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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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Equations and Constants Physical

Constants

c = 2.99792458 x 10°m s~

vacuum in light of Speed

h = 6.62607015 x 10734 s

constant Planck

e = 1.602176634 x 10719 C

charge Elementary

me = 9.10938370 x 103! kg

mass Electron

gy = 8.85418781 x 1072 F m~!

constant Electric
vacuum) of (permittivity

N, = 6.02214076 x 102 mol~"

constant Avogadro

kg = 1.380649 x 10723) K1

constant Boltzmann

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

constant Faraday

R = N, x kg = 8.31446261815324 ) K~" mol~"
= 8.2057366081 x 1072 L atm K=" mol~’

constant Gas

u=1Da = 1.66053907 x 10~27 kg

unit mass atomic Unified

p = 1bar = 10° Pa

pressure Standard

Patm = 1.01325 x 10° Pa

pressure Atmospheric

0°C=273.15K Celsius degree Zero
1A=10""m Angstrom
Ipm=10"12m Picometer

l1eV =1.602176634 x 10~

Electronvolt

Lppm =106 Part-per-million
Lppb =10"° Part-per-billion
1ppt =10-12 Part-per-trillion

m = 3.141592653589793

pi

e = 2.718281828459045

logarithm natural the of base The
number) (Euler's
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Equations

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

law gas ideal The

F=k, ‘hgz
T
Coulomb’s is ke (=~ 9.0 x 10° N m?2 C—2) force, electrostatic the is F where,

the is » and charges, the of magnitudes the are ¢, and ¢; constant,
charges. the between distance

law Coulomb’s

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

of law first The
thermodynamics

H=U+PV H Enthalpy

S=kgInW on based Entropy

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

AS = % entropy of change The

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

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

AG=AG+RTInQ

reaction a For

aA + bB = cC + dlg
[C)°[D]

_ A"B)
.A of concentration the is [A] where ,

b

@ quotient Reaction
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Ag = ne, AT Agq change Heat
capacity. heat molar temperature-independent the is ¢,, where,
T .

E=F + R—F In COX for equation Nernst
z red reaction redox

the is C,oq substance, oxidized of concentration the is C,, where ,
substance. reduced of concentration

E
k=Aexp|—=2
° (57)
the is F, factor, pre-exponential the is A constant, rate the is k where ,

energy. activation
exp(z) =e*

equation Arrhenius

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

equation Lambert-Beer

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

pH = pK, + log GSAD

Henderson-Hasselbalch
equation

E=hv= h% photon a of Energy
light. the of wavelength the is A frequency, the is v where ,
o #1 Whi? geometric a of sum The
1+$+$2+"'+$"=Zlowiz% series
.z < 1 When Approximation
L 44, be can that equation

1—x

problems solve to used
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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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uaiw dllwall 0dd (od .spall agdgll gl aaiei V (oill Jrdiwall ddlh jano guagjuall ggiy gl Qdgi)
Ghagjuall (jaig Jdi Laglgiily hyiyi dilaell odag gaeall d guagjyall Gujad

A cjnll

Jguaginall (jljiol) jalnoal dilac Vgl piei ¢l Jaakhw jic i1 gagoll JAly (ol gnagjyall galniol gl Loy
}Jaall ahw glc

H,(g) — 2H(ad)

- (ad) 4 jiaall guagjaiallg (9) 4 gjledl gragyyall dlha jroyi aliy dya

aly Jads wle (jioy) yrovg phudl gle diaiy (M) gagoll ahw @l (Hy) giagivall csja Jay loaic
1 Jaddl aa aigo ga s (H) giagjua

il glatjyl qilillg «(d) aljdl gu dalwall ga JgVl :gupion (Hy) gragyynall dioldll dalhll Juiad aiy
) ) (2) gazall ahuw aljd ge
2ngoll hdioll agoell (glc Ladla edy Jdill j9)0 Jig dhull sjlgo guagiytall o) gu Jnolgll jgaall gl ajiai
A JAawdl

diaell dogdll Jiai ahuwll gle d4aill (potential energy contour plot) JgoAll (gglwi dhyya 2 Jaull jakhy
au Lo ¢hall Jioy (H,) guagiaall o Jgo aalg J4I (kJ) Jgagliall 8aalgs 8)ado diol4ll dalhll hihaoll glc
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Jgaglid 100 ga dehdiall hghall gulo ¢lallg (20 kjmol—") Jao J4I Jgaglis 20 dioyélo gilnio giha
.Jgo J4l Jgaglis 80 ghdio hig Jnio hi gy ¢lall g (100 kjmol™") Jgo J4l

(syanll jljiayl dhdi délh Joa

=

HEOQ
H
|
A

60
L
' M

T

d
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0.1 0.2 0.3
d/nm
Fig.2
6pt :ddlill aljbell o J4 wuwliv oillg G in A pudll gu Jo doyd qydl JiAl A1

(Hy) siledl guagyarall egjn (o0)3 gy dalwall (i)
1 Jaul oé dangall (dy) gaeall aljd gy dalwall (ii)
sd dangall (hag) gazoll Ahuwg (8jinall) dnoxall guagyyall 8)3 gy daluall (iii)

A Jadl

D.0.15nm C.0.11 nm B.0.07nm A.0.03nm
G.0.27nm F.0.23nm E.0.19 nm
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4pt

(ii): g (i) dllill aljbell go J4 qulii oillg H in A pudll gu go doyd wiydl JiAl
tagjaall aljy @d] (H, gaseous) 6j|§.|l Hagjnall e gja elaail dojill daliall (i)
’ [H,(9) — 2H(g)] ( H gaseous) dyjlal

(H, gaseous ) jlall guagjuall cgja (jljiol) yalnoal cliil &jiall dalhll (ii)
" i [H2(g) — 2H(ad)]

D. 100 kfmol="  C. 60 k] mol~! B. 40 k] mol T A. 20 k) mol~!
H. 400 kfmol~"  G. 300 kmol~" F.200 kjmol~"  E. 150 k] mol~"

A.2
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B cjall
1b Jelaill 04 angoll gagall Jals gai ylaiovl @iy lo] ells voy (6jiaall) dnorall guagysall aljy dlus
dninoll guagyaall aljs Hiab) jodl Jini Ta. Jelaill o aagoll dyjlall dllall ol jillg SVl @b gl

.Jaeall JAlN gai
k4

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

H(ad) — H(ab) (1b)

r[s71],my[s7"] 1 olu oS r3 yalniollg r2 jljiodl gjig r1 jljioll]l gahuwll gdgall 8aalgy Jelaill ilago joyi
:ddlill alddell gag (s g

=k By, (1—-0) 2)
7'2 == k292 (3)
ry = kyf 4)

allclaill culgl @ ks [s7'] ky [s7TPa™"], ky [s7"]

“ Hy gag)yall jle hen By

2hull gle 8yagioll gélgall sac oIl gragyuall ailjiy dlgedioall galgall e duui (0 <6 < 1) 0 Jiod
ALl odyi 0 dgeiiall gélgall duui gig (ry,ry 3 1) golnioll go gl jljioVl gjig jljioVl gi yayiai

Spt :ddMelly ry e pueill oy B.1

ry= ——S (5)

ky g ky go JA dl¥n C ge pc
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ST (1.0 x 1072 m?3) jiy 1 l@oan digla (oé denig (S = 1.0 x 1072 m?) dialuwo alhuw ald dyeo digc Al
N =) @@ ahull glc 6jinall uagjyall aljd gdlgo dalis gl (P, = 1.0 x 10*Pa) gragjnvall jlé ole
(T =400K) 8jlja daya aic ahuwll 8)ln daya elyif (1.3 x 101 m—2

jle ga gragivall jle gi gajiai (v = 4.0 x 1074Pas™") culi Jaeay By heall iliiy 1 Jelaill ea aic
.dlado gagoll dige pan glg gllio

3pt  .gojll 6aalgg alhuwll 6aalgr Jgalli 6jado 6finall gragjyall aljld diod wuanl B.2
(A[mol s7"m~2))

3pt  dajy aic kg dogd auaal (1.0 x 102 Pa™T) $glwi C aill (T = 400K) 6)lja daya aic B.3

0415 400 8)lja
A=3.6x10"mol s7'm~2 padiwl B.2 ulhll ulga glc Jnai pl 1Al

3pt  ghei ky =48 x 1025 .C =25 x 10°Pa" ligal T, dalito )l alyyy vic B4
qulioll (giniall fial 8jlall daya ic By dlUay ry dée alyiaio dylill JlAsiyl
(h) in (@) JAal go dédsluwll alihooll

x 1073 x 1073 h) ()
(d)
6.0 6.0 / (O
: (c)
o / T /
Zﬂ 4.0 (b) Zﬂ 4.0 /
/ /
(e)
[
2.0 et (a) 2.0
LT | Y
. //
0 1.0 2.0 x 1076 0 1.0 2.0 x 1076
Py, I 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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(isotopologues) ¢glgrigiaVl aliyjally (CH3D) g (CH,) Jio jilhillh hia lakey ge walidi il aljall gowd
oy @A aagy Ldeyhll b gal lawai diiliogdll galgdll lal glb ¢glguigiyl allyja jliad .

dgjlell dll b @ Jlgudl 1ha oa alibpall J5 gl gajiai

rod Ll gjlgill Jelai Aalil

[12C1601SO]2

12C1602 +12 C1802 = 212¢160180 K = [12(:160 ][12(:180 ]
2 2

(1)
: W dloall dlainall dugiwgpatall aVllall aac abajl S augpiidl alaji
S=kglnWw (2)

djaloio (pawigll aljy gy 12C160™80 egjall Jal go W = 2 ildally .12C180, g 12C'°0, Jal go W = 1 Lijal

:gla 12C1°0™0 (o guilijy jaky (eq. 1) Gilwll gjlgiall Jelaill go gdsoull cjall gi Loy .cgjall 1@ g4
W=22=4
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8pt &)l days g phaill jagy diago o (eq. 3) 3 Jelaill dlsleo oa AH dulliivl pei A1
H, + DI = HD + HI 3)

Aicg (T — 0 picl) dadiio &)l daga aic (eq. 3) 3 Jelaill K gjlgill culi auwanl
(T — 400 picl ) deaijo §jlpx daja

AH Glliivl p2i glg 03a jlall alays sic peing Tl ey Jelaill gi il
deaijall jlall alays sic Gl dayd (o] wylaiy

aligjall aljljial Gy ge ddlill aldaell AH dulliivl péi api g4oy

2HD = H, + D, K = “?;][[)[])22] (4)

@hLoﬁ [s7" v ga jljiaVl jilgi @J'Jlg dulitll alyjall jljiadl délh e poy .3alid 0 = T 8)lja daja aic

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

my 8)Al dliEll alipjall ea guijall dlis) laic po) illg dljiall dlidll @@ p gi g 8gdll culi ga & gl cua
‘shilo (Gag m, g

= MMy 7)

my + mgy

8pt  .eagall el Jlaoiuly dlig (4161.0 cm™) aic H, giagivall diyja jljial ggdy A2
6aalglly ljado gals 0 = 7 )l daya aic ollill Jelaill AH dplliivl pei quual
(J mol=T)

2HD — H, + D, (8)

ol gajiai
AH o palwi ol o& hdd jljiayl délh ail -
dlilaio D, g H, g HD (o JAl k doyd
(2 Da) sglwi D pgupisall 8)3 dliag (1 Da) sglwi H guagjuall §)3 dlis
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dpuilly peill ge Ap, joyl pey .gjlgill dlla g dloall g )il dajy D, HD WH, 1 dylgall duwill hyiyi
.D; 4 dilgall

A, — T 9
D= Re 9)
2

Lilgite auny A g of i Bt oy (T—+) vie 22l 1, g gl oo 122 )i o,
2 " 2
(T - +) Aic

10pt  da aic gjlgi dll oa gphill Jaliill gg4y loaic dophll D 5jag go Ap wwnal A3
.(0.300) sqluy (eq. 4) dlaleall oa K ¢un )il
(1 — 1.5576 x 1074) g (1.5576 x 10%) @ H g D 1 dreuhll 8jagll duui gl gajial
i (ollgill lc
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BN ole sging Mg guijo Jatiwall ¢glguigiall §ylpall dajy abajl go cLngnJI Al alaji ,ro.Lc Jauy
33lg &l (o8 QLT Guijhl

.CO,[47] g CO,[44] 5 wang) sAllg 47 g 44 odyja gjg lal il CO, aliijal ddgall duwill jlicVl ey AAlil
(_s\J-' lod Ay, dioAll cajei

—1 (10)

{ngﬂ Sl Riy g disell g (52 ol Ry i

d3gagoll pie jilAill LJ_m'n]_l J(HawdgVlg gguadl aljil

drephll djagll oLl Jgaall jaky (T - +e) loaic

13C 12C
0.011112 | 0.988888 | abundance natural

180 170 160
0.0020000 | 0.0003790 | 0.997621 | dieuhll 6jagll

k. galdll 83algs ddlhall 8jlpall dajy T ghei éun oy Lod &jlall dajxt A,y bl 3aay

36.2
AYEES Tz +2.920 x 1074 (11)

9t sgluig b0xiall hnall ¢lé 4o 038 GgiSiLl dilatual R, doyd lc Jgnll i Ad
] .(4.50865 x 107°)
o)l dajy lail oda ylall dajy pwai . Ry; doud Moeiwo §)ljall dajy jad

1 opa JisVl ¢glgrigigVl hda picl .ggidilll lara yule il 8)iall clidl 6ailull
aliluwall od CO,[47]
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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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25 aic dili @i aljlellg Julaall J5 é)lia daja gl pieig .cudallg dyall galniol Jodi dlluall oda oé
gugiuli daja

A cjall

(oLl gl ga X Jglaall (o [HT] J[HA] J[AT] o J5 juSyi NaA, g HA plaiiuwly X (qilo Jglao pani pf
- Ao gjlgill Jelai §ag huipi illg .1.00 x 10~4 mol L' ,1.00 x 10~3 mol L~ ,1.00 x 102 mol L~
" oLl pulul

HA = A+ H° K= M

2ngall pc jal L_s\JLLQ_Iﬁ Jelai xagquV dil gajiai il dalidll pei Joai .1 ga A cjall o @gn]l Jlwall
(eq 1) dlaleall «5\0

10pt  a2a ol X Jglaall \aai pf pi A, dagall Jgh 3ic 4, ga X uSoll alniol gls A1
Asaoill soy (pH=2.500). dargoall daya (s5 elall jgls ana plyiily (olgil paall
A dagall Jgh aic A; (plaioll ody
A~ g HA go JAl yalnioll Joleo ex- g eya g0 JA Jiod &un (epya/ea-) duudll 32
Ay dagall Jgh aic ollgill olc
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B cjall
dgjlell dllall ga Ll gjlgill Aalil
D= 2M )2(

&3y .S dislwo ghiiog djnio wlad jia lal illg J4sul dngall dighll a P haa i D odi jle iloj

P aic Tli o4l henll cldy go gjlgill
(A = e(n/V)]) daMeall jlall dunlniol ghei

il gle gigall jluall Jgh jlell paa jlell ¢lgo yac .dnlnioll Joleo @ 1.V in e éua
.lliall jlall @i @pnii jlell aligho J4 gi yasiai

ly
X
JHgill Aoy duilanyl dllall
M D M D
oy np 0 ng AVgall aac
Vo panll

Bygpall Jh e dulill alayyeill paiiul

6pt il 08 A, 0@ (I = 1) 7 olaivl duwldollg Ag; dagall Jgh Aic jléll dunlniol  B.1
) ) Qilgill Aeug dilaipyl

D 1 dunlnioll Joleo gliad ey g ep Cun Agy dagall Jgh aic (ep/ey) drill Aaa

il olc M g
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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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A cjall

eq. aaleall dlheo el ddleiall alijlgill culgig 25 °C Aic Zn(OH),(s) cliigill aywbgpaa Jilail gjlgi gl
41

Zn(OH),(s) = Zn?**(aq) + 20H(aq) Koo =174 x 1077 (1M

Zn(OH),(s) = Zn(OH),(aq) K, =262x107° (2)

ZNn(OH),(s) + 20H(aq) = Zn(OH )2~ (aq) Ky = 6.47 x 102 3)

H,O(l) = H*(aq) + OH (aq) K, =1.00 x 10~ (4)
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5 dlaleally 8lheo (guio qilo Jglo od liigill jayi) elyigill .5 dylaivl ]

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

6pt S dwd 9o Al pH Il Jlao quwal 41 avsleoll g alijigill Gdaii loxic A1
[Zn(OH)3 (aq)] g« [Zn(OH),(aq)] « [Zn?*(aq)] g go WAVl ga [Zn(OH),(aq)]

5pt (od] cawal .aapiiyi gag pH=7.00 Aic Zn(OH),(s) (o guito (oilo Jglao paai g A2
clyigill dylgall dygiall dywill auual .12.00 ol Jglaoll pH gayl NaOH daLill
Blall dajag paall oé alpeill Joal .12.00 @l 7.00 go pH I gaj sic duuyiall

B cjall
soliaf Jelaill (gag eliigill apégl ole Jgnall sleiuall cliigill Apwigjaad uAwi ¢)a woly loga

Zn(OH),(s) — ZnO(s) + H,0(l) (6)
:gaaginall go Jelailly giaeall elyigill oJ] elyigill apuwsi glayl g elld a2ig

ZnO(s) + Hy(g) — Zn(s) + H,0(q) (7)

dpt  honll jaradi gygmll o 1bar, ric culi (uagjya hen aic (7) Jelaill g oAl B.1
delaill gl eloll jlad gijall heall @lel 3l qual ilill eloll jlay gdjall
cloll jlaig elyigill apusi go J5 JAwiil dpwlidll guua Lidla Ligal . 300°C aic (7)
:ewti)illy lo& bar 1 g 300°C aic
AGy o(300°C) = —2.20 x 102 kJmol™" g AG7,0(300°C) = —2.90 x 10? k) mol ™"

ZnO. g Zn go rgyialyl alliy .clga-gaeo alylhy oa (reno) Ll Tagyial] aangs sireoll cliigill Jooiu]
honllg 25°C yicE” layad (.e.m.f) duibjas dapo gdr cly@ill adgil (Ll glajylig 6awAVl Jelai Jnayg
Ju 1

1

Zn(s) + >

0,(g) — Zn0O(s) E° =165V (8)

3pt  dlif od pill qwaal .dchw 24 830l 20MA 1ic clg@-cliigh dylay @upai g B.2
Ll (xenoll) wllull Agyialyl
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P [bar] = 1.013 x (1 T +0.0065h + 273.15) ©)
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) .1 bar g —38°C aic
9pt  dpwlydll glajyl aligad Ji hay . 25°C aic (6) Jelaill yuya délh ga poill quaal B4

(11) g (10) uilsleoll 8lneo 1 bar g 25°C Aic E°(0,/H,0) g E°(Zn?*/Zn) J

Zn%t 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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DH,0= bar
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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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—

R1-Si=Si—R!' + Hzc:CHQ —— SI Sl
R1 R1

wheig @Jgib_u.ugﬁ duchiyll ddlall g A wSyall JAuuiy o R>-C = C-R? )(ualVl go R'-Si = Si-R' allef loaic
D glapdd glidalyio glivdla gliviy leal guilll .C g B Juéglnioll A go R2-C = C-R? diyjal jAl Jelai
downll lealg duulaw ddla lo@io J4 piy dung disilabenzene. gjidl ggauliw (odlif glowd lAalg
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(R1-Si),(R2-C),

R2-C=C—R?

R'-Si=Si—R!' + R2-C=C—R2 —> A + C

.C uSpall 8)Liitlg B wSpall guijli] SiyCy ddlall gulaudl Guliall NMR 3C suubliooll guigl Jalai jaky

9pt C.. SiR%R'" Jlogiwl C g B g A abiball 3jgutiall gunll puayl A1

7pt € g gjidl go Jal (Aromatic Stabilization Energy) phell jljdiwl délh quaal A.2
aelai go sxel dulliill alpei lpieog diago apds (R' = R? = H dllall s4)
(1 JAs) olisl depiall pe Joall go jagy dajaall

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
9

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 Hy —_— H,Si SiH, AH=-389kJmol! (7)
\_7 \__/

1 Jauil
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pauV E qSpoll guijliilg D wbpell Si,C, Jatall 6anlg 6yliilagag NMR BC guughlioall gl Julai jahy
.y gl4)LiT pnliell il glidlh E pay laiy galiell diiili aldla si D J4ia
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Jalall Jio dulwi@sll nliell go (ciyaiuo 4 go Ji8h 1) divilwi alibpo Juduiti ol jald ggiuluull )
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:Na,SiF;Jglao gurrdi -
JiTakvi |
(200mL: olall paall) clall oa (188.053 g mol ") Na,SiFs 300.855g9 Ja s} : F wdlo Jglo
(1 200mLolall panll) cloll od (568.424 g mol") Ce,(SO,); Jo 6.869 Ja s} : G wdlo Jglao
dudlpyl .
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Si(OH), ga ggatluull pAay A1 aagll wbpallg . Cet pay Glif wbpo ga Jadiioll culyll Jl

5pt .Ce,(SO,)5 go Na,SiF Jclail digjgall dleall caisl  B.1

:NazsiFG 80 CC|4 LJ.CLGJ °
(@il alyloall elifl Jodo llio il slgall gly)

Gloo lclai cleg sa digio dajy 300 (gl cififig CCl, go (500.0 g) ol Na,SiFg o (2 [g]) dalal ajpa
021 (ol] dabiidl Ajaai pa .algiall NaCl g Jelaiall ¢ Na,SiFg (o gJ_LuJ_uu walaill g heall pgléog
Aol ga SiF,gl H Jglaal 2Si g NMR '9F quuhligall guigll Lagh jahi (H Jglio) CCl, Jlogiwls 1.00L
CF,Cl, . CFCly (Galgi ailjlia) ellia SiF, o] dalayl aif daailo gja NMR, 19F cdth od .a1agll gig4ulywl]

Jalall sgi @1go 3ac go NMR "9F caph oa crMlol&ill quui quwliii (1 Jgaall phail) CF, g CF5Cl

1 Jgaall
CF, CF5Cl CF,Cl, CFCl5 NMR "°F ailiheo
2.0 18.0 65.0 45.0 Jol&ill cuuui
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:dyllill 8 dlalenll (§ag H,SiFg Jrasiil SiF, daala cipa
3SiF, + 2H,0 — SiO, + 2H,SiF, (8)

Jurei g Jnall rey SiF, 1 dlols daaln dic Rii lao wclall o daila dro4 ol (10 mL) H Jglholl capni
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44.4mL : pjl K Jglaall go 100mL Jai jo-

upill spleo gle Jigy ¢l Si0, g NaCl agag Ji ol Lid piti gf woy

15pt  dlidll cuaalg (laing pghwoll dogleall) Jelaill cleg (o ilill NaCl dlis cuwal B.2
.eA1 63la4 Jooiwall Na,SiFg 1 dnlall (= [g])

8pt ilill CF5Cl dlis cumal . Jclaiy ol dylgi 83los Jogiwall CCl, 30 % 77.8 &1 B.3
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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.




IChO

™

Q,\ES

\ § SYR-1 C-6 Q-4
Chozo1™ English (Official)

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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Sakurajima 6pja o JLapll

A: cjall

dyireall aljlall jgliii loaic .pllell ggimo @le &Il go olcll lacl aly Jgall o 6aalg ga gllyl g
(M) lLéiivl gagall aligil go Teja gla magma, (8)lanll) jganall go Lahil alddudl gle diglall
M LVl gaeall aligl huipi .aldlll gle diglall duireall aljlall Jals ol JAN @gw jganall ga
ailuill by 0gagll ey dwaid (oisiig (027) auusgll ciligal go daili hilgp dllwall 03a (od dwgjaall,
A4g .alalunll gle diglall diieall aljall ga (Oy) ilwill gwlyw 0gag dlod duniag jganall ga (Ty)

lLaiiVl gaeall aligsV D, gjgill Joleo ge pneill ghoyg .guull glle (oigyial] Jiuiiy gleioii giwaiall
D ddlell pc jganallg alilpwll gle dighll diseall aljlall gy MM

M
M,
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Jalyg il sle jganall sag alslumll le dglal dyisgall aljlall oa MY 147 loa [M], g M),
.dliols Mn?* jieia Il g Cr2* pgja Il ailighll D aid (olLill Jgaall

Cr2*  Mn?*
D 7.2 1.1

ol 10, Jin o gl Jénll jldiwl dlhg M™ cligiill d aljlaall gdlhll Jnlall CFSECg Ay —y joyil
Ty Jéia o ddalgall elli CFSET g Ay gAilg .cuijil

6pt awnl A1, A1
_ | CFSEC—CFSET | =ACFSE
.Co?* g .Mn?* jiiall .Cr¥* pgjall aligil go J3 Jal go Ag dl¥a
gl payial
A =4/9 Ag

3pt dlyay In D awy aic diha ddlle agag dhnllo Ai A2, A2
ol loga dagpeall @ijlauadl alilaayl dlos o ACFSE/A,

.Co?* clligall ggui Jal go D doud aag

0 01 02 03 04 05
ACFSE / Ag

gl Mn, jisiall . V pgualilall , Ti pguilitill Ca, pguull4ll : (M ¢ua Oxides Metal MO (aleall apwlAi jgliii
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@igyiall Ju4iii go Oh ogag ilaf dwaiad M™aligil aia olsii sMlg «span alo dyiy (Jag Co) culligsl!
wani e alaicl dlaliall gglgs alpili pe 1oy p4aio Apulsll odal dapidl dyllhil ggaig .guull @l
Oh. Jéall g4 M ailigiill (CFSE) (sjghll Jéall jlydiml délihl doabuall gae go (aligill dincig fhi

3pt

A3

aalg gu go [kJ mol~"] Il 8jado) @&l calydthif (o duwliall degonall jial A.3.

(). dl (@) go aljLAll go

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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B cjall
[oloi tetragonal Lilgjll diclyj daalg dila oa .Cu?t yulaillg La3* pgiliidll glc (Sg.LJJ A 3gjo 3uwAgi jghiy
jc laio Jghi (1) z jgaall pc Cu-O dalwall jgai ([[CuOg]] ogagll wilod (a (1) Jaull oa jahy los

Jals ogiitill 13ag .0y, dwoliaill ogagall silad dwnid e [@giio [[CUOL] 0gagll silai ggdug A1) X jgaall
(d.2gd,. ) ey aljlrall degeneracy (laidlh ggluwi i) hlhaiyl

D La3+
@® : Cu

O 0+
0.2520 nmI
1.3313nm

CuOq

0.3833nm

y
- —>
JL} 0.3833nm

1 Fig.

metal galeall alyyygls ajo pe Jawiy Al B, adoal Sl elaaill pe A aujall AawAgll glihnl 4oy
diacid. l_<,\JL|J Jaoa 6I !C4H,0, clylgawll ron glc sghall LigoVl o Moo dilo Jglho (sa chlorides
daja 200 6Jlja dagy (odin % 29.1 o)ad (jg Jlada walall :Ig.aJI s B | pyrolysis OleJLl l4aill clglu j@h”]
.CO, JAi 6d| gjeo digio dajy 700 §jlja dajy (gdn pl Jig gladas ch.l_Lo Jalill clo (jlada odl ljsu digio
R i dil dhallo g . 63.6%ga B whjall o LAlhil A wSpoll JAsui Jua Al gjgll glada ggiug

B)lally el4aill Jelai eliii CO2 g clall hda

6pt .Bg A guipoll diiliogall gunll aiél B.1. B.1

4pt (1) Jaud! plaatwli i, g 1, wual B.2. B.2

dpt  JAull ea A QSpall oa [CuOg] ogutall ogagll gilod (ga Cu?* JgaV dwilly B.3
Jeasuill paulg (i) (') d (d.2 g d,»_2) doundiall 4 aljlaall clowwl wiél .1
«liila] ddyg oa haiall dgainll o4 (oig)ialyl
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(.holesm—3.) woiall jioll g4 Ldif 2.05 x 1027 agdgi 2 A wSpoll Jlaiwl Jelai Jna loaic

4pt  Taloicl Sr2+ aligyl (140 dasiwall Sr2* pguuigyiull ailig)ll digioll duuill awal — B.4
dillg digaall aligiVl algaldi gi hay . Jiatiwyl Jelai ga dylgall duuill ole
JIaiwyl Jelai pe poii J dyjgll

C cjall
giaiy (2A Jasdl) Cu®™ gugil go dnilwi hilgy dhiile CH3CO,  gyi go Cuy(CH3CO,), Jgals
g @Vl CH3CO, aligsV ggyall ailjd pe gyjlo guygao go wgguidl Jhliill o dulle aligimoy Cuy(CH3CO,),
pxALwi loxic AVl laney duuilly oleio JAuiy dangio l@io J4 ggii illg  Cu** (uigilll uc jlo jgaog
wnadll adeall ggiiy . cage complex ynad adeo” J4uiiy .CH;CO,  go Uy cnluwsbgns @dlif dhyy
alalyil gu 8 diglil aai (2C Jaul) Cu®™ gguig (2B Jauiull) sgimo L1 ailuusgns odlii go Cuy(Ll),
0 digljll Jg4i .ynadll rdeall driy 2B, JAul sé p@wll e lay] jlitallg .guiifyl aMpuSgnAll Ailuwill

2 Jal oa graga@ll alyy Judod pii pl dif Bay L1, Jaf go °0 oa

W

Z X
& @ @
/ef oo 0“0
: Vol
) 6=0°
Bc.@oOc

2 Fig.
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BA

1 ggiall aljy go §jlall diVill jglhall aagiig .jSjall (oa lengio 0 (jgiu Zn4O(CH3CO,), rdeall (o4
Al lanel] dunilly yoleio J4vuy CH;CO, ™

Zn** aidlic ggai «CH3CO,  go Uy (L3, 8 = 180° , 3B J4uul) p-benzenedicarboxylate paiiwi loaic
coordination porous (eoluo Ailuwi poailgr” owy Al (X) Liygh Lo lowa J45il gaeull lane go dhyijo
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L3, 0=180°

3 Fig.

5pt  lajad dalidg 3C, Jaddl . a wilh gl @y Jgh go dedo dyanlg dulay X gloiy €2
[cm]. b ljadio a cual . gem=3 0.592

S5pt 3.0 x 102 mL wcgiuy gi X go 1g I J4oug «lobwall go pioo dac gle X (gginy c3
el awal .digio daga 25 §jlja dajag bar 1 han yic dlolwall ga CO, jle jo

plusoll 8133lg o CO, aliyjal ghugll
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Playing with Non-benzenoid Aromaticity
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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




IChO

I
()] 4
2) s SYR-1 C-7 Q-4
Choz01™ English (Official)
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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6 iito Lavilihi iyl gillg . dyigjisil dyphall alySjall ge aayl Jlo iial (1996-1902) $gjgi Jgupagl
Aygiall oyl (ga s Jadu

Univ. Tohoku courtesy: Photo

A cjall
(1) valencene (o ld\lhil linariifolia Inula jo dljc pi M4 Jatay geuh alio ga Lineariifolianone

d4gai piy. 3 wSjally gpo algha auli JUs go aile Jnai 4 ggishll . 2 uSyoll piiy 613l dgha pcg,
Lddsludl dejVl alghAll guai el Gapgo gc 6 aSpall o] (5) Eremophilene
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linariifolia Inula
X
»
N
Na|O4
OSO4 2
THF, H,0
C14H220
\ H / ]
—Si-N-Si—
/ \ OH
\S' I
—Sj— _
NErRle oWl L= ule o7}
CH4CN THF i . THF Do
80°°C _78°C ) OLi ~78°C : 0
3 4
B \H @ 9
Z —Si-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
6
THF, H,0 CH5CN THF
80 °C -78 °C
eremophilene (5)
5pt ojgpall aic agngr diclyall cliogill 3aag 6 g 2 abibpoll ddaall diidl paayl A.1

duignll dylleall jAljo groqy hainy (188 :edujall gjgll) 8 wbyall .15 yiwl o] 4 ggiasll Jugai piy . clld rey
J9a-ggus hulgy aagi Vg diign dulled jAljo duwod glc ggini 10 g 9 aliSyall .7 ubjoll sa 63gagall
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Hhiy doguwgall ( 13 lineariifolianones) ailidjoll glihny H,'00 Uy H,'80 plaatwl o dil gajial .dagajo
Hawsgll iy doguigall 14 g 13 alifjall . ollgill olc 12 g 11 gubjall go 14 GSall g *¥0- grawsgll
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K /
—Si-N-Si—
/ \
(KHMDS)
H
H ‘ A ‘ 2
- E o : i ~ /CF
: 5 THF, —78 °C O,,S\\ 3
4 7
o)
cl _OH
o)
(MCPBA)
8 NaHCOj4 9 .
MW: 188 C14H200
CH,Cl,, 0 °C 147720
\ Q
—$i-CF;Br @S—OH
I
Nal on 9
THF, 80 °C 1 H,'80, THF
9 C15H20F20
\ Q
—Si-CF,Br —@—S—OH
/ 11
Nal o O
THF, 80 °C 12 H,™®0, THF
10
C15H20F2O

160-13/160-14
(C15H22"°05)

-

10
C14H200

13
C15H22'80,%03.,
(n=0—3)

14
C15H22180n1603-n
(n=0-3)
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O O ©/ 77\ 77\
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22 g 18 gusjoll wheyl Layai Jlaiy 21 aSjall gla «sggill swublieall il dhulgr hagl d 21

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

OH Cl
20 —HClI 22

TH NMR (CD4CN, ppm)  20: 5 7.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

10pt  pe abbpell duclyall eliogdll ayaai .21 g 19-17 abbpell dldiall idl punyl B
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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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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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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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A Part

(AT gijgl gigall (od wilsio J4uiy alalall laga a0aii ol aldlll 6xaeio dyyhell aligSgyall alisall
Gipb (e 8clady pang ([41C) Juwlia gyyS[4] (olial jhil) (dpwlaul aldlall axe n Jioy) alipwlia guys [n]
Agul dhuwlgr dlgauy awliy (Int) whiug uay I)gjo . olial ango ga lo4 wign Jelai pladil

® )
PPh; Br
NaOFEt
" EtOH 8 ' ¢
C44HgO X

hv

yee .2 (T
c |\ )/ T U

Int.
CigH1a

[4]carbohelicene ([4]C)
CigH12

(Ll Jlioll dauldio ddiphy gy odgall Jelaill

_ hv N hv
|/ |/
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wle dilila] od digliio dagajog 63yd0 hulgy puuy a1 . 8 dliuoll o dliw¥l groal :dhailo
daphell dakhilll jilgall paiiwi V (carbohelicene). guulid gijsll dlioi 4 aago ga Los dliwll
.ddadlyioll

9pt Jdelall aléglnioll jioi aay .C - A dddiall oidl pugyl A1

3pt  quulio exy wiSpog pgsigawgall alo o gl gy [5] wSpall gini avglho asl A2
SMI D apall Lyl il hldollgs gruliagya[5] wbjall go dlin dios (gl ol
NMR diahll altheall . guuliagys [5] wbpall go ggills 2 jladay Jal e dijall aijg
.D yall dlaiall dill payl .olisl 83gago D wbjall
[D (88, ppm in C52CS2, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H),
7.91 (2H)]

il Jaaillg dylpall jlinig dyigila diiy WAl [n] aldlall sac &y go psYl alipuliagiyillg - [5]
waypei piy .dajell §jln dajy o bgalo Jady lih ggdy alipwlall oda o dipogilipVl aléglnall
.olial ango ga o4 (P) gl (M) Lail lc ( carbohelicenes ([n] alivwli@ gipd [n] ailibyol dullpAll

&2

s Laliegilog)s agac plaiiwh 4 go pal n éua alipyhi@gyall dipogiliill aléglniall Jna 4oy
.gigolagl guiigs jguuragull ojgh sillg,

Foundation Prize Japan The courtesy: Photo
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Jliall Juw slc 83x0iall alipuliall ga 63gago diclyall aléginall go aaell gla . jLicyl gioy diigjlall
alpogiiVl aal wangi piyaalg csja oé gruli@gna[s] Il alalio Jo ghd dili glc E bjall giay .

.olial aigo ga o4 (P, P, P) aily duclyall

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

7pt  odMi wbjall (ghhey (ujingogp (odlii-2.1 wipall Jaull JUA o pogpi Jrawi A3

Jgnall aiy . (P)-F go F ¢glnall olc Jelaill yuai Guhi ai) loxic .gulijall
aleglnioll gy @il Jgaill gl ole 13la (CggHsg ) G daeioll gruuliall gle
(CegH36 ) G 1 didnall dpelyall ailéglniall groa aaa , Jelaill elifl ¢y  duclyall
Jolall aléglniall puy qiay . Jall gajes . dyljai ggy « diloell oda g4 dighiall
M gl gf qag £ dasac aliowi go L olcl Jlinll o L4 83310l dulipAll plaiiul
wole .ord)ill yuail La_ag P g M dliouwuig gdgoll ch':iﬂ_g SAVIl diclyall aleglniall

:odlill gaill olc E wbjall gl delall aléglniall alys] qay » Jliall Juw
(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),
7 N\ I N |
Br _ N
3 ©: N N cod = O
Br

o 1]
Br (CeeHas)
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"gilogu” puul .2003 ple o glll qa 630 JgV¥ 0)83 pi cleg Jauin ole ggyhgjna e djlic (uiloguull
..I I d_\JjL'J_od_:LiLog_Lujlgl'l |Pj. . .'.”AL!_C e . "(é\_'ulg "(:JLOg_Lu"&T!A_i_aJI@"_! 5 . ” . IS”L'J_O ceee &
ddlll §)lejg aid dianiall (metathesis) lilaill JaLill cilelai go

- O‘O
é sumanene

_______________________

Ru*
+ 7R \/(j\/\
(0]
R R
X Ru*
| + —
R X

z *
g") (C21H1e)

3pt (diglho pé @ dnlall dclall choydll) T ghuwgll uSjoll dlSiall didl puryl B
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(0]
Me cl CN
Cl CN

‘C') i K
(Ca4H1g)

| Me

Me

4pt  (Gisio yenil cilelaill dhuby guai cosiiwl | ) [higa dlleall dodhll go Iy B.2
gulbeil &l go gilei Y J oa dchall dlleall jlo K Lign Jleall gilogull
diclyall elparally LLISLLLLLD i K Jaa puayl . (metathesis) olilaill Jalill Jelai cliil

i .duwlioll
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A (3 pt)

B (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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o 1 o
7 OH 0 0 OH 2
HNJ(N N)S\NH
R=—CR I R=—R
HN_ N N N N. _NH
I OH 0 0 OH I
2
0
oD
HN\(N CH,
°© 3

tollill (LiAll cuSpill 9 wbpall gpaiell Juhill el .2 wSjall glihnyl Guyh ol loga gajei
(C; 40.49%, H; 1.70%, and O; 17.98%)
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HO 0]

CH,OH _
o o + Lo
_ H
>\ — /< + 2x _ 4
H A

C20H180s
OCHs
CO,PMB
I e Ot
Pd/C, H, CoaHpsOr TiCI4/Li§\IH4 CO,PMB
=T

OCHg;
CO,PMB
SUIT
CO,PMB CaoH1806 A
OCHj;
ooy
H;CO OCH3

J( OCH3
HN N
0 2x R R NH
HN. N NH
Cl \”/
Cl o OCH3
0]
8 _ 9
C: 40.49%, H: 1.70%
0:17.98%
o OH 0 (0] OH 3
HNJJ\N N N N)kNH
b b
o OH (0] ) (@] OH o)

13pt  "PMB" paiiwl .dhall cloysll Jloal gboy ‘9 wll 4 go albll dyy puyl A
.ollcl hhiall g4 p-methoxybenzyldjoj 1 dlol4ll dyidl puuy Jo Uas Jyiwad
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oii pl dil g1 a (1,) &l opany go (Gaii il gg¥l dad dhnllo aghgr i A wipall dlilll wrh b
(1,) 9o Jglaal *H sqgill suuhlioall guifl wlihi oé .3 ol dlisll dih o4 (3,) 1 ggul dod dhallo
I8 (ilsousll @il Jlg Liliess dislaio ggai gf vy 1 wSjall go &l NH aligigull g5 Ji dasilo A
diiagind hulgy Jaui o] olyhsall 03@ i 3 wSpall go NH aligigyl sxilell elli ge piso J4iy lalito

ol dlgund 14l 1 QSpall go Al digja go X aljallg 1 Sl qa NH cljall gu

2pt A Sl a duuliall X (caljall) 8)all J5 bal A2

2pt (1,) Jouall dlguuh (od diitagjyiall hylgyl aace hcl A3
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spon dijja dluud ad pii i g4y . space internal laly ¢lyar 1 wbpoll (1,) dipogall dlguulll giaii
rdyllill dlsleall plaiiuly dj@lhll oda ge pueill Ghoug . Z duulio

Z+1, - Z@1, 1)
ioly 1081, (o Z dluwal gjlgill culi gheyg

_ [z@1,]

Ka ="z,

(2)

.CH, dala] reig 1d 'H NMR dalihi ga dalito aljli] CgDg a1, sacl

(o 2, dypogall dlguudll TH NMR cath ulid i .(2,) 6p148g duwld dipouy dlgund oyl 2 wbpall Jady
bt lowa palig .dili Ul bgpidl g5 ole dhalaall go (CoDg / CeDsF cilydo aujo (g + CoDsF «CDg
go Lauhil gjal aljli] dhallo pif alg .ollci 6)gadall ailudall a2 wSpall H? (gigull dyiliaiall alljivl
alizja go ghno sac pal go lails cglioo dlgunall Jals Ji yajial daildll ga 6)g5iall elifimly .2 ga H2

.dilinall dlguuAll o aalg wain gi ggil agei &yl J4 Jig «ulall

o} (0]
OH O H* O OH
HNJLN N)kNH
R—CR Vel R Rk
HN N N NH
\ér OH O H* O OH \g/

2
H? of (ppm) ¢ io
4.60 CeDg
4.71 CgDsF
4.60,4.71,4.82 CgDsF /7 CgDg

3pt H? 5| 4 [heo 2, qa dluydiall CDsF g CDg ailijja aac aaa A4
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¥
Cho 200> arabic (Syria)

1-adamantanecarboxylic (AdA) aoall go 81alg diija Joniy gf gaay 2, Ji CsDg (oa 'H NMR ciluwlyd craniis
Pl cun Ldalio 8)l)n alaga aic wsby loga laic juoill 5 il J(K;) ddalgall culgill aanT (g)ag . acid
HAT gl 6aalg wido diyja ol digh glgil gll[solvent@2,]

[£@2,]
[Z][solvent@2,]

Ky = 3)

CeDp (ot dalino 8)ljn ailays aic (2) dlsleall oa los slagall 1, lIgCH, LI K, pid auaai ai ailiito J4iug
(In K, vs 1/T ). dalgall Gkl l_S\JLl_lJI hall o) t_<,\J_| lora yeig .LH NMR alwlid pc .

InK5
| CO.H
0 ..'0. * . - 1 /T
... (KT
!
AdA

9d (AH) eulliiyl peig (1) ga (AS) ougpiiyl pei ggay « I hall 4 .(1,) a CeDg o dija Juuii al
@dalgis g1a o8 «(4) go 1 hall Galgi) 134ag .(3) @ (II) hall gd dlunill d5pnall 8gdll i o] Tpiio .(2)

.(5) go II hAll
3pt B. g A (Jo dulill 6 dall wa (5) Wl (1) go alelyall L5\ad_-umcﬂl aljlall sl A.5
B A

negative positive (@)

negative positive (2)

AH AS (3

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

AdA and 2, CH, and 1, (5)




a F
Y, G
Choz01™

SYR-1 C-9 A-1

A9-1

English (Official)

Likes and Dislikes of Capsule

A.1 (13 pt)
4 (2 pt) 5(3pt)
6 (2 pt) 7 (2 pt)
8 (2 pt) 9 (2 pt)




N\JU)F SYR-1 C-9 A-2

Choz0™ English (Official)

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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