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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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-£
TZ0M el £ c = 2.99792458 x 108 m s!
=3 o= h = 6.62607015 x 10734 J s
7|12 ™ot e =1.602176634 x 10719 C
A 2 me = 9.10938370 x 1073 kg
MI| d £y = 8.85418781 x 107 '2F m~1
(T3 RHE)
OfH7IER Np = 6.02214076 x 102> mol—!
SX0F M kg = 1.380649 x 10723 J K1

A

F = N, x e = 9.64853321233100184 x 10* C mol 1

R = N, x kg = 8.31446261815324 J K1 mol !
= 8.2057366081 x 10~2L atm K~ mol-!

S A o u = 1Da = 1.66053907 x 10~2" kg
BE p = 1bar =10°Pa

CHo I Patm = 1.01325 x 10° Pa

MM 0= 0°C =273.15K
2AEE(Angstrom) 1A=10"19m

O30/ Ipm=10""?m

MX=2E leV = 1.602176634 x 10719 J
ppm 1ppm =10—6

ppb 1ppb=107°

ppt 1ppt = 1012

1}o| 7 = 3.141592653589793
AHZa9 & e = 2.718281828459045
(Y £)
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LAl
o -
O| &7|H| Al PV =nRT
O=|7|)\1 P vE BI o= S &, T= B2 L0|C
229| ¥] = k22
2
0=I7|A1 Fe

= MHIIM 8, k(= 9.0 x 10°NmM2C2)= 28 44, ¢, 1t g, = Mot
37|, r2 Mizt 2oLk,

AU =q+w
O7|M AU= UROHX| Ht, ¢= S5E 8, we 8ot Lo|rt.

olEtm| H H=U+PV
X0 2|0 7| Xt AE S =kglnW
20 S of7|M W O|M|AEf(microstates)2l 7H4=0|Ct.
AEZT st AS AS = Jrev
071N g = 7t 20 A 2] HO|LC}.
A2 XROHX| G G=H-TS

AG = —RTInNK = —2FE°
7| K= Y, 2= WXt =, e BEXISHL{O|CE

rz
0l0

Xl Q

AG=AG +RTInQ

|:||-C>AI aA +de = cC+dDOllM
[C]°[D]

Q = a
A“[B]’

o7|M [AJ= AQl 5.
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& H3t Aq Aq = ne, AT
H7|M = 20| 2ast & SEFFo|Ct
Mstgiel vgo| HEAE po oy 10 g Cor
Al zF Cred
B o7|M Cy = MSHE SEO| 8k, O g S E 222 s0|Ct.
FE
OfIL| QA Al — Aex (_ a
exp(z) = e*
o7|M k= S 4%, AE XISA2UXH(pre-exponential factor), E, & gAstofy
X|o|C}.
Lambert-Beer 4| A=c¢lc
7| A= SEE, c= SEEAS, 12 & 220, c= EHO| &5L0|Ct.
Henderson-Hasselbalch ~ AtSH2| #18 HA = HT + A0l A W&t K, M,
A A7
pH = pK, + log ()
+ OB\ [HA
EXte| of| X E=hv=h-
o7|M vz Wo| XS4, A= Y| mHEto|Ct
o . n 1— xn+1
5t 2o & m?él%l[[H,1+$+$2+"'+.%‘nzzi:0 i —

2HE 2 o A
A
N

1
II?<<].°E|[[H,EE].+£C




|
Korean (Korea)

KOR-4 C-0 G-6

ZQQv\,

A

“Cho 01

IChO

FNzw

[z9z] [6ge] [gge] [2g2] [ege] [ege] [2v2] [2ve] [eve] [6€2] [2e2] ||620°8¢2 ||9¢0°1€2 || 880282 || [L22]
wnpuaIMe] wnijeqoN wniAsjepusiy wnwia wnuRsugy iojed |oxyIeg wnun) wnpuawYy wnuoind wnumdan wnjueln wnuoyl wniugoy sploundy
o ON PN w4 EE| 10 Ad wo wy nd dN n uL oY 17-0v
€01 2oL (1% 00} 66 86 16 96 S6 6 £6 26 06 68 €01-68
196V L ||SYOELL || ¥E6°891 || 6527291 || 0€6'F9L || 005291 || S26°8Sk || S2°2SL ||v96°LSL || 9g0Gk || [Svi] ||gve vyl ||806°0FL|[9LL OFL ||S06'8EL
wnianT wnIqIapA wninyy wnigq)3 wniwjoHy E:_wohnw>n_ wniqua) | [ 1. wniyswolid Il LNl A d wnue) wnueyue spioueyue]
nq aA wl 13 OH Aa qL P n3 ws uwd PN id 0] e nj-e7q
WL 0L 69 89 19 99 S9 9 €9 29 19 09 65 85 Pi] bL-LS
[¥62] [e62] [es2] [682] [682] [822] [sge] [ogz] [182] [oz2] [222] [eze] [122] [892] [292] [9z2] [eze]
uossauebQ auissauua] WNUOWISAIT WINIAOISON wniAoIal4 wnjuoyIN 1011 5 Il oY ) reqg I} K wnisseq wnuyog wnibioqess wnugng wnipiopsyinyg Splounoy wnipey wnpuely
6o sl Al N 14 UN ug By sa N SH ug bs qa M || 479V || eY 1
811 L 9Ll SLL 1413 1S 413 L OkL 601 80+ L0b 901 SOk 0L €01-68 88 18
[eze] lote] [ote]l || 86802 || 2,02 ||¥8E+02 ||26G 002 || L96°96) || #80°G6L || LLe26l || €2°06) ||L02'98L || ¥8'E€8) ||8¥6°08) || 61°8LF 128,81 || S06°2EL
uopey auneisy wnjuojod yinwsig pea wnyeyL ISUIETT [J][15) wnuge|d wnipu| wniwsQ wnjuayy uasbuny wnjejuey wniueH sploueyjue] wnueg wnisae)
uy v od g ad IL BH ny id ] SO Ela| M el H nJ-e7 eg sO
98 a8 8 €8 28 8 08 6L 8L LL 9L SL YL €L 2L bL-LS 9s SS
€62°LEL || ¥06°92 L || 09°22L ||09L7 121 |[0LL'8LL|[818'FLL ||¥LbgLL |[898° 20 || 27901 |{906°20L || L0 LOL [66] G6'G6 || 906°26 || v2e' L6 || 906'88 || 29°/8 || 891'S8
uouay auIpo| wnunjaL Auownuy ury wnipuj wniwpey JOAIS wnipejjed wnipoyy wniuayiny wnpeuyoa) wnuapagAjop wnIqoIN wniuodZ wnupA wnguong wnipigny
ax | 91 as us ul PO By Pd ud ny ol ON aN by4 A IS ad
¥S €S 4] IS 0S 14 8 Va4 9y St (44 e 44 54 o¥ 6€ 8¢ LE
86.°€8 || ¥06'6L || 12678L || 226'vL || 089'2L || €2.769 || 8€'S9 || 9vS€9 || £€69'8S || £€6'8S || S¥8'SS || 8€6'VS || 966°LS || 26°0S || 2982 || 9S6°¥Y || 820°0v || 860°6E
:c«Q\CV_ sulwoig wnius|es Jlussly wniueuwlsn wnijesn ouiz _waaou 190IN jeqod uos| wwmcmmCNS_ wniwoJyo wnipeuep wniuey| wnipueds wneo wnissejod
M ig s sY ED) BYH uz no IN 0D CE| UuiN 10 A 1L oS eD A
9€ GE e €€ 2€ 331 0€ 62 82 L2 92 Se e €2 22 X4 02 61
8v6'6€ || 2SP'GE || 8902 || ¥26°0€ || S80°'82 || 286'92 90eve || 06622
uobiy eauLolyo inyng snioydsoud uoolIs wniuwny wnisaubepy wnipos
) 10 S d IS v BN EN
81 I3 91 18 143 el 43 (3%
080z | 8668L 11 666SH |[ 2007t Ltoet || visor [uswale aayoeoIpE) 8U) 0} siseuiusied ull ybiem owore| [  [8/2] c¢l0’6 8969
uoaN aunon|4 uebAxQ usbomN uoqien uolog aweu wniuoyIN wnihieg wniyu
oN E| 0 N o) g loqwAg|| UuN og n
0L 6 8 i 9 S Jaquinu diwoye eLl I €
€00 e 800}
wnidH uaboipAH
oH H
4 3
s [z Q[ e s v Qe e e J o [ e [ 8 [z [ e [ s [ v [ e [z [




Korean (Korea)

KOR-4 C-0 G-7

na

o

o]

ol

1H NMR &}

(wdd) @
o

_‘

N

m

4
_

m

m

h

Ot L 13 gl

®HO—1s®y

fHO-Y

SHO-NH

EHO—uv
fHO—
®HO-00d

HO—1V

H—1v

°HNOO-

OHO-

HPOS-
HOOO-



IChO

™

= .
F KOR-4 C-0 G-8

,Cﬂo zm\\

Q.\GS

Korean (Korea)

1702] 27| X|gtof| of et oFsHH 0| SZH(AS) : 2F +0.4 ppm



KOR-4 C-1C
KOR-4 C-1 C-1 Hee Seong Yoon

IChO
Problem 1

Cover sheet

Please return this cover sheet together with all the related question sheets.



\JO)F KOR-4 C-1 Q-1
Choz0™ English (Official)

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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£ 11%
= Al A2 B.1 B.2 B.3 B.4 Bl
B 6 4 5 3 3 3 24
=B

\
3
<

soo

= b ofl that

IE A
2471 34 EHS S¢f 249 Y (bulk, EHO| Oll 329| LI{X| (HLL)0l S48 o, 247+ 34 E8iof
EAEE B Hy(g) - 2H(ad)S HH M213) BXL Ci7|M |4 Aehot SA Aefo] £AE 22t (g)9 (ad)2
LIERHCE 34 EH(M)O| S8 4 2XHH,)E EHOIM 2oi=|of H 21X AeH2 SAEICH (2 1). 67| A H,ol
el AR & JEX] B4, BRHZE A2 g9 P 34 AR st 0] 2 LIERACE & H 2K AfO|2 e1Zsts
x2 EOi0| Bt 2 SAS Y 17 19 £3 MM 9ol 9l HOZ JHEICE 17 2 EH0N ZejEls

o

5 o
ol HHE X SUME HOELL A g E2 HEHE o|UX[E H, 2 & kJ B2 LIEFHTE 29| ZHA2 2
0 kJ mol1, AM3t Ik Ato]2f 7+ 2 80 kJ mol~10|Ct HH ZlE Ol X|= 2AIBHCE.
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A1 ozl Zk(i)-(iii)oll 7HE 7t7tR S A-G BoA DEAL. 6pt
(i) 7144 H, 2Xtoi|A §IXtZE A2
(ii) 24 X0l 2tz A2l (23 19] 4),)
(iii) SEHEl H 24Xt EH Ato|o] HE| (T2 19| hyy)
A.0.03nm B.0.07nm C.0.11nm D.0.15nm
E.0.19nm F.0.23nm G.0.27 nm
A2 ofal Zk(i)-(ii)oll 7tE 7I7tR 22 A-H S0 DEBA|L. 4pt

(i) 7IHIA Hy 0 M Z1KI4F HZ S8l = 2R3t o4 [Hy(g) — 2H(g)]
(ii) 71K Hy7t SAPE 2] 2 g oluX| [Hy(g) — 2H(ad)]

A. 20 kJmol=!  B.40kJmol=! C.60kJmol~!  D. 100 kJmol-1
E. 150 kdmol=! F.200 kdmol=! G.300 kJmol-! H. 400 kJmol-!
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IlE B
8t3 (1a)2t (1b)ofl LIEFH ZANE, SEHE £4 XSS HAR 457U, BT S 7|42 Ef5}3ICt H(ab) =
HAZ S5 £4 XIS LIEFHLD
k1
H,(g) = 2H(ad) (1a)
k;
k3
H(ad) — H(ab) (1b)
HH K| otLt & &, B, S2EHE U8 £ = 22 [s7Y], ry[s 7Y, rg[s7H 0l D, CHR 2t 20| EHEIC
ry =k Py, (1—0)? 2)
H7IM ki [sHPa ] ky s, ks [sTHE BHS & 44:0]1, Py = H, ol &={0[C. EHOIA 0|87Hs St #1X| F0ilA,
0 (0 <6< 1) HYXEO| AtX|st= 220|Ct. S&tat &5 S0 vl W2 (1), r, > ry), 0= L™SICHD
7Y BECE
B.1  r,=CH32 Z0| LIERE & Tk Spt
ks
Po= — 8 (5)
3 : . 1
Py,C
CE k1t kB AHESI0] B3I 2.
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HHA 5 = 1.0 x 10°m?Q & HES Hy(py, = 1.0 x 10% Pa)7} S0 'E £7|(1L=1.0x103m3)0f o]
SACH FHOM 4 AKX S& QX9 UEE=E N = 1.3 x 1088 m20|Ct, BH 2F 7 = 400 K2 {XISIZLCE S
(1)0] TIHE O w2k, By b v = 4.0 x 1074 Pa s 19| YHS £ =2 ZHABIH Ef H,= Ol& 7|H[o|1, 2% MEQ|
ROz 2Ag & °'Er" IIESIAIL.
B.2  HUHO Che| HE ot Cto A7t SOt S48 H /Xt &2l A [mol s7i m—2|E HASIAIR.  3pt
B3 T =400KO0IX, C=1.0 x 102 Pa—loltr 400 KOIIM k42| 2t2 AIMSIAIR. B.29| B2 3pt
T RHOM, A = 3.6 x 107" mol s71m2E A3 2.
B4 LCE R TOAM, C =25 x 103Pa—12 k; = 4.8 x 10725717t FO{HICt. O] 2E0AM  3pt
ry2 Py O B2 LIERYS mf, 2HE J284 S (a)-(h) S0IM 22N,
x 1073 x 1073 () (2
(d)
/ (f)
6.0 = © 6.0 /
T(IJ 'Tm
~ ~
o 4.0 b en 4.0
N P (OB /
(e)
/ /
2.0 e (g) 2.0
T Vs
/
// //
0 1.0 20  x1076 0 1.0 20  x1076
PH2 / Pa PH2 / Pa



KOR-4 C-1 A-1

A1-1

Korean (Korea)
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(ii)

(iii)

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

mol s~ m—2

B.3 (3 pt)
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Isotope Time Capsule

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

Score

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

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

Let us consider the following equilibrium:

[12C1601SO]2

[12C1602][12C1802] (1)

12c1602 +12 C1802 = 212¢c160180 K =

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

W = 1for 12C"0, and '2C'80,. In contrast, W = 2 for a 2C'*0'80 molecule because the oxygen atoms
are distinguishable in this molecule. As the right-hand side of the equilibrium shown in eq. 1 has two
12C'*0"™0 molecules, W = 22 = 4.
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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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ZEH9| 11%
=X A.l A2 A3 A4 Al
CIES) 8 8 10 9 35

1)}
N

CH,%t CH;DNE S2I¢A0 Mot Ct2 EXES Ot0|AEEZ(isotopologue)2tl 2EC OO|AEER =

AU M= OlAlet xto 7} QICE.

shsts M7o| 22 O R ZAFBIC SHRIEH X
£ DE 2HL |4 MEf2tn JHESHAIL.

O] ZH|0IA Lt

12160, 112 C180, = 212C160'80 K ['2C'e0'80]?

= [12C160,][12C"80,)]
AEZI 5= AA-RIQ 7Hsst O|AIH AEf 74 WIt S7Hof w2t S7tetc:

(2)

12C160, 2t 12C180,0f CH3HA W = 10|Ct. BHHoj|, 12C160180 EX}oi| Chei A= O] EXtol|lA &t 2IXHE0| 78 Jts
St7| W20l W = 20|Ct 8HSA (1)0fl 2ol WHo| 2#0i| 2 7§2| 12C160180 BAHS0| 7| WE0i|, W = 22 = 40|C},
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A1 HES Al (3)9] QIEHT| HS AH= 2E0] 2AIQ10] Yol ZHE JHEIC 8pt
H, + DI = HD + HI 3)
BESA (3)] WA A KE OFF W2 25 (T — 00|12t MZESXL e} Ot F =2 2
(T — 4oo2t2] MZISERE O A A MSHA L.
O] 2L E0|A B2 2 WSIX| g1, =2 20N A= YA IO R £HBICHT IHA
SHA2.
CtE oMo AHE EX X502 dHT 4= QUCt,
[H][D,]
HD = D = 4
2 H, + D, K HDJ2 (4)
T =0 KO|AM, TS FOt4=7t v [s71]21 O|&IXt 2Xto| ZE oL X|&= CHSat 20| B EICE
E=-hv (5)
1k
=5\ (6)

O7IM k= & &4=0[1, it BB = O|FXL 2RI & HAtS| B m, M m,E AFESH0 LHE 2t 20| B EICE

e

My 7)
my + mgy

A2 Ho HZ2 o2 LIEHHYYS M 4161.0 cm1O|Ct 7= 0 KOf| A C}S &
t

S AIOl AHE  8pt
J mol-1 ttR| 2 A AN L.

Ct2ah 20| 7HgsHA| 2!
« TS OLHXIZE AHO| 7|0{BIC
s

St
« H,, HD, D,9| i S SUs}L},
- HO| H2¥2 1 Da0| 1 DO| 222 2 DaolCh.

=20
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B0l AIAEI0IA H,, HD, D,2] BH= 0 o|ZECh 0f7| M, A, = D,2| BHlo| #si2 Holsict,
Ry
ADz = RI*DZ —1 (9)
2
Oi71M, Ry = ME0H2 {H %om Ry =T — toctlA2) {H }om T - +oo0llM E9|2i40 BEE 2RO
2 2

(random)0| ElCt= HE F2}{0f °._H:f.

K710.3002] 2=0i|A S[2lA weto] By MEfY uf, Dol XIHX ZMH|E  10pt
2% HLSIN 2.
N ZMHIE 242 1.5576 x 10742 1 — 1.5576 x 1040|211 7Y SHA| 2.

A3 tt
0|
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UHtMO 2 27t ZHASHH 0|5 X2t Ol0|AEZEZ (st Xt otof| T 7He| 21 S2eA XES 7IX1 Y=
)| 2H|= B7IsICt £X12F0| 442+ 4721 CO, (OF2H0il CO,[44]2F CO,[47]2 LIEILHQICH EXIE Q| SH|IE AztsH
HXh A2 CHSa 20| Felstit
R
Ay =11 (10)
47 R47
OIIM Ity @ MEOINS! (CE2 01D, Ry 1 oo Bl 52 il oICk. EraSt 4 EIRS o] Kot Z4
2
Hl= of2iet 211, o{7]0f LIRX| g2 SAALAS S FAIBC
12C 13C

XtHAX ZXH| | 0.988888 | 0.011112

160 170 180
XA™ =xHH[ | 0.997621 | 0.0003790 | 0.0020000

A2 2k o EH0| TSt Z0| ZHEUC. 7| TE= K THelel B2 =0olCk
36.2 N
A47:W+2.920><10 4 (11)

A4 2 iMoM P2 ofM E-FIEL R,,0| 4.50865 x 10°0|RACt. O] R, 0|83t0{  9pt
2EE fF5N 2.
Ol R = EYIEO| AJUAH A|7|Q CH7| 22t11 s MBtct. AlLHE o CO,[47]2] 7HE
ZX{H|7} 2 O}0|AEZ 2102 N2{SIA| 2.
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AH =

J mol-!
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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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Lambert-Beer HZ!

EH2| 8%
=H A.l B.1 B.2 A
HH & 10 6 6 22
Ha

Of EHIoflAf st Mt Zo{of| 2ot S4= FASICE ZE A1} J|K|= 25 °C2 LHSHA |X| €L

IOlE A
HASH NaAZ 0| 83t0f £8% X2 ZH|BICE 8 X0l A] [A7], [HA], [HF]e] SEE 242 1.00 x 102 mol L1,
1.00 x 1073 mol L1, 1.00 x 10~% mol L~10|C}. O] £ AtO|Q| ZtAH|= L2 A 7| W AlS OtESICY
_ [A][H"]
N + —

HA=A" +H K = HA (1)
oIE AolA ZZ 2 ZO0|(optical path length)= 7 OIC}. 3| BpEON Wx Hak= FA|SICEH A (1) Hel$t CHE
otst Hg2 UO{LtX| @b=Ctal ZH- oot

A1 ohEt ) Ol A =8 Xo| & =+= A,0|Ct pH = 2.500¢! & P(HCI)QE o XE 281  10pt
0 S ME 8AHS D=

Ch. 281 S0l I A, A4Sl SZEE OfH3| 4,01k A, 04
ETET IR T ) 22744 vl EHA/EA*% TR

P
\J

HA2L A-2 253
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7|H| AEfollM CHE W HHS 0] CHal m2{s 2 Xt
D=2M (2)

SHerE0] sl el Sxd & 2l o8 T NSUNY 87171 ek (01 0 47) NRANY 8710 &4
ol HENS BHSE 2 @2 PR QX|E|HA Y| St

7|H|e] &= A =¢e(n/V)IO|Ct.

o7|M g, n, V, 1 2 242 SZEAS, 7M1 2=, 7|H 21|, = ZO|0|CL. 7|H| =22 74
O|A7|HI2 ZFRBHLCY,

_°,t
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rin
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g

rr
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Lot FR OHE FoE AE3HAR.
7] Aef ¥y =
D M D M
%_JIK_ Ny np M
£ Vo 1%

B.1 It Xgp OllA X7| e B =20 2 e

LY 20 o JollA ZFE 7|Ho] SHEE 2E  6pt
AB]_O“:"- )\Bloﬂkl DSZ|- Mol %g‘_‘é}ﬁl‘#‘ =) |' M
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The Redox Chemistry of Zinc
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Question A1 A2 B.1 B.2 B.3 B.4 Total
Points 6 5 4 3 5 9 32
Score

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

and reuse it as metallic zinc.

Part A

The dissolution equilibrium of zinc hydroxide Zn(OH),(s) at 25 °C and the relevant equilibrium constants

are given in eq. 1-4.

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

Zn(OH),(s) = Zn

(OH)(aq)

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

H,O(l) = H*(aq) + OH™(aq)

Koo =1.74x 1077 )

K, =262x10°¢ (2)
Ky =6.47 x 1072 3)

K, =1.00 x 10714 (4)



IChO

™

Q,\GS

WIS KOR-4 C-4 Q-2
Chozo1™ English (Official)

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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25 °COllM =4t} OFH Zn(OH),(s)2l dfi2| WHEtS A WA= A (1)-(4)0 FO1K UCH

2H A.l A2 B.1 B.2 B.3 B.4 Al
CIps! 6 5 4 3 5 9 32
M4

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)

K, =262x107°

Koo =174 10717

Ky, =647 x 1072

K, =1.00x 10~

K| X

| e

(M
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oto| 8o § (L3t +=8Hoj| A= ot )= 4l (5)0 FO{A UL

S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH)Z~(aq)] (5)
A1 Al (1)-(4)off FofFl Hh2o| WY LM M, [Zn?f(aq)], [Zn(OH),(aq)], 6pt
[Zn(OH)2~(aq)] ZOIM [Zn(OH),(aq))7t 7Het 2 22 74X = pH H2IE TR,

A2 pH=7.002 Zn(OH),(s) Z2t =M FH|St11 4 2tStRALCE. O] G1tAH0| NaOHE B 5pt
7t6tod pHE 12.002 B7HAIZACE p 12.0022 E7tAIZ o FTE 0
£ HME(molar percentage)E AMSHAL.
Ch 2I|Qt 2= H3H= R AT

olE B

o2l Azt Z0| 2|4=ot =415} OtAS 7HESH0] st OfH S =Lt

Zn(OH),(s) — ZnO(s) + H,O(l) 6)
2|10 s} OfHE oA J[H|Z 2HRAAH F& OtHE H=Ct
ZnO(s) + H,(g) — Zn(s) + H,0(q) (7)
B.1 2 7M1 YHE 1 barE FXISHHA €S (7)2 THAIZ|7| fIsiMe HEE 25712 4pt
2Es s ZAAAFHOF BTt 300 *COllM BHS (7)0] T E 4 U= 572 2| 22t
HE AL,
0o{7|M, 300 °C Ol 2E 7|HE0| 1 barY mj A3} ofH }_¢_§7|o| 1A MM
Oof| A x| (Glbbs formation energy)& ZtZf AG;,0(300°C) = —2.90 x 102 kJ mol~ 1
AGy,0(300°C) = —2.20 x 10? kJ mol~10|C}.
=4 ol 24-37| tiE{2|2] 33 (anode) EEZ AFEEILE 0 M22 Znt ZnO2 FME|0f /ULCL O] MX|= CHS
AStetel HhS 2 0| 8510 MI|1E MAMsHH, 25 °C, 1 bar0llA £°2| 7|H 2 (electromotive force, e.m.f.)2 7+ZICH

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

B2  OtH-37| HIE{2|E 20 mAOIM 24412 SoF SHAIZACE HiE{2|2l 5 3(anode)el =2 3pt
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B.3 2| &t E otH-37| HHE1EI°I .m.f. HHE Dol EXt X4 Al 22 5pt
0|7t 22t —38°C (2&), 3776 m¥ wf, = X|At AN M Q| 7|FEH (e.m.f.)E FSINL.
Tf, =0 A[m)2t 2= T[°CIOlAM 2| CH7 |22 CHS Alnt 2Tt
0.0065h 5257
Plbar] =1.013 x (1 T +0.0065h + 273.15) ®
CH7| & MA9| 2 H|E2 21%0|CH —38°C, 1 bar0|A 2H24] (8)2] LA of|{X| Hsl=
AG770(—38°C) = —3.26 x 10> kJ mol~ Lojct.
B.4 25 °COlA B34 (6)2] LA oL X| HEHE FSIAL. 9pt

T 25°C, 1 bar0ll A #ZF 22l T4,
FO{M AL

Zn%*t +2e- —» Zn

O, +4H* + 4e~ — 2H,0

E°(Zn%+/Zn)2t E*(0,/H,0)= k2t A1 (10), (11)0

E°(Zn?*t/Zn) = —0.77V (10)

E°(0,/H,0) = 1.23V (11)
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B.1 (4 pt)

Pu,0=

bar

B.2 (3 pt)
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Mysterious Silicon
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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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39 12%
=H Al A2 A3 A4 B.1 B.2 B.3 A
LIS, 9 7 6 10 5 15 8 60
34

oIE A
EtA-EEA Ak A 2ha| RL-Sj = Si-RY(R: 87| X|&HA|) 7A-T7A AS Zet2 Hi2M0| 0 ALt o€ £04, 0]
SIEtEL o2t H23te] AF2E 1E|(four-membered ring) 2 7t7 T2|H MM ES WA STt

R1_S| S| R1 + Hzc:CHz —_— S|:S|

RL-Si = Si-R!& 27IQI(R2-C = C-R?)zt ¢ % S, AFZE D2|3e S AT X7 M2 MM EICH AS CHE 2719l
(R-C=cC- R2) BXtet 2712 Ut A|7|H O| 4 EA|Ql Bt C7t MM EICE O] F 3822 BE .J’.‘iHET D2 2FA0|M
Tx0|H, 'cro| Azt FEl (disilabenzene)’ OIEP StCt. o] Cto|AlzteilF (disilabenzene)2 €2+ T12|(six-membered
ring)2 7HXI0, (RL-Si),(R%C), 2 LIEF 4 UL},
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_ _ R2—C=C—R?

R1-Si=Si—R' + R2-C=C—R2 — A > B + C

BCNMR 24 23, 82t 12| 240 = Si,C,0ll sidst= AI2E2 B2 ZR00= 274, €2l 0= 1747t 2

A1 RLR?%Si%CE EI|SHHM A, B,C XS J2AR. 7t53t 3F 7= F otLiat J2|H  9pt
ElCt.

A2 Oofzi O 19 EX3} AAHIS £AF} HHS AED HEH AH)E D2{sto] #I™ ¢ Tpt
Rl = R? = HQl E2)9| Wakx otH 3} of| L X|(aromatic stabilization energy, ASE)
A

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 — H3Si— SiH; AH=-206 kJ mol™"  (3)
@ + 3 Ho — <:> AH=-173 ki mol""  (4)

HSi—SiH H,Si— SiH,
AH=-326 kJ mol”!  (5)

3 H2 —

g
~

/—SiH2

HSi 3 Hz H,Si AH=-368 kJ mol”!  (6)

1
|

SiH &+ 3 Hy - H,Si SiH, AH=-389kJmol! (7)

/

HSi

/

|J
m
=
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7tgsH, 0| M E sH(isomerization) =0 D EQ| WH =82 0| MM EICt, ZH|= 50.0 °COlM D

C°| AgH gHS
00]|1,120.0 °CHlA D E=1":20.0 O|C}.

*E=1:40.

A3  DI7IEZ Hglst= 1tHo| AHE ARSI, 6pt
Ch AHE 250 o &5HX| =Ct1 7H-siCt,

XX 91, r-2E0| o-ZE R HEHA ZIHEICE 3C NMR 24
9| 2R0l= 174, EC| B0ll= 2707t 2 EICE DO Si,C, 2H0=
JHo| Abzt 1| E JpEIC)

—

CollM DSt ER2| 0| 4T3t UL - ZF2 2
aﬂf DetEQ| s|2c4 ZAHof| sietsts A
éll' _lal‘—o-lxl EI_ '6'|- 7H |

UR

N

A4 RL,R? Si% CE H7IstHAM DOt EQ 725 J2|ML. 10pt
OIE B
i ERQQRUF)MY MIISHT7t 2 YAt o Hiel7t 2 St E(> 4712 KBH)S 4D+ ALCL S

== =

=T Bl
2213} 2 3}8tE (metal fluorides)0| Z2 2213} Bt (fluorination) A|UO 2 X3 AR E|= KN HiQ$T1 2
Fet=(silicon fluorldes) SR g Ao 2 APREHZF

Na,SiF¢= 0| &%t CCl, 2| EF eI} 282 Li3at 20| TI™MEICE

il
Hu
to
r
Lo_l-
=1
B>
tOI-

ZH|I=
F 2% 0.855 g2| Na,SiF4(188.053 gmol 1)7} S0t 24 (HA| £1]: 200 mL).
G 2=8%:6.86 g2| Ce,(S0,)5(568.424 gmol 1)7} S0tQl= £ (FA| £I|: 200 mL).
Aelntd
8% F(50.0 mL)0ll G 8HS ot 2N g 01 ca[HM &”‘3% SESICE Ojuff XIA|AO 2 Cedret Aeet 4
Q1= X2 QK| XIAFS AFBBIC £8 G(18.8 mL) m, SoHo| M2 L 2HMOof| A XtZMOZ HEtCL
ME A

YHE HWE2 Ce¥t 0|22 ZPst= 0|42 20|, *ct'éil A o E2 Si(OH),7t LStk
M
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o

. Nazleegl' CCI49—| % .
(ot THEollM B Soil 23t SX <

Na,SiF4(z [g]) & CCl,(500.0 g)oll H7ts

|'>
rlo
40
=
rot
n

1 UM E LHE 2k E7(01|lAf 300 °C7HA| ZHESIALY.

Ht28LX| 042 Na,SiFs2t MM El NaCl2 oz rsro4 HAStCE A S CCL,Z 3| Msto] & 2|7} 1.00 L7t £ =2
StECHEH H). 89 HO| 2°Sizt 19F NMR AHE -2 SiF, 7t R23t 74 stetE2s ERICh 19F NMR AHEZ o=
SiF,2l0l = CFCI3, CF2c12, CF,Cl % CF 01l & H r A|—l'-"O| BHEE|ACHE 1 AX). 19F NMR AT EZ 0| A HEH|
£ E22l do| £0f H|2{|3tct

"1

19F NMR Ei|O|Ef CFCl, CF,Cl, CF,Cl CF,

HME 45.0 65.0 18.0 2.0
SiF, &= A(8)2t 20| 7t =0 H,SiFE YA ict.

3SiF, + 2H,0 — SiO, + 2H,SiF, (8)

U H(10 mL)E 2t 20| 7t5t0] SiF,E 28| 72 AIZICE 8 B 22|t &, 728 =0 MM E H,SiF S
FoAAH 2tH5| Na,SiF(8H J)2 Iizkofoﬂlif_
2h2 A 7| CHA[Ofl A o otoil olsh M El O]2HS Na,SiFs2t NaClel AHE(UE *l B2)S Sof &3] SiAlIA
8 (8N K; 10.0 L)S HUCt
JH O3 8% GE M85 712 AW XFP g s, MY At Ao ZLHMNA| 22 E 8N Go| &2
ofziet ZCt:

&% K 100 mL: 44.4 mL.
07| M NaCl 2 Si0, 2| SESIHzEE &H MFYoll= JeS 0|X|X| =Lt

B2 S 87I0IM MME NaClel Z2HEE & HE)g #6ta, 24 2H=Z AH8E Na,SiFs2l  15pt
e (z [g])2 AL,

B3 W 2I2 ALE CCl,o| 77.8%7} BHS3HX| QU MAE CF,Clo] 2k AMSIAR.  8pt
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AH = kJ mol!
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NaCl : g, Na,SiFg g
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CF3CI : g
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Volcano at Sakurajima island
Part A

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

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

M,
M

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

Cre+

MnZ+

D 72

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

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

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

2.0

0 01 02 03 04 05
ACFSE 7 Aq

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

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

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

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

Y

D - La3+

@ : Cu*

O 0+
0.2520 nmI
1.3313nm

CuOq

1 ", _ASSSSnm
‘-
% 0.3833nm
Fig. 1

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

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

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

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

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

Part C

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

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

Fig. 2
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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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Mo| &9 x| 2tst
£H9| 13%
2H| Al A.2 A.3 B.1 B.2 B.3 B.4 C.l C.2 C.3 Al
HH A 6 3 3 6 4 4 4 5 5 5 45
Ha
At 2tX|0F Mo BhAt
otE A
UE2 ™ MAXMSE SHA0| 7HE U2 27t & StLto|Ct, fAtE 2=0| 02022 E AFste of, 0201 /s HO|
=4 0|2(M™)E LB E FAE 20 ZEEICH MM E AA 0] 2(02)2 b9 Z8ste] oot M= 4 Hi2(2|
HAMHM(T,) FEE 7HKH, FAtE BE0M = 6 B2l BEEHAN(0,) =& 7HEICt O] & 7X|= 25 DA T Xt
BHX|S JtXICH FAME ZE20F 0t Atole] Mn+o| B A4 (distribution coefficient) D= Ct21p ZH0| s £
UL},

M,
M

047|A1 M2 M]j= 242 it 22 opaoto] Exsts MM+ sEO|Ct of2fe] EE Cr2+et Mn?+9| D S
|C
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OnZolM M+2| d @H|Ere| ofLX] 22|t ZEE o3} of X (crystal-field stabilization energy)E 2t2t A2t
CFSEO2t tAL Ty Ho| M= 22E A2t CFSET2t 6fAt,

A1 Cr2*, Mn2+, Co?*9| |CFSEO—CFSET| = ACFSES A, TH9I2 AIABIAIR: 6pt
Ay = 4/90, 2 FHEBHTE,

A2 Of2Hof LIEFH = ZHEA0 ACFSE / ApOll CHEt INDE HAISHH MY 2HA|7} 2HRHEICE 3pt
Co* 9| DE P3N L.

2.0

0 01 02 03 04 05
ACFSE / Ag

24 M32 MO(M: Ca, Ti, V, Mn & Co)= &S (rock-salt) EE A=, 0f7|A M= 0,781 X9
DAT MX} HIX[E ZHEICE o|2{gh AtstE | AXL AE = 0|22 X1t MStEHo]| 7|8tst 28 A= g0 2IF
2 AFED, O, FO|M H7|= Mo CFSELQ| ot UL dh=C}
A3 Ol (a)-()BOIM Xt AT [k mol-1] EBO2 74a MMt H SILIZ DEAR.  3pt
CaoO Tio VO MnO CoO
(@) 3460 3878 3913 3810 3916
(b) 3460 3916 3878 3810 3913
(©) 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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OIE B

La3tet Cu2tE 25 Eest= =8 MSHE A=
ZHA| [CuOg) 0lM, Cu-09| z

LIEHH Zd 62 HeX A (tetragonal) T2l MIE 2 Z XS}t
5t 21

H =
FISHUCE 0218t RIS e, 2H[EH(d,. . X d..)o| =E|

0[(1,) ECt A1, [CuOg)E MAXQI O, 7|8t X2 EEH
GEE degeneracy)& S10HZELE.

k

D+ Lad+
@ : Cu¥
O 0%

1.3313nm

0| 7}4H(diacid) Q! *ﬂIOfE M(C4H 0,4, squaric acid)S Z&st= F2 LZL0t 80| 24 Hot=s MoH A E
B7t WMEICt &2 BE &2l ofH AE 28 £ UCH HX3 MEfollM BS S&3sH 2tE2 200 °CtXl= 2™
(crystalllzatlon water)°| HE2 Q5o 29. l%°| &2z 24 (weight loss)2 EOI_' 700 °C7tX] CO, 2| WEZ Qlsf
F7tEQl T &HS LIEHHCEH BOIM A7 HHME= S0t & B2 £42 63.6%0IC} o] S tHoM= =3t
CO, ot “**E._llif.

B.1 A% B 3}3HAS MAQ. 6pt

B.2 % 12 0|&3t0] [ o 1,5 AMSAL. 4pt

B3 12l 10]A] T| [ uo ] Lo LiO| Cutofl chsto] gotx|of Rl= HUQRZ & AXto|  4pt
XA HIAIZ 213, ()2F ()0 HLE = e, QHIZd,. .3t d_.)2l OIS 242t MA@
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A= HAN|OICL Bt 7HO| La3+0] Sr2* 2 K|Bt=|H, Z2F AXtol| &t 7o HZ0| MME|o] M7| M o] JMzIct. 1 At
Sr 7t EHE A= 38 K O|Stof| M| XM M S LIEHHCEH AQ| X[ 8t80] 20{ mh, 2.05 x 10%” holes m—3 Bt32)
30| Hd=Art.

B4 O] X|gt gtS0lM 2H| 7|EQ 2 Lad | X|2HEl Sr2+o] HUEE AMSIAL. 714 0|2  4pt
Xt 2h30] ofsl HSHX| gf=Lt.

rlot

OIE C

Cu,(CH3CO,),= 2709 Cu®oll HHQIEl 4742 CH,CO, 2 FAE 0] UCHIAZ! 2A). Cu,(CH5CO,),= 47H2
CH5CO, 9 EtA QIXIES Entst= 2709] X1t 2709| Cu®' S Extsts Bt 7Ho 22 7N, 0|52 M2 $X0|1
E2 T 1= M S HQICt CH;CO, CHAl CHo|7HE A||0|E 2|ZtEE AFESHH "7|0|X| £H270] WM EICt
A|O|X| &2 Cu,(L1),= WHY CHo|7H=A0|E L1(D2 2B)1t Cu®' 2 A EICH (22 2C). 22 2BOlIA] St EE
HEAIE 2719 FH2 A 0| EQ| HQ| BISk AtO|Q] 2t 6 = AH|O|X| &2 2xE ZASC). L19| 6 & 0°0|Ct O
20l & HXIE HAZ[O] UX| QECE.

N\

N

4
2
Q

Bc.@oOc

a2
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C1 O PEo| WY CHo|FH=2A|0|E L22] § = 90°2 I E|0f QICt L29t Cu® 2 1A 5pt
& A O[X| =2 40| Cu,,(L2) & O, n 2t m o 7tF &2 H THS FOIAL.

L29] CO,” I BHo| Cu?* 0|21} th9] ZE ik,

N

L2
0 =90°
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ot &8 Zn,0(CH;CO,) = 47H2| AT (tetrahedral) Zn®", 67§2] CH;CO,” X 17H9| 0% & ESHCHIEY
3A). Zn,0(CH;CO,) 0llA 0= Faloll fIXI5t0, CH,CO, ©f BtA YXIES Stst= M 742 2 M2 Zo|Ct,
CH5CO, CHAl p-HIFICto| 7= Al2|| 0] E(T2! 3B, L3, 6 = 180°)2 AFR3IH, Zn*" 22 AE (cluster) 7t A2 HZAE|0f
"Ca Y el DEXEID 22l Z2EM TH|(X)E 43t 3C). Xe =40] [Zn,0(L3)5],,01H, Ltk 37|29

2t= Qb AF pxo|Ch, stLtel pHE 02! 3D0M 72 HAIE D, 2 AFHK| Zn® 22 A E 12 3¢}
3DOIA ZIst 5|Ao| CiHA|(polyhedron) 2 EAIE|ACE 12! 30|A £4 2IXIES MakSIHCE,

5pt

C3 Xc &Yt o S Zetstn UM 1 bar, 25 °COIM 1 g X= 7HO|| 3.0 x 102 5pt
YooY +8 758 B CO, =Xt 5 HSHAL.
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Ho| 242| ;A 3}t
OIE A
A.1 (6 pt)
CI’2+ : Ao, Ml’l2+ : AO ) C02+ : Ao
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A.2 (3 pt)
2.0
1.5
-
c 1.0
0.5
0
0 01 02 03 04 05
ACFSE /Ag
D:

A.3 (3 pt)
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AG6-3

Korean (Korea)

OlE B

B.1 (6 pt)

B.2 (4 pt)

nm,l, =

z

nm
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B.3 (4 pt)
(i) J (i)
Energy TSR T PR
| 0
g i i
| ! i)
B.4 (4 pt)

%
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oDE C

C.1 (5 pt)

C.2 (5 pt)

cm
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PN

C.3 (5 pt)
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Playing with Non-benzenoid Aromaticity

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

Score

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

Photo courtesy: Tohoku Univ.

Part A

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

Inula linariifolia

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

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

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

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

160-13/160-14
(C15H22'%03) CH3OH
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A2 Choose the appropriate structure for A. 2pt
0] 0]
9 .C.) O:\§/CF3 O:\$,CF3
| F3C-S-OH Il FsC-S—NH, m N.g-CFs v HN. o -CF3
O O 77\ 77\
A3 Draw the structures of 8-14 and clearly identify the stereochemistry where nec-  19pt

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

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

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

OH Cl
20 —HCI 22

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

B.1 Draw the structures of 17-19 and 21. Identifying the stereochemistry is not  10pt
necessary.
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39 13%
ClES| Al A2 A3 B.1 A
Ha 5 2 19 10 36
e
= 0] 14(1902-1996)= XIZ2 R7ISFB0A T L2fT v

AT NS ESR e

OlE A

2|L|ot2|0|Z2|ot=(lineariifolianone)2 22X (Inula linariifolia)dlM E&EE SESH 21X 9| MHES0|C}. LalM
[valencene (1)]0| A 1ctA| HEtS FH 27t ng7| , 32 TN E 5= 3HA t= A A=CL ofl =g
H[eremophilene (5)]2 0|2t ZH2 4CtA HetS % i 622 TetEICt,



|
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22 X(Inula linariifolia)
AN
| ~
N
Na|04
OSO4 2
THF, H,0
C14H220
\ (0]
—/SI—N—SI—
\S | OH
2 S
CH5;CN THF . . THF Do
80 °C ~78°C - OLi —78°C : o)
3 4
B \ W O
— —Si-N-Si—
N N OH
NalO, —Si—I . .
0s0, (i) CHalLi OH
6
THF, H,0 CH3CN THF
80 °C -78 °C

A1 EQOITHH AX|stetE Fets| HAISHHA 22 62| £ £ 2zt 5pt
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CI22 #HE 4E 0| AE{ 152 H}3= p&O|Ct 3teHE 8(2XI2E 188)2 70| U= ZE AUH|ZAl(stereocenter)2
_'EHE 7tX|22 QUCE 3tetE 99 102 242t CHA 7Ho| NS AS 71X QI EbA-EtA 0|F 2B JHX| 1 QK| QECL.
180 o2 EX|E-2|L|ot2|o|Eg|ot=E 13"P 145 113 122 2F 242} 48 of, H,1%0 EH’“I H2180E Argstcta
JbESERL stetE 131 145 MZ S9I2l4 0| dZ M| (isotopomer) ZHAIO|Ct S A EXIE 2A[SHH, stetE 1314

14= D5 QKSR St 31EH2 152 A SHCY.
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\ K /
—Si-N-Si—
/ \
(KHMDS) >7Li4<
H N
(e 2T
- i THF, 78 °C ; 0.4-CFs
4 7 Y
0
Cl _OH
o}
(mCPBA)
8 NaHCOj4 9 . 10
MW: 188 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
9 C15H22'80,%03.,
C1s5H20F20
(n=0—3)
\ 0
—Si-CFBr —@—S—OH
I
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C,<H.,180.160
C15H2oF20 15(r122= O—nS) 3-n

160-13/160-14
(C15H22"%03) CH30OH
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A2 A0 siEsts Hetet 1EE Setet

2pt
0 0o
0 0 O:\$/CF3 o:\$/CF3
| FaC-S-OH Il FsC-S-NH, n N...CFs IV HN.__CF,
6 6 //S\\ 77\
00
A3 ZQICHH UMt FHets| HAISIHA 8-149] FXE O2f2t 2|1 132 149] #X  19pt
£ I8 o, =YUE 180 UXS S o2 o X BAISt0i2}.

0
RN
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otE B
stetE 19& Otz 20| EHASHC), H]-HIF Rz WakEN A Z olsf 3tetE 195 YA 29| M| (activator) 2 AHEE
2 Q=0 202 0|2-Y(ion-pair) SZHH| 212 HAM 222 HHPICH HIE S7HA| 210| MMEE= 212 NMRZ ZHEE
2 QUX|TH MK} 2|0 182 225 MMSHCt
O BI’2
17
CH;COOH
16 C15H128r20
Q
S
Et;N 77N
3 18 Cl Cl 19
CH,Cl,
C15H100 C15H10Cl2
OH Cl
(j/v + 19 21 — ©/\/ + 18
20 —HCI 22

H NMR (CD4CN, ppm)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)

B.1 17-192 219 X

=)

gict.

10pt
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H|-HIHS Sisk= EF15]7|
otE A
A.1 (5 pt)
2(2pt) 6 (3 pt)

A.2 (2 pt)
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A.3 (19 pt)
8 (3pt)
9 (2 pt) 10 (2 pt)
1 (2 pt) 12 (2pt)
13 (4 pt) 14 (4 pt)
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OlE B
B.1 (10 pt)
17 (2 pt) 18 (2 pt)
19 (3 pt) 21 (3 pt)
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Dynamic Organic Molecules and Their Chirality
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Part A

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

by iodine.
®
gppha B

NaOEt
A EtOH B * ¢
B
hv

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

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

C18H12

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

hv

= \hV
. — L —— O
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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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CrojLialst /7| 2XI=<| 710| A
EH9| 11%

=H A.l A.2 A3 B.1 B.2 A

Hi A 9 3 7 3 4 26

PSES
OtE A
A £ M0l Qﬁ-ﬁ?é”E JbEl Choe| BEE EtotpAE [n]7HE R 2| M([n]carbohelicenes)O|2t SICHO 7| A n2
g2tnel9| Mz IEN EMQ) [4]9 22| M([4]carbohelicene; [4]C)2 Ot2let Zo| &8 HEE
Soll 22 S7HA|(Int. )% O}0|QLIOZ AISIA|ZIOZ I TR O R AS A QIL},

® S
Ejﬁpph3 Br

hv

2 Of2H2f oi|et FAISHA|

NaOEt
EtOH
A
hv O?
Int.
CigH14
XIS EIC},
hv

hv

[4]carbohelicene ([4]C)
CigH12

9
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Fol EH| 82 32, Heotdfl =5 a2 1 H 07| 2dloll 22Xl FH2&E| M (carbohelicene)?| OflAH Ty Hetat
0|= Zgto| ot A= F#Z2 A2 . EFA0IME » A|A™MS 12| oF FA2}0|2 J2|X] OHA| 2.

=] M
A1 ACO 7EE J2{at H0|NEA S T20| E3 1aiof Sk, 9pt
A2 T2 EALE HI MES AX BUS A (572 YR|MS BS D YOt 517 3pt
292|4e OF3 A 47| T [5]7H2 82| MEICt 2X420| 2 Da &2 BH812 DIt M7iCH
D2| TH NMR $13% 0|5 2k(chemical shift)o| Of2} LIZi=]of QICt. $18t2 Do PXE
mL:L
[D (5, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]
[5]- 22|0 Of 2 [n]7HEEeMS S LMY 70| 2N S IR, o BalMSo| 724 o[ MTH| Afo|o] e
A204 02 S|t (]l MEe] o|2 42 ol 12 2ol (M) Ei (P2 Bels)

&2

nO| 45LCt 2 [n]7t2 2| MO HE O[S ENE2 QAR RIIZE W=0i| of¢H WL E 710|1% 2 A=0tE0HIE
At8oto] Z2lolid = ULt
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CHE de|d2 de|d A 28 & 7 ol X 2Xt= S 2| WS9| L Fto|2dE Ui EH
021 JHo| UM =Mt EMES & = AL W SO, 2 E E= ot 2t Hofl M| 7He| [S]7HEEE| M FAF 22
TZE 7HX| 1 ALt 3 LMol Y EA| F2| StLtE ofzfiet 20| (P, P, P)2 EAIY = UCH

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

A3  12-Clo|22RHIHS L|A-Z7 g3t 822 A|7|H Ezto|m| L2 (triphenylene)o|  7pt
MMEICH 22 8te 2 FO| {24t O| MEK| Zo| 3tLtQl (P)-FOll M E3tH, OIS da|M
G(CegHag) 7t LOJZICE O] BH20] LofLb= 0k QIHo| & Zto| Bzt AO|LIX| o
LChD Jp™std, M2 4 Qe GO BE AMO|MENES SEEX| AT 2 Zo[5t0]
Aldsial, -

T, 9] AX} otol Gl A0l A OBl K, & 7HX| O|MANE 2EI|2 HS |9 B
Fto|ZH S A X MAHE J2{0f 3tCk; LIHX| O] MANSS 9% HEe}
E7|Z QXA LIEstH EICH 6|2 S0 EQ LIHX| YUK O|MEHSLS (1,2, 3) =

M, P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), (M, P, M)E Lt 2= QIC}.

Ni(cod),
Br _ \ !
- Qo = ()
Br .

J ;
Br (CeeHas)

(P)-F
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#0tdl(sumanene)2 2003 Y20 HS E1E O2 Dol Et
EESt= AA TR E-SIF0{Q1 "S8Hsuman) ol A K= ALE.

te=20|Ch "4=O0bA”0| 2 0| 2 ¢tz |E

[= -

tot

_______________________

ZHE £04(Ru*)E 0|8 X0l &6 BHS2 ofz2et ZCt

Ru*
+ ZOR \/Q\/A

z |
@O') (C21H1g)

B.1  FM 12 F=E J2t (YMete EAY Be= glnh). 3pt
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CN

Cl

.
: Gc@e

(Ca4H1g)

CN

Cl

Ru*

Me

KE 50
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CrojLialet 771 2xte] 7tojzd

A.1 (9 pt)

A (3 pt) B (3 pt) C(3pt)

A.2 (3 pt)
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OlE B

B.1 (3 pt)

B.2 (4 pt)
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Likes and Dislikes of Capsule

10 % of the total
Question A1 A.2 A3 A4 A5 | Total
Points 13 2 2 3 3 23

Score

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
KHo
ol
<Hl

FA|
23

A5

A4

A3

Ee9l 10%

A2

Al
13

=X
HH

<+

<+

ol

i
IH

I.

N
K4
o0

LI = 7Hel U-At 2

CC
|

X2 ELIA So S #ES

OH

CH3
CHs;

@@[

O
HNJ(

Ph

HN_ N
T

OH
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29| gt AZ = ofzfet ZCt. stet=E 99| A M M2 FEH|Z C; 40.49%, H; 1.70%, O; 17.98%0|C}.
CH,OH _
o o + p
) — H
— + 2 X _— 4
HO OH R
CoH1806
OCHs
CO,PMB
; S E——
PdIC, H, CO,PMB

CoaHpsO; | TICI/LIAIH,
(=Ti°)

PMB = %LL/\@\
OCH3
CO,PMB
S [V Y I
CO,PMB CooH180s A
OCH3
ooy
H5CO OCH3

o)
J( OCH3
HN
NH

2 % R")\é-R ol

0

HN_ N
o]
CI)J\[( I OCH,

0]

8 —_— 9

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

0 OH O (0] OH 2
HNJ(N N)X\NH
R=—R el N R=—R
HN\”/N NTNH
o OH O (0] OH 0

2
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A1 4-9°| = E J82}; LNetet2 FA |°HE EIC} p-HIEAIHET|(p-methoxybenzyl)=  13pt
22| BtSAI S0 EOl= AKX HA| £ J2|X| 21 X|gt7| 2 "PMB”2t D B[Szt
19| Hg BM AHEH0| A= O|EHH|(1,)0 stz 0|2 D37t FEisHA HE L= g, 32| Hak 2M AHER oA
3,01l st 0|2 I3 = 2HEEX| oISLTH. 12 20| 1H NMR AHEZ S S| 101|A Qafists ZE NH SARH=
ststH o2 S5 (chemically equivalent)$t Z{O 2 2HEEIR} D, DZE9| 3t5HH 0|5 Zf(chemical shift)2 32| NH
MRt ofstA o| S gt A SHA| CHES LULCE 0] Bt 10] U= NH B2} I CHE 101 J= #IXE XS ALo|of|

4 2 E 0|F0] O|2HH| HeS NS Ho{ELE
A.2 10 X2 Aot D E )RS0 S320|E XA 2pt
A.3 O|gA| & (1,)0ll A= a4 Zeto| HEE Met 2pt
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O|EtHl & 1 (1,)0l= LHE S7H0] UM Mot 22X ZE T ool 7tE 4= QUCL O] (M2 CtSat 22 Moo=
HHE £ ALt
Z+1, - 2@1, Q)
ZE 1, W50 H=stst= 2ty ol WA A4 of2fet 20| FOo{TICt
[Z@1,)]
K. = (2)
21
EX7LAE Lol 7HRIX[= HA42 NMR 23302 DLIHAY & AL o|E S0 C;D0IM E21, 2| NMR AHEH
Aage CH,E E7| Mt =7t 2Lt
oletE 2 HA| A5t O 2 o|EH| H&(2,)S BT CH2 B E ZHUE2 SYoH| sta, M| 7LX| 0 (C4Dg,
CgDsF, & CoD¢/C;DsF =%t 0H)0|A 2,9 'H NMR AHEZ S ZX3IRICt 0| 2t o0l 22| HA LA Xtof
siesh= 2tet™ 0| S24=0]| ofefol| ™a2|=[of U1, O] 2L 0]2[0ll 22| HA0]| s dt= T3 = BEX] RUACE He
LHRoll= 7tset Z|Ch 7o 8O 2X7F &4 7M™ A1, MU T &l ZFO| w2t 2H2CHE D3 E LIEPHC D
7tdstel.
o) o)
P} OH 0O H O OH J§
HN N N NH
R R E | | E R R
HN_ N N_ _NH
T " hig
o OH O H O OH o
2
=21} ¢ (ppm) of H?
CeDs 4.60
C¢DsF 4.71
CeDg / CsDsF 4.60,4.71, 4.82

A4  ZHHA O3 E LIEHHE 2, &S00 7FF0{1Tl CoDg2t CsDsF 2AHEL| TH+E MA L. 3pt
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CsDsBOH0IM ZHEH H NMRZRE] 2, QH0f| 1-OFCHEHE||QIFFS M AHAdA) B 2XP7L 7HRIE & ASS LU, ofzfiet
0 E°45| aet M (K,)E o2 2=0M ZHEIACE 017|M [solvent@2,]= Bt 7 = 1 0f&ke] &0f (solvent)

2AEE 7t Yeol sE ofn|eitt.

_ [£@2,]
@ [Z][solvent@2,]

3)

0|9t H| X5k, O3] 2E0f|l A A(2)0]] 01Tl CH, 2t 1, AtO|9] 2Jet &K, & CoDs&OH0IA 'H NMR ZHE Sl
ZHIRACL o] & 7kX| 3lg 4459 (In K, t 1/T) J2HZ7} ofzfier 2t

InK,
| CO-H
0= v
(K™)
Il
AdA
1,0l= C,D X7} 7*61°'x| g +. = 0, AE 21| HSHAS) (1)012 A HeHAM)= (2)0|22 i
17t LtEtLl = HEetat™ ol ¢5&(driving force)2 ( 3 )OICE w2k, XM 12 (4 )0l sitstH, =M 1= (5 )0
SHEetCt.
A5  Z3 (1)-(5)0 E0{Z MEst WES Sat HetX|of A2t BE EASHAL. 3pt
A B
(1) &4 g4
(2) s Cha
(3) AS AH
(4) 1,2t CH, 2,2t AdA
(5) 1,2 CH, 2,9t AdA
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A.1 (13 pt)
4 (2 pt) 5 (3 pt)
6 (2 pt) 7 (2 pt)

8 (2 pt) 9 (2 pt)




NIO)F KOR-4 C-9 A-2

Choz0™ Korean (Korea)

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)
§ (ppm) of H? CeDg2l 7H CeDsFol 7=
4.60 ppm
4.71 ppm
4.82 ppm
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