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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 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 11
3 | Lambert-Beer Law? 22 8
4 | The Redox Chemistry of Zinc 32 11
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? 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
thermodynamics

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 = (ciC +dD
Q= [C°[D]
- arpb
[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 FE=FE° + R—F In COX
redox reaction z red

, Where C,, is the concentration of oxidized substance, C,o4 is the
concentration 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

E=hy= h%
, Where v is the frequency, A is the wavelength of the light.

The sum of a geometric

When z + 1,

series no o 1—antl
l+o4a? 4 Fa" =3 o'= e

Approximation When z « 1,

equation that can be _1 ;.

used to solve problems 1—=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.
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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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RN3GICeH SRFCo = e T AN 2ofifire T SRPN FIAINK SR fA6a I 911 QLIE, N QB0 41gre
RIRGICEH-CHIEe @t REsar $39, T ARGICeH- A=A 9IR-GHIEER AR 57ifFo agfe|

Part A

FBGICSH @I AF6 416 2rHT T ARCNTY T 27, AT AV 167 TS IRGICSH- aF Aoy
afEfS Rasar &1 H,(g) — 2H(ad), 23@esa WY (H,) T 4163 (M) eifem a3t 9 Renfers zar am

QIR H-11 3 #fFenfIs =3 (Fig. 1)1 @91, (H,) 93 518117 *ifE 95 o1, wrssRvgs 53y, 0, a3 29
{I6] NI A FAfFo Twol [ gAY Sorgrod AT 271 abl &3 37 @&, Yo H [T ITRIT 10 757

NS QIR FEFHT @7 T &aF G6 @A (Fig. 1) | Fig.2 o 9ed Rare@s o %S =fe a7
ST (TATER | TR MBS (H,)-937 @I &S &Rt 38 5181y *IfSx Sorgioe | fa@basy I<4raft 20
k) mol~!, Gyrer3s 534116 100 k) mol—', , a3R fAEB 8 TIrIe3aa Iy R4S 80 k) mol ' | QA Xa3-21tT%
TG ST BT 25|
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A1 fasfefys ofSh anddEs (i)-(iil) o, A-G ( [AFbow J19ft f[d5d 331 6pt
(i) @3B H2 WY o1 WSS AIIERP GI9
(ii) 4TOF AFFIYI & WS AFHERE 77w (dM in Fig. 1)
(iii)) 5% I ARFCNTS H sI7a19= 7w (had in Fig. 1)

A.0.03nm B.0.07nm C.0.11Tnm D.0.15nm
E.0.19nm F.0.23nm G.0.27 nm

A2 faefefis snadasiem afsfs (i) - (i), A-H Qs [Astoa a4aft fRd 641

4pt
(i) IFAT H, 9F IFIT H T Rftamg10T oy A@reaiy <fe
[Hy(9) — 2H(9)]
(i) 9T I H, QT CNFCVF ST J& 3871 1S
[H,(g9) — 2H(ad)]

A.20kjmol~"  B.40kJmol-'  C.60kJmol’

D. 100 k] mol~’
E. 150 kfmol~" F.200 kjmol~" G. 300 k] mol~"

H. 400 k) mol~"




AN

1 _ 4
?».;, BGD-4 C-1 Q-4

S
Chozons Bengali (Bangladesh)

Part B

sIfFens ar3mgice REIgaft 27 ItE CNfFe 27, I FFRTR aR & 2@ I AW R WE, @ 9
fRfFarefas (1a) 3R (1b) *AIET @R H(ab) ITET F& CNifEs aBft 23wgice™ =9 afsfafig $@)

k4

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

H(ad) — H(ab) (1b)

AT, REARONTY 9 CNFER &7y oo ofS [few 31 IXWSFE, ry[s 1], 7,[s '] QIR ry[s7'] | TTTRE
GOTF 2T FAT 2

ry =k Py (1—0)? (2)
Tg = k'292 (3)

@A ky [s7' Pa~ "], ky [s7'] QIR ky [s71] &P 219 469 @92 Py ARG G191 790 Goferah M0 Sfera
qeey, 0 (0 < 0 < 1) H 71791 g1 ndfeips ST QUi 4179 1 27 @, ARCITT 93 @A CINER
(ry, 7o > ;) QOIIN TS 27 Q3R 0 R AT

B.1 r3 (P APPT I AT AER: 5pt

ry= —— 3 (5)

CO-G k, QR k, g &1 3531
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S = 1.0x107% m? QT FTHOETI (Fa M2 9F( 4T0I TYAT QB0 AFI H, -2 FAT I 2@ (1L =1.0x 1073 m?3)
Py, = 1.0 x 102 Pa ). 7[T9F RG-S/ CNTTIA AEB ST q9 2ot N = 1.3 x 1018 m~2. 7o SIsiarat
A AR T = 400 K. e (1) afSier Trem= s s, A, <75 216 3 (Ieltgy = 4.0x 107 Pa s, 4@
qr8 @ H, a6 o =71t Q3R 4197 FFA1F AR F917 |

B.2  &fS 3EAb s 7rda 380t cvran T cnfys @reefaics H siaryg sifmy siar - 3pt
34, A[mol s~ m~2].

B3 T =400K C=1.0x10?Pa". k3 a3 F9 400 K-Q 511 71 ¥ Ifi B.2 a3 e ar  3pt
M3, O A = 3.6 x 107" mol s~' m—2 =K |

B4 RfSIT,C=25x10°Pa~" @2 ky = 4.8x 10725~ W AR ry T &G By BIIT - 3pt
QR Q3 TIFaAry, (a)-(h) s 515 2466 [Riea 11

x 1073 x 1073 h (9
(d)
-~
6.0 (©) 6.0 / ()
- / - /
N /5]
n 40 (b) e 4.0
A N
— / (e)

/A
2.0 (a) 2.0
/ 1 Y
/
// //
0 1.0 2.0 x 1076 0 1.0 2.0 x 1076
Py, /Pa P, /Pa
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Hydrogen at a Metal Surface

Part A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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Part B

B.1 (5 pt)

B.2 (3 pt)

A= mol s T m—2
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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.
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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.
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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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TBCNGIHT REIEAT TGS 945 F31 3 | @J9 CH, IR CH3D, & SIBTABICATT NS IAT 37 | SIZCIICEI-
AT 9F3 IFTP QPIRITS I I IR 2| ORF, AN AL Wiz |

0 (T I, a3 ey emiXfo ST o s *i=ie I

[12c1 60180]2
= [12C160,][12C"80,)] M

12(:1602 +12 C1802 = 212c16o180 K

aqGf, S, @8 SICEER AT TR TR 7N IGIF A I 17, W:
S =kglnw (2)

W = 1for 2C"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.

12C160, @32 12C"80, @I T W = 11 Wi 12C1°0"80 WF ey W = 2, FIAY HNHCTH F[9Ig a8 WY
SAFCISN | TIIREIRF TABIY 5 G TIF 2f1et 55 12C100"80 g Iacy, O3, W = 22 = 4.
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A1 ARBIY © AT QWA 764, AH, Srorrar [T gargs|

8pt
H, + DI = HD + HI 3)
IARFAT 0 QT G AP K 1T 7, T4F SIorTrar g7 I (T - 0) aIR Siorgrar 47
QR (T = + )| 47T T 93 SIoEray [fFTt wRe$o As a2 AH O Sremarg
&< I Se 37|
fafafie afEafog AH TR T= gt e 3 @ &)
N _ [H2][D]
2HD = H, + D, K = HDJ? (4)
T4 T = 0 K, 539 936 Gy S =™ <& 2P T 27 (IF FER @@ 0fs-1])
E = %hu (5)
1 [k
2w\ (6)
@A k I &I QIR [| IHPO SIS [GAINYF WY ©IGT, M1 QI m2, FIFT &5 FH1 37~
UL 7)
my + mgy
A2  A2H2 493 a3 FIET ST, 4161.0 cm-1 | fasfafis s AH) mol-1  8pt

QP AV FF, TAE T =0 K

2HD — H, + D, (8)

191 Ti<p,

* @I FATS IfE AH Q TR/WF I
* k @3 919 H2, HD, and D2 &qy A9I9
*HOI 3 1 Da vk D @3 vl 2 Da
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H2, HD, @3} D2 QT TIHIF WIS AMIRFIR SIFNAR B9 63 @1 Q4IE, AD2, D2 aF @HRF WgAed

_ Rp,

B, = 2 1 ©)
2

QN RD2, YA [D2]/ [H2] @I ROD2, O - +« 5 [D2)/ [H2]E AT @ 1 QUIE T - + 0 @ WIZGIGIoasfo
ISCERRCIGIG GG R

A3 AD2 NS T, TN BG4 ARIS @I ST K (STFIY 4) Q@I 9 @ Bi9- - 10pt

@ 0.3001 &1 TF D 8 H QF AIP6F ATHT TGS JAHE 1.5576 x 10-4 QIR 1
- 1.5576 x 10-41
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TIFVSIR, FATSHIS TEENGIRATR @HARF TGS SIofEar JIeR A I 1, TF 96 e 9o ot

IZCANGI? IEC2| CO2 9T @R TIATS [IEA T 16, S 44 QIR 47 Wl soage @@, Co2
[44] 3% CO2 [47] BT IFTT 1 @21 QL A7 & ARSI T 3@

R
A47 _ 47

=2 (10)
R47

G FRA 8 AR PO ApFor JE amfHo 2@z, 9UIE @ ABEMHIHST (AT 27 Of St
71

12C 13C
ofPpfo ot | 0.988888 | 0.011112

’I6o 170 ’ISO
@Wﬁgﬁ@ 0.997621 | 0.0003790 | 0.0020000

A7 a7 Sremrarr fSSgor faafafis o [4Ee 73, @E T (K) «" Sremrar

36.2 B
Ay = 2o +2:920 x 1071 (11)

A4 SUTBIHB STm G0 (IS IS SIRPU-Q R47 97 J19 4.50865%10-51 98 R47 - Ipt
IR IR oAl [Afy 1 93 SrEar WFt @ Yof IV IIo (13 JOof ISR
SITal QI ST ) BTG S LY RGBS CO2 [47] Rasar
S|




N BGD-4 C-2 A-1
%

V'Q
Chozo1™ English (Official)

Isotope Time Capsule

A.1 (8 pt)

T—0: K= , T — 4+00: K =
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A.2 (8 pt)

AH = ] mol—!
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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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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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a3 I CHC@ G QIR TR CNTT WA FRT| FFA TIYT QIR ST Srorarar 25 °C [Fws|

Part A

G T TIT X T HA Q3R NaA 3Rt ofFl & @It [A], [HA|, @32 [HY] a3 Ta9mal I@E

1.00 x 1072 mol L', 1.00 x 103 mol L', @32 1.00 x 104 mol L', T Aesre a1 k=
D

[AT][H"]

HA = A- +Ht K =
- HA]

(M

215-A T CF@ TERFARF 779 | @3R dilution aF T density {6 =7 11

A1 )\, SIFACEH X GF CNFT A, & TIVE pH=2.50 @ IR@I@EEs afsts amer 10pt
T AT GBI 2T ATCHA FIIF ARG IR )| OIHCACH CIIT A, #inear

O eyp /5, NSO @I FEN £yp 92 £, - TAHE HA QIR A, @F absorption
coefficient &M |
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Part B
g T SR s a1 T8
D=2M (2)

P Bitst R D s gt @6 aaesaAT (Cuboid) 2@ 5<f 11 21 TR e Fom @ REI T a3 SBeamd
cFasd S ([Nwea foa ciedl) | 8@ GEfS P & BICs STRIRER SoaTs 3| S0 eMTT A = 2(n/ V)], @AE €,
n, V @32 | I absorption coefficient, SR @ISR, MK WHOF QIR NITHFARI 0 00T |
R S5t ST W s ot [Riesar 331

l o
> )
i
ATGIRINH fVeET 1ves YR IR LI
Initial state After equilibrium
D M D M
Partial pressure P 0 Db Dm
Amount in moles ng 0 np oy
Volume Vo Vv

B z(l=1,) " QA ARSI AT \g, I BT WTARRT @I AWIRB GOT  6pt
W abSOI"bance AB1 AT T | >\B1 qq (@ ED/€M @?W, SRIIG] (5} [UISEN EM
TAFHE D @3 M absorption coefficient faorT @1

B2 y i (T AR B \g, SABCAC WG absorbance v wregr (I = 1,0)932  6pt
STIRIIRR (I = 1,,) SONCHEAR Ag, | Mg, G (A ey /ey ([ I
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A.1 (10 pt)

(Continued on the next page)
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Part B

B.1 (6 pt)

€p/em =
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ep/em =
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The Redox Chemistry of Zinc
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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)

Zn(OH),(s) = Zn

(OH)(aq)

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

H,O(l) = H*(aq) + OH™(aq)

Koo =1.74x 1077 )

K, =262x10°¢ (2)
Ky =6.47 x 1072 3)

K, =1.00 x 10714 (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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Score

&1 I 4@ foroeT QIR 301Ite IR 91 3| g 397 (I o wasese o weEm @ oS

IS 31 2 QIR AT TLTHAE RS I 4197 63T FAsTFHF QIR IR I 27N

Part A

250 C SToE@ar Zn(OH)2 a3 Bp3 ApRgT (Dissolution equilibrium)a3k Sf3s ST 35 ARPIT (1-4)

Q (TSI (TS

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

Zn(OH),(s) =

Zn(OH),(aq)

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

H,O(l) = H*(aq) + OH™(aq)

Kgp=174x10"17

K, =262x107°

Ky =6.47x 1072

K, =1.00x 10"

(M

4
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e a TIRrot, S ANBAY (5) Q (ST JCA1S
S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH)7~(aq)] (5)

A1 SRIBIY(1-4) AIREI B &9 pHARAE [Zn(0H)2(aq)] @I g99@t [Zn2+(aq)],  6pt
[Zn(OH)2(aq)] 932 [Zn(OH)42-(aq)]ad J& o=t Qf|

A2  Zn(OH)2 a7 a3 ™o S TR &S IE (2@ @ 2 T pH=7.001 #ifFes  5pt

LT NaOH G1est pH=12.00 531 30T W43 368 fR7ema molar percentage G T
HITod 8 SINAR “AfRTOT Wy FET

PartB
HAFGRPS Zn(OH)2 & o191 force fieea T TGt & T3S e Twe

Zn(OH),(s) — ZnO(s) + H,O(l) (6)
&2 THIZT IBGICTH G TSI FAET 4107 G 2iMs=r T

ZnO(s) + H,(g) — Zn(s) + H,0(qg) (7)

B.1 @GITSED 5191 1 bar @ [ (7) seafoo zems oy Sesy s @i s  4pt
B9 ST G| 300 OC. Srorgrary [ (7) Fab@w T Sreaiesig wiefs
B AN @F IR (ST T, 300 0C SIofETat 2 1 bar 51tst Zn0 QIR SR
15K Gibbs Energy I
AGZnO(3000C)=-2.90x102kJmol-1 and AGH20(3000C)=-2.20x102k]mol-1

Metal-air BIRCE 4163 &3 @oifbe BfEegIR (THEs) REE IR 331 2T T &5 e s TH/ze g
s1f5®1 Qt® 250 C Q32 1 bar 519t [ReErs Tgq-Rrema (o) [Rifae siaey of6e ey I e.m.f, EO

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

B.2  Zinc-air 6T 24 95T 4@ 20 mA @ discharge 3| BRI @eoifoe sfdegima 3pt
TR ST @I FEI
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B.3

4@, Zinc-Air BT e.m.f @7 2SS O BRI AREER T2 S|
Mount Fuji e5erT e.m.f QI FE@T @AE SIoFrar QI Two! JAFE -380 C
(February) @38 3776 G| ITTTER b1t [T ANPIT WIPIE SFMT FJT T8

0.0065h )5'257

Plbar] =1.013 <1—
[bar] X T +0.0065h + 273.15

9)

Tl h [fN6F] 3R Sl T [0C]. ITIBE NHCSEI (@ARH WIS 21% -380
C a2 1 bar sitet if&ar (8) @ Gibbs *If&x #iffgda AGZnO (-380 C)=-3.26 x 102
kJmol-1

5pt

B.4

250 C @32 1 bar 5ot [Rf&ETT (6) @ Gibbs xIf&$7 #Ifi6d @ & T NT @, T&
SI#fgTal 8 Bitst Standard Reduction Potential, Eo(Zn/Zn2+) Q% Eo(O2/H20) IqT-
T ANBAY (10) Q32 (11) =TI

Zn?t 42~ — Zn E°(Zn?*/Zn) = —0.77V (10)

0, +4H* + 4e~ — 2H,0 E°(0,/H,0) = 1.23V (1)

Ipt
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Part B

B.1 (4 pt)

PH,0=

bar

B.2 (3 pt)
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B.4 (9 pt)

AG° = Jmol~!
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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
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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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fiferea @ Trot 9T 91 14 TomIF FZANRS, TIiR @RS Srad@s e 35|

Part A

P - I oI 03 [oidics, Hiferea - Hiferea o 306 aft &1t 7o ven tofF 23 R1-Si =Si - R1
(R: to11 5%) Wors At | Sraagmet, aft 3o stdw s Rfsr g o o19-Es 9 oapig Beoim|

R'-Si=Si—R' +  H,C=CH, —> si=si
N

T4F R1-Si =Si - R1 & SPI139 (R2-C=C- R2) T treat TA1 27, ©UF BIR-GRIFIS {1 AIRINS F4076T &I
A 5if5% 33 | R2-C=C- R2 WY S A-aF W8 R[RfFI WG B a3k C, Towmds @afeEd Jo! 5Him
ST FISIET IECE AR T SARBRIG ‘disilabenzenes’ TeAF FE | A© TT-FIRIS R A a3 afb
(R1-Si)2 (R2-C)4 f=31T APCO A

R2-C=C—R?

R'-Si=Si—R' + R2-C=C—R2 — A B + C
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AR =-EERYS [ FOET Si2C4 @7 13C NMR Ry B @3 oy 7f6 «3r C a7 oy 9f6 Brsiane 1o
A

A1 R1,R2,Sia3k CIRIFIA A, B, 93t C 9T FIRT 15 g aafcr @i | Ipt

A2 QafGE a3e C 93 @ aromatic RSN ifS (ASE) 4aT<s Ji9 BN 19t $7 (- 7pt
R1=R2=H a7 (%@ ) @ o emffo arrie Pobaslcr kgt = @R as-
refor 23S fRawar =1 =17 (Fig. 1)

H,C=CH, + Ho — > H;C —CH,4 AH=-135kJmol" (1)
H,Si—CH, + Ho . H;Si— CH,4 AH=-213kJmol" (2)
H,Si—SiH, + Ho —_— H;Si— SiHj AH=-206 kJ mol™"  (3)

J
]

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

/:SiH /_SiHZ

HSi + 3 Hz — H,Si AH=-368 kJ mol”!  (6)
N\ /

HSi SiH + 3 Hz —_— H,Si SiH, AH=-389kJmol! (7)
N\ __/

Fig. 1
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TUAF SR T3 C T I1 7T, ©UF Qfbg WREGINRRE™T 27 32 a6 TR D g E a7 &5 (7g|
@I TS 50.0 f&f GifBears @ D: E = 1: 40.0 @32 120.0 ° 51 @ D: E =1: 20.0 |

A3 D @@ E © FNIEI G AH 1991 T 47 AH SINIa S [ad6g @ a1 6pt

C S D a3} E-(5 WIZGTNIRGIRE™E -39S 0-I08 FANSIFICNT T4 afag T 1 13C NMR R
D 97 Si2C4 WiHfoF &) QIf6 7S IR E a7 & Jf6 Ao @Al | D a7 Hipfoco (skeleton) @FE8
fS7-creRge [ A 71, 3R E 93 96 [oq-@o9:1ge [ @it fFaat o 3@ |

A4 R1,R2,Sia3k C I3 IE D G3R E QI TG STasfcr w1 10pt

ifera coifaas gt Bf6R AT AFSfeE (S5 A=) sy Sz e @ 15
FIHA| 419 FRIZTSH i3 FAee [Races fZ5E 39z 73, 3t Swor swivs e
GFIF130ea GFifdaaq fAates f3Es e sE|

Na2SiF6 T2 @ CCl4 a3 Few [Rfe fasfafio e smerm zace!

Na2SiF6 T« 1935399 (standardization)

& 8fS (Preparation)

S @I F: Na2SiF6 @3 0.855 &1 (188.053 TN (I - 1) ST G1go (I WWod: 200 9¥a#)|
T BRI G: Ce2(S04)3 AT 6.86 &I (568.424 ST (I - 1)%'&@@ (1B TrTSd: 200 Q99)|
A&fS (Procedure)

Xylenol @7 GoffSto BGOSR TIT G @19 FE AI6 TIT F (50.0 mL) 9 TLTHA GRS Iq a1 3o
@A Ao 3511 xylenol orange Ce3+ a3 s AfIERTS 3@ Ao ZE Fror @1 18.8 Rffedm G
TR & FAIF A, 9T I8 T (AT TGO ARIMES 771 Georg Wases1t ot 3Ty cnfas s Ce3+,
QIR 9FIIG Si(OH)4 AN |

B.1  Ce2(S04)3 fiem Na2SiF6 a3 Rfexr oy sroage T e 5pt

Na2SiF6 a3 s CCl4 a7 f[ifesa:
(ST, I NI it omeda groea faafafis o stam 9519)

Na2SiF6(x [g]) CCl4 (500.0 a1¥) QF S @15t TR 36 17 a1 vrot-2AfSa aifSfearaes 300°C T war
@AE | WRIEHRS Na2SiF6 3R B NaCl AfRERY gt 2 11 771 AfR==R9f6 CCl4 (solution H) 12 (116

1.00 L @ s 31 371 BTIT H 97 29Si @32 19F NMR C#IFGT SiF4, & aFara Hifersa @t i@ ¢

Bu#fF SiF4 a3 s 19F NMR Iifeics CFCI3, CF2CI12, CF3CI, @I CF4 a3 ST s7afs fSrsianer ¢ (cf.
Table 1)1 19F NMR Ifics 3fbtertd Sg=its $id ReFRomR sias s STugefss|

Table 1
F NMR data CFCl5 CF,Cl, CF3cl CF,
Integration ratio 45.0 65.0 18.0 2.0

SiF, is hydrolyzed to form H,SiFg according to the following eq. 8:
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3SiF, + 2H,0 — Si0, + 2H,SiF, 8)

T34 H (10 mL) wfSfEe wifmme «nfacs arsr a1 739, T B SiF4 57109 s -ReafEs 311 siemT 28919 914,
TR TR WY- RIS I S H2SiF6 fRFeer s 11 337 a3k S1o9<fhest Na2SiF6 (S 814 ) (@ Foirsfio
T 2

SfeNfas Na2SiFe @3 NaCl a3 siF&l, Tt AIANF sMess (AFSIFET) aF ARTRY G FIET e,
Gift @36 T BRI ¢ (BRF K; 10.0 L)1

TR, U39 G IRIR IR SRS WLTH BIRBIEHT oo AT 2%, 3R a3 o19-R7 foge famamon:
-For solution J (entire amount): 61.6 mL.

-For 100 mL of solution K: 44.4 mL.

QT ST FA1 666 @ NaCl I Si02 aF FRRIIER e WLTH SIRGIEIH @8 Ok @3l

B.2 fRf&ar *i@ Sesifis NaCl ag B3 9a1 7 (57 underlined) QIR BF© TS~ 15pt
Na2SiF6 a3 83 (0 [g]) /T 31

B3 RS o i I9me CCl4 a7 77,8% w+ifixf$we &1 CF3Cl @3 57 s19ar 8pt
I
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CeHg : kJmol™",C: kJ 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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Part B

B.1 (5 pt)

B.2 (15 pt)

(Continued on the next page)
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Nacl : g, Na25|F6 : g
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Score
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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Volcano at Sakurajima island

Part A

TN &P AP AT accm | 999 Hiferst Aferasfer syt (s fstede @, SN a[Ro
transition-metal Sa SR (M) @36 W it dffeiaitne e 271 aaiE MM SE SI13S WS-
&feT (0%) GIRT TISIAICS tetrahedral (T) SHIRNTS Wipfog IR Hifeit dffeiafcs octahedral (0,,) SRS

PFoF 2| T3 SH-91 SEZH FAPNETI 2fa @1 Siferss <fder 3R Jprorr a3 Jeg M+ [Reg
3291 D G-I 2B T (qCS AR

M
M

@AE [M], a3 [M], I Hifest afder a3g girormce M gaarar | faws GRe Swmae=mwmst Crit a3l
Mn?* Qg D SIF 2wl 91 318

Cr2r  Mn?+
D 72 1.1
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APAN

QT Ay 93 CFSEC It MM @ d-orbital @3 =fea@s [Rered 8 0, =Fioe-cvan BfoTmor fea
Rerew & 0T &1 Ar @3R CFSET T, GFeas il

A1 A = 4/90, §& @, Cr2*, Mn?*, @3% Co?* @7 A, S5 | CFSEC—CFSET| = ACFSE  6pt
Ik

A2  JIGHEE BEE-A InD vs ACFSE / Ay O3 RIAF 57°9F o557 T T 3pt
Co?" a3 D 3513 3=-

2.0

0 01 02 03 04 05
ACFSE / Ag

4153 WHIZG MO (M: Ca, Ti, V, Mn, or Co) GaIf1s 38 RIe-aeig SIS | MM oo Sw-Foa 3erga
FARFANEIT 2 O, TUINGT TIPS a2 IR 9B s sitr @ftw aauef goo sraasicm s ags
BICSTH B9 ffE @ T BRI g AfFBIfcre 2371 @aitg M+ a3 CFSE a3 5 wamid 0, fres 3@l

A3 (a) X (f) 97 Jegy sfSoT Qa=taHg [k) mol '] 3pt
e 1615 foioa 3

Cao TiO VO MnO CoO
() 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

a6 Ry THBT A @ La3+ a3 Cu?t &Ity T @11 tetragonal unit cell Fig.1 @ (T4t 3cca | [CuOg]
octahedron @, Cu-0 Q3 z-axis (I,) IR i x-axis (I,) 9T TAIT Q@A QIR [CUO,] GF TPFS 7S O,
QA Rpo1 a8 Rpfoa ey e @RI (d,2 2 and d..) T+ 78 =1

D : La3+
@ : Cu¥
- O : 0+
ol
0.2520 nmIi TETTH
17 < | |13313nm
CuO¢ |
f//%}{'_ __________
1 ", ASSSSnm
——p
ke 0.3833nm

Fig. 1

A & complex B @3 ST decomposition (pyrolysis) @i IS 11 I complex B & F11RS wuifreogs
(@36 srRfsrs, C,H,0,) Ao ST IR T 4ol @FRIEG [ @ f3 1 =1 B @7 Ioiet
pyrolysis Q “HEFIICIT T JIGI BT 200 °C 1 29.1% S JIA 1T, QI2IF 700 °C HITY WS ST

JIT " CO, SJIoY A Sil)| B (ATE A ISEI ST (@16 S ZT 63.6% | Q3 N33 aiferamm @y onf
a3} CO, J& |

B.1 A Q3% B a3 INTRS Ao f7e- 6pt

B.2 Fig. 1. & [, @I} [, o711 33- 4pt

B.3  Fig. 199 A o 3fFo 4w [CuO,] octahedron @ Cu?t f®w e, orbitals (d,. . and  4pt
d.=)in (i) and (i) 93 IS {94, 3R dotted box @ electron configuration fera-
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A a3f6 87| TUF @36 Ladt, af6 Sr2t gt aifsmiore 23 5349 a3t @I (ofF 27 3% 39 Rpe #if{7as

FACS AN | Tt Srt-doped A 38 K O3 A6 JoRFsorioiet crarm| 749 A a3 aifswem [Rifes s o4,
2.05 x 10?7 holes m—3 ¢=f3 =3I

B4  afSxom Rifrar e sarei o1 s 31, Ladt a3 g1at Sr2t ag xroaar off$sr- - 4pt
oI 55119 35911 9B aifSgro R wmesfom @reat 8 crystal structure sifF3fo
EREIEY

Part C

Cu,(CH5CO,), is composed of four CH;CO, coordinated to two Cu®" (Fig. 2A). Cu,(CH;CO,), 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 complex
Cuy,(L1), is composed of planar dicarboxylate L1 (Fig. 2B) and Cu®" (Fig. 2C). The angle 8 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.

Bc.@oOc

Fig. 2



IChO

|
2\ § BGD-4 C-6 Q-5
Choz0™ Bengali (Bangladesh)
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.

'4 N

L2
0 =90°

5pt
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A zinc complex, Zn,0(CH;CO,),, contains four tetrahedral Zn*", six CH3CO, ", and one 02~ (Fig. 3A).In
Zn,O(CH5CO,),, the O* is located at the origin, and the three axes passing through the carbon atoms
of CH;CO, are oriented orthogonal relative to each other. When p-benzenedicarboxylate (Fig. 3B, L3, 6
=180°) is used instead of CH3CO, , 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)s],,, 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 XA A= oy @y, 89X 1 bar a3g 25 f6fe erafsmiet farsfams 3.0 102 5pt
mL of CO, gas fAts *N=1 &fS faw CO, WY 1T AT Yt T
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Part A

A.1 (6 pt)

Cr2t

Ao, Mn2+ :

Ao, (:02+ :
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2.0
1.5
Q
c 1.0
0.5
0
0 0.1 02 03 04 05
ACFSE / Aq
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A3 (3 pt)
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Part B

B.1 (6 pt)

B.2 (4 pt)

nm, [, =

nm
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Energy TSR T PR
i 0
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| ! (i)
B.4 (4 pt)

%
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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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TP QIR (5502-555Y) TF-RATTHEG WIEIE B IS MR cFafd (A, T ISIIE (S I1-

T S a Ry

Photo courtesy: Tohoku Univ.

Lineariifolianone @3ft Waa; FISIEITE o 2iIFfSF G+, Tt Inula linariifolia (I A5
41371 valencene(1), 93 4191 AfITSH 2 Teog 771 f57-4191 2IfFISE 3 (A fF67 4 Ty 291

Eremophilene(5) 513 41tst 6 @ i 41 371

Inula linariifolia
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X
»
N
NaIO4
0304 2
THF, H,0
C14H20
\ H / o)
—/Si—N—Si\—
\S. | OH
—gi— _
CH5CN THF . . THF Doz
80 °C —78 °C - OLi -78 °C - O
3 4
|\ \ H / (ii) O
~ —Si-N-Si—
N 2N OH
NalO4 —Si—I ) .
0s0, / (i) CHaLi OH
6
THF, H,0 CH5CN THF
80 °C -78 °C

eremophilene (5)

A1 2Aa3R 6 AT T AT WP QI FLUE AT AT CoRISRNG *fFw=-  5pt
TR T |

S, FEGIF 4 Q561K 15-9 RIS FJ1 77| @MY 8 (ITHAT SE: 188) @S 7 9F T GHRIGTOII IR |
G151 9 Q32 10 9T 60 GBRISTIGIT Witg VIR FIF8 FIF-IIKA TR I @31 H2180 QF H2 I35 180-
IR IR G 11 Q2 12 (A& 180 TR lineariifolianones IV 13 Q2 14 T 1 3T | WIIGEIHT
TR ST I, ToF 13 QIR 14 QI3 4T UL TF GHIRISAINF B 15 ¢ |
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\ K /
—Si-N-Si—
/ \ T
(KHMDS) y }N{
<EO<F/ ‘ A ‘ g
- THF, -78 °C - O.4-CFs
- O 7\
4 7
(0]
.OH
Cl 0
(MCPBA)
8 NaHCO, 9 + 10
MW: 188 C14H200 C14H200
CH,Cl,, 0 °C
\ Q
—/SI—CFZBF |S|_OH
o
Nal 18 13
THF, 80 °C 1" H,™0, THF Gty ™0, 160, .
9 C15HaoF20 (n=0—3)
\ Q
—Si-CF,Br —@—S—OH
/ 5
Nal
0 THF, 80 °C 12 H,'80, THF o 11840 o
151122 3-
C1sHzoF20 (n=0-3)

160-13/160-14
(C15H22"%03) CH30OH
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A2  A-QT T BTG SNSNF o A2i3 T 2pt
0] 0]
0 0 o:\?’,CF3 O:\$/CF3
| FzC-S-OH Il F;C-S—NH, m N.__CF, IV HN___CF,
6 6 //S\\ /,S\\
(O)N0)
A3 814 AR OF IO WF G FANH ATGH GIAE CoRSFRNG AfFwReI@  19pt

AS | QRGNS AT SHIRICY amfxfe B3 13 a3 14 9T Ty &3f6e 180
AN YT fAorT 331

o

KN
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Part B

G5t 19 e awife ZE TEEs 3371 99-RaTE@s WIRIEGHGT J 7=91Fs, 19 TEEERET S -
ety R 2R T @© 2NE, 93R 20 HS-J5I II0T1 21 9F T 22 (6 FASHS 271 Iffg 21 @7
5154 NMR ZIRT 2@ 41 371 21 8@ 8@ o 18 Qe 22 @ #ifFv% 731

9o¥e

16

EtsN

CH,Cl,

OH
20

"H NMR (CD4CN, ppm)

Bry

CH4,COOH

18

Cy5H100

17

»n=0

Cl” ¢l

-HClI

19

C15H10Cl2

21

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)

Cl
S
22

B.1 7-19 @32 21 OF S5 o | oSG AaesaY e 971

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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A.3 (19 pt)
8 (3 pt)
9 (2 pt) 10 (2 pt)
1@py) 12 (2 pt)
13 (4 pY) 14 (4 pt)
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Part B
B.1 (10 pt)
17 (2 pt) 18 (2 pt)
19 (3 pt) 21 (3 pt)
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Dynamic Organic Molecules and Their Chirality
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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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Q,\ES

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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Part B

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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0}

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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Question A1 A2 A3 B.1 B.2 Total
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Score

Part A

TITS S-S AR F WEIETS IR@FIa@sfeis 301 77 [n] [n]carbohelicenes| (A4, n 23-
TRIRYS REI A SARIF FE) (A 44) | [4]Carbohelicene ([4]1C) e forax Fcor TO! AT II2R
IR QI IBRRAEDGT 149 2F© T =T, TN AR WG 71 SrifFo 271

® ©)
PPhs Br
NaOEt
A EtOH B * ¢

hv

e .2 (I
c |l )/ T U

Int.
CigH14

[4]carbohelicene ([4]C)
CigHi2

To!-Rifer fAsfafic S s J&fsts 231

= A N hv



Q8-2

2\ & BGD-4 C-8 Q-2
(o \j .

40207 Bengali (Bangladesh)
TE: b AR A0 T, DRRGRpEg Tnravrasfte 3ffe soeme oay weEe Seagfte g ass a3g
TR 3BT NP0 2@ | TS A3 HCHE o s I8 IR FIA 1

A1 A-C a3 IO Wi | Fofs-wEemRsfees s s@ cradns| 9pt
A2 O3 FACHIIIAN FIV a2 QB S AT @9t AT IR s1ees- - 3pt
o 919 T T @I [5] IR Wy «AfFw tof 77, o ok
(@TT1F D T W 8o [5]FIEes (6 2 Da 39 | The 1H NMR chemical
shifts of D are listed below. Draw the structure of D. [D (6, ppm in CS2, r.t.), 8.85
(2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91 (2H)]

5 -a32 TS [n] FIIEBTET @i 1330 I@e a3k 3 eiarsitr aTahreTas s wres
TSI T°F OINIAT S@U@IsTeid 87 9531 n- sidiathaer sRafa (M) 3t (P) Zne Sie siewifio

&2

[n] RS, 9 n > 4 71, 5@, SR 9T FIRIT AN @GR R e Nt sERTeIR
2 AT T, T STHIR TGRS SO TFIF FRIEEI |

Photo courtesy: The Japan Prize Foundation
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aFIEF @ 7@ o1 T 9t 1 Srolfds G| st ST A | M 97 @Efepie FRA [{s-
1 I W, TR QISP @EOE @ FEPO CORSEINT I@@ | SHRIATIFRA, @19 E-(6 a6 o faft
[5]FEEfARE-Sre T 5pu W (moiety) Iaca | SEfRswBReTRRecR Ta asbws Fits et (P,P,P) R
a1 a1 2|

E (1,2,3) = (P, P P)

A3 1 2-SBREEREEER REA-vFoE GIRTRIFICT triphenylene tofF @1 49 7pt

a3 [RfFEG F, (P)-F, a3 aTnaf1eai@s ¢vra Aas 11 77, o349 aifds @fafsa
G (C66H36) *MST T T Wt (T, CHRISTINRIGR 4 WSs FwoNs [T
TR 906 911 2FHS 2rer3 B afFEnfoos 1fde G v 98 s8Ry cofRswRenaR-
R NG T QB0 TYAT AN, WIRGIIF ST (@A A7 SARI Srrzd fZme
SIS FIEFINT ST faeot Wi ro 2, WA GHRSAICINRI S 93 99 o~
I @I 932 M G3R P @ETRER T St A0S & | SAIRITTEwm, E-aF
TA CERSABENNITR SIfTPIge ¥ ot I @ AMF | (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).

\
« X
Br (CegH36)
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Sumanene a1 IS WFIEF ARCGIFILT TT 2000 AN JAF SN AFIFTS T | "FHETF"
it Tegs-ffa == "Jaa” (A aoieg T WF STFgA|

FEET IS @I [F-9roifd @3 @6 [R-@ife @orfm [t gt sreiq 311 23|

7 Y
L o "=
gt) Ogo

B.1 It [-aF M Ao Wi (g GRS RRG e 7@ )| 3pt
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0}
Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me

B.2 SIS A& precursor-) (A BF I, 9353 [T W@ AT sumanene - 4pt
Refos K o1 ) obfisoror @oififsier [Rfea sasala @ag 3qenfa ¢
TNl oy GHiRISRRG i K-a3 153 51t Wi
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Dynamic Organic Molecules and Their Chirality

Part A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C(3pt)

A.2 (3 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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oI I aft @ 91, o $fF T Gfest 796 weres 37, g ft 5t U-seia ¥t G [ftey sae

)>€(\g

93 4T fofars, 1 3R 2 Qe Rfsy wFIE 38-weiEs o] 7R sieafe w1 231 @t 3 &8s 41
S 1 QT SN AT B AR 98 EINSTIT QTFHNATETIT WIS I ST 3T =T
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H
1
N

H
0 o H NP H o)\,
’ \
HNJ(N N/\LNH " N\f "
Ph-é\é-ph ph—>+Ph = \Z 056‘
HN\”/N NT]/NH PH Nw"‘ Ph
O o
1
7 OH (0] O OH N
HNJ(N N N N)S\NH
R R
\ér OH O (0] OH I
2
O
oD
HN_ N CHs
£y

2 a3 135 F6 FE AT @R | @9 9 QT A1I{F 159 : C; 40.49%, H; 1.70%, @3 O; 17.98% ©F WG |
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CH,OH _
0 o) o QO
B — Z + 2x _ 4
HO OH A
C20H1506
OCHj;
CO,PMB
s | |8 | (X
Pd/C, H, CoaHpsOr TiCly/LiAIH4 CO,PMB
(= Ti°)

OCHg;
CO,PMB
SUIT
CO,PMB CaoH1806 A
OCHj;
ooy
H3;CO OCHg

o)
A OCH;
HN
NH

2 % RHR NH

(@)

HN_ N
o]
C|)J\[( 70f OCH,

0]

8 —_— 9

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

0 OH (0] (@] OH 2
HNJJ\N N)kNH
RHR N | | N R%R
HN\”/N N N N\[(NH
o OH (@] ) O OH o)

A1l 4-9 9T TN W, GHRSINTT IR FAT QAT AN | GARR Fafors e p- 13pt
methoxy benzyl 5o 2T FISIET WS #IfRAS a6 [Rvs FonE "PMB” Iz
91
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1 93 T IS, 9T TEFTA (1,) O S F701Fo TEe golft Afimrerr s {«fFrs =1, @aE 3 ag Ifd i
3, a7 TR §of #Affefeo =xfdl 'H NMR IiAics, 5798 NH (154 (1,) 93 TIER 1 QI $go IRias e
ST PRI ARTERE0 27, Q3R ST ISR BASF 3 97 NH (6T 3ft Qear S el 51 el
a3 ST AT @ TR IFTIST 1 a3 NH moieties a3k 1 9 W GH0 HYF X AFYF FEIH i3S
A2 dimeric FAA|

A2 143X QT8 SAYSE 7N () I8 71 2pt

A3  TEIIRE FE (1,) IRGTSH IFED AT ANS| 2pt
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TIZFIRE T 1 (1,) 9F 9F6 TGS BT I @A LS (@B Y Z-&F QTFIHAG A | 93
aﬁaﬁﬁﬁﬁfm—wﬁﬁaﬁwmwwm

Z+1, - Z@1, (M
1, O A Z-99 encapsulation QI TEFIBO G MG IETZ:

Z@1,)
[2][12]

Ky = (2)

QB FACI T&T QBB WYF encapsulation, NMR I g1 o161 S (TS M | SURFT=0A, CoDg-
1, CH, 1% FIF |Tst @R 7T 'H NMR Ifrfice [fSy o ol

QoY 2 9F6 AT 97 2B GI3HF FIFF (2,) 9 IR (2,) 9 'H NMR IFRAG C; Dy, C¢DsF, @I 96
CeDe/CeDsF TR Rty AfFaet 371 2, Wy T8 =15 By @tz | $ART aRkRFSfs 2 @3 H? (A1bER
EINIBIEES

st T e Y I AR A IS @ FIER WIS U FEF SRAF TR AYS
A1 A Q3R AfSTS A0 SH6 TR 96 ASoT AN TN T

0] (o}
OH O H* O OH
HNJLN N/\kNH
R—CR Vel R Rey—R
HN_ N N._ _NH
\m OH O H* O OH \ﬂ/

2
solvent § (ppm) of H?
CeDg 4.60
CeDsF 4.71
CeDg / CgDsF 4.60,4.71, 4.82

A4 S H SIETod Ty 2, @ QIFIFCEIDBS CgDg QIR CoDsF WYF 14N fAfiay 11 3pt
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C¢Dg - 'H NMR #if319 (IS &1 at o7tz (@ 2, fb 1-adamantanecarboxylic acid (AdA) @3 @36 Y WIS
A R, @R RSy oremmar o AR w1 639 (K,) T G 30T I 3@ @ | [TRS@2,] 9F A

AFIEF GRS AFE 90 ISt @RI

[£@2,]

Ka = [Z][solvent@2,]

3)

aFISIE, CH, 9R 1, -aF K, -a3F Saafer [fSy sremmam eq (2)-a C;Dg @ 'H NMR 5T grars fadiaa sar
e | 9f ST $I "o (In K, vs 1/T) ® ot @z

InK,
CO,H

AdA

@8 CDg WY 1, Q@ ATHIHCIHOG AT 21 I A3, 9TG AifFiTsa (AS) (1) aIR QI AfRTST (AH)
7 (2), @ft 5o I @, GO TIET ATFIHEPIE Ty BIfeist =1 (3) 1 JoR, A3 1 (4) 9F ST 5794Fs,
Q3R II =3B (5) @ MR ToAFo|

A5 AR B QR Wefifie sqeem S50 (1) - (5) a7 71 Reasfa @z ars| 3pt
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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