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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.
. RT
Nernst equation for re- FE =FE°+ — 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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6pt G ol A (o doyd qydl yia] . (iii) @] (i) go ddlill dliwVl go Jal A1
il Hy egjal aljMl gy dalwall (i)
(1 Jaudl eady) gaall aljy gy ahMll gy dalwall (i)
(1 Jaddl (oa h,g) dawdl go 6jiooll H aljl dalwo (iii)
D.0.15nm C.0.1Tnm B.0.07nm A.0.03nm
G.0.27nm F.0.23nm E.0.19nm
4pt H. ol A o doud wydl yial . (i) o] () go ddlill dliwVl go Jal A2

dylill dlsleall quaH jlé ol H, jlé d4ail digliaall daliall (i)
_ Hy(9) = 2H(g)

dylill dlsleall quun H, jlell jljio) eliil diesioll daliall (ii)
H,(g) — 2H(ad)

D. 100k) mol~'  C. 60k) mol~’ B. 40k mol~"  A. 20k] mol~’
H. 400k mol~"  G. 300kJmol~" E. 200k] mol~" E. 150k] mol~"
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B cjall

sjlell jghll @l Ageig Anii al .gagall Jala ol gaioi i bo] adsorbed jljio] lal ¢ian il guagyaall aljl
.Jaeoll JAly (b dnioo Jagjaa §)3l jop (ab)H joldl (1b). g (1a) guilaleall (od argo ga o5 .

k4

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

H(ad) — H(ab) (1b)

(absorption)yalniol ., (desorption) jljioVlg r; ((adsorption jlall il gahw gdgo Jal dilclaill depuw
ri[sT]mals ! s dua T

oLl gaill (alc laic puoill hoy

T = klsz(l —0)? 2)
ro = kol? (3)

wlc dalioll galgall gy go H, hon @ Py, g Jelaill depw culgh 0@ ky [s7 P, ky [s71] iy [s71] cua
dijldo (jleypu jlell pyaig jljioVl (ﬂ jlic]l J4oug H. aljd aloui (ng'AJI el (0< 60 <1) 6 Jiog pawll
dili JAy e (Jig r1,7 3> 1y alnioll

Spt Ll gaill ole laic juoill 4oy r;  B.1
k-
ry = 1 3 - (5)
e

Ky g by plaAiwl C e pc
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(.Py, = 1.0x10?Pa ) H, go( =1L1.0 x 107 m? )cleg (o S = 1.0 x 10-? m? alhw daloy diireo diyc ging pf
aie ahull §jl dagy apdi i N = 1.3 x 1018 m~2 ahuwll gle gragjaall )3 jljiol gdlgo dalid cils
Ol gasial w=4.0 x 1074 Pa s~" §)lado culi Jaoay Py, jlall hen gaaail . (1) Jelaill jljaiwl go .7 = 400K

lalloa] gaoy gaeoll dite pan ig llio jle ga H, jle

3pt  8aag JAl dhuwll Jo dablwo é31g JAl dniooll algall axc (gd H @ljd drod quunl B.2
A[mol s m~2], diioj

3pt  Jnai pl 13] 400K. Aic kg dagd quual 1.0 x 102Pa~" (gglwi C gla . T = 400K vic  B.3
A=3.6x10"mol s"m~2 paiiwla . B.2 dila] glc

3pt  dllad r3 1 duwilly .8lheo ky =4.8 x 1072571 g C = 2.5 x 103Pa~", dalido 7 ric  B.4
(h)ll (a) go auanll sinioll LA . oda §yljall dayy s By,

x 1073 x 1073 (h ()
(d
>
6.0 (©) 6.0 / (H
- / - /
5] 5]
km 4.0 /(b) km 4.0

A
2.0 2.0
// P V=
7 =
0 1.0 20 x107° 0 1.0 20  x1076
P. /Pa P /Pa

H2 H2
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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.



OMN-1 C-1 Q-2
English (Official)




IChO

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

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

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

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

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

k4

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

H(ad) — H(ab) (1b)

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

= k'1PH2(1 —0)? (2)
Tg = k2‘92 (3)

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

B.1 r4 can be expressed as: 5pt

ry= ——— (5)

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

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

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

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

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

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

x 1073 x 1073 h (@
(d)

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

H2 H2
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duireall VI wa Hagjaall

A cjall

(6 pt) A.1

(iii)

(ii)

(4 pt) A2

(i)

(i)
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(5 pt) B.1

(3 pt) B.2

A= mol s~ ' m—2
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(3 pt) B.3

(3pt) B.4
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Capsule) Time (Isotope jilhill Gidg dlguu’

lloayl go 117
ggonall | A4 | A3 | A2 | A1 Jlguull
35 9 10 8 8 daja
dajall

. isotopologues ilAill gqouwi, CH3D g CH, Jio . HLAIll cusyill b hda waliad @il diigjall alibAll
doyhll ga wpah @il aagy s elld gog diiliojall gailnall yuai lal gi jilkill piet

il jghll 0d o@ JIgudl 13@ oé dangoll slgall guaa gf gajial
Ll gVl o jaai liges

[12C1601SO]2

12C1602 412 C1802 — 212¢16Q18Q K= [12C160,][12C'80,)

(M

W . plhill dlaiaall dy@aall aylall dac 83lij go .S .+ Lugyiiyl Alaji
S=kglnW 2)

l@j1oi JA0y grawsil aljy gV 2C1%0™80 cgjall W =2, Jildall o4 .12C'80, 12 ¢ 12C'60, J W =1 &un
W =22 =4 gy, 1 gljivl dlaleal Ul wphll oa™C"*0"0 guiija ole gging diV .cgjall ha ga
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8pt B)lall dayy ge paill aor laily qago 3 daleall s AH . gjlall gginall juei A1

H, + DI = HD + HI 3)

aic g (T — 0o J44) A2 dAddio §)lja daya aic 3 daleall K gljiyl culgl cumal
o)l aalayy aie poiy ¥ Jelaill gi gagial (T — +oogd J44) 133 dylle &)l daa
.dedijll 8jlall ailayy sic dili dogd i AH ig oda

digjall aljljiayl Jua go diloell odal . AH juai Jhoy

2HD = H, + D, K = [H2lDo]

(4)

gaill ole v [s7] ojlfidl 334 Sl ilif ejal dijljimyl ddlall ge jueill pii T = 0K &jlall dayy aic

1 |k

v=—
2\

Ll

(5)

(6)

t_S\JLl_l;:(_gJAJIt_(,\g(_j_l_lpjlc|_|_|5u_|gd_oLa_LCJ_l_m_lJIp_l_lL(,\.lJlg.dJJ_le.IId_l_lj_ll(_g\c':),ugogﬂJIu_lng_c’:)ldeu_D
‘ot Lol Ldag . my g my « 8

MMy
W=
my + mgy

(7)

8pt  dlaleoll AH quual . gagoll aelly aic jueill 2ic4161.0 cm ™' aic H, jljial ggiy
.Jmol™" alaag T =0 K aic dylill

2HD — H, + D, 8)
:ol Yayial

.ddjlhio D, g HD g H, 1 k doud. AH (od hdd palwi djljiall ddlkll.
2Da gglwi D dli4 g 1Da gglwi H dlis.

A.2
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wle Ap, el piy s L . gliyl dlbs ga plhi od 8jljall @ le D, g HD g H, J dlgall duuill aaief
D, J dylgall dunill gd pi aif

A, — T 9
D= R 9)
2

g i . D - . D .
awny Jilhill gijgi gl ol Lia 8)loall jaqig -T_>+OOMHL$‘J!RD29CU-J.-°J|§\GM@J!MRDZ'L@

. T — +o0 Alc liilguic

10pt (o Jillill Jaliii losic D 1 (drenhll 8jagll) dieuhll Aalgill duwi go Ap, quual A3
8pagll i gl yajial .0.300 o@ 4 .dlaleall @aK éun 8ylall daja aic gljiyl dlla
gl ole . 1—1.5576 x 107 g 1.5576 x 10* @ H g D | dreuhll
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a dlatll jilhill go guijd wle (sgini (sillg . dagajall dlagiwoll jilhill dygall duuill Maji . ple Juiy
g 44 diyjall gljgVl aly CO, aliyjal ddgall duuill g4 dil piei ligey .8jlall dajy yaladil go . aalg csja
1 llill gaill gle Ay, droAll caypei iy .CO,[47] g CO,[44] 1 olisl cangi illg . 47

Ayr 1 (10)

TRy
[CO,[47]] [CO,[47]]

GawdVlg gguall aljil dreuhll 634l -T—>+003J-Cm@]!3479m|§\0 m@]!R47HTU‘L.!
Lia dagpeall wé flAil Jalai ¢ olisf dago

13¢C 12¢ paill
0.011112 | 0.988888 | ( dyeuhll Aalgill duwui ) dreuh pagll

180 170 160 wn

0.0020000 | 0.0003790 | 0.997621 | ( dreuhll Aalgill duui ) dreuh éjagll

: K alaags ddlhall 8jlall daas T jlicl piy éun o oLl gaill gle Ay 1 8jlall @y slaicl aaai piy

36.2
Ay = Tz +2.920 x 1074 (11)

9Pt gugiall whill oa jadll glé o Laule Jgnall pi oill dyygasll @ligell By, gls 131 A4
e oda gylall dayy puwdi aiy . Ry, pladiwl 8jljall dagy jad .4.50865 x 10°°

hia djbicl o g .@lligell aya culile GAI noll JuA clgall )l days LAl
.ulwall €0,[47] J legui i8I il
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Question A1 A2 A3 A4 | Total
Points 8 8 10 9 35

Score

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

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

Let us consider the following equilibrium:

[12C1601SO]2

[12C1602][12C1802] (1)

12c1602 +12 C1802 = 212¢c160180 K =

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

W = 1for 12C"0, and '2C'80,. In contrast, W = 2 for a 2C'*0'80 molecule because the oxygen atoms
are distinguishable in this molecule. As the right-hand side of the equilibrium shown in eq. 1 has two
12C'*0"™0 molecules, W = 22 = 4.
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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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(8 pt) A.2
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(10 pt) A.3
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aic dili aljlellg Julaoll groa 8l alayyy Blainyl eiy .wydallg dlall galniol Jalai . dlwoll oda sa
.25C

A cjall

@@ X Jghall @a [H] g . [HA] . [A7] aljpsjill NaA. g HA plhiiul X &ilo Jglo paai pi
pe hyiyi gdllg + llgill gle + 1.00 x 1074 mol L=' g , 1.00 x 103 mol L~' g 1.00 x 10~2 mol L™
i ) 1 olLill equilibrium acid-base gacldll gaaall gjlgill

K = [A-][H+|/[HAJHA < A—+H+ (1)

dyiliogs alelai aagi U ail gajpal .auadill sic daliall poi Jalai . A cjall o 1 ga edgall jluall Jgh
1 dlaleall wailyy

10pt ol gipo X Jglrall capadi oi . ld aey .\, dago Jghu 4 ga X (plniol gld A
@il aey . 2.500 = pH pladtuwl cljglaginall jaon pladiwl gVl doqal
Joleo c4 g eya Jiod cun . epa/ea duill Aaa A aic A, JIji VY dunlniodl |
Ay Aic s llgill olc . A~ g HA 1 plnioyl
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B cjall
dyjlell dlall oa Uil gljiyl picl

D+ 2M )2(

hon Aic (olial Jasdl phil) Sdo&n}cgb_a.ogn-_aLa_wdpmjlnLaJdmﬁ.ongb,&aD(_g\a_dljl_v_ll_\Lo_l
VgVgedun., A=e(n/V)iga jlell ylinol .P iic glall honlly hlaiall piy Iaic gljiyl §udni plig . P
poalolal gl ajial gl le dgall jluall Jghg jlell pang avgall jlell diadg yalnioll Joleo ga i g

.dulio alljled capnii aljlell hyla aligho

X
B)gpall vic dylill alayeill paiiwl
oIyl asy dgilaigyl dllali
M D M D
Pm Pp 0 honll P Il honll
oy np 0 dulaipyl aVgoll yac n, aMgolly droAll
paall vV eIVl paall T paall

6pt  dllall go J5 o8 Agy 9@ a(l = 1,) olaiVl go guldoll Ag, aic jlall plniol gl§  B.1
walniol ciMloleo ey g ep Jind ¢ua Mgy M ep /ey duudll 3aa . gljiyl aeig diqlll
. Jlgill olc M g D

6pt  dulail dllall go J4 od Ag, ga@ y olaill go yuldall Ag, aic jlall galniol gl§  B.2
g2 A€ ep /ey dudll Ada =1, JIEYI g I =1,
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Question A1 B.1 B.2 | Total
Points 10 6 6 22

Score

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

Part A

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

(AT][H"]

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

(M

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

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

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

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

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

B.2 The absorbance of the gas at A5, measured from direction y was Ag, both at  6pt
the initial state (I = Lyo) and after the equilibrium (I = L) Determine the ratio
ED/EM at )\BZ'
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Zinc) of Chemistry Redox (The clijll Jl1jiaVlg 62wV clioi’

alaall ggoao (o 117
Total | B.4 B.3 B.2 B.1 A2 A1 Jlgudl
32 9 5 3 4 5 6 alajall
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A cjall

4-1 daleall oa dlall aly gljiyl aylgig 25°C sic Zn(OH),(s)gunylall apwbgyaia@ Jilail gljil cliac] piy
Zn(OH),(s) = Zn?*(aq) + 20H"(aq) Koo =1.74x 1077 (1

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

Zn(OH),(s) + 20H"(aq) = Zn(OH)Z (aq) Ky =6.47 x 1072 (3)

H,O(l) = H*(aq) + OH (aq) K, =1.00x 10" (4)
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S =[Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH);~(aq)] (5)

6pt  awd Jgau il pH 30 cuual . dlac pi 4 oJ] 1 go dbleall a gljiyl loxic A1
[Zn(OH);~(aq)] g [Zn(OH),(aq)] g [Zn**(aq)] Ju pAUI ga [Zn(OH),(aq)]

Spt  pi g 7.00 = pH (liagiyall péjll go Zn(OH),(s) go guito (ol Jglio i pi A2
il cuaal .12.00 @l) pH 830 adiall 13@ ol] NaOH dala) cioi .dapdyi
o alpeill Jalai .12.00 ] 7.00 go pH 6alj xic wunii il guojlall digall
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B cjall
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Zn(OH),(s) — ZnO(s) + H,O() ©6)
:olagiaall go Jelailly gjla gunyla @Jl guojlall apwsi JIjial elly soy aiy

Zn0O(s) + Hy(g) — Zn(s) + H,0(q) (7)

dpt  Judi sjgpall gog Thar. ric gragjvall hea apii aqy (7) Jelaill joiuwy &1 B.1
alowll clall jladl gijall henll glcil aall quual .algiall clall Ay gijall honll
Jlg geoylall 3l guya (sl alélh |, Lia . 300°C ic jlyaiwll (7) Jelail
@ dyjlell ¢lgilll graal Tbar g 300°C Aic clall
\AGH,0(300°C) = —2.20 x 102 k] Mol~"g AG7,0(300°C) = —2.90 x 10% k) mol"
(Jlgill (glc
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25°C aic ( dlall a@a) (emf) dyilyaall dealall 6gally clymall aglgil Ll JIjiallg dauwsil Jelai paiiug
) .E°, 1bar hang

Zn(s) + %Oz(g) — Zn0O(s) E° =165V (8)

3pt  whll dli5 g4 péill quual dclw 24 8ol 20mA ic clgallg elijll dyla @i pi - B.2
Ayl (3gilll) callull
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0.0065h 5257
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1bar. g —38°C aic
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«llgill wlc . (11) g (10) 5 (ghef Tbar g 25°C aic E°(0,/H,0) g E*(Zn/Zn?*) ,

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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The Redox Chemistry of Zinc
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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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DH,0= bar

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

AG = Jmol~!
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5 JAdiy @liai anilnd gi Y]+ ggyall Jio 14 degonall go nic layi ga ggauluull gi go pefll sle

A cjall
aiclin aali bjo oa ggatluullg ggatluwll duMill dalll gla « ggyallg ggnall il dhylll guice ole

Ll go Jelaty , Jlioll Juw ol .Jelaill dayas ( Jrali SgAc acydio piei :R) R'-Si=Si-R' Jau @lc
.dichy ddla ole (sging ol Aili ughil CH2=CH2 ethylene

R'-Si=Si—R' + H,C=CH, — _Si=Si
\

A drclil dalall gd wSoll J4diiy R2-C = C-R? , alkyneul&li pladiwl R'-Si=Si-R'go Joleill aiy loaic
loall4g . € g B grayliiiall aliiy A go R2-C = C R%go AT egjal salayl Jelaill ayiy .Ilgi Inyg ojlyicly
sgini il "disilabenzenes” (pjis Al ol gowdi . pjidl daygu didlay conjugated ddalyio JAla al
- (R1-Si),(R?-C), Jauitll slc dolell laiéln dilis ghoyg dpulyw déla le
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R2-C=C—R?

R'-Si=Si—R' + R?-C=C—R2 — A B + C

iyl S1,C, dulaudll aldlall als dgdligl syl 3¢ NMR 13918l guiblisall sggill gifl Julai jah
.C w4yall (8aalg dad) 6aalg 6jlilg B wbpall ((pLind)

9pt  pladiwly, CgSigR? gR" @unll pladiwly € g B g A abibjoll ilidl cusyill gl A1
di4aall duigipll iShill aai

7pt dla 08) € uSpall g gujitll (ASE) (gphell( cwdill ) jhdiwyl délb cuual A2
B2 ad sylall gginall poi jlicll oa 33Ul go . diago pudd (R' = R? = H
(1 Jasidlly olisi dnngall dowiall pé dalilll dajaall aulelai

H,C —=CH, + Ho _— H,C—CH, AH=-135kJ mol™" (1)
H,Si—CH, + Ho . H;Si— CH,4 AH=-213kJmol" (2)
H,Si—SiH, + Ho — H3Si— SiH, AH=-206 kJ mol”!  (3)

®
]

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

/:SiH /_SiHZ

HSi + 3 Ho2 —_— H,Si AH=-368 kJ mol"!  (6)
\ /

HSi SiH + 3 Hy —_— H,Si SiH, AH=-389kJmol! (7)
N7 S

1 Jadi!
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duwill .E g D abibpell go gljil hyla clhel daylsio dilagy joy dila . € wipoll ubij Jglho Juawi aiy loaic
. dyglo d2y3120.0 aic D: F'=1:40.0 g diglo daya 50.0 xzic D: E=1:20.0 o dilgoll

6pt Bylall daa ole aaioi U AH gl yajial E ol D uSjoll Jigail AH cuanl A3

dnhl hilgll ol o dylitll hulgyll algai e E g D o] € wApall o isomerization dauliioll dilac joiui

dod) 6aalg 8jlu] gc *C NMR ggyall quuhligoll gggill guifl Julai s o. dnalai hilg) (_gl b gga
il sl gging V .E Qbjally dolAdl dlil ( guiod) gujlulg D wbpall SiyCy J dlidl byl ((6aalg

10pt C.,Si, R%R" gunll plaaiwl E g D gusyall diilidl gunll puayl A4

B cjall
Jalall Jio dyyasdull lal pnlic go (cilcyai doni <) (Guuiill dyle déplii uLlﬁJ_o (HAAT ole ald (jgauluwll

Ly Jooi Guuiill didle ggauluull alaygla gla . 6jglall cainlgs padiwi Lo LuLe dijlall alagyglall gy IjAi
.8)gla wainlghs

.sJLill gaill glc Na,SiFg plaiiwl CCly go 8)glall Jelai cljal i
:Na,SiFg oulidll Jgloll pAni

Na,SiFs Jo (wlid Jglaal panill ddyph

.(200mL : o141l paall) clall od qlio (188.053 gmol " ) Na,SiFs (o 0.855¢ : 6pani piy F gdloll Jglaall
200mL). :olall paall) clall (oa wildo (568,424 gmol ™! ) Ce,(SOy4)5 o 6.86g : SppanT piy G (gdlo Jglo
:alelpl -

xylenolodldiy Jgithlj 3gag o hudiillh G Jglo dalal Guph ge mL) 50.0) aeqaF Jglaal qwyill 8pleo
&l Janil go Jglaall ggl pgiy « G Jglaall o 18.8.mL dala] ey .ailds . Ce3t ql] hyip sillg . orange
Si(OH)4 g2 gl Qilill ggiyluull wSjog . Ce** sle gginy (ollif whjo ga ggsiall cuull . silgaVl

5pt .Ce,(S0,); g0 Na,SiFs Jclail digjgall dlsleall wisl  B.1

:Na,SiFs 2o CCl, Jclai

(.ddlill alleell cliii Joao Jlioll Juw lc jarill Gupo e 63gdaall algall)
Jelai cleg o digio d2)3°300 (o] ditiuwi pig (pa 500.0) CClyell NaySiFe) 8alall (o [g]) x dala] ciai
8alall caraai ai .audipill (Guph e ilill NaClg Jelaioll pé Na,SiFg dlljl cai .henll pgldo (glell p4ao
29Si | (ouuthlioall sggill il calihl Jahl (H Jglao) CCly plaiiwl yil 1.00 0jaé (glloa] pan od] dauiipall

cthagl . SiF, ol] dalayl , °F NMR cath oé gl gg4iluull (bpe8 SiF, jalhl H Jglaall (NMR) 19F g
NMR cath od JolAill qruui quulifi (1 dgAAJI 2al)) CF4 g CF5Cl g CF,Cl, g CFCl3 1 dlldoll (andll) ulJLUJ_\Jl

Jalall ggi yac go YF
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CF, CF5Cl CF,Cl, CFCl;y | alily) data NMR '°F
Jglall Muhh_smjl il
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2.0 18.0 65.0 45.0 daluall JolAT dyui

:8 daleall wuwn H,SiFg J4ui clally SiF, 8alall Jlaii

3SiF, + 2H,0 — Si0, + 2H,SiF, 8)

, Jnall aey SiF, 1 JolAll ilall Jlaill @l 3 Lao .+ elall o 8alj dos o] (10 mL) H Jglao daln| cioi
Na,SiFg (oJl Jolilly aligaig (ilall Jglaall g (ilall JIaill go ilill H,SiFs wSpall Jalei Mclai Joc i
{7 ilo Jglao)

anlal pi s (ka dind) ddgll sghall od auiilly dilljl ciai gillg . Jelaioll pe NaCl g Na,SiFs cuuly @il3] pi
(4l 100 ¢ K Jglaall) (ilo Jglao clhcy clall qa Lbloi
las G go dyleall dylaill hldi ciilsg . G Jglaall plaiiwly jlholl Jghal dalal suleo cljal i . elld roy

L 61.6mL (dlol4ll dwall) | Jglaoll -
44.4mL : o@ K Jglro go Jo 100 J4l -
il 8ploo ole piili qu al gyl Si0, gi NaCl guisloll elyisiall agagll gi oJl Lid &jLiiyl jaqig

15pt  wuualg . (ki laiai il alogleall) Jelaill cleg (od daiioll NaCl dli4 qual  B.2
il algod dordiuall Na,SiFg I(x [g]) dlidll

8pt dailill CF5ClaLiS wuaal . Jelaiy al dyly 63loS paiiwall CCl, go 77.8%  B.3
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Mysterious Silicon

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

Score

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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alayull galeo jghii loaic .pllell clail groa oa Al o aac Al @yl ol Jgall go 61alg @ gl
Alaull galeo go loalall §jlanll ga (M™) duldtivl aljlall aligl go cja aloail Jnay ., Laalall §jlanll go
N deuji o dwlif axe Jamigl( (027) a4Vl aligyl go Lidwlii dhipo dllwall oda od dwgjaall MM (gaT
4 (Op) aagVl ogagll dlod Jad od diw gduwlii axe Jauig loalall §jlandl ga( Ty ) dagVl el Jadm
JguAll 21jgill Joleo J< pueill 4oy spin. high gdijo (igiiall gljgy ugai jahy laalsg aldlull galeo

:délelly D loalall 8jlanllg cildluull galeo gu M

M,
M

olisl Jgaall angs (sligill sle . 8jlanllg albuluull galeo go JS w6 MM juSlyi Jiad (M) g M], of éua
(liold Mn2*, Cr2* 1 D doyd
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Cr2*  Mn?+
D T2 1.1

O Jlaoll a (gjglll Jlaall jlydiwl déling M1 d ellall aljlaal Jnall délh loa CFSEOg Aoﬁfﬁﬁ

Tydlaall aé palilliogCFSET g Ar i Yhjug

6pt  yagial Co™ g Mn2t g Cr?t go g4l Ay dlVay ACFSE= |CFSEC-CFSET| wuual  A.1
4/90q =Dy

3pt  aldlayl plhi ga ACFSE/ Ag Jildo InD guwy JAA go dihi ddlle agag hagl A2
.olial angall dyijlagall
Hadilly Co**J D Qie

2.0

0 01 02 03 04 05
ACFSE /Aq

dia le(M : Ca,Ti,V.Mn or Co)., ddlill galeall go i Jioy gaeall éua MO galeall apwléi jgliii
a8l ddli alylliil iy high spin gligall @lle (¢igjisl] cisyi go0, dwsiaM™ (sitiy &y alall 8ygl
g aligiVl dindig phd wani gulwl gle aliadll gy pglgd alpilly gaulwl Jady rawlall odal dijghll

OpJlaall ga M I CFSE (o ciloaluall
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3pt  aljlall aai gol kJmol"]dygldl d4uddll délh ailwlliil go duulioll degonall yial A3

(). &l (a)

CaoO 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
A Jasl o4 aago ga los Ligjll dicly 6aag dui od . Cu?t g Lat (glc gginy . A hlito sl jghiy

oguitiyg . (I,) X ygaall Jgh go Jghl (1,) z jgrall Jgh lc O - Cu Jgh Jgiy « [CuOg] ilaill puroll o4
(d,2_,» and d.» ) egaljlaoll gy JAAIVE Jujy augiill 3@ .dualell O, dwaid ge [CuOg]

k

D La3+
@® : Cu
O 0+

1.3313nm

1 ”, ﬁ’.ssss nm
‘+——
% 0.3833nm

1 Jadul

Jaleall alagygls hia Guh ge ggaly sAllg « B wdpall (g)ladl Juaivl) gl Jaill Guph ge A guini j4oy
JAiVl dglw jalhd gaoly (dlif I+ C4H,0,4 clyjlghw ghon ole (sging wadio (qdlo Liigol Jglo (ga
gjgll AT glada auly . jghill clo 3dd (1200 C (80229.1% duiy gjgll sa 13da alall clgall o4 B 1 gjlall
aiy dil | 8jLiayl janig .63.6% ga B (o A Jugai clifl gjgll glada glloa] .CO, G\h| wuy 700 C (gin

Sl JARiNI Jelai o8 hdaCO, g clall Gill]

6pt B g AJdlosdll dionll uidl  B.1
4pt 1 Jaoul padiwl I, g I, ual B.2
4pt (1 Jaddl go A o [CuOg] ogiiall aghull gilod 0aCUZ* o] duuilll  B.3

ijgill paujlg . (i) g () o (dyo o and d.» ) e, dawdioll ciljlxall clowl il
lijla] ddijg o hdiall giall o8 (igyialy!
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dauill oé aalg i (ildally jaky Sr2* o aalg gaul La®* go aalg ggul Jlatiwl vicg .dljlc 8alo A pigy
and ddila dilngo Sr*tggily dogeh’ pi Al A Jakl .lAl dayii clyalll Jingi go laidoy oill dygll
m—3 wedo Jio J4l wugdill 302.05 x 107 jg4iy , A 1 Jlatiwl Jelai ¢ loaic . 38K

4pt  ga digo duuila®t gl gélgo o4 Jasiwall Sr2* ggi¥ digiall duwill cuual B4
clifil poii al dyglll duidlg digdall aligVl algaldi gi hay . Jlaiwdl Jelai
JIaiwyl Jelai

C cjnll

Cu,(CH3CO,), yakhy . 2A Jauiull go Cu* il (oJ) Ldwlii dnyliioCH;CO, gyl go Cu,(CH3CO,), Jgais
CH3CO, deyjl (dhyijall) alailatll ga gguall aljd pe glyoy gyygao go lawall ALl go dlle aligiuwo
dilayl plaaiwl vic .paeull l@neyl duwilli yoleio Jaiy daago jglaoll g_.l._rJL;g,CUQ+ (o d.ug.lIJ.LCJ_ou Jgaog
complex) cage).“yaad algad gi adeo” (jgainCH3CO, Yy JruAguall odlif

B dygljll aani . 2C J4uill Cu® g 2BJAuiull L1 cdlpubgs L go (sgimo JoCuy(Ll), yaadll rdeo jgaiy
Ao diiy i) s 2B JAdl a pawlll dhwlgy layl] jliell wallpnbgnall go (uidy Guliill alalail gy
.2 Jaull oa dango jie guagjvall alja Jihal. L110=0 .padll

A ( B
(
//\\
@ ® ®
/er 0“0 0“0
SR |
d 0=0°
Bc.@oOc

2 Jadl
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Spt 13 . 90 dglj aic olis angall L2 sgiwoll alynigis dlitl 8 diglfl auii o
dcgano janl J&Al Cu, (L2),, ga Cu’" g L2 go gghiall (nadll aédeo wibyi gl4
héa hyipi L2 ailagll CO, ™ alegaao gi gayial . m g n go J&l daanll slacyl go

cu®” aligil odl drdulii dhyly

"SR
L2
6 =90°

CA1
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Jasidl) 0%~ aalg gCH,CO,  diwmg Zn®" 2ghull sclyy doyyi olc . Zn,O(CH5CO,) njlall rdeo (_gg(_n/_;
(3

a ggall ald pe joi (gdll dilill jglaollg . Joll jSj0 dhdi yic 0% gdy Zn,O(CH5CO,), Adeall N
L3, 6 =180 3B J4ull) p-benzenedicarboxylate plaaiwl yic .gaeul [@neyl duuilly 6aoleio CH3CO, ™
@i joilgl” o (X) dygh diln dalo J4ubil yaolll laney Zn®" alegoao hyili «CH3CO, o U
Juioi piy .gilill pany pluo ald diedo dygly dyir lalg [Zn,0(L3)s],ed X dudyi .(3C . J4ull) "woluo
aghuull axeio J4ult gle Zn*" aghull gclyy J5 Juiod piyg . 3D JAuill od 8)8 J4uil ole 83algll pluall

3 Jadll oa dango jie guagjvall alja gl hay 3D. g 3C JAuill a gole salo)

o )
L3, 60=180°

5pt  (592.0gcm~3 )daliqag (3C Jaul) a laelh Jgh duweidi 6aag dula gl X (gging c.2
[cm] 6a2gs @ waal

5pt  CO,go 3.0 x 10°mL qletiwl X 3o 1g 1 J4oug . alolwall o jus dac le X (sging c3
pluwo Jal jle CO, go aliyjall axc hiugio auual . 25°C g Tbar Aic pluall g4
Aalg
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The Solid-State Chemistry of Transition Metals

13 % of the total
Question | A1 A2 A3 B.1 B.2 B.3 B.4 C.1 Cc.2 C.3 | Total
Points 6 3 3 6 4 4 4 5 5 5 45
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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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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ddlaiivl galeoll dlnll dlall cliots

A cjall

Ao C02+ :

' AoMn2+ :

’AO CI’2+ :

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

01 02 03 04 05
ACFSE / Ag

(3 pt) A3
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B cjall

(6 pt) B.1

(4pt) B.2

nm,l, = nm




A6-4

OMN-1 C-6 A-4

Arabic (Oman)

(4pt) B.3

(ii)

IIIIIIIIIIIIIIIIIII

Energy

(4 pt) B.4

%
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(5 pt) C.1

(5 pt) C.2
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(5 pt) C.3
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alajall elloa] go 137
ggoaoll | B.1 A3 | A2 | A1 Jlguull
36 10 19 2 5 alagall
dajs

épitiio JUI ciaun i l=g\.'ﬂlg » duijidl pe dyphell abifpall ge dadl Jlao (1996-1902) (zggjg.i Jguragull adial
dignell cloysll oa glio JS od

.gagagi deol @ (sgjgi jguragpll 6jgnll

A cjall

Jwilla go linariifolia. Inula divill o dlnd pi M}a (ol Ay dl geuh Aiio ga Lineariifolianone wijall
iy 3 whjall pe alghi Al go Jygaill Jud . 2 whyall Jliy 6aalg 6ghA (od Jygaill Rdiy . (1) valencene
alghi gl go ggiall Jugaill yuai clj] @Guph ge 6 uipall oll (5) Eremophilene (Jigai piy .4 Jgirall
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Ligayjlisl Vgiy| diill linariifolia Inula
X
»
N
NaIO4
0304 2
THF, H,0
C14H220
\ H / 0]
—/Si—N—Si\—
\S. | OH
—Si— .
CH5CN THF : . THF T
80 °C _78°C - OLi -78°C : o
3 4
B N H /. @ 0
7 Si—-N-Si
N / OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
6
THF, H,O CH5CN THF
80 °C -78°C
eremophilene (5)
5pt B)gpall vic agigr diclyall clioglll 3a1g 6 g 2 gusjoll Gdlidlh 8yl ooyl A

dyblitll Sl grony hainy (188 :eiyjall gjgll) 8 wjall haing 15 jiwl ol 4 9gissll Jugai piy ., elli roy
Aagi Vg dijayo Juls jaljo duwad gle (ggini 10 g 9 ailifjall .7 oa (chiral) stereocenters the oclyall plall
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Aol g 13 uipall guinil H,%0 go Uy H,'80 plaatwl aiy ail (agial .ggupallg gendll gu duilii hilg)
alollell ghg Jalai 180 | jilki alaylio ge &jlic 14 g 13 albll .olligill wle 12 g 11 wSjall go 14

déylhio duclya elyogs go 15 ilill guai 14 g 13 go J4 yagy » dyphaill

\ K /
—Si-N-Si—
/ \ _
(KHMDS) }u{
H N
(e 2T
7 . = O. _CF
: 5 THF, -78 °C -5 CFs
4 7
0
o] _OH
o}
(mCPBA)
8 NaHCO; 9 + 10
MW: 188 C14Ho00 C14H200
CH2C|2,0°C 147120 147120
\ Q
—$i-CF;Br @S—OH
11
Nal O 13
THF, 80 °C 11 H,'80, THF
C+=H 180 160
9 C H F O 151122 n 3-n
151201 2 (n=0_3)
\ 0
—Si-CF,Br —@—S—OH
/ 11
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C45H55'80,,1605.
C15H2oF20 15(r122= O—nS) 3-n

160-13/160-14
(C15H22"%03) CH30OH
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2pt A wSpoll qulioll cubyill jial - A2
0] 0]
9 9 O=\§/CF3 O:\$/CF3
I F3;C-S-OH Il F3C-S—NH, ]l N...CF;3 IV HN___CF3
1l 1 S S
O O ©/ /7 \\ 77\
19pt  .&jgpall ric agngs diclall cliogall 3aag 14 (o] 8 Jo alibpoall (Gdlivdl )il pauyl A3

.olixl Jliall (o6 ago ga Lo 14 g 13 LSjall dordall 180 aljd od) LAYT pabi

o

oy
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B cjall
plaiiwl ghoy . drigjindl pé dpholl dyilogjUl dunlar lei lota .olisl ango ga los 19 Sl giini ay
gl 21 gugai gl go pefll ole .21 dgul agj huwg pe 22 ol 20 Jugai pig « Jgrill hiiias 19 wSyoll

22 g 18 ghoyl Layai JIaiy 21 gggill (guuphlicall (il dhiulgs

O Br2
17

CHSCOOH
16 C15H12Br20
(0]
é
Et3N 18 cl” >cl 19
CH,Cl,
Cy5H100 C15H10Cl2

OH Cl
©/\/ + 10 o . ©/\/ + 18
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 .drelyall elbogSll ayaaT gygpall go gl 221 g 19-17 Gdlidl syl puyl B.1
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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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Organic Dynamic dilipAbll g dibwoliiall digaell alujall
Chirality Their and Molecules

alball lloa] go 117

ggoanll | B2 B.1 A3 A2 A1 Jlguull
26 4 3 7 3 9 alagall
daja

A cjall

Gruhiagla-g oo g_UI gpaill ggi go dulitoll aMingll ald aldlall 6axeio dijhell aligiagyyiall gouwi
Jlwo (Giph e 6cladi([4]C) i panid aly [(olial hil) (drwlawdl aldlall aac Jiai n . Li@) n-carbohelicenes
Agull dhuwlgy dlgay awsliy GAll (Int) huwg pc . olisl aigo ga lod gdgn Jelai pladiuly

hv

® )
PPhs Br
NaOEt
A
EtOH
B
hv

Int.
CigH14

I

[4]carbohelicene ([4]C)

C18H12
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= o N hv

aAgo ga loh allddall gle elilila] oa dlaliio dagajog 63jdo hilg) gy gap 8 dliwVl groal :dhailo
il ddly hug wisi il didletelir dahill yIAl praiwi V carbohelicene. dliol (od

9pt  duclpall alabniell gy jueill ay Co @l A go alibpall Ll cusyill o)l A1
.dowunoll

3pt @l wuwlio exy wbjog pgtigawgall alo yudi (o Scarbohelicene giini avglo A2
dijg gl Ml D Rilill alii] go Y . Scarbohelicene (o dliin dias gigai ol
il duiliegall alaljyl )83 iy . 5carbohelicene o 2Da jladoy Jal ol
D Aol gdilidl widyl puayl .olisi D wipall NMR 1H ggigpll euuthligoll

[D (8, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

poguiliVl alaylsiioll gy odwll Jgaillg digjla dulips al n-arbohelicenes psil aliliagnillg - [5]
dilipall caypei piy .dajell 6jlja dayy (oa hgalo Jady lithy g4y helicenes ailibjoll oda@ (o enantiomers
.olial aigo ga o4 (P) gi (M) Lail lc n-arbohelicenes J chirality aiL4all

&2

Ludljgilogys daph ae Jilaio J4uu 4 4o u&i n sle (ggiat il n-arbohelicenes guuliagyall Jnd gao;
.gigolagl guiigy jguuragnll @ygh oillg . @llLip4ll Agosll
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dayill cuslyill go 4T gl guidl ole ggind alisja (e &)lc helicenes Multiple 83a9iall diuwylall cabiall
83gago duclyall ailauliiiall o el gl  JLicyl g helical chirality dyigilall dulpdll 347 ai 13] .gubally
Scarbohelicene ggi (o (Ggdwm di\li glc E ubjall gging . Jlinll Juw gle .6310iall diuliall alibpall g4

.olisl aago ga o4 (P, P, P) aily diclyall ailaylivioll aal cangy . aalg cja oé Gruuhi@gially dayui

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

7pt  1,2-dibromobenzene (jiugogy odlid-1.2 1 Jayill dbhlwgr ghdll didac e aii; A3

wle Jelaill guai Guhi giy loyic . triphenylene (ulita odMi uSpo 2l
gag helicene multiple é3agio i@ glc Jgnall aiy . (P)-F g Fgo alaylbiall
Jelaill eliff énay V delyall alaylsiioll gu odwdl Jugaill gf odl pailly . G wSjall
g9 . diloell 038 (ad digdioll G wSjoll didaoll duélyall cilaylitioll gron aaa .
Jliall o4 lo4 aaall ddplall plaatuly Jolally anlg aliiio pwy iy .dralgajl
alayliioll s piy g wag ¢ disaell pldjil alily gag go . gajes Jgiy oda ollcl
JUall Juw ole .pudjill guail liag P g M aliawig gégall plé)l AUl dpelyall

il gaill ole E ibjall gall dpelyall alayliiall plp] way
(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).

7 N\ T
W GD
Br (CeeHas)
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B cjall
2003 ple o gllll o4 8)0 JgV dic cadll i eleg JAu ole Jgupagyaa e 8jlic ga Sumanene uiloguw
ool alic gief (gillg "gloguw” dyiall diiypawiwll dolall jo (Givo Sumanene “(ilogw” ol

dalall Glelg dalall pia go ggSiy Jelat Juului JU3 go Sumanene gyilogull aylgi giini ol Jngill pi
Jaliill 2930 (silossll GI3Lll gyinill Jelai g

_______________________

dargo (Ru*) pg._l_.i..l..'i'g_jﬂ jlaall Jolell dhwlgy 6janoll dilyiaill Jalill 293jo (S\JLLO.Iﬁ.” (é\JALg.'LII euinill allclai
.oliai
R *
+ 7R : \)\/j\/A
(0]
R X Ru* :
, - -

R X
Cl CN
Cl CN

(e}

7
L ol =7
gt) ng

3pt (iglho pé @ dnlall dclall cloydll) T hugll uSjall ilidl syl puayl B
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0}

Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

4pt kit abjo laag gAYl alibpall aliy givo wbjes padiuy M1 asjall o l2x

oiliosdll @laliill guinill Jela elifl gulbeil i go J o duelyall dilyylall jSlpall
dywlioll dieljall elosdll plaiiwlg K abjall oilidl (il pugl . Jalill agsjo

B.2
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Dynamic Organic Molecules and Their Chirality
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Score

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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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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Capsule of Dislikes and Likes dlguuill 0j41g ung
albyall glloa] go 107

ggonnll | A5 | A4 [ A3 [ A2 | AT [ Jlqull

23 3 3 2 2 13 | abyall

wanll
cjall
Agjidl (U) cap Jadd ole guiehd Jna elidog guiill 634 gads cod 13 gal el ggleay ¥ ggarall aUgVl

)>€(\’,,

3 W4jo pAni ai dalito plaaly alyja(U) wp Jad le 2 ubpo g 1 wpo panai oi :6p4aall sial Lldh

encapsulation” * a.LLu.lj.II wle a J.0J| 6Jad (g0 dwl)y caig 1 whyo go dijldoll

H H
(@] (@] | 1
»/N
HNJ(N N)LNH ‘N/
Ph-—>\<-ph ph—>/<—Ph =
HN_ N N._ _NH
T b
(@) 0]
1
@) 0]
/[L OH (0] O OH )k
}@Ni@iﬁ@é{j
| | | I
N N
\([)r OH @) ) O OH T)/
0]
HN/U\N CH3
Phﬁ\é-Ph
HN\[fN CH,
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g.1.70% ! H g 40.49% ! C :9 wSpall gyniell ia)ill .olial 2 ubjall (ol] daiioll welihnVl jlwall yaye iy
.alisll dnwlgr 17.98% ! O

CH,OH =
o) 0 " QO
=+ o ot 4
H A

HO o]
C20H1506
OCHjs
CO,PMB
e |8 e (X
Pd/C, H, CoaHosO5 TiCI4/Lig‘\IH4 CO,PMB
(=TP)

OCHs;
CO,PMB
o o] ]
CO,PMB CooH1506 A
OCH3
ey
4x * 8
H3;CO OCH3

J( OCH;
HN N
0 2x R R NH
HN N NH
Cl \”/
Cl ) OCH3
0
8 _ 9
C:40.49%, H: 1.70%
0:17.98%
0 OH o] (0] OH 2
HNJJ\N N N N)X\NH
R=—(R el R——{~R
HN\”/N N_ NH
0 OH o] (0] OH 0
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13pt  jodl pajiwl (declpall eliondll) auagi gygpall go yudl 9 — 4 go alibjoll puyyi A
angall ( p- methoxybenzyl ) JI dlold wiyall dudyi oy o Vi jlniils” “PMB
olcUl hhAoll o4

danllo piy pl laiy « (1) ssjall (oilif e sjally déleinll ggiilidad agigr hagl . 1 uSjall L4l dyhll o4
J5 . 1,Jglaal NMR TH ggignll suublisall sggill uipll wblihi 4 .3 uSjall cath (08 3, 1 ggilldod
s Jady Lalito aviliogall daljyl ailag . Wiloys dial4io lail haglg 1 o ddiiio Lail hagl NH aligigp
NH §géds gy Jadii dingaall hulgll g woll alilull 03@ jisf . 3 whjall NH aligigry galall ey ge

il dulif dlguus Jiaoi ol 1 go Al esjal X aljdlig 1 go

2pt A Sl o X duulioll (@ljall) 8311 4 Joa 6yl ga A2

2pt (1,) ejll duilii dlguubll oa diingjaall hylgyl saxe aisl A3
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wueill piy Z. cuwlioll ponll egjall caloi JAoy dun dilaly dalwo (gle (15) 1 esiall daliv dlguusll S gind
:ddlill dlaleolly dpalhll oda e

711, z@1, (1)
Ll gaill ole 1, (ol dlguuall Z cayloil gIyl eyl elic] piy

_ [z@e1,]
(2]

K, )

Jlioll Juw ole . sggill uuhlicall Guifly athll Jiaill dhulgr dlguus o egjall caler ddlpo gaoy
ae1g Jud NMR 1H ggigpll suuhligoll sggill (il walihl (o4 dalito ( pad) aljli]CeDg (o 1, dncl .
.CH, daln]

CeDsF , CeDg (08 2, dlguudll NMR TH cagh gulid ai .(2,) pSig dln daild dlguus Layi 2 qSjall J4uiy
dyiliagall alaljyl gaali pi diglf Rl Jelaill cagih groa wle blaall go . CgDy/Cy Dy Fuydall ajog
ga Lo clifiwl , 2 o H? go Al ( pad) aljlit] T dAallo aiy plg .+ olcl ailydall o 2 (Sjall H? ggigpl
dod) 8yLuit] J4 glg cudall alijja go ghoo axc pél LAl golioo dlguusll go @lalall cjall gi gayial jgsio
.Begloall dlguusll o alg ggi go (Galgii (

o) 0
OH 0O H o0 OH
HN/[LN N)LNH
R——R "I R~—{R
HN.__N N.__NH
I OH O H O OH \[O(

2
d(ppm) of H® dall
4.60 CgDg
4.71 CgDsF
4.60, 4.71, 4.82 CeDg /C4DsF

3pt  J (aod) 6jliit] J5 clhcd 2, o dlunballg daléall CgDsF g CgDg cilisja aac 3aa A4
i H
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1-adamantanecarboxylic Jaoa (o aalg esja ole Joisy gf G40y 2, i CeDg (o6 1H NMR cilwlid craiiis
@ wiall] iy dalido &)l alapl olisi lac peill piy il (Ka) ganall Gyl culgh aaai aig + (AdA)
ol aligja go 141 gl aalg egjn ole $ging ggi ol [2,

[£@2,]

2~ [Z][solvent@2,]

3)

o clld8g CeDg o8 dalido 8jlja cilayy sic (2) dlalend slheall 1, g CH, 1 K, pud yaai LAyl pi . Jiallg
olial T ol logudio 1 (hldo InK, Jio) gljiyl culgi ghd gajc piy 1H NMR alwld dhuwlgr laygani

InK,
|
’><°. 1/T
o° °°.... (K—1)
||

CO,H

AdA

«ginall pgig (1) ga (AS) ddlgiiell o4 peill ggiy . I phwll @a .1, a CeDg csja sl warlei aiy ol
(@) Jildy T ], cllal (3) o IT phull g cayleill dealall 8géll gi @] puity lao . (2) ga (AH) )il

3pt

(5) Juléy II jhullg
B. g A go dlill 8jdall ga (5) - (1) alelall oa daanll aljLAll yisl A.5

B A wanll
ol negative ¢lago positive (1)
b negative clngo positive (2)
AH AS 3)
AdA and 2, CH, and 1, (4)
AdA and 2, CH, and 1, (5)
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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




S -\ B

Arabic (Oman)

dlguusll oja1g iy

(13 pt) A1
pt) 3) 5 pt) 2) 4
pt) 2) 7 pt) 2) 6

pt) 2) 9 pt) 2) 8




wrcons AN9=2

Arabic (Oman)

(2 pt) A.2
O O
HNJ(N N)X\NH
HN\[fN N\[]/NH
O O
(2 pt) A3
(3pt) A4
dluboll péeCeDeF aillyja dac dlunball péeCeDg cillyja dac He of (ppm) &
ppm 60.4
ppm 71.4
ppm 82.4

(3 pt) A5
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