, E, is the
activation energy.

exp(z) =e*

Lambert-Beer equation

A=clc
, Wwhere A is the absorbance, ¢ is the molar absorption coefficient, [ is the
optical path length, ¢ is the concentration of the solution.

Henderson-Hasselbalch
equation

For an equilibrium
HA=H" + A~
, Where equilibrium constant is K,

pH = pK, + log ([[':;AD

Energy of a photon

C
E=hv=hs
Y

The sum of a geometric
series

, Where v is the frequency, ) is the wavelength of the light.
When z + 1,
n ; 1— In+1

l+o4a? 4 Fa" =3 o'= e

Approximation equation
that can be used to solve
problems

When z « 1,

1 1+
-~ x
11—z
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General Instructions

You are only allowed to use pen to write the answers.

Your calculator must be non-programmable.

This examination has 9 problems.

You can solve the problems in any order.

You will have 5 hours to solve all problems.

You can begin working only after the START command is given.

All results must be written in the appropriate answer boxes with pen on the answer sheets. Use
the back of the question sheets if you need rough paper. Remember that answers written outside
the answer boxes will not be graded.

Write relevant calculations in the appropriate boxes when necessary. Full marks will be given for
correct answers only when your work is shown.

The invigilator will announce a 30-minute warning before the STOP command.

You must stop working when the STOP command is given. Failure to stop writing will lead to the
nullification of your examination.

The official English version of this examination is available on request only for clarification.

You are not allowed to leave your working place without permission. If you need any assistance
(broken calculator, need to go to the toilet, etc.), raise your hand and wait until an invigilator arrives.

GOOD LUCK!
Problems and Grading Information

Title Total Score | Percentage

1 | Vetni a yfirbordi malms 24 1
2 | Samsaetutimaglas 35 1
3 | Lambert-Beer I6gmal? 22 8
4 | Redox efnafraedi sinks 32 1
5 | Hinn dularfulli kisill 60 12
6 | Efnafraedi fastra efnasambanda hlidarmalma 45 13
7 | Playing with Non-benzenoid Aromaticity 36 13
8 | Dynamic Organic Molecules and Their Chirality 26 1
9 | Likes and Dislikes of Capsules 23 10
Total 100
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Physical Constants and Equations

Constants

Speed of light in vacuum

c = 2.99792458 x 10°m s~

Planck constant

h = 6.62607015 x 10734 s

Elementary charge

e = 1.602176634 x 10719 C

Electron mass

me = 9.10938370 x 103! kg

Electric constant
(permittivity of vacuum)

gy = 8.85418781 x 107 2F m~"

Avogadro constant

N, = 6.02214076 x 102 mol~"

Boltzmann constant

kg = 1.380649 x 10723 K

Faraday constant

F = N, x e = 9.64853321 x 10* C mol~"

Gas constant

R = Ny x kg = 8.3144626 ] K~ mol~!

= 8.2057366 x 1072L atm K=" mol~"

Unified atomic mass unit

u=1Da = 1.66053907 x 10~27 kg

Standard pressure

p = 1bar = 10° Pa

Atmospheric pressure

Patm = 1.01325 x 10° Pa

Zero degrees Celsius

0°C=1273.15K

Angstrom

1A=10"1m

Picometer

lpm=10""m

Electronvolt

1eV = 1.602176634 x 1071

Part-per-million 1ppm =10-6
Part-per-billion Lppb =107°
Part-per-trillion lppt=1012

pi

T = 3.141592653589793

The base of the natural logarithm

(Euler's number)

e = 2.718281828459045
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Equations

The ideal gas law

PV =nRT
, Where P is the pressure, V is the volume, n is the amount of substance,
T is the absolute temperature of ideal gas.

Coulomb’s law

F =k L;gz

, Where F is the electrostatic force, k,(~ 9.0 x 10° Nm? C~2) is Coulomb’s
constant, ¢; and ¢, are the magnitudes of the charges, and r is the distance
between the charges.

The first law of thermo-
dynamics

AU =g+ w
, where AU is the change in the internal energy, ¢ is the heat supplied, w
is the work done.

Enthalpy H H=U+PV

Entropy based on S=kzInW

Boltzmann's principle S, where W is the number of microstates.

The change of entropy AS = Jrev

AS , where ¢, is the heat for the reversible process.
Gibbs free energy G G=H-TS

AG° = —-RTINK = —2FE°
, where K is the equilibrium constant, z is the number of electrons, E° is
the standard electrode potential.

Reaction quotient @

AG=AG +RTInQ
For a reaction
aA+bB = 2C +dD
Q= [C°[D]
- a b
[A]"[B] _
, where [A] is the concentration of A.
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Heat change Aq Ag = ne, AT
, Where ¢, is the temperature-independent molar heat capacity.
: T
Nernst equation for a FE=FE° + R—F In COX
redox reaction o red

, Where C,, is the concentration of the oxidized substance, C,.q is the
concentration of the reduced substance.

Arrhenius equation

E

k= Aexp|—=2
° (7

, Where k is the rate constant, A is the pre-exponential factor, E, is the

activation energy.
exp(z) =e*

Lambert-Beer equation

A=clc
, Wwhere A is the absorbance, ¢ is the molar absorption coefficient, [ is the
optical path length, and ¢ is the concentration of the solution.

Henderson-Hasselbalch
equation

For an equilibrium
HA=H" + A~
, Where equilibrium constant is K,

pH = pK, + log ([[':;AD

Energy of a photon

C
E=hv=hs
Y

The sum of a geometric
series

, Where v is the frequency, ) is the wavelength of the light.
When z + 1,
n ; 1— In+1

l+o4a? 4 Fa" =3 o'= e

Approximation equation
that can be used to solve
problems

When z « 1,

1 1+
-~ x
11—z
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Hydrogen at a Metal Surface

11 % of the total
Question A1 A.2 B.1 B.2 B.3 B.4 Total
Points 6 4 5 3 3 3 24
Score

Hydrogen is expected to be a future energy source that does not depend on fossil fuels. Here, we will
consider the hydrogen-storage process in a metal, which is related to hydrogen-transport and -storage
technology.

Part A

As hydrogen is absorbed into the bulk of a metal via its surface, let us first consider the adsorption
process of hydrogen at the metal surface, H,(g) — 2H(ad), where the gaseous and adsorbed states of
hydrogen are represented as (g) and (ad), respectively. Hydrogen molecules (H,) that reach the metal
surface (M) dissociate at the surface and are adsorbed as H atoms (Fig. 1). Here, the potential energy
of H, is represented by two variables: the interatomic distance, d, and the height relative to the surface
metal atom, z. It is assumed that the axis along the two H atoms is parallel to the surface and that the
center of gravity is always on the vertical dotted line in Fig. 1. Fig. 2 shows the potential energy contour
plot for the dissociation at the surface. The numerical values represent the potential energy in units of
k) per mole of H,. The solid line spacing is 20 kj mol~", the dashed line spacing is 100 k] mol~', and the
spacing between solid and dashed lines is 80 k] mol~". The zero-point vibration energy is ignored.



ISL-4 C-1 Q-2
English (Official)




IChO

||
[} =z
‘s’% \\5 ISL-4 C-1 Q-3 ’ -
40 207 English (Official)
A.1 For each of the following items (i)-(iii), select the closest value from A-G. 6pt
(i) The interatomic distance for a gaseous H, molecule
(ii) The interatomic distance between metal atoms (d,, in Fig. 1)
(iii) The distance of adsorbed H atoms from the surface (4 in Fig. 1)
A.0.03nm B.0.07nm C.011Tnm D.0.15nm
E.019nm F.0.23nm G.0.27 nm
A.2 For each of the following items (i)-(ii), select the closest value from A-H. 4pt

(i) the energy required for the dissociation of gaseous H, to gaseous H

[H2(9) — 2H(g)]
(i) the energy released during the adsorption of a gaseous H, [H,(g) — 2H(ad)]

A.20Kklmol~"  B.40kJmol~"  C.60kJmol~’ D. 100 k] mol—!
E. 150 kjmol~" F. 200 kjmol~' G. 300 k/mol~" H. 400 k] mol~'
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PartB

The adsorbed hydrogen atoms are then either absorbed into the bulk, or recombine and desorb back
into the gas phase, as shown in the reactions (1a) and (1b). H(ab) represents a hydrogen atom absorbed
in the bulk.

k4

H,(g) = 2H(ad) (1a)
k;
k3

H(ad) — H(ab) (1b)

The reaction rates per surface site for adsorption, desorption, and absorption are r,[s™'],,[s~'] and
r3[s7'], respectively. They are expressed as:

= k'1PH2(1 —0)? (2)
Tg = k2‘92 (3)

where k, [s™'Pa~'],k,[s7"] and k; [s~'] are the reaction rate constants and Py, is the pressure of H,.
Among the sites available on the surface, 8 (0 < 8 < 1) is the fraction occupied by H atoms. It is assumed
that adsorption and desorption are fast compared to absorption (r,, , > r3) and that § remains constant.

B.1 r4 can be expressed as: 5pt

ry= ——— (5)

Express C using k; and k.
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A metal sample with a surface area of S = 1.0 x 1072 m? was placed in a container (1L = 1.0 x 1073 m3)
with H, (Py, = 1.0 x 10> Pa ). The density of hydrogen-atom adsorption sites on the surface was N =

1.3 x 10 m~2, The surface temperature was kept at 7 = 400K. As the reaction (1) proceeded, By,

decreased at a constant rate of v = 4.0 x 10~* Pa s~'. Assume that H, is an ideal gas and that the volume
of the metal sample is negligible.

B.2 Calculate the amount of H atoms in moles absorbed per unit area of the surface  3pt
per unit time, A[mol s~"m—2].

B.3 At T = 400K, C equals 1.0 x 102 Pa~". Calculate the value of k; at 400 K. If you  3pt
did not obtain the answer to B.2, use A = 3.6 x 10" mol s ' m~2.

B4  AtadifferentT, C = 2.5 x 103Pa~" and k; = 4.8 x 102s 'are given. Forr; asa  3pt
function of By, at this temperature, select the correct plot from (a)-(h).

x 1073 x 1073 h (@
(d)

6.0 6.0
n / © n /
75] 75]
n 40 (b) n 4.0
~ _— ~ / ©
| /
2.0 - () 2.0
// T / "
7 y =
0 1.0 2.0 x 107¢ 0 1.0 2.0 x 1076
P /Pa P /Pa

H2 H2
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Vetni a yfirbordi malms

11 % of the total
Question | A.1 A2 B.1 B.2 B.3 B.4 | Total
Points 6 4 5 3 3 3 24
Score

Talid er ad vetni verdi sa orkugjafi framtidarinnar sem ekki er hadur jardefnaeldsneyti. I pessu daemi er
fjallad um geymsluferli vetnis i malmi en pad er skylt flutnings- og geymslutaekni fyrir vetni.

Hluti A

begar vetni isogast (absorbs) inn i malm gegnum yfirbord hans, pa parf fyrst ad huga ad asogsferli
(adsorption process) vetnis a malmyfirboréid, H,(g) — 2H(ad), par sem gasastand er taknad med (g)
0g asogad astand med (ad). Vetnissameindir (H,) sem koma ad malmyfirbordi (M) klofna par og asogast
sem H atédm (mynd 1). Meettisorka (potential energy) H, er synd sem fall af tveimur breytistaerdum: fjar-
laegdinni a milli atbmanna, d, og had peirra fra malmatémi a yfirbordi, z. Gert er rad fyrir ad asinn milli
H atémanna tveggja sé samsida yfirbordinu og ad massamidja peirra sé avallt & |168réttu punktalinunni a
mynd 1. Mynd 2 synir haedarlinur meettisorkunnar fyrir klofnunina a yfirbordinu. Télugildin syna maett-
isorkuna i einingunni k] per mél af H,. Bil milli heillina er 20 k) mol~", bil milli punktastrikadra lina er 100
k] mol~" og bil milli heillina og punktastrikadra lina er 80 kj mol~". Ekki parf ad taka tillit til nallstigsorku
titrings ( zero-point vibration energy).
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A.1 Veldu pad gildi af A-G sem kemst naest eftirfarandi staerdum (i)-(iii). 6pt
(i) Fjarleegdin milli atbma i H, gassameind
(ii) Fjarlaegdin milli malmatéma (dy @ mynd 1)
(iii) Fjarleegd asogads H atoms fra yfirbordinu (h,q @ mynd 1)
A.0,03nm B.0,07nm C.0,11Tnm D.0,175nm
E.0,179nm F.0,23nm G.0,27 nm
A.2 Veldu pad gildi A-H sem kemst naest eftirfarandi staeerdum (i)-(ii). 4pt

(i) orkan sem parf fyrir klofnun H, i gasfasa i H atom i gasfasa

[H2(9) — 2H(g)]
(i) orkan sem losnar vid asog H, gass

[H2(g) — 2H(ad)]

A. 20 k) mol~!
E. 150 k) mol~"

B. 40 k) mol~"
F. 200 k) mol~"

C. 60kl mol~’
G. 300 k) mol~’

D. 100 k] mol~!
H. 400 k] mol~’
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Hluti B

Asogud vetnisatém geta annadhvort isogast inn i malminn eda pau tengjast saman aftur og frasogast
(desorb) til baka i gasfasa, eins og synt er i efnahvorfum (1a) og (1b). H(ab) taknar vetnisatdm sem hefur
isogast inn i malminn.

k4

H,(g) = 2H(ad) (1a)
k;
k3

H(ad) — H(ab) (1b)

Hvarfhradar & hvern asogsstad yfirbordsins fyrir dsog, frdsog og isog (i sému réd) eru r,[s~'],r,[s~"] og
r5[s~'] . J6fnurnar fyrir hvarfhradana eru:

™= ]ﬁPHz(l —0)? 2)
ro = kol? 3)
T3 == k30 (4)

parsem k, [s~'Pa~'],k, [s"'] og ky [s~'] eru hradafastarnir og P, er prystingur H,.

Fyrir 4sogsstadina a yfirbordinu pa er 6 (0 < # < 1) sa hluti peirra sem er setinn H atbmum. Gert er rad
fyrir ad asog og frasog gerist hratt midad vid isog (r;, 7, > r3) 0g ad 6 sé fasti.

B.1 r5 er haegt ad lysa med jéfnunni: 5pt

Syndu jéfnu fyrir C sem fall k; og k.
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Malmsyni med yfirbordsflatarmalS = 1,0 x 1073 m? var sett i hylki (1L = 1,0 x 103 m3) sem innihélt H,
(Py, = 1,0 x 10? Pa). béttleiki d&sogsstada vetnisatéma & yfirbordinufyrir var N' = 1,3 x 10'® m~2. Hitastig-
inu a yfirbordinu var haldid vid 7' = 400 K. Eftir pvi sem hvarfi (1) midadi afram laekkadi £;, med j6fnum
hrada, v = 4,0 x 1074 Pa s~'. Gera ma rad fyrir ad H, sé kjérgas og ad rimmal malmsynisins sé éverulegt.

B.2 Reiknadu molfjdlda asogadra H atdma a flatarmalseiningu & timaeiningu, 3pt
A[mol s T m2).

B.3 Vid T = 400K, er gildi C 1,0 x 102 Pa~". Reiknadu gildi k; vi& 400 K. Ef pt gast  3pt
ekki reiknad svarid i B.2, notadu pa gildid A = 3,6 x 107" mol s~ ' m~2,

B.4  Vid annad hitastig T, eru gildi C = 2,5 x 10°Pa~" og k; = 4,8 x 1072s7". Veldu  3pt
pann feril af (a)-(h) sem synir r; sem fall af P, vid petta hitastig.

x 1073 x 1073 h) ()
(d)
6.0 6.0 / (H
: (©)
- _— - /
5] 5]
n 4.0 (b) en 4.0
8 xC
s / ©
e
2.0 ) 2.0
T L — | Y A
. //
0 1.0 2.0 x 107¢ 0 1.0 2.0 x 1076
P.. /Pa P... /Pa

H2 H2
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Vetni a yfirbordi malms

Hluti A

A.1 (6 pt)

(i)

(i)

(iii)

A.2 (4 pt)

(i)
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Hluti B

B.1 (5 pt)

B.2 (3 pt)

A= mol s T m—2
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Isotope Time Capsule

11 % of the total
Question A1 A2 A3 A4 | Total
Points 8 8 10 9 35

Score

Molecular entities that differ only in isotopic composition, such as CH, and CH;D, are called isotopo-
logues. Isotopologues are considered to have the same chemical characteristics. In nature, however,
there exists a slight difference.

Assume that all of the substances shown in this Question are in a gas phase.

Let us consider the following equilibrium:

[12C1601SO]2

[12C1602][12C1802] (1)

12c1602 +12 C1802 = 212¢c160180 K =

The entropy, S, increases with increasing the number of possible microscopic states of a system, W
S =kglnw (2)

W = 1for 12C"0, and '2C'80,. In contrast, W = 2 for a 2C'*0'80 molecule because the oxygen atoms
are distinguishable in this molecule. As the right-hand side of the equilibrium shown in eq. 1 has two
12C'*0"™0 molecules, W = 22 = 4.



IChO

|
2\ 5 ISL-4 C-2 Q-2
Choz0™ English (Official)

A1 The enthalpy change, AH, of eq. 3 is positive regardless of the temperature. 8pt
H, + DI = HD + HI (3)

Calculate the equilibrium constants, K, for eq. 3 atvery low (think of T — 0)and
very high (think of T' — +00) temperatures. Assume that the reaction remains
unchanged at these temperatures and that AH converges to a constant value
for high temperatures.

The AH of the following process can be explained by molecular vibrations.

- _ [H2][Dy]
2HD = H; + D, K= "op “)

At T = 0K, the vibrational energy of a diatomic molecule whose vibration frequency is v [s~'] is expressed
as:

E = %hu (5)
1 [k
v=5:1ln (6)

Wherein k is the force constant and . the reduced mass, which is expressed in terms of the mass of the
two atoms in the diatomic molecule, m, and m,, according to:

mym
= D) (7)

my + mgy

A2 The vibration of H, is at 4161.0 cm~' when reported as a wavenumber. 8pt
Calculate the AH of the following equation at 7' = 0 K in units of ] mol~".

Assume that:
+ only the vibrational energy contributes to the AH.
* the k values for H,, HD, and D, are identical.
* the mass of H to be 1 Da and the mass of D to be 2 Da.




IChO

|
\ § ISL-4 C-2 Q-3
Chozo1™ English (Official)

Q,\GS

The molar ratio of H,, HD, and D, depends on the temperature in a system in equilibrium. Here, Ap_ is
defined as the change of the molar ratio of D,.

Ap, = or 9

D= R 9)
2
D,| . D

Here, Rp, refers to M in the sample and Ry to M at T — +o0. It should be noted here that the
2 2

distribution of isotopes becomes random at 7' — +cc.

A3 Calculate Ap, with natural D abundance when the isotopic exchange is in equi- ~ 10pt
librium at the temperature where K in eq. 4 is 0.300. Assume that the natural
abundance ratios of D and H are 1.5576 x 104 and 1 —1.5576 x 104, respectively.
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In general, the molar ratio of the doubly substituted isotopologue, which contains two heavy isotope
atoms in one molecule, increases with decreasing temperature. Let us consider the molar ratio of CO,
molecules with molecular weights of 44 and 47, which are described as CO,[44] and CO,[47] below. The
quantity A, is defined as:

_ Ry
Ay = R 1 (10)
[CO,[47]] . [CO,[47]]
R, refersto —=——- inthe sample and R}, to —=——- at T — +o0o. The natural abundances of carbon
i [CO,[44] P 1770 [C0,[44)

and oxygen atoms are shown below; ignore isotopes that are not shown here.

12C 13C
natural abundance | 0.988888 | 0.011112

160 170 180
natural abundance | 0.997621 | 0.0003790 | 0.0020000

The temperature dependence of A, is determined as follows, where T is given as the absolute temper-
ature in units of K:

36.2
T2

AYEES +2.920 x 1074 (11)

A4 The R, of fossil plankton obtained from the Antarctic seabed was 4.50865x 10 °.  9pt
Estimate the temperature using this R,;. This temperature is interpreted as the
air temperature during the era in which the plankton lived. Consider only the
most common isotopologue of CO,[47] for the calculation.
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Question A1 A2 A3 A4 | Total
Points 8 8 10 9 35

Score

Sameindir sem eru 6likar ad pvi eina leyti ad hafa mismunandi samsetningar samsaeta, eins og CH, og
CH;D, eru kalladar samsaetuhverfur (isotopologues). Samsatuhverfur teljast hafa somu efnaeiginleika
eniraun er & peim sma munur.

Gerdu rad fyrir ad 6ll efnin i pessu deemi séu i gasfasa.

Athugum eftirfarandi efnajafnvaegi:

[12C1601SO]2
~ [12CT60,][2CT80,)]

12C1602 +12 C1802 = 212c16o180 K

Oreidan, S, eykst med auknum fjdlda mégulegra érastanda kerfis, W:
S =kgInWw (2)
W = 1 fyrir 12C'%0, og '2C"80,. Hins vegar er W = 2 fyrir 2C'*0'80 sameind pvi ad hagt er ad greina &

milli surefnisatdmanna peirri sameind.

Haegra megin i jafnvaeginu (sja jéfnu 1) eru tveer '2C'60"80 sameindir og par er pvi W = 22 = 4.
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A1 Vermibreytingin, AH, i efnajéfnu 3 er jakvaed vid ol hitastig. 8pt
H, + DI = HD + HI (3)

Reiknadu jafnveegisfastann, K, fyrir efnajafnvaegi 3 vid mjog lag hitastig (pegar
T — 0) og vid mjog ha hitastig (pegar T' — +o00). Gerdu rad fyrir ad hvarfid
breytist ekki vid pessi hitastig og ad AH nai fostu gildi vid ha hitastig.

Finna ma gildi AH fyrir eftirfarandi hvarf Gt fra sameindatitringum.

2HD = H, + D, K = “?;][[)[])22] 4

Vid T = 0 K, ma lysa titringsorku tviatdbma sameindar, sem hefur titringstidnina v [s~'], med eftirfarandi
jofnu:

E=—-hv (5)

1 |k

Hér er k kraftstudullinn (force constant) og u er skerti massinn (reduced mass), en hann er samsettur ar
massa atdmanna i tviatdma sameind, m, 0g m,, eins og eftirfarandi jafna synir:

MMy

p= e )

my + my

A2 Titringur H, er vid 4161,0 cm~" (pegar gildid er gefid & formi bylgjutolu (waven-  8pt
umber)).
Reiknadu A H fyrir eftirfarandi efnajéfnu vid 7 = 0 K i einingunum J mol—".

Gerdu rad fyrir eftirfarandi:
* AH er adeins had titringsorku
+ qgildi & fyrir H,, HD, og D, eru pau sému.
* massi H er 1 Da og massi D er 2 Da.




IChO

™

Q,\GS

\ § ISL-4 C-2 Q-3
Chozor™ Icelandic (Iceland)

f kerfi sem er vid jafnvaegi eru mélhlutféll H,, HD og D, had hitastigi. Hér er Ap, skilgreint sem breytingin
a molhlutfalli D,.

Ao, = 221 9)
2 REZ
o L DS, L . [D
Hér visar Ry til h—lj f syninu og Ry til h_d begar T — +oo.

Bent skal a ad dreifing samsaeta er handahéfskennd (random) pegar T' — +oo0.

A3 Reiknadu Ap pegar samseetuskiptin eru i jafnveegi, vid pad hitastig pegar Ki  10pt
jofnu 4 er 0,300.
Gerdu rad fyrir ad natturulegt samsaetuhlutfall D sé 1,5576 x 10~ og nattlrulegt
samsatuhlutfall Hsé 1 — 1,5576 x 1074 .
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Tvisetin samsaetuhverfa (doubly substituted isotopologue) inniheldur tvd pung samsaetuatém i einni

sameind. Almennt eykst moélhlutfall tvisetinna samsatuhverfa med lsekkandi hitastigi.

Skodum mélhlutfall CO, sameinda sem hafa mélmassana 44 og 47, og sem taknud eru sem CO,[44] og

CO,[47] . Staerdin A, er skilgreind & eftirfarandi hatt:

_ Ry
., ., [CO,[47)) . . . ., [CO,[47]]
Hér visar R, til i syninu og R} til —=%——= pegar T — +oo.
17l co, (agp) YN 09 Hir Ul (c5 ) Ped

Natturulegt samsaetuhlutfall kolefnis- og surefnisatdma er synt hér ad nedan; ekki parf ad taka tillit til

annarra samseeta.

12C 13C
natturulegt samsaetuhlutfall | 0,988888 | 0,011112
160 170 180
natturulegt samsaetuhlutfall | 0,997621 | 0,0003790 | 0,0020000

Hvernig A,; er had hitastigi er gefid med jéfnunni hér ad nedan, par sem hitastigid T er gefid med

einingunni K:

36.2
T2

A47 =

+2.920 x 1074

(11)

A4 Gildi R,; i steingervingi svifjurtar fra hafsbotni vid Sudurskautslandid er

4,50865 x 1075.

Notadu petta gildi a R, til ad aaetla hitastigid pegar svifjurtin var a lifi. petta
hitastig er talid vera lofthitinn & peim tima pegar svifjurtin var uppi. I Utreikn-

ingunum parf adeins ad nota algengustu samseaetuhverfu CO,[47].

Ipt
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A.1 (8 pt)

Ir'—-0:K= , T — +00: K =
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A.2 (8 pt)

AH = J mol™’
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A.3 (10 pt)
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A.4 (9 pt)
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Points 10 6 6 22

Score

In this problem, ignore the absorption of the cell and the solvent. The temperatures of all solutions and
gases are kept constant at 25 °C.

Part A

An aqueous solution X was prepared using HA and NaA. The concentrations [A~], [HA], and [HT] in so-
lution X are 1.00 x 10~2 mol L7, 1.00 x 10~3 mol L', and 1.00 x 10~* mol L™, respectively, which are
correlated via the following acid-base equilibrium:

(AT][H"]

HA = A~ +H* K=
- HA]

(M

The optical path length is [ in Part A. Ignore the density change upon dilution. Assume that no chemical
reactions other than eq 1 occur.

A1 The absorbance of Xwas A, at a wavelength of \,. Then, solution Xwas diluted  10pt
to twice its initial volume using hydrochloric acid with pH = 2.500. After the
dilution, the absorbance was still A; at A,. Determine the ratio ey5/ca-. Where
eya @nd e4- represent the absorption coefficients of HA and of A-, respectively,
at ;.
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PartB
Let us consider the following equilibrium in the gas phase.
D=2M (2)

Pure gas D is filled into a cuboid container that has a transparent movable wall with a cross-section of .S
(see the figure below) at a pressure P, and equilibrium is established while the total pressure is kept at P.
The absorbance of the gas is A = e(n/V)l, where ¢, n, V, and [ are the absorption coefficient, amount of
the gas in moles, volume of the gas, and optical path length, respectively. Assume that all components
of the gas mixture behave as ideal gases.

l
> )
Use the following definitions if necessary.
Initial state After equilibrium
D M D M
Partial pressure P 0 Db DM
Amount in moles g 0 np oy
Volume Vo Vv

B.1 The absorbance of the gas at A\g; measured from direction = (I = [,) was Ag; 6pt
both at the initial state and after the equilibrium. Determine the ratio ey /ey
at \g;, where ¢ and ¢, represent the absorption coefficients of D and of M,
respectively.

B.2 The absorbance of the gas at A5, measured from direction y was Ag, both at  6pt
the initial state (I = Lyo) and after the equilibrium (I = L) Determine the ratio
ED/EM at )\BZ'
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I pessu verkefni skaltu hunsa gleypni kavettunnar og leysisins. Hitastigi allra lausna og gastegunda er
haldid fostu vid 25 °C.

Hluti A

Vatnslausn X var Gtbdin med HA og NaA. Styrkir [A~], [HA], og [H*] i lausninni eru 1,00 x 102 mol L',
1,00 x 10~ mol L=', og 1,00 x 10~* mol L~", (talid upp i sému réd) og um samband styrkjanna gildir
eftirfarandi syru-basa jafnveegi:

HA = A~ 4 H* K:w (1)

Lengd geisla i maelilausn (optical path length) er i i hluta A. Hunsadu edlismassabreytingu sem kann ad
verda vid pynningu og gerdu rad fyrir ad jafna 1 sé eina efnahvarfid sem a sér stad.

A1 Gleypni X var A, vid bylgjulengd ). Sidan var lausn X pynnt ad tvoféldu upp-  10pt
haflegu rammali lausnarinnar med saltsyru (hydrochloric acid) sem hafdi pH
= 2,500. Eftir pynningu var gleypnin ennpé A, vid \,. Akvardadu hlutfallid
ena/ea-, Par sem ey5 09 e, eru gleypnistudlar (absorption coefficients) HA og
A7, Vid Ay
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Hluti B

Skodum eftirfarandi efnajafnvaegi i gasfasa.

D=2M

(2)

Hreinu gasi D er komid fyrir vid prysting P i ferstrendingslaga ilati sem hefur gegnsaeja og faeranlega hlid
med pversnid S (sja mynd ad nedan). Jafnvaegi er komid & medan heildarprystingnum er haldid féstum
vid P. Gleypni gassins er A = £(n/V)l, par sem ¢ er gleypnistudullinn, n er mélfjéldi gass, V' er rammal
gassins og [ er lengd geisla. Gerdu rad fyrir ad allir hlutar gasbléndunnar hegdi sér sem kjorgas.

2
,"’/ :/U
Notadu eftirfarandi skilgreiningar eftir porfum:
Upphafsastand Vid jafnveegi
D M D M
Hlutprystingur P 0 b DM
Molfjoldi ng 0 np ny
Rammal Vi

B.1 Gleypni gassins vid \g; pegar maeld eftir stefnu x (I = I,) var Ag,, baedivid upp-  6pt
hafsastand og vid jafnveegi. Akvardadu hlutfallid ep /ey, vid gy, par sem ep 0g
em eru gleypnistudlar D og M.

B.2 Gleypni gassins vid g, pegar maeld eftir stefnu y var Ag,, baedi vid upphafs-  6pt
astand (I = [,) og vid jafnveegi (I = I,). Akvardadu hlutfallid ep /ey Vid Ag,.
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A.1 (10 pt)

(Framhald a naestu sidu)
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A.1 (cont.)

Ena/En- =
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The Redox Chemistry of Zinc

11 % of the total
Question A1 A2 B.1 B.2 B.3 B.4 Total
Points 6 5 4 3 5 9 32

Score

Zinc has long been used as alloys for brass and steel materials. The zinc contained in industrial wastewa-
ter is separated by precipitation to detoxify the water, and the obtained precipitate is reduced to recover
and reuse it as metallic zinc.

Part A

The dissolution equilibrium of zinc hydroxide Zn(OH),(s) at 25 °C and the relevant equilibrium constants
are given in eq. 1-4.

Zn(OH),(s) = Zn?**(aq) + 20H"(aq) Koo =174 %1077 (1)
Zn(OH),(s) = Zn(OH),(aq) K, =262x107° (2)
Zn(OH),(s) + 20H"(aq) = Zn(OH)Z (aq) Ky =6.47 x 1072 (3)

H,O(l) = H"(aq) + OH (aq) K, =1.00 x 10~ (4)
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The solubility, S, of zinc (concentration of zinc in a saturated aqueous solution) is given in eq. 5.

S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH);~(aq)] (5)

A.1 When the equilibria in eq. 1-4 are established, calculate the pH range 6pt
in which [Zn(OH),(aq)] is the greatest among [Zn?*(aq)], [Zn(OH),(aq)] and
[Zn(OH);~(aq)]-

A2 A saturated aqueous solution of Zn(OH),(s) with pH = 7.00 was prepared and  5pt
filtered. NaOH was added to this filtrate to increase its pH to 12.00. Calculate
the molar percentage of zinc that precipitates when increasing the pH from 7.00
to 12.00. Ignore the volume and temperature changes.

Part B

Next, the recovered zinc hydroxide is heated to obtain zinc oxide according to the reaction below:

Zn(OH),(s) — ZnO(s) + H,0(1) 6)

The zinc oxide is then reduced to metallic zinc by reaction with hydrogen:

ZnO(s) + H,(g) — Zn(s) + H,0(g) (7)

B.1 In order for reaction (7) to proceed at a hydrogen pressure kept at 1 bar, itisnec-  4pt
essary to reduce the partial pressure of the generated water vapor. Calculate
the upper limit for the partial pressure of water vapor to allow reaction (7)
to proceed at 300 °C. Here, the Gibbs formation energies of zinc oxide and
water vapor at 300 °C and 1 bar for all gaseous species are AGz,o(300°C) =
—2.90 x 10> kJmol~! and AGy, (300°C) = —2.20 x 10% k) mol~", respectively.

Metallic zinc is used as a negative electrode (anode) material for metal-air batteries. The electrode con-
sists of Zn and ZnO. It uses the following redox reaction to generate electricity with the electromotive
force (e.m.f.) at 25 °C and pressure of 1 bar, E".

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

B.2 A zinc-air battery was discharged at 20 mA for 24 hours. Calculate the change  3pt
in mass of the negative electrode (anode) of the battery.
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Mt. Fuji

B.3

Consider the change of e.m.f. of a zinc-air battery depending on the environ-
ment. Calculate the e.m.f. at the summit of Mt. Fuji, where the temperature
and altitude are —38°C (February) and 3776 m, respectively. The atmospheric
pressure is represented by

5.257

P [bar] =1.013 x (1 0.0065% )

T +0.0065h + 273.15 2
at altitude h [m] and temperature T [°C]. The molar ratio of oxygen in the at-
mosphere is 21%. The Gibbs energy change of reaction (8) is AGz,0(—38°C) =
—3.26 x 102k mol~" at —38°C and 1 bar.

5pt

B.4

Calculate the Gibbs energy change for reaction (6) at 25 °C. Note that the stan-

dard reduction potentials, £°(Zn?*/Zn) and E°(0,/H,0) at 25°C and 1 bar are
given as (10) and (11), respectively.

Zn*t +2e- —» Zn E°(Zn?*t/Zn) = —0.77V (10)

O, +4H* +4e~ — 2H,0 E°(0,/H,0) =1.23V (11)

Ipt
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Redox efnafraedi sinks

11 % of the total

Question | A1 A2 B.1 B.2 B.3 B.4 | Total
Points 6 5 4 3 5 9 32
Score

Sink hefur 16ngum verid notad i malmbléndur. Sink sem finna ma i Urgangsvatni fra idnadi er adskilid
fra vatninu med fellingu (precipitation), til ad afeitra vatnid. Fellingin sem faest er afoxud svo ad haegt sé
ad endurheimta sinkid og ad lokum endurnyta pad sem sinkmalm.

Hluti A

Leysnijafnvaegi sinkhydroxids Zn(OH),(s) vid 25 °C og tilheyrandi jafnvaegisfastar er gefid i jofnum 1-4.

Zn(OH),(s) = Zn?*(aq) + 20H"(aq)

Zn(OH),(s) = Zn

(O

H),(aq)

Zn(OH),(s) + 20H"(aq) = Zn(OH)Z (aq)

H,O(l) = H"(aq) + OH (aq)

Leysni, S, sinks (p.e. styrkur sinks i mettadri vatnslausn) er gefin med jéfnu 5.

Kgp=174x10"17

K, =262x10°

K, =1.00x 10714

(M

(2)

K, =6.47 x 1072 (3)

4
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S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH)Z~(aq)] (5)

A1 begar jafnvaegjum 1-4 er nag, reiknadu a hvada pH bili styrkur [Zn(OH),(aq)] 6pt
er haestur af styrkjum [Zn?*(aq)], [Zn(OH),(aq)] og [Zn(OH)Z~(aq)].

A2 Mettud Zn(OH),(s) vatnslausn med pH = 7,00 var uUtbuin og siud. NaOH var  5pt
baett vid siuvokvann til ad haekka pH hans upp i 12,00.
Reiknadu mélprosentu sinks sem fellur Ut pegar pH er hakkad ur 7,00 i 12,00.
Hunsadu rammals- og hitastigsbreytingar.

Hluti B

Naest var hid endurheimta sinkhydroxi® hitad og umbreytt i sinkoxid samkvamt hvarfinu hér ad nedan:
Zn(OH),(s) — ZnO(s) + H,0(l) (6)
Svo var sinkoxidid afoxad i sinkmalm, med pvi ad hvarfa pad vid vetni:

ZnO(s) + H,(g) — Zn(s) + H,0(q) (7)

B.1 Til pess ad hvarf (7) geti gengid vid fastan 1 bar prysting vetnis, pa er naudsyn-  4pt
legt ad minnka hlutprysting vatnsgufunnar sem myndast.
Reiknadu efri mork hlutprystings vatnsgufu ef hvarf (7) a ad geta gengid vid 300
°C. Hér er Gibbs myndunarfriorka sinkoxids og vatnsgufu vid 300 °C og 1 bar
(fyrir 6l efni & gasfasa) AGz,0(300°C) = —2,90 x 102k mol~" og AGH,0(300°C) =
—2,20 x 10?2 k) mol~".

Sinkmalmur er notadur sem efnividur i neikvaett rafskaut (anédu) i malm-loft rafhl6dum. Rafskautid
samanstendur af Zn og ZnO. bad notar eftirfarandi oxunar-afoxunarhvarf til ad framkalla rafstraum med
ispennu (electromotive force, e.m.f.) E° vid 25°Cog 1 bar.

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

B.2 Sink-loft rafhlada var afhladin vid 20 mA i 24 kist. Reiknadu massabreytingu  3pt
neikveeda rafskautsins (anédunnar) i rafhlédunni.
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B.3 Skodum nua hvernig breyting ispennu i sink-loft rafhl6du er had adsteedum. 5pt
Reiknadu ispennuna a tindi Mt. Fuji, par sem hitastig er —38°C (i februar) og
had fjallsins er 3776 m. Loftprystingur er gefinn med
0.0065h o207
Plbar] = 1.013 x (1 T +0.0065h + 273.15) )
vid haed h [m] og hitastig T [*C]. Mélhlutfall surefnis i andramslofti er 21%. Gibbs
friorkubreyting hvarfs (8) er AG;,o(—38°C) = —3,26 x 102 k) mol~" vi& —38°C og
1 bar.
B.4 Reiknadu Gibbs friorkubreytingu hvarfs (6) vid 25°C. Stadalafoxunarispennur,  9pt

E°(Zn?*/Zn) og E°(0,/H,0) vi® 25°C og 1 bar eru gefnar i j6fnum (10) og (11).

Zn%* 4 2e~ — Zn E°(Zn?*/Zn) = —0.77V (10)

0, + 4H* + 4e~ — 2H,0 E*(0,/H,0) = 1.23V (11)
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PH,0=

bar
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AG° = Jmol~!
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Mysterious Silicon
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Question | A.1 A2 A3 A4 B.1 B.2 B.3 | Total
Points 9 7 6 10 5 15 8 60

Score

Although silicon is also a group 14 element like carbon, their properties differ significantly.

Part A

Unlike the carbon-carbon triple bond, the silicon-silicon triple bond in a compound formulated as
R'-Si = Si-R" (R: organic substituent) is extremely reactive. For example, it reacts with ethylene to form
a cyclic product that contains a four-membered ring.

—

R'-Si=Si—R' + H,C=CH, — _Si=Si
R! \R1

When R'-Si = Si-R' is treated with an alkyne (R>-C = C-R?), the four-membered-ring compound A is
formed as an initial intermediate. Further reaction of another molecule of R2-C = C-R? with A affords
isomers B and C, both of which have benzene-like cyclic conjugated structures, so-called ‘disilabenzenes’
that contain a six-membered ring and can be formulated as (R'-Si),(R?>-C),.
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R2—C=C—R?
R'—Si=Si—R! + R2-C=C—R2 — A > B + C

The '3C NMR analysis of the corresponding six-membered ring skeletons Si,C, shows two signals for B
and one signal for C.

A1 Draw the structural formulae of A, B, and C using R, R?, Si, and C, with one of ~ 9pt
the possible resonance structures.

A.2 Calculate the aromatic stabilization energy (ASE) for benzene and C (inthe case  7pt
of R" = R? = H) as positive values, considering the enthalpy change in some
hydrogenation reactions of unsaturated systems shown below (Fig. 1).

H,C—=CH, + Ho - H,C—CH, AH=-135kJ mol" (1)
H,Si—CH, + Ho > H,Si— CH, AH=-213 kJmol" (2)
H,Si=—SiH, + Hz — H3Si— SiH; AH=-206 kJ mol”"  (3)

®
9

3 Hp — AH=-173kJ mol”!  (4)
HSi—SiH H,Si— SiH,
<\ /> + 3 Hp — ¢ ) AH=-326 kJ mol”!  (5)

/—SiH2

HSi 3 Hz H,Si AH=-368 kJ mol-'  (6)

e
|

HSi SiH + 3 Ho — > H,Si SiH, AH=-389kJmol! (7)

_/

L

Fig. 1



IChO

™

Q,\GS

\ § ISL-4 C-5 Q-3
Chozo1™ English (Official)

When a xylene solution of C is heated, it undergoes isomerization to give an equilibrium mixture of
compounds D and E. The molar ratioisD: E=1:40.0at50.0 "Cand D:E=1:20.0 at 120.0 °C.

A3 Calculate AH for the transformation of D to E. Assume that AH does not de-  6pt
pend on temperature.

The isomerization from C to D and to E proceeds via transformations of m-bonds into o-bonds without
breaking any o-bonds. A '3C NMR analysis revealed one signal for the Si, C, skeleton of D and two signals
for that of E. The skeleton of D does not contain any three-membered rings, while E has two three-
membered rings that share an edge.

A4 Draw the structural formulae of D and E using R', R?, Si, and C. 10pt

Part B

Silicon is able to form highly coordinated compounds (> four substituents) with electronegative elements
such as fluorine. As metal fluorides are often used as fluorination reagents, highly coordinated silicon
fluorides also act as fluorination reagents.

The fluorination reaction of CCl, using Na,SiFg was carried out as follows.

+ Standardization of Na,SiF; solution :
- Preparation
Aqueous solution F: 0.855 g of Na,SiF, (188.053 gmol ') dissolved in water (total volume: 200 mL).
Aqueous solution G: 6.86 g of Ce,(SO,); (568.424 gmol") dissolved in water (total volume: 200 mL).
- Procedure

Precipitation titration of a solution F (50.0 mL) by dropwise adding solution G in the presence of xylenol
orange, which coordinates to Ce3*, as an indicator. After adding 18.8 mL of solution G, the color of the
solution changes from yellow to magenta. The generated precipitate is a binary compound that contains
Ce3*, and the only resulting silicon compound is Si(OH),.

B.1 Write the balanced equation for the reaction of Na,SiF; with Ce,(SO,)s. 5pt

+ Reaction of CCl,with Na,SiFg:
(Substance losses by e.g. evaporation are negligible during the following operations.)

Na,SiFg(z [g]) was added to CCl, (500.0 g) and heated to 300°C in a sealed pressure-resistant reaction
vessel. The unreacted Na,SiFs and generated NaCl were removed by filtration. The filtrate was diluted
to a total volume of 1.00 L with CCl, (solution H). The 2°Si and "°F NMR spectra of solution H showed SiF,
as the only silicon compound. In the "°F NMR spectrum, in addition to SiF,, signals corresponding to
CFCl, CF,Cl,, CF5Cl, and CF, were observed (cf. Table 1). The integration ratios in the '°F NMR spectrum
are proportional to the number of fluorine nuclei.

Table 1
9F NMR data CFCl; CF,Cl, CF5Cl CF,
Integration ratio 45.0 65.0 18.0 2.0
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SiF, is hydrolyzed to form H,SiFg according to the following eq. 8:
3SiF, + 2H,0 — SiO, + 2H,SiFg (8)

Solution H (10 mL) was added to an excess amount of water, which resulted in the complete hydrolysis of
SiF,. After separation, the H,SiF; generated from the hydrolysis in the aqueous solution was neutralized
and completely converted to Na,SiFg (aqueous solution J).

The precipitate of unreacted Na,SiF, and NaCl, which was removed by filtration in the initial step (under-
lined), was completely dissolved in water to give an aqueous solution (solution K; 10.0 L).

Then, additional precipitation titrations using solution G were carried out, and the endpoints of the titra-
tions with G were as follows:

-For solution J (entire amount): 61.6 mL.
‘For 100 mL of solution K: 44.4 mL.

It should be noted here that the coexistence of NaCl or SiO, has no effect on the precipitation titration.

B.2 Calculate the mass of the NaCl produced in the reaction vessel (information  15pt
underlined), and calculate the mass (z [g]) of the Na,SiF; used as a starting
material.

B.3 77.8% of the CCl, used as a starting material was unreacted. Calculatethemass  8pt
of CF;Cl generated.
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Hinn dularfulli kisill

12 % of the total
Question | A.1 A2 A3 A4 B.1 B.2 B.3 | Total
Points 9 7 6 10 5 15 8 60

Score

poétt kisill sé frumefni i flokki 14, eins og kolefni, pa er verulegur munur a eiginleikum pessara efna.

Hluti A

Olikt kolefnis-kolefnis pritengi, pa er kisil-kisil pritengi i efnasambandi (tdknad med R'-Si = Si-R" (R: lif-
reenn sethopur)), gridarlega hvarfgjarnt. Til deemis hvarfast pad vid etylen svo pad myndast hringlaga
myndefni sem inniheldur fjérhring.

—

R'—Si=Si—R! + H,C=CH, —_— /Si=Si
R? \R1

pegar R'-Si = Si-R" er medhondlad med alkyn (R?>-C = C-R?), myndast fyrst milliefnid A, sem er fjor-
hringur. A hvarfast 4fram vid adra R2-C = C-R? sameind og pad leidir til myndunar & isémerum B og C,
en paer hafa badar bensen-lika (arématiska) byggingu. B og C eru svokoéllud disilabensen sem innihalda
sexhring og pau ma takna med (R'-Si),(R%-C),.
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R2—C=C—R?
R1-Si=Si—R! + R2—-C=C—R2 —— A > B + C

13C NMR greining & byggingum sexhringjanna Si,C, synir tvé merki (signals) fyrir B og eitt merki fyrir C.

A1 Teiknadu byggingar A, B og C, med pvi ad nota R, R?, Si, og C. Pad naegir ad 9pt
teikna eina vokmynd hvers efnis.

A.2 Reiknadu arématiska stodgunarorku (aromatic stabilization energy (ASE)) fyrir ~ 7pt
bensen og fyrir C (fyrir tilfellid R" = R> = H) sem jakveett gildi. Notadu vermi-
breytingu sumra vetnunarhvarfanna a 6mettudum efnum, sem synd eru ad
nedan a mynd 1.

H,C=CH, + Ho - H,C—CH, AH=-135kJmol" (1)
H,Si—CH, + Ho > H,Si—CH, AH=-213kJmol"  (2)
H,Si—SiH, + Ho —_ > H3Si— SiHg AH =-206 kJ mol”!  (3)
@ 4 3H2 — <:> AH=-173kJ mol" (4)
HSi—SiH H,Si— SiH,
<\ /> 3 Hp < > AH=-326 kJ mol”"  (5)
/:SiH /_SiHZ
HSi 3 Hz H,Si AH=-368 kJ mol-'  (6)
\ /
HSi SiH 3 Hp H.Si SiH, AH=-389kJmol! (7)

«

.
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begar xylen (xylene) lausn efnis C er hitud, isémerast efnid og faest pa jafnveegisblanda af efnasambédnd-
um D og E. Mélhlutfallider D:E=1:40,0vid 50,0 “CogD:E=1:20,0vi§ 120,0 °C.

A3 Reiknadu A H fyrir umbreytinguna ur D i E. Gerdu rad fyrir ad AH sé ekki had  6pt
hitastigi.

fsémerunin ar C i D og E verdur vegna umbreytinga n-tengja yfir i o-tengi &n pess ad nokkur o-tengi
rofni. '3C NMR greining syndi eitt merki fyrir Si,C, hringinn i D og tvoé merki i E. Byggingargrind hrings
D inniheldur enga prihringi, en byggingargrind hrings E inniheldur tvo prihringi sem hafa sameiginlegt
tengi.

A.4  Teiknadu byggingu efna D og E med pvi ad nota R, R?, Si, og C. 10pt

Hluti B

f efnasambéndum hefur kisill mikla tengigetu med rafneikvaedum (electronegative) frumefnum eins og
fldori (getur tengst fleiri en fjérum atdmum). NU eru malmfliorid gjarnan notud sem florunar-hvarfefni.
Kisilfliorid ma einnig nota sem fldorunarefni pegar kisillinn tengist mérgum tengihépum.

Na,SiFg var notad i fliorunarhvarf CCl, sem framkvaemt var a eftirfarandi hatt:

+ Stédlun Na,SiF; lausnar :
- Undirbdningar
Vatnslausn F: 0,855 g af Na,SiF, (188,053 gmol ') leyst upp i vatni (heildarrdmmal 200 mL).
Vatnslausn G: 6,86 g af Ce,(SO,); (568,424 gmol™") leyst upp i vatni (heildarrammal 200 mL).
- Framkvaemd

Fellititrun (precipitation titration) & lausn F (50,0 mL) med pvi ad baeta lausn G ut i i dropatali, i vidurvist
xylenol orange efnavita, sem bindst Ce3*. Eftir vidbot 18,8 mL af lausn G, breyttist litur lausnarinnar ar
gulum yfir i fjdlubleikan. Botnfallid sem myndadist er tviefni (binary compound) sem inniheldur Ce3*, og
eina kisil-efnasambandid sem myndadist er Si(OH),.

B.1 Skrifadu stillta efnajofnu fyrir hvarf Na,SiF, med Ce,(SO,)s. 5pt

* Hvarf CCl;med Na,SiFg:
(Magn pess efnis sem kann ad tapast t.d. vegna uppgufunar er hverfandi i eftirfarandi framkvaemd.)
Na,SiFg(x [g]) var baett ut i CCl, (500,0 g) og hitad ad 300°C i lokudu prystipolnu hvarfhylki. Ohvarfad
Na,SiFs og NaCl sem myndadist var siad fra. Siuvékvinn var pynntur ad heildarrammali 1,00 L med CCl,

(lausn H). 2°Si og '°F NMR réf af lausn H syndu ad SiF, var eina kisil-efnasambandid. I 'F NMR réfinu sast,
ad auk SiF, voru merki sem svara til CFCl;, CF,Cl,, CF;Cl, og CF, (Tafla 1). Heildunarhlutféll (integration
ratio) i "°F NMR réfinu eru i réttu hlutfalli vié fjolda fldorkjarna.

Tafla 1
19F NMR CFCl5 CF,Cl, CF;Cl CF,
Heildunarhlutfall 45,0 65,0 18,0 2,0
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SiF, er vatnad svo pad myndast H,SiFs samkveemt efnajéfnu 8:
3SiF, + 2H,0 — SiO, + 2H,SiFg (8)

pegar lausn H (10 mL) var baett Gt i yfirmagn vatns, vatnadist SiF, ad fullu. Pad H,SiF; sem myndadist vid
hvarfid var adskilid fra lausninni. bad var hlutleyst og umbreytt ad fullu i Na,SiFg (vatnslausn J).

Botnfallid sem innihélt hid éhvarfada Na,SiF; og NaCl, sem var siad fra i upphafsskrefinu (undirstrikad i
texta) var leyst upp ad fullu i vatni, og fékkst pa vatnslausn K (10,0 L)

Naest voru framkvaemdar fellititranir med lausn G. Endapunktar pessara titrana voru eftirfarandi:
- Fyrir lausn J (6l lausnin) purfti 61,6 mL af lausn G
- Fyrir 100 mL af lausn K purfti 44,4 mL af lausn G

Vert er ad taka fram ad NaCl og SiO, hafa engin ahrif a fellititrunina.

B.2 Reiknadu massa NaCl sem myndadist i hvarfhylkinu (undirstrikad i texta), og  15pt
reiknadu massa (x [g]) af Na,SiF; sem var notad sem upphafsefni.

B.3 77,8% af pvi CCl, sem var notad sem upphafsefni, var éhvarfad. Reiknadu 8pt
massa CF;Cl sem myndadist.
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Hluti A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C (3 pt)

A.2 (7 pt)

C6H6 :

kJmol,C:

k] mol"
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A.3 (6 pt)

AH = k] mol™!

A.4 (10 pt)

D (5 pt) E (5 pt)
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Hluti B

B.1 (5 pt)
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Volcano at Sakurajima island
Part A

Japan is one of the countries with the highest numbers of volcanos worldwide. When silicate minerals
crystallize from magma, a part of the transition-metal ions (M"*) in the magma is incorporated into the
silicate minerals. The M"* studied in the problem are coordinated by oxide ions (0%>~) and adopt a four-
coordinate tetrahedral (Ty) geometry in the magma and six-coordinate octahedral (Oy,) geometry in the
silicate minerals, both of which exhibit a high-spin electron configuration. The distribution coefficient of

M"* between the silicate minerals and magma, D, can be expressed by:

M,
M

where [M]; and [M], are the concentrations of M"* in the silicate minerals and the magma, respectively.
The table below shows the D values of Cr?*and Mn?* as examples.

Cre+

MnZ+

D 72

1.1
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Let Ay and CFSE® be the energy separation of the d-orbitals of M"* and the crystal-field stabilization
energy in a O, field, respectively. Let A; and CFSET be those in a Ty field.

A1 Calculate |CFSEC—CFSE'| = ACFSE in terms of Aq for Cr?*, Mn?*, and Co%*; 6pt
assume Ap = 4/9A,.

A2 Alinear relationship is observed by plotting InD against ACFSE / A in the Carte-  3pt
sian coordinate system shown below.
Estimate D for Co?*.

2.0

0 01 02 03 04 05
ACFSE 7 Aq

Metal oxides MO (M: Ca, Ti, V, Mn, or Co) crystallize in a rock-salt structure wherein the M"* adopts an Oy,
geometry with a high-spin electron configuration. The lattice enthalpy of these oxides is mainly governed
by the Coulomb interactions based on the radius and charge of the ions and some contributions from
the CFSE of M"™* in the Oyfield.

A3 Choose the appropriate set of lattice enthalpies [k] mol~'] from one of the op-  3pt
tions (a) to (f).

CaO TiO \'[e] MnO CoO
(a) 3460 3878 3913 3810 3916
(b) 3460 3916 3878 3810 3913
(c) 3460 3913 3916 3810 3878
(d) 3810 3878 3913 3460 3916
(e) 3810 3916 3878 3460 3913
(f) 3810 3913 3916 3460 3878
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Part B

A mixed oxide A, which contains La3* and Cu?*, crystallizes in a tetragonal unit cell shown in Fig.1. In the
[CuQg] octahedron, the Cu-0 length along the z-axis (I,) is longer than that of the x-axis (), and [CuOg]
is distorted from the regular O, geometry. This distortion removes the degeneracy of the e, orbitals
(dxz_ » and dzz).

Y

D - La3+

@ : Cu*

O 0+
0.2520 nmI
1.3313nm

CuOq

1 ", _ASSSSnm
‘-
% 0.3833nm
Fig. 1

A can be synthesized by thermal decomposition (pyrolysis) of complex B, which is formed by mixing metal
chlorides in dilute aqueous ammonia solution containing squaric acid C,H,0,, i.e., a diacid. The pyrolysis
behavior of B in dry air shows a weight loss of 29.1% up to 200 °C due to the loss of crystallization water,
followed by another weight loss up to 700 °C due to the release of CO,. The total weight loss during the
formation of A from B is 63.6%. It should be noted that only water and CO, are released in the pyrolysis
reaction.

B.1 Write the chemical formulae for A and B. 6pt

B.2 Calculate /,, and [, using Fig. 1. 4pt

B.3 For Cu?* inthe distorted [CuOg4] octahedronin A of Fig. 1, write the namesofthe  4pt
split €q orbitals (dzz,yz andd..)in (i) and (ii), and draw the electron configuration
in the dotted box in your answer sheet.
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Ais an insulator. When one La3* is substituted with one Sr*, one hole is generated in the crystal lattice
that can conduct electricity. As a result, the Sr>*-doped A shows superconductivity below 38 K. When a
substitution reaction took place for A, 2.05 x 10?7 holes m~3 were generated.

B.4 Calculate the percentage of Sr>* substituted for La3* based on the mole ratio  4pt
in the substitution reaction. Note that the valences of the constituent ions and
the crystal structure are not altered by the substitution reaction.

Part C

Cu,(CH5CO,), is composed of four CH;CO, coordinated to two Cu®" (Fig. 2A). Cu,(CH5CO,), exhibits
high levels of structural symmetry, with two axes passing through the carbon atoms of the four CH;CO,
and an axis passing through the two Cu*", all of which are oriented orthogonal relative to each other.
When a dicarboxylate ligand is used instead of CH;CO, , a “cage complex” is formed. The cage com-
plex Cu,(L1), is composed of planar dicarboxylate L1 (Fig. 2B) and cu*t (Fig. 2C). The angle 6 between
the coordination directions of the two carboxylates, indicated by the arrows in Fig. 2B, determines the
structure of the cage complex. The 8 is 0° for L1. Note that hydrogen atoms are not shown in Fig. 2.

A ( B
C
//\\
& ® ®
/e' 0“0 0“0
 SEETEEN |
d 6=0°
Bc.@oOc

Fig. 2
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C1

The 6 of the planar dicarboxylate L2 below is fixed to 90°. If the composition
of the cage complex formed from L2 and Cu*" is Cu,(L2), , give the smallest

integer combination of n and m. Assume that only the CO, groups of L2 form
a coordination bond to Cu®" ions.

N

L2
0 =90°

5pt
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A zinc complex, Zn,0(CH;3CO,),, contains four tetrahedral Zn’*, six CH3CO, , and one 0% (Fig. 3A). In
Zn,0O(CH5CO,),, the O*~ is located at the origin, and the three axes passing through the carbon atoms of
CH5CO, are oriented orthogonal relative to each other. When p-benzenedicarboxylate (Fig. 3B, L3, 8 =
180°) is used instead of CH;CO, , the Zn’" clusters are linked to each other to form a crystalline solid (X)
that is called a “porous coordination polymer” (Fig. 3C). The composition of X is [Zn,O(L3)3],,, and it has
a cubic crystal structure with nano-sized pores. One pore is represented as a sphere in Fig. 3D, and each

tetrahedral Zn>" cluster is represented as a dark gray polyhedron in Fig. 3C and 3D. Note that hydrogen
atoms are not shown in Fig. 3.

o )
L3, 6=180°

Fig. 3

C.2 X has a cubic unit cell with a side length of a (Fig. 3C) and a density of 0.592  5pt
gcm—3. Calculate a in [cm].

c3 X contains a considerable number of pores, and 1 g of X can accommodate 5pt
3.0 x 102 mL of CO,, gas in the pores at 1 bar and 25 °C. Calculate the average
number of CO, molecules per pore.
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¥ a8

Eldfjall a Sakurajima eyju

Part A

Japan er eitt peirra landa i heiminum sem hefur flest eldfjoll. Pegar silikatasteindir kristallast fra
hraunkviku pa fer hiuti af hlidarmalmjénum (M"*) ar hraunkvikunni i silikatsteindirnar. { pessu daemi
eru M jonir girtar (coordinated) oxidjénum (O?~) med fjértengdri tetrahedral (7)) byggingu i hraunkvik-
unni og sextengdri oktahedral (Oy,) byggingu i silikatsteindum. I baedi T,og O, byggingum hafa M™*
jonirnar haspuna rafeindaskipan. Dreifingarstudullinn fyrir M™* milli silikatsteinda og kvikubradar, D,
er gefinn med eftirfarandi jofnu:

M,
M

bar sem [M], styrkur M"* i silikatsteindum og [M], er styrkur M™* { hraunkvikunni. f téflunni hér ad nedan
eru gefin daemi um gildi D fyrir Cr>*og Mn?*.

Cr2*  Mn?*
D T2 1.1
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Latum Aq vera orkumun d-svigrima M"* og CFSEC vera kristalsvidsorkuna (the crystal-field stabilization
energy) i Oy, svidi. Latum A; og CFSET vera samsvarandi steerdir fyrir T svid.

A1 6pt
Reiknadu | CFSEC—CFSET| = ACFSE midad vid A fyrir Cr?*, Mn?*tog Co?*;
gerdu rad fyrir ad A = 4/9A,.

A.2 3pt
Linulegt samband kemur fram & grafi pegar InD er teiknad a moti ACFSE / Ag i
hnitakerfinu hér fyrir nedan.

Reiknadu gildi D fyrir Co?*.

2.0

1.5

0 01 02 03 04 05
ACFSE / Ag

Malmoxid MO (M: Ca, Ti, V, Mn eda Co) hafa samskonar kristalbyggingu og matarsalt par sem M"* eri O,,
umhverfi og med haspuna rafeindaskipan. Grindarorka pessara oxida er adalega vegna Coulombkrafta
amilli jona, en peir radast af radius og hledslu jénanna, auk dalitils framlags fra CFSE fyrir M™ { Oy, svidi.

A3 3pt
Veldu videigandi rod (a) til (f) fyrir grindarorku [k) mol~'] malmoxidanna.

CaO Tio VO MnO CoO
(a) 3460 3878 3913 3810 3916
(b) 3460 3916 3878 3810 3913
(c) 3460 3913 3916 3810 3878
(d) 3810 3878 3913 3460 3916
(e) 3810 3916 3878 3460 3913
(f) 3810 3913 3916 3460 3878
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Part B

Blandad oxid A, sem inniheldur La3* og Cu?™, kirstallast med tetragonal grindareiningu eins og synt er &
mynd 1. I [CuOg] oktahedroninum er Cu-0O lengdin eftir z-asnum (1,) lengri en st sem er a x-asnum (l,,).
[CuOg] er pvi bjagad fra reglulegri Oy, byggingu og hverfur pa margfeldni (degeneracy) e4 svigrimanna
(d,2_,» 0gd.:).

b

D - La3+
@ : Cu*
O 0+

1.3313nm

_Asesa nm

y
—»
Jé 0.3833nm

Mynd 1

A er buid til med pvi ad hitarjufa (pyrolysis) komplex B. B er buid til med pvi ad blanda saman malm-
kléridum i pynntri ammoniks vantslausn sem inniheldur squariksyru C,H,0,, en hun er tvisyra. begar
B er hitad upp i 200 °C i purru lofti tapar pad 29,1% af massa sinum vegna uppgufunar kristalvatns
(crystallization water), og ef pad er hitad afram upp i 700 °C pa rofnar CO, fra efninu. Heildarmassatapid
vid myndun A fra B er 63,6%. Bent skal a ad adeins vatn og CO, rjuka burt vid hitarofshvarfid.

B.1 6pt
Ritadu efnaformulur A og B.

B.2 4pt
Reiknadu [, og/, fra mynd 1.

B.3 Ritadu nofn klofnu ey svigrimanna (d,._,» og d..) i (i) og (ii) fyrir Cu’* bjagada 4pt
[CuOg] oktahedroninn i A @ mynd 1 og teiknadu rafeindaskipanina i punktsrik-
udu reitina a svarbladinu pinu.
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A er rafeinangrandi efni. begar einu La3* er skipt Ut fyrir eitt Sr>*, p4 myndast ein hola i kristagrindinni
sem getur leitt rafmagn. A sem ibaett (doped) er med Sr?* verdur pa ofurleidandi fyrir nedan 38 K. pegar
slikt skiptihvarf var framkvaemt fyrir A pa myndudust 2,05 x 10?7 holur 4 m3.

B.4 4pt
Reiknadu prosentuna af Sr?* sem skipt var Gt fyrir La3* fra molhlutfallinu i
skiptihvarfinu. Athugadu ad hledsla jonanna og kristalbyggingin breytast ekki
vid skiptihvarfid.

Hluti C

Cu,(CH5CO,), er samsett Ur CH;CO, sem tengjast tveimur Cu®" (mynd 2A). Bygging Cu,(CH5CO,), hef-
ur mikla samhverfu (symmetry) par sem tveir asar fara i gegnum kolefnisatom fjogurra CH;CO, auk
ass sem fer i gegnum tvé Cu”", en asarnir prir eru hornréttir hver & annan. begar dikarboxylat tengill
(ligand) er notadur i stad CH;CO, , myndast "burkomplex” ( “cage complex”) . Burkomplexinn Cu,(L1),
er samsettur ur flotu dikarboxylati L1 (mynd 2B) og Cu®" (mynd 2C). Bygging burkomplexins dkvadast af
horninu 6 milli girdistefnu (coordination directions) karboxylathépanna tveggja, en 68-hornid sem er synt
med drvunum & mynd 2B. Gildi 8 er 0° fyrir L1. Athugadu ad vetnisatémin eru ekki synd & mynd 2.

A ( B
C
//\\
o ® ®
/e’ 0“0 0“0
TR |
d 6=0°
Bc.@oOc

Mynd 2
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C1 5pt

Hornid @ fyrir flata dikarboxylati® L2 hér ad nedan helst fast vid 90°. Akvadadu
minnstu gildin fyrir n og m ef samsetning barkomplexins sem myndast fra L2 og

Cu®ter Cu, (L2) . Gerdurad fyrir ad adeins CO, hopar L2 tengist Cu® jonum.

N

L2
0 =90°
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Zinkkomplex, Zn,O(CH5CO,),, inniheldur fjogur Zn’" sem mynda tetrahedral-laga klasa, 4samt sex
CH5CO, og einu 0%~ (mynd 3A). f Zn,O(CH5CO,),, er 0> i midjunni og prir asar fara i gegnum kolefn-
isatdm CH;CO, og eru peir hornréttir hver a annan. begar p-benzenedikarboxylat (mynd 3B, L3, 6 =
180°) er notad i stad CH;CO, ", tengjast Zn>" klasarnir sama  kristallad fast efni (X) sem kallast "gljtp
giraifjéllida” ( “porous coordination polymer”, mynd 3C). Samsetning X er [Zn,O(L3);],,. og hefur efnid
teningslaga kristalbyggingu med holur af nanésteerd. Ein slik nanéhola er synd sem kula 8 mynd 3D og
er hver tetrahedral-laga Zn>" klasi tdknadur sem dokkgrar fjélflotungur & myndum 3C og 3D. Athugadu
ad vetnisatémin eru ekki synd 4 mynd 3.

L3, 0=180°

c.2 5pt
X hefur teningslaga grindareiningu med kantlengdina a (mynd 3C) og eédlis-
massann 0,592 g cm—3. Reiknadu gildi a i [cm].

c3 5pt
Xinniheldur aragrua fjolda nanéhola og 1 g af X getur hyst 3,0 x 10> mL af CO,,
sem ervid 1 bar og 25 °C. Reiknadu medalfjoélda CO, sameinda sem eru i hverri
nanéholu.
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Hluti A

A.1 (6 pt)

Crt:

Ao, Mn2+ :

AO , C02+ :
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0.5
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B.1 (6 pt)

B.2 (4 pt)

nm, [, =

nm
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Playing with Non-benzenoid Aromaticity

13 % of the total
Question A1 A2 A3 B.1 Total
Points 5 2 19 10 36

Score

Prof. Nozoe (1902-1996) opened the research field of non-benzenoid aromatic compounds, which are
now ubiquitous in organic chemistry.

Photo courtesy: Tohoku Univ.

Part A

Lineariifolianone is a natural product with a unique structure, which was isolated from Inula linariifolia.
From valencene (1), a one-step conversion yields 2, before a three-step conversion via 3 yields ketone 4.
Eremophilene (5) is converted into 6 by performing the same four-step conversion.
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eremophilene (5)

Inula linariifolia

X
»
N
NaIO4
0304 2
THF, H,0
C14H22O
\ H
—/Si—N—Si—
\S' |
—gi— _
/ Crl @i)\(
CH3CN THF : - . THF
80°C —78°C o, ou ~78°C
B \ H / (ii) 0
P —Si-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
THF, H,O CH5CN THF
80 °C -78°C

A1 Draw the structures of 2 and 6 and clearly identify the stereochemistry where  5pt
necessary.

Then, ketone 4 is converted into ester 15. Compound 8 (molecular weight: 188) retains all the stereocen-
ters in 7. Compounds 9 and 10 have five stereocenters and no carbon-carbon double bonds. Assume
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that H,"80 is used instead of H,'®0 for the synthesis of '®0-labelled-lineariifolianones 13 and 14 from 11
and 12, respectively. Compounds 13 and 14 are '®0-labelled isotopomers. Ignoring isotopic labelling,
both 13 and 14 provide the same product 15 with identical stereochemistry.

\ K /
—Si-N-Si—
/ \ .
(KHMDS) Li
H N
(e L2 T N
- E o : i ~ o~ F
: S THF, —78 °C O//S\\C 3
4 7
0
Cl _OH
o)
(mCPBA)
8 NaHCO, 9 + 10
MW: 188 C14H000 C14H200
CH,Cly, 0 °C 1420 1420
\ Q
—/Si—CFzBr @—s—OH
I
Nal O 13
THF, 80 °C 11 H,'80, THF
C15H», 180,160
9 C H F O 151122 n 3-n
15M202 (n=0-3)
\ Q
—Si-CF,Br @S—OH
/ 1
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C15H0,'80,,10;,_
Cy5HaF20 15(r122= O—nS) 3-n
N ‘D
N~

160-13/160-14
(C15H22'%03) CH3OH
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A2 Choose the appropriate structure for A. 2pt
0] 0]
9 .C.) O:\§/CF3 O:\$,CF3
| F3C-S-OH Il FsC-S—NH, m N.g-CFs v HN. o -CF3

O O 77\ 77\

A3 Draw the structures of 8-14 and clearly identify the stereochemistry where nec-  19pt

essary. Also, indicate the introduced '80 atoms for 13 and 14 as shown in the
example below.
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Part B

Compound 19 is synthesized as shown below. In relation to non-benzenoid aromaticity, 19 can be used
as an activator for alcohols, and 20 was converted to 22 via ion-pair intermediate 21. Although the
formation of 21 was observed by NMR, 21 gradually decomposes to give 18 and 22.

16 C15H12Br.0
Q
S\
EtsN 18 clI > cl 19
CH,Cl,
C15H100 C15H10Cl2

OH Cl
20 —HCI 22

TH NMR (CD4CN, ppm)  20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

B.1 Draw the structures of 17-19 and 21. Identifying the stereochemistry is not  10pt
necessary.
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Playing with Non-benzenoid Aromaticity

13 % of the total
Question A1 A2 A3 B.1 Total
Points 5 2 19 10 36

Score

Prof. Nozoe (1902-1996) founded the research field of non-benzenoid aromatic compounds.

Photo credit: Tohoku Univ.

Part A

Lineariifolianone is a natural product which was isolated from Inula linariifolia. From valencene (1), a
one-step conversion yields 2, before a three-step conversion via 3 yields ketone 4. Eremophilene (5) is
converted into 6 by performing the same four-step conversion.
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Inula linariifolia
A
L
N
NaIO4
0304 2
THF, H,O
C14H22O
\ H / 0]
—/Si—N—Si\—
\S. | OH
—Si— _
CH5CN THF :C , THF D
80 °C ~78°C i OLi -78°C i 0
3 4
B \ H / (i) 0
P —S8i-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
6
THF, H,O CH5CN THF
80 °C -78 °C
eremophilene (5)
A1 Draw the structures of 2 and 6 and clearly identify the stereochemistry where  5pt

necessary.
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Then, ketone 4 is converted into ester 15. Compound 8 (molecular weight: 188) retains all the
stereocentres in 7. Compounds 9 and 10 have five stereocentres and no carbon-carbon double bonds.

Assume that H,'80 is used instead of H,'6O for the synthesis of '0-labelled-lineariifolianones 13 and 14
from 11 and 12, respectively.

Compounds 13 and 14 are '80-labelled isotopomers. Both 13 and 14 provide the same product 15 with
identical stereochemistry ignoring isotopic labelling.
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\ K/
—Si-N-Si—
/ \ _
(KHMDS) Li
H N
(e 2T
- i THF, 78 °C ; 0.4-CFs
4 7 Y
0
cl _OH
o)
(MCPBA)
8 NaHCOj4 9 . 10
MW: 188 C1aHo00O C14Ho00
CH2C|2,0°C 147120 147120
\ Q
—$i-CF;Br @S—OH
1
Nal O 13
THF, 80 °C 11 H,'80, THF
C15H22'80,'%03.,
9 C1s5H20F20
(n=0—3)
\ 0
—Si-CF,Br OS—OH
/ 1
Nal (0]
THF, 80 °C 12 H,'80, THF 14
10 C45H»5'80,,1605.
C5H2oF20 15(r122= O—nS) 3-n

160-13/160-14
(C15H22"%03) CH30OH
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A2 Choose the appropriate structure for A. 2pt
0] 0]
9 ,C,) O:\§/CF3 O:\$,CF3
I Fsc—g—OH I F30—(|SI)—NH2 m : N.-CFa IV HN. CFq

A3 Draw the structures of 8-14 and clearly identify the stereochemistry where  19pt
necessary. Also, indicate the introduced 80 atoms for 13 and 14 as shown
in the example below.
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Part B

Compound 19is synthesised as shown below. Linking to non-benzenoid aromaticity, 19 can be used as an
activator for alcohols, and 20 was converted to 22 via ion-pair intermediate 21. Although the formation
of 21 was observed by NMR, 21 gradually decomposes to give 18 and 22,

16 C15H12Br.0
Q
S\
EtsN 18 clI > cl 19
CH,Cl,
C15H100 C15H10Cl2

OH Cl
20 —HCI 22

TH NMR (CD4CN, ppm)  20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

B.1 Draw the structures of 17-19 and 21. Stereochemistry is not required. 10pt
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Playing with Non-benzenoid Aromaticity

Part A

A.1 (5 pt)

2(2pt)

6 (3 pt)

A.2 (2 pt)
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8 (3 pt)
9 (2 pt) 10 (2 pt)
1@py) 12 (2 pt)
13 (4 pt) 14 (4 pt)
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Part A

Polycyclic aromatic hydrocarbons with successive ortho-connections are called [n]carbohelicenes (here,
n represents the number of six-membered rings) (see below). [4]Carbohelicene ([4]C) is efficiently pre-
pared by a route using a photoreaction as shown below, via an intermediate (Int.) that is readily oxidized

by iodine.
®
gppha B

NaOEt
A EtOH B * ¢
B
hv

w [ LI .2 CT
c |10V )/ TU

Int.
[4]carbohelicene ([4]C)
CigH14

C18H12

The photoreaction proceeds in a manner similar to the following example.

hv

= \hV
. — L —— O
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Note: For all of Question 8, please draw alternating single and double bonds in your answers to
the problems as depicted in the examples of carbohelicene. Do not use circles for conjugated =
systems.

A1 Draw the structures of A-C. Stereoisomers should be distinguished. 9pt

A2 Attempts to synthesize [5]carbohelicene from the same phosphonium saltand  3pt
an appropriate starting compound resulted in the formation of only a trace
amount of [5]carbohelicene, instead affording product D whose molecular
weight was 2 Da lower than that of [5]carbohelicene. The "H NMR chemical
shifts of D are listed below. Draw the structure of D.

[D (6, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

[5]-and larger [n]carbohelicenes have helical chirality and interconversion between enantiomers of these
helicenes is significantly slow at room temperature. The chirality of [n]Jcarbohelicenes is defined as (M)

7o
O T

[n]Carbohelicenes with n larger than 4 can be enantiomerically separated by a chiral column chromatog-
raphy, which was developed by Prof. Yoshio Okamoto.

Photo courtesy: The Japan Prize Foundation
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Multiple helicenes are molecules that contain two or more helicene-like structures. If its helical chirality
is considered, several sterecisomers exist in a multiple helicene. For example, compound E contains
three [5]carbohelicene-like moieties in one molecule. One of the stereoisomers is described as (P, P, P)
as shown below.

(1,2,3) = (R, FP)

A3 The nickel-mediated trimerization of 1,2-dibromobenzene generates tripheny-  7pt
lene. When the same reaction is applied to an enantiomer of F, (P)-F, multiple
helicene G (C¢Hsg) is obtained. Given that interconversion between stereoiso-
mers does not occur during the reaction, identify all the possible stereoiso-
mers of G formed in this process, without duplication. As a reference, one iso-
mer should be drawn completely with the chirality defined as in the example
above, with numerical labels; the other stereoisomers should be listed with lo-
cation numbers and M and P labels according to the same numbering. For in-
stance, the other stereoisomers of E should be listed as (1, 2, 3) = (P, M, P), (P,

M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), and (M, P, M).

Ni(COd)2
Br _ \
- QO = ()
Br . .

7 N\ o
@ G0
Br (CeeHas)
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Sumanene is a bowl-shaped hydrocarbon that was first reported in Japan in 2003. The name "sumanene"
derives from a Sanskrit-Hindi word "suman" that means sunflower. The synthesis of sumanene was
achieved by a reaction sequence that consists of a ring-opening and a ring-closing metathesis.

_______________________

Representative metathesis reactions catalyzed by a ruthenium catalyst (Ru*) are shown below.

Ru*
Z R \/(j\/\
] R
R R
X Ru*
! +
R X

Ru* |
(Ca1H1g)

B.1

Draw the structure of intermediate I (its stereochemistry is not required).

3pt
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Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

B.2

Starting from the optically active precursor ), the same reaction sequence gives
the optically active sumanene derivative K. The stereocenters in J suffer no in-
version during the metathesis reaction. Draw the structure of K with the ap-

propriate stereochemistry.

4pt
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Part A

Polycyclic aromatic hydrocarbons with successive ortho-connections are called [n]carbohelicenes (here,
n represents the number of six-membered rings) (see below).

[4]Carbohelicene ([4]C) is efficiently prepared by a route using a photoreaction as shown below, via an
intermediate (Int.) that is readily oxidized by iodine.

® )
PPhs Br
NaOEt
A EtOH B * ¢
C41HgO A
B
hv

s .2 (T
c | U0V TU

Int.
[4]carbohelicene ([4]C)
CigHia

CigH12

The photoreaction proceeds in a manner similar to the following example.
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Note: For all of Question 8, please draw alternating single and double bonds in your answers to
the problems as depicted in the examples of carbohelicene. Do not use circles for conjugated =
systems.

Q.\GS
PN

A1 Draw the structures of A-C. Stereoisomers should be distinguished. 9pt

A2 Attempts to synthesize [5]carbohelicene from the same phosphonium saltand  3pt
an appropriate starting compound resulted in the formation of only a trace
amount of [5]carbohelicene, instead affording product D whose molecular
weight was 2 Da lower than that of [5]carbohelicene.

Draw the structure of D.
The "H NMR chemical shifts of D are listed below.

[D (5, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]
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[5]- and larger [n]carbohelicenes have helical chirality and interconversion between enantiomers of these
helicenes is very slow at room temperature. The chirality of [n]carbohelicenes is defined as (M) or (P) as

-5

[n]Carbohelicenes with n larger than 4 can be enantiomerically separated by chiral column chroma-
tography, which was developed by Prof. Yoshio Okamoto.

Photo credit: The Japan Prize Foundation
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A molecule that contains two or more helicene-like structures is called a multiple-helicene. If helical
chirality is considered there can be several stereocisomers of a multiple-helicene.

For example, compound E contains three [5]carbohelicene-like moieties in one molecule. One of the
stereoisomers is described as (P, P, P) as shown below.

E

(1,2,3) = (R, FP)
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A3 The nickel-mediated trimerisation of 1,2-dibromobenzene generates tripheny-  7pt
lene. When the same reaction is applied to an enantiomer of F, (P)-F, multiple-
helicene G (Cg5H5;) is obtained.

Given that interconversion between stereoisomers does not occur during the
reaction, identify all the possible stereoisomers of G formed in this process,
without duplicating stereocisomers.

As a reference, one isomer should be drawn completely with the chirality
defined as in the example above, with numerical labels.

The other stereoisomers should be listed with location numbers and M and P
labels according to the same numbering.

For instance, the other stereoisomers of E should be listed as (1, 2, 3) = (P, M, P),
(P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), and (M, P, M).

Ni(cod),
Br _ \ ' :
Jooliea ol
Br ! '

\
G
3
O Br (CeeHas)
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”

Sumanene is a bowl-shaped hydrocarbon that was first reported in Japan in 2003. The name "sumanene
derives from a Sanskrit-Hindi word “suman” that means sunflower. The synthesis of sumanene was
achieved by a reaction sequence that consists of a ring-opening and a ring-closing metathesis.

_______________________

Representative metathesis reactions catalysed by a ruthenium catalyst (Ru*) are shown below.

Ru*
+ 7R \/(j\/\
] R

z |
@O" (C21H1e)

B.1 Draw the structure of intermediate I (its stereochemistry is not required). 3pt
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Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

B.2

Starting from the optically active precursor J, the same reaction sequence gi-
ves the optically active sumanene derivative K. The stereocentres in J suffer no
inversion during the metathesis reaction. Draw the structure of K with the app-
ropriate stereochemistry.

4pt
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A.1 (9 pt)

A (3 pt)

B (3 pt)

C(3pt)

A.2 (3 pt)
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B.1 (3 pt)

B.2 (4 pt)
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Good kids don't do this, but if you unseam a tennis ball, you can disassemble it into two U-shaped pieces.

)>€f,

Based on this idea, compounds 1 and 2 were synthesized as U-shaped molecules with different sizes.

Compound 3 was prepared as a comparison of 1 and the encapsulation behavior of these compounds
was investigated.

0 0 " H
N O H N
)L Ph H/ \N )y Ph
HN™ °N N~ NH N /
Ph Ph ph->/€—Ph = \Z 026‘
HN N N NH Ph NwN Ph
(0] 1 (0]
P OH (0] (0] OH 2
HN/[(N N)kNH
R R E | | E R R
HN\[rN N\H/NH
o OH (0] (0] OH o
2
o)
HNJ(N CHj
Ph-—)\<—Ph
HN\er CHs
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The synthetic route to 2 is shown below. The element
and O; 17.98% by mass.

al composition of compound 9: C; 40.49%, H; 1.70%,

CH,OH =
o 9 " QO
>\—Z + 2x - - 4
HO OH A
C20H1806
OCH,
CO,PMB
s |- s | (T
Pd/C, H, CoaHosO- TiCI4/LiAIH, CO,PMB
(=T
OCHs
CO,PMB
S R
COo.PMB C20H1506 A
OCH,3
| e
4 +| 8 |—H
H3CO OCH,3
o]
A OCH,
HN N
o 2x R R NH
HN_ N NH
cl N
Cl 5 OCH;

0]

_ =

C:40.49%, H: 1.70%
0: 17.98%

i OH O 0 OH j\
HN™ N N~ NH
O RO
HNYN NYNH
0 OH 0] ) 0] OH o
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A1 Draw the structures of 4-9; the stereochemistry can be neglected. Use "PMB"  13pt
as a substituent instead of drawing the whole structure of p-methoxybenzyl
group shown in the scheme above.

In the mass spectrum of 1, the ion peak corresponding to its dimer (1,) was clearly observed, whereas
an ion peak for 3, was not observed in the spectrum of 3. In the 'H NMR spectra of a solution of 1,,
all the NH protons derived from 1 were observed to be chemically equivalent, and their chemical shift
was significantly different from that of the NH protons of 3. These data indicate that hydrogen bonds
are formed between the NH moieties of 1 and atoms X of another molecule of 1 to form the dimeric
capsule.

A.2 Circle all the appropriate atom(s) X in 1. 2pt

A3 Give the number of the hydrogen bonds in the dimeric capsule (1,). 2pt
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The dimeric capsule of 1 (1,) has an internal space wherein an appropriate small molecule Z can be
encapsulated. This phenomenon is expressed by the following equation:

Z+1,—2@1, (M
The equilibrium constant of the encapsulation of Z into 1, is given as below:

_ [z@1,]

K =z,

(2)

Encapsulation of a molecule into a capsule could be monitored by NMR spectroscopy. For example, 1,
in C¢D¢ gave different signals in the 'H NMR spectra before and after addition of CH,.

Compound 2 also forms a rigid and larger dimeric capsule (2,). The 'H NMR spectrum of 2, was measured
in CgDg, CgDsF, and a CyDg/C,DsF solvent mixture, with all other conditions being kept constant. The
chemical shifts for the H? proton of 2 in the above solvents are summarized below, and no other signals
from the H? in 2, except for the listed, were observed. Assume that the interior of the capsule is always
filled with the largest possible number of solvent molecules and that each signal corresponds to one
species of the filled capsule.

o] 0
HNJLN OH O H O OH N)LNH
I OH O H O OH E
2
solvent d (ppm) of H?

CsDg 4.60
C¢D<F 4.71
CgDg / CsDsF 4.60,4.71,4.82

A4 Determine the number of C,Dg and C,DsF molecules encapsulated in 2, giving  3pt
each H? signal.
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'H NMR measurements in C4Dg¢ revealed that 2, can incorporate one molecule of 1-adamantanecarboxylic
acid (AdA), and the association constants (K,) which are expressed below were determined for various
temperatures. [solvent@2,] denotes a species containing one or more solvent molecules.

__ [2@2)]
@ [Z][solvent@2,]

3)

Similarly, the K, values of CH, and 1, given as eq (2) at various temperatures in C;Dg were also deter-
mined by 'H NMR measurements. The plots of the two association constants (as In K, vs 1/T) are shown
below.

InK5
| CO,H
0 —=" e T
.. (KT
|/
AdA

No C;Dg molecule is encapsulated in 1,. In line II, the entropy change (AS) is ( 1) and enthalpy change
(AH) is ( 2), indicating that the driving force for the encapsulation in line IT'is ( 3 ). Therefore, line I
corresponds to (4 ), and line II corresponds to ( 5).

A5 Choose the correct options in gaps (1)-(5) in the following paragraph from A 3pt
and B.
A B

(1) positive negative

(2) positive negative

(3) AS AH

(4) 1, and CH, 2, and AdA

(5) 1, and CH, 2, and AdA
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If you cut a tennis ball along the seam, you can disassemble it into two U-shaped pieces.

)>€f,

Compounds 1 and 2 are U-shaped molecules with different sizes, inspired by this idea. Compound 3 was
prepared for comparison with 1 and the encapsulation behaviour of these compounds was investigated.

H
1
N

(0] (0] 1 0
A N Nod W
HN™ "N N~ NH N /
Ph-—)\é..@@@_}/{—% = \&\Z osé
HN\WN NWNH - N\oﬁw -
o) 1 o)
/LOL OH o) o) OH i
HN™ N N
R R E | | E R R
HN_ N N. _NH
I OH o) , o) OH I
o)
HN/U\N CH3
Phﬁ\eph
HN\[fN CH,
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The synthetic route to 2 is shown below. Elemental composition of compound 9: C 40.49%, H 1.70%, and

0 17.98%

by mass.
CH,OH =
o 9 " QO
S_z + 2)( —_— 4
HO OH A
C20H1506
OCH3
CO,PMB
s e | (I
Pd/C, H, CoaHosO- TiCI4/LiAIH, CO,PMB
(=Ti%)
PMB = %LL/\©\
OCH3
CO,PMB
o e
COo.PMB C20H1506 A
OCH3
| e Cr
4 +| 8 | —r
H,CO OCHjs
)
/U\ OCH3
HN™ "N
o 2x R R NH
HN_ N NH
Cl \”/
Cl OCH3
o 0]

_ =

C:40.49%, H: 1.70%
0: 17.98%

i OH O 0 OH j\
HN™ N N~ NH
O RO
HNYN NYNH
0 OH 0] ) 0] OH o
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A1 Draw the structures of 4-9; stereochemistry can be neglected. Use the "PMB"  13pt
abbreviation instead of drawing the whole structure of p-methoxybenzyl group
shown in the scheme above.

In the mass spectrum of 1, the ion peak corresponding to its dimer (1,) was clearly observed, whereas
an ion peak for 3, was not observed in the spectrum of 3.

In the 'H NMR spectrum of a solution of 1,, all the NH protons derived from 1 were observed to be
chemically equivalent, and their chemical shift was significantly different from that of the NH protons of
3. These data indicate that hydrogen bonds are formed between the NH moieties of 1 and atoms X of
another molecule of 1 to form the dimeric capsule.

A.2 Circle all the appropriate atom(s) X in 1. 2pt

A3 Give the number of the hydrogen bonds in the dimeric capsule (1,). 2pt
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The dimeric capsule of 1 (1,) has an internal space wherein an appropriate small molecule Z can be
encapsulated. This phenomenon is expressed by the following equation:

Z+1, - Z@1, (1)
The equilibrium constant of the encapsulation of Z into 1,, is shown below:

_ [z@1,]

K =z,

(2)

Encapsulation of a molecule into a capsule can be monitored by NMR spectroscopy. For example, 1, in
C¢D¢ gave different signals in the 'H NMR spectra before and after addition of CH,.

Compound 2 also forms a larger, rigid dimeric capsule (2,). The *H NMR spectrum of 2, was measured
in CgDg, CgDsF, and a CyDg/C,DsF solvent mixture, with all other conditions being kept constant. The
chemical shifts for the H? proton of 2 in the above solvents are summarized below, and no other signals
from H? in 2, except for those listed, were observed. Assume that the interior of the capsule is always
filled with the largest possible number of solvent molecules and that each signal corresponds to one
species of filled capsule.

o) 0
OH O H O OH
HNJLN N)LNH
R R E P4 E R R
HN_ N N_ _NH
T 0 b
o OH O H O OH o
2
solvent d (ppm) of H?
CeDg 4.60
C¢D<F 4.71
CgDg / CsDsF 4.60,4.71,4.82

A4 Determine the number of C,Dg and C,DsF molecules encapsulated in 2, giving  3pt
each H? signal.
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'H NMR measurements in C4Dg¢ revealed that 2, can incorporate one molecule of 1-adamantanecarboxylic
acid (AdA).

The association constants (K,) which are expressed below were determined for various temperatures.

[solvent@2,] denotes a species containing one or more solvent molecules.

[Z@2,]
[Z][solvent@2,]

K, = 3)

Similarly, the K, values of CH, and 1, shown in eq (2) were also determined by 'H NMR measurements
at various temperatures in C;Dg . The plots of the two association constants (as In K, vs 1/T) are shown
below.

InK,
| CO.H
0 .-'.. a .. 1 / T
.o -... (K—1)
Il
AdA

No C¢Dg is encapsulated in 1,.

A5 Choose the correct options in gaps (1)-(5) in the following paragraph from A 3pt
and B.

In line II, the entropy change (AS) is ( 1) and enthalpy change (AH) is (2 ),
indicating that the driving force for the encapsulationin lineIlis (3 ). Therefore,
line I corresponds to (4 ), and line II corresponds to ( 5).

A B
(1 positive negative
(2) positive negative
3) AS AH
(4) 1, and CH, 2, and AdA
(5) 1, and CH, 2, and AdA
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A.2 (2 pt)
O O
HNJ(N N)X\NH
HN\[(N N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
d (ppm) of H? numbers of C;Dg numbers of C;DsF
4.60 ppm
4.71 ppm
4.82 ppm
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