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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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A for one alkyl group-substitution: ca. +0.4 ppm



°€;, § UzZB-4 C-0 G-1

GO-1

Russian (Uzbekistan)

MexayHapogHaa xummnyeckas onmmnuaga 2021 AnoHums
53 MXO 2021 inoHwns
25 virons - 2 aBrycta 2021

https://www.icho2021.org




IChO
[} =z
2) 5 UzB-4 C-0 G-2
< Y . .
0207 Russian (Uzbekistan)

O6Lwume ykasaHus

3anuncblBaTb OTBETbI MOXHO TO/IbKO PYUKOA.

MO>HO 1CMO/Ib30BaTh TONbLKO HENPOrpaMMUpPyeMblil KanbKynaTop.
KomnnekT coctonT 13 9 3agau.

Peluatb 3a4a4n MOXHO B I060M nopsijke.

Bam gaeTtca 5 yacoB Ha peLleHve BCex 3a4au.

HauumHairTe paboTty Tonbko nocie komaHabl CTAPT.

Bce pe3ynbTaThl AO/MKHbBI 6bITh 3aMMCaHbl PYyYKO B COOTBETCTBYIOLLMX NOMAX INCTOB OTBeTa. AN
YepHOBMKOB WCMONb3YliTe 06OPOTHYH CTOPOHY SINCTOB C 3aAaHVAMU. NOMHUTE, YTO OTBETHI, 3a-
NMcaHHble 3a NpejenamMu oTBeAeHHbIX 415 HUX MeCT, He ByayT oLleHeHbI.

3anuceiBaliTe BCe BblUMCAeHUs. [oAHbIV 6ann 3a pacyeTHble BONPOChI JaeTcs TOAbKO, ecin npa-
BWAbHbIA OTBET NOATBEPXAEH pacyeTamu.

OduumanbHbI HabnogaTens npegynpeant Bac 3a 30 MUHYT 40 OKOHYaHMA Typa.

Koraa npo3yunT komaHaa CTONM, Bbl 4omKHBI NpeKpaTUTb paboTy. HeBbinonHeHMe 3Toro Tpebo-
BaHWS NpuBeeT K ANckBanudurkaumn.

Ecnv Bam 4TO-TO HEACHO B NepeBoje, Bbl MoxeTe nonpocnTb 0GULMaNbHY aHTINACKYHO BEPCUIO
3ajaHnN.

Henb3s nokuaaTb cBoe pabodee mecTo 6e3 paspelleHus. Ecnm Bam notpebyetca nomols (cno-
Mascsa KanbkynsiTop, HY>KHO B TyaneT U T.M.), NOAHUMUTE PYKY 1 MOAOXANTE, Noka K Bam He nogoii-
AeT odpuumanbHbIn HabnwaaTenb.

yaAuN!
3apgauum v 6annsl

HasBaHue O6uwme 6annbl | MpoueHT

1 | Bogopog Ha noBepxHOCTW MeTasna 24 1
2 | V13oTOnNbI B Npupoje 35 1
3 | 3akoH byrepa-/lambepTa-bepa? 22 8
4 | Pepokc-xmmumsa LmHKa 32 11
5 | 3aragouHblii KpeMHWN 60 12
6 | Xvmunsa TBepAbIX COeANHEHNI NepexoAHblX MeTanloB 45 13
7 | ApOMaTUYHOCTb He6EeH30MAHOro TMMNa 36 13
8 | AvHamMnyeckre opraHuyeckme Moaekybl N UX XMPaabHOCTb 26 1
9 | YTo Kancynbl 1O6AT, @ UTO HET 23 10
Bcero 100
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dunsmnyeckme KOHCTaHTbl, e4UHULbI N YpaBHEHUS
KOHCTaHTbI U eANHULLbI
CKOpOCTb CBeTa B Bakyyme c = 2.99792458 x 103 m s~
MocTtosaHHasa MNaaHka h = 6.62607015 x 1073%] s
SnemeHTapHbI 3apsg e =1.602176634 x 10719 C
Macca 3nekTpoHa me = 9.10938370 x 10731 kg
AvaneKkTpuyeckas KOHCTaHTa (AMINEKTPU- &, = 8.85418781 x 10712 F m~!
yeckasi NPOHNLLAeMOCTb BaKyyma)
MocTosiHHasa ABoragpo N, = 6.02214076 x 102> mol~"
MocTosiHHasa bonbLMaHa kg = 1.380649 x 10723 K
MNocrosiHHaa Papages F = N, x e = 9.64853321233100184 x 10* C mol~’

R = N, x kg = 8.31446261815324 ) K~" mol™"

yHMBepcaanaﬂ ra3oBad MNOCTOAHHAA
= 8.2057366081 x 10~2L atm K" mol™’

ATOMHast eMHMLAE Macchbl u = 1Da = 1.66053907 x 10~27 kg
CTaHAapTHOe JaBneHune p = 1lbar =10°Pa
HopmanbHoe atmochepHoe gaBneHune Patm = 1.01325 x 10° Pa
Honb rpagycos Lenbcus 0°C=273.15K

AHrcTpem 1A=10""m

MukomeTp I1pm=10"12m
DNEeKTPOHBONLT leV =1.602176634 x 10719
MUNANOHHasA AoNs lppm =106
MunnunapgHas gons 1ppb =107°
TpunnoHHas gons 1ppt = 1012

Yumcno "nn” m = 3.141592653589793

OcHOoBaHMe HaTypanbHbIX JorapuemoB e = 2.718281828459045
(4ncno diinepa)
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YpaBHeHwus

ypaBHEHI/Ie naeanbHO-
rorasa

PV =nRT
, TAe P - faBneHuve, V 06beM, n - YACN0 Moneii, T abcontoTHasa TeMnepa-
Typa nzeanbHOro rasa.

3aKoH KynoHa

919>
F=k —=
e 7'2 .
, rae F cnna 3Q1EKTPOCTAaTN4eCKOoro B3anMO4encTBu4,

ke(~ 9.0 x 10°NmM?C2) is nocrosHHass KynoHa, ¢, W ¢, BEANUMHbI
3apsZ0B, W r PACCTOSHNE MeXAY 3apsiAamu.

MepBbIl 3aKOH TepMo-
AVHaMUKN

AU =q+w
, TAe AU n3MeHeHWe BHYTPeHHeN 3Hepruun, ¢ TennoTa, w - pabota

SHTanbnua H

H=U+PV

®opmyna bonbumaHa S =kglnW

AN 3HTponunn S , rae W - 4ncio MUKPOCOCTOAHMIA.
VisameHeHne 3sHTponun AS = %

AS , TA€ ¢yey - TENJIOTA 06PATUMOro NpoLecca
SHeprua N'mbbca G G=H-TS

AG = —RTINK = —2FE°
, rae K- KOHCTaHTa paBHOBeCUA,, z YAC/IO 3/IEKTPOHOB, E° - CTaHAapTHaA
3/C.

PeakyMmoHHOE OTHOLWe-
HVe @

AG=AG+RTInQ
AN peakumm
aA+bB = flC +dD
o_ D]

[A"[B]
, e [A] MonsipHasa KoHLUeHTpauns A,

b
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Tennota Agq Aq = ne AT
, T4E ¢y MONISIPHAs TEMNN0EMKOCTb, HE 3aBUCSLLAs OT TEMMepaTypsbl.
T
YpaBHeHne  HepHcta FE =E°+ R—F In COX
ans OBP z red

, The Cyy- KOHUEeHTpauusa okncieHHom ¢opmbl, Coq KOHLIEHTPaL WA BOC-
CTaHOBEHHOW GOpPMbI.

YpaBHeHne AppeHnyca

FE
k= Aex (— 2 )
P\ Ry )
, TAe k KOHCTaHTa CKopocTu, A NpeasKCNOHEeHUNaNbHbIA MHOXNTeNb, E,
- 3Heprus aKkTMBaLuu.

YpaBHeHMe
byrepallambepTa-bepa

A=cle
, TAe A - nornouwieHune, € MONAAPHbIA KO3GbULMEHT nornoLeHus, | AnmHa
OMTMYECKOro NyTu, ¢ MOASPHas KOHLEHTPaLWs BeLlecTBa B pacTBope.

YpaBHeHune [nsa paBHoBecus
leHagepcoHa- HA = HT + A~
Xaccenbbanbxa , C KOHCTAHTOM KNCNOTHOCTUN K,
Al
H=pK,+lo ]
oH = sy +109 ()
SHeprusa ¢oToHa E=hv= h%
, TAe v 4acToTa, A J/IHa BOJIHbI CBeTa.
Cymma reometpuye- Tlpuazx #1,
CKOVi nporpeccum e
porp l+o4a? 4 Fa" =" o'= z
= l—=a
MpubnmxeHHble ¢op- Mpuz <1,
1
My/bl ~14a

1—=x
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Hydrogen at a Metal Surface

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

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

Part A

As hydrogen is absorbed into the bulk of a metal via its surface, let us first consider the adsorption
process of hydrogen at the metal surface, H,(g) — 2H(ad), where the gaseous and adsorbed states of
hydrogen are represented as (g) and (ad), respectively. Hydrogen molecules (H,) that reach the metal
surface (M) dissociate at the surface and are adsorbed as H atoms (Fig. 1). Here, the potential energy
of H, is represented by two variables: the interatomic distance, d, and the height relative to the surface
metal atom, z. It is assumed that the axis along the two H atoms is parallel to the surface and that the
center of gravity is always on the vertical dotted line in Fig. 1. Fig. 2 shows the potential energy contour
plot for the dissociation at the surface. The numerical values represent the potential energy in units of
k) per mole of H,. The solid line spacing is 20 kj mol~", the dashed line spacing is 100 k] mol~', and the
spacing between solid and dashed lines is 80 k] mol~". The zero-point vibration energy is ignored.
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A.1 For each of the following items (i)-(iii), select the closest value from A-G. 6pt
(i) The interatomic distance for a gaseous H, molecule
(ii) The interatomic distance between metal atoms (d,, in Fig. 1)
(iii) The distance of adsorbed H atoms from the surface (4 in Fig. 1)
A.0.03nm B.0.07nm C.011Tnm D.0.15nm
E.019nm F.0.23nm G.0.27 nm
A.2 For each of the following items (i)-(ii), select the closest value from A-H. 4pt

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

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

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

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

k4

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

H(ad) — H(ab) (1b)

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

= k'1PH2(1 —0)? (2)
Tg = k2‘92 (3)

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

B.1 r4 can be expressed as: 5pt

ry= ——— (5)

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

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

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

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

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

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

x 1073 x 1073 h (@
(d)

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

H2 H2
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Boaopos Ha NOBEpPXHOCTU MeTasna

11 6annos
Bonpoc A1l A2 B.1 B.2 B.3 B.4 | Bcero
Oukn 6 4 5 3 3 3 24
OueHka

s

2 2
.y A

"

BOLI,OPOLI| -04ANH N3 NOTeEHUMAaNbHbIX NCTOYHUKOB SHEPIn B 6yﬂ,yLLI,EM. Mbl paccMoTpmM npouecc norno-
LeHnAa Bogopoaa MeTalJioM, UTO MOXET 6bITb NUCMO/Ib30BAaHO B TEXHONOTNSAX XPaHeHUA N TpaHCNopPTuK-

poBKM/ TONIMBA.

Yactb A

Bogopog nornowlaetcs o6 bemMoM MeTas1a Yepes NoBepxXHOCTb MeTanna. PaccmMoTpmm npoecc aacopb-
LM BOAOPOAA U3 ra3oBoli ¢pasbl Ha NOBepxHOCTL:, H,(g) — 2H(ad), Monekynbl Bogopoaa (H,)ancco-
LMMPYIOT Ha NoBepxHOCTU MeTanna (M) n agcopbupyroTca B Buge atomoB H (Puc. 1). Ha pucyHke no-
TeHUManbHas sHeprnsa H, 3aBNCAT OT ABYX NepemMeHHbIX: PaCCTOAHNA MeXAy aApamMu B MoJiekyne, d, 1
PacCTOSHNA OT MOJIeKy/bl O MOBEPXHOCTY, z. CUMTaeM, UTO MONeKy/a OPUEeHTUPOBaHa CTPOro naparn-
NleflbHO MOBEPXHOCTK, a LIeHTP TAXeCTW MoJleKky/bl B MpoLuecce aacopbumm Bcerga HaxoAnTCa Ha BepTu-
KanbHOM NPsAMON (NyHKTUP Ha Puc. 1). Ha Puc. 2 nokasaHbl IVHUWN YPOBHA MOTEHLNANbHOM 3Heprum
B 3TUX KOOPAMHATax. 3HaYEeHUS 3HePrun mMexay CoceAHVMU CrIOWHBLIMU JVHUAMUK PasiNyarTca Ha
20 k) mol~", a mexay coceagHMMMN NYHKTUPHBLIMU AINHUSAMU - Ha 100k] mol~", pasHoCTb 3HaueHWi Mexay
CM/IOWHOM 1 6vixaliliein NyHKTUPHOW vHnel pasHa 80 k) mol~'. Hynesas kone6aTenbHas sHeprvis
3/ieCb He yuYnTbIBaeTCs.
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A.1 Ansa Kaxaoi 13 npmBeseHHbIX HXKe BennyuH (i)-(iii) BbibepuTe camoe 6m3koe  6pt
3HauyeHune n3 A-G.
(i) PaBHOBeCHOe MeXbAAepHOe paccTosiHUe B Monekyne H, B rasoBoli ¢pase
(iilPaccTofiHME MeXay LieHTpaMy aTomMoB MeTasna (dy, Ha puc. 1)
(iii) PaBHOBeECHOE paccToAHME MeXay aToMaMu H Ha noBepxHOCTU (h,q Ha Pnc.1)
A.0.03nm B.0.07nm C.0.11Tnm D.0.15nm
E.0.19nm F.0.23nm G.0.27 nm
A.2 [na Kaxzaow n3 ykasaHHbIX HMKe BennuduH (i)-(ii) BbibepuTe camoe bnmskoe  4pt

3Ha4deHue s A-H.

(i) sHeprus, HeobxoamMmas Ansa aguccoumannm monekynel H, Ha atombl H B raso-
BoW daze

[H2(g) — 2H(g)]

(ii) sHeprus, BbliAENAOLWAACA B pe3yabTaTe agcopbuum H, 13 rasosoi ¢pasbl
[Ha(9) — 2H(ad)]

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

AZLCOpbUPOBaHHbIE HAa MOBEPXHOCTY aTOMbI U MUTPUPYIOT B 06beM (abcopbupyoTcst), Unu pekoMéun-
HUPYIOT 1 fecopbupytoTca obpaTHO B rasoByto ¢asy, cornacHo ypasHeHusam (1a) n (1b). H(ab) o6o3Ha-
yaeT aToOM BoAOpOAa B 06beMe MeTananyeckoin dasbl (ab - ot absorbed).

k4

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

H(ad) — H(ab) (1b)

0O603HauMM CKOPOCTY peakLuii B pacuyeTe Ha OAVIH aKTUBHbIV LIEHTP MOBEPXHOCTY A/t aAcopbumm, e-
copbumm 1 murpaumnm (aécopbumm) r[s~'],7,[s~'] and r;[s~"] ,cooTBeTCTBEHHO. OHU OMUCHLIBALOTCS KW~
HETNYECKUMUN YPABHEHUSMU:

T = /ﬁPHz(l —0)? (2)
S (3)
S—; @)

rae ky [s7'Pa~'], ky[s7'] and k3 [s™'] KOHCTaHTLI ckopocTn Py AaBneHue H,, 0 (0 < 6 < 1)40ns LeHTpoB
Ha MOBEPXHOCTY, 3aHATbIX aTOMOB H. MprMnTe, UTO aacopbLVsa 1 Aecopbums - BbICTPbIE MPOLLECCHI MO
CPaBHEHMIO C MUrPaLel B 06bEM (1, 7y 3> 73) @ 6 MPaKTUYECKN He MEHSIETCS B XO4€e NMPOLLeCCOoB..

B.1 [lna ckopocTu r4 MOJIy4eHOo SMNUPNYECKOe BbipaKeHune 5pt
k3
Ty = ————— (5)
3 L 1
Py, C

BbipasuTte C vepes k; N k.
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B.2 PaccumnTalite KONMYeCTBO aTOMOB H B MOASIX, MUTPUpPYIOLLINX B 06beM MeTan-  3pt
Na B pacyeTe Ha eAvH1LY NOBEPXHOCTY 3a egnHILY BpemeHu, A [mol s~' m~2].
B.3 Mpu T = 400K, koHcTaHTa C paBHa 1.0 x 102 Pa~'. PaccumTaiite 3HaveHve k;  3pt
npv 400 K. Ecnun Bbl He ymeeTe cHMTaTb 1 He CMOTIM MOAYYUTb OTBET B MYHKTe
B.2, npumute, A = 3.6 x 107" mol s m~2,
B.4 Mpu HekoTopoli Apyro Temnepatype T, KMHeTUYecKMe rnapamMeTpbl paBHbl  3pt
C =25x10°Pa~" and k; = 4.8 x 1072s~'. [InA 3aBUCUMOCTIN CKOPOCTY 73 OT
AaBneHune Py npw 310 Temnepatype, Bbl6epuTe oiHy NpaBuibHYO KprByto
n3 (a)-(h).
x 1073 x 1077 ) (2
(d)
6.0 © 6.0 // ®
n n
~ ~
R 4.0 /(b) N 4.0 /
= ©
2.0 ( 2.0
(@)
[ Y
1.0 20  x107° 0 1.0 20  x107°
P /Pa P, /Pa

H2
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Boaopoa Ha NnoBepxXHOCTU MeTanna

Yactb A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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YacTtb B

B.2 (3 pt)

mol s ' m—2
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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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M3oTonbl B npupoae

11 6annos
Bonpoc A A2 A3 A4 | Bcero
Oukn 8 8 10 9 35

OueHka

Monekysbl, OTANYaOLLMECs TOJIbKO U30TOMHbIM COCTaBoM, Hanpumep, CH, v CH;D, Ha3biBatoT N30TOMO-
noramu. CumMTaeTcs, UTO M30TOMOIOMN UMEIOT OANHAKOBbIE XMMUYecKMe CBocTBa. Ha camoM gene,ecTb
HeboNbLUME Pa3ANUnS.

Be3ge B 3TOli 3aga4e cuMTaliTe, UTO BCE BELLECTBA HAXOAATCS B ra3oBoii dase.

PaccmoTpum cnepyrolliee paBHoBece:

[12c1 60180]2

12¢160, +12 C180, = 212C'60'80 K= [12C160,][12C"80,)]

SHTpoNUMA S, pacTeT C yBeIMYEHNEM YNCIa BO3MOXHbIX MUKPOCOCTOSAHWIA cnucTemMsl, W:
S =kgInW )

W =1 gna '2C'%0, n 12C'80,. OgHako, W = 2 ana monekynbl a 2C'®0'80 n3-3a skBUBaANEHTHOCTL MO-
311 aTOMOB KMCN0PoAa. B npasoii yactu ypasHeHusi peakuuu (1) Ase monekynst 2C'°0'80 nostomy
ANs NPOAYKTa peakumm W = 22 = 4,
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A1 B peakuunu (3) nameHeHme sHTansnnn, AH, NonoxmtensHoe Nnpu ntoboi tem-  8pt
neparype.
H, + DI = HD + HI (3)

PaccunTaiite npejesnbHble 3HaUEHNS KOHCTaHTbI paBHoBecus, K, Ans peak-
umMun 3npu oyeHb HU3KUX T — 0) N 0YeHb BbICOKUX T — +o00) TeMMepaTy-
pax.flpuMnTe, YTO B 3TUX YCI0BUSAX YPaBHEHWE peakLm He MeHsIeTcs, a 3Ha-
yeHvie AH Npw BbICOKNX TeMMepaTypax CTPEMUTCHA K KOHEUYHOMY npegeny

3HaueHue AH NpuBEAEHHOWN HUXE peakLMy MOXHO paccymMTaTb, pacCMaTpMBas MONEKYNsipHbIEe KoJie-
6aHus.

N _ [Hal[Do]
2HD = H; + D, K= "op @

Mpu T =0 K, KonebatesibHas SHeprvisi AByXaTOMHOM MOIEKYJIbI C YAaCTOTOM KonebaHuii v [s~'] umeeT BUA:

E— %;w (5)
1 k

e kcnnoBasi MOCTOSIHHAsA upyBeAEeHHas Macca MOJIeKy/lbl, KOTOpPas BblpaXkaeTcsl Yepes MacCbl aTOMOB
my VI m,, Cejyowm o6pasom:

mim
= e (7)

mq + My

A.2 Kone6aTensbHas vactota of H, paBHB 4161.0 cm~" B eAnHMLAX BOMHOBLIX un-  8pt
cen. Paccuuraiite AH npusefeHHON Hke peakumm npu T’ = 0 K B egnHMLLaX
of | mol".

CunTaiite, uTo:
* Bknag B AH BHOCUT TONIbKO KofiebaTenbHas aHeprus.
* 3HaueHwue kansa monekyn H,, HD, n D, ogHO 1 TO Xe.
* Macca atoma H pasHa 1 Da [la, a macca atoma D paBHa 2 Da.
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MonbHoe cooTHowleHune H,, HD, n D, B paBHOBECHO cncTemMe 3aBUCUT OT TemnepaTtypbl. O603HaunM
Yyepes Ap, BEIMYMHY, XapaKTEPU3YHOLLYHO OTK/IOHEHMe CoAepPXaHNs D,npwv faHHOW TeMmnepaType oT
npegesbHOro 3Ha4YeHWs NPy oYeHb BbICOKOW TeMnepaType..

D
A 21
0, = e 9
2
3aech, Rp, obosHauaeT m B CUCTeMe Mnpwu 3aAaHHOM TemnepaType REZ paBHa % npn T — +oo. OT-
2

MeTUM YTo Npu T — +oo pacnpegeneHrie N30TOMOB MeXAy MOJIeKylaMN CTAHOBUTCS CTaTUCTUYECKUM
N onpejensieTcs ToNbKO UX NPUPOAHBLIM COAEPXKAHNEM..

A3 Paccumntaitte Ap, C NPUPOAHbLIM cogepxaHvem D B paBHoBecHol cmecn  10pt
M30TO- MOJSIOroB NpK TemrnepaType, NPy KOTOPOI KOHCTaHTa paBHoBecus K pe-
akuymu (4) pasHa 0.300. NMpupoaHoe MonbHoe cogepkaHve nsotonos D v H pas-
Ha, CO- OTBETCTBEHHO, 1.5576 x 104 and 1 — 1.5576 x 10*.
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o

B obLiem cnyyae, MonbHas f0Na ABYKPATHO 3aMeLLieHHbIX N30TOMONOrOB, COAEPXALLMX ABa THXeNbIX
n30ToNa B MOJieKy/ie, pacTeT C MOHWXKeHeM TemnepaTtypbl. PacCMOTPUM MONbHOE cofepXKaHne Mose-
kyn CO, ¢ MmonekynapHbIMn Maccamn 44 1 47, 0603HauunM 3T monekynbl CO,[44] n CO,[47] .BennumHa
A ;0Npegensercsa Tak:

A47

7 (10)
R47

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

) ) }
———- B PaBHOBeCHOW cncTtemMe npwm 3agaHHoOM TemMnepaTtype, a R* aBHa
CO,[44]) ° P P PATYPE. @ Mz PABRA 165, (44]]

npu T — +oo. NpUpogHble MONbHbLIE 4O M30TOMOB NPUBEAEHbI HUXeE. /30TomMbl, OTCYTCTBYHOLNE B
Tabanue, paccMaTpmBaTh He HYXHO.

lae R,, paBHa

12C 13C
npupoaHoe MoJjibHOe cojepxaHune | 0.988888 | 0.011112

160 170 180
npupoaHoe MoJjibHoe cogepxaHune | 0.997621 | 0.0003790 | 0.0020000

3aBUCMMOCTb BEIMYMHBI A, OT abcontoTHo TemnepaTtypbl T (B K) umeeT BuA;

2
Ay = 3T6—2 +2.920 x 10~ (11)

A4 3HauyeHne R,; U3MepeHHoe A1 MCKOMaeMoro NAaHKTOHa, CObpaHHOro ¢ Mop-  9pt
CKOro AHa 6113 AHTapKTUKK, OKa3anocb paBHO 4.50865 x 107°. PaccumTaiiTe
TemnepaTypy, UCNO/b3ysa 3TO 3HayeHue R,,. [TonyyeHHOe 3HaYeHne xapakTe-
pu3yeT TeMnepaTypy BO34yXa B 3MOXY XU3HW NaaHKTOHA. [pn pacyeTe UCnosb-
3yliTe TONbKO CaMblll pacnpoCcTpaHeHHbI nsotononor CO,[47]
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In this problem, ignore the absorption of the cell and the solvent. The temperatures of all solutions and
gases are kept constant at 25 °C.

Part A

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

(AT][H"]

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

(M

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

A1 The absorbance of Xwas A, at a wavelength of \,. Then, solution Xwas diluted  10pt
to twice its initial volume using hydrochloric acid with pH = 2.500. After the
dilution, the absorbance was still A; at A,. Determine the ratio ey5/ca-. Where
eya @nd e4- represent the absorption coefficients of HA and of A-, respectively,
at ;.




IChO

|
WOV UZB-4 C-3 Q-2
Cho202® English (Official)
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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8 6annos
Bonpoc A B.1 B.2 Bcero
Oukn 10 6 6 22
OueHka

B AaHHOI 3ajaue NpeHebperaiiTe nornoweHnemM ayeinkn 1 pactsopmutens. TemnepaTtypa Bcex pacTBo-
POB 1 ra3oB NOCTOsAHHA 1 paBHa 25 °C.

Yactb A

BogHblli pactBop Xnpurotosunun 13 HA n NaA. KoHueHTpauum [A~], [HA], and [H'] B pactBope X paBHbI
1.00 x 1072 mol L=, 1.00 x 103 mol L=, n 1.00 x 10~* mol L~",cooTBeTcTBEHHO, B cC1CTEME YCTaHOBU-
JI0Cb KNCNOTHO- OCHOBHOE paBHOBecKe:

NV _ [AT]HT]
HA = A~ +H K=par (1)

B Yactn A anvHa onTuyeckoro Nyt pasHa [ .MpeHebperaiiTe n3MeHeHWeM NIOTHOCTY NpY pa3basne-
HUW. CUMTaliTe, UTO B CUCTEME He MPOTEKAET HUKAKNX peakunii, kpome peakumm (1).

A1 MornoweHvie X octaBuno A, Npu AnHe BONHbI A, . lNocne nsmepeHns pacteop  10pt
X pasbaBunu B ABa pasa gobaBneHveM CONAHOM KucnoTtel ¢ pH = 2.500.Mo-
C/le pasbaBieHns MNOr/oLeHe He M3MEHWIOCb W COCTaBuaIo A, npu A;.
OnpepenuTe OTHOLLEHUE eyp/ep-, TAE Eyp Vi Epo- MONSIPHbLIE KO3PPULIMEHTBI MO-
rnowieHna HA 1 A~, COOTBETCTBEHHO, MpU A;.
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YacTtb B
PaccMoTpuM cnegytoLLee paBHOBeCKE B ra30Boit pase
D=2M (2)

MpsAMoyronbHbIA pesepByap C NPO3pavYHOr NOABMKHON CTEHKOM NAOLAABLI S 3aN0AHWUAN YACTbIM ra-
30M D (CM. pCyHOK HMXKe) no4 faBneHneM P. B cucteme ycTtaHOBMAOCE paBHOBeCKe, Npy 3TOM obLee
JaBneHve He N3MeHUNoCb U paBHo P.flornoleHne rasa paBHo A = ¢(n/V)l, rae ¢, n, V, n 1 Monsap-
Hbl KO3PbULMEHT NOrNoLLEHNS, KONNYECTBO ra3a B MOAsAX, 06beM rasa v A1nMHa onTUYeckoro nyTu,
cooTBeTCTBeHHO. CyuTaliTe, YTO BCE KOMMOHEHTbI ra30BOM CMeCU - NAeasbHble rasbl.

Wcnonb3yiliTe cnegytolime 0603HaUYeHMS.

McxoaHoe cocTtosHme | Tocne AoCTUXEHNA paBHOBECUS
D M D M
MNapumnanbHoe gaBneHne P 0 b jy
Konnyectso B MonsAx ng 0 np oy
Ob6bem Vy 14
B.1 MornolleHvie rasa npwu at A\g; U3mMepeHHoe BAOJIb HanpasneHus x (I = [,) cocta-  6pt

BUNO Ag; KaK A1 UCXOAHOTO COCTOSIHWS, TaK M NMOC/1e JOCTUXEHUsI paBHOBECKSI.
OnpeaenunTe oTHaLLEHWNE ep /gy at Agq, TAE £p U £,0603HaYAIOT MONISIPHbIE KO-
3¢ durLmMenHTbl nornoLleHrs D n M, COOTBETCTBEHHO.

B.2 MornolleHve rasa npu Ag, M3MepeHHoe BAO0/Ib HanpasieHusa y coctaBuio Ag,  6pt
KaK Anst UICXOAHOTO COCTOAHNUSA (I = 1,0) TaK 1 MOC/Ie AOCTUXEHNS paBHOBECKS
(l=1,). OnpeaennTe oTHOLLEHVE ep /ey at Ag,.
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The Redox Chemistry of Zinc
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Zinc has long been used as alloys for brass and steel materials. The zinc contained in industrial wastewa-
ter is separated by precipitation to detoxify the water, and the obtained precipitate is reduced to recover

and reuse it as metallic zinc.

Part A

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

are given in eq. 1-4.

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

Zn(OH),(s) = Zn

(OH)(aq)

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

H,O(l) = H*(aq) + OH™(aq)

Koo =1.74x 1077 )

K, =262x10°¢ (2)
Ky =6.47 x 1072 3)

K, =1.00 x 10714 (4)
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The solubility, S, of zinc (concentration of zinc in a saturated aqueous solution) is given in eq. 5.

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

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

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

Part B

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

Zn(OH),(s) — ZnO(s) + H,0(1) 6)

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

ZnO(s) + H,(g) — Zn(s) + H,0(g) (7)

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

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

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

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

B.3

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

5.257

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

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

5pt

B.4

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

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

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

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

Ipt
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Pepokc-xmusa 4MHKa
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Oukn 6 5 4 3 5 9 32

OueHka

LUnHK aaBHo NCNONb3YKT ANA N3rOTOBAEHNA NAaTyHU U I'IOKprTI/II7I ana ctanun. PereHepaLu/m LUMHKa U3
NPOMBbILWTIEHHDbIX CTOYHbLIX BOA MPOM3BOANTCA NYyTEM €ro oCaXXaeHna 1 nocneiyruero BoCcCtaHoBneHWA
OocCajka AO meTanna.

Yactb A

Peakuun, npoTekatoLyye npu pacTBopeHnn rmagpokcraa umHka Zn(OH),(s) npu 25 °C 1 COOTBETCTBYIO-
LLie KOHCTaHThLl paBHOBeCUs NpmBeaeHbl B ypaBHeHUsX (1)-(4). (34ecb 1 ganee o603HaveHUs: s - TBep-
AbIl, ag - BOAHbIN pacTBop, | - XngKocTb).

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

H,O(l) = H*(aq) + OH (aq) K, = 1.00 x 104 @)
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PacTtBopuMOCTb, S, UMHKa (06LL,aa MoNspHasa KOHLEeHTpauus LHKa B HaCbILLEeHHOM BOAHOM pacTBope)
JaeTcqa ypaBHeHuewm (5).

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

A1 CunTas, uyto paBHoBecus (1)-(4) ycTaHOBUAUCL, paccunTanmTe nHTepsan pH, 6pt
B KOTOPOM KOHUeHTpauus [Zn(OH),(aq)] Hanbonbluas cpein KOHLEeHTpauui
BCex YacTuy, [Zn?*(aq)], [Zn(OH),(aq)] v [Zn(OH)Z~(aq)].

A.2 MpuroToBMAM HacblWeHHbIN BOoAHbIA pacTtBop Zn(OH),(s) ¢ pH = n ot ¢unb-  5pt
TpoBanu. K dunbTpaty fo6asmnm NaOH pH to 12.00. PaccuuTtaiiTe MONbHYHO
aonto (B %) LuMHKa, KOTOPbI/ NepeigeT B 0CafoK Npuv nosbiweHun pH ot 7.00
40 12.00. N3meHeHneM ob6beMa 1 TeMnepaTypbl NpeHebperuTe.

YacTtb B

3atem Oca)KAeHHbIIZ rMApoKkcna UMHKa HarpeBatkoT 4114 nosydyeHna okcnaa LMHKa no ypaBHeEHUO!

Zn(OH),(s) — ZnO(s) + H,O(l) (6)

Mocne 3Toro okCUA LIMHKA BOCCTaHaBNMBAOT A0 MeTas/ia BOAOPOAOM:

ZnO(s) + H,(g) — Zn(s) + H,0(q) (7)

B.1 Utobbl peakuusa (7) npoTekana npu AaBneHun Bojopoja 1 6ap, Heobxo-  4pt

AVMMO MOHMXaTb NapunanbHoe fasneHne o0bpasyloLlerocs BOAAHOro napa.
PaccunTaiite, Npy KakoM MakKCMManbHOM MapuMaibHOM JaBaeHUV BOAS-
Horo napa peakuus (7) éyaget npotekatb npu 300 °C. CTaHAapTHble 3Hep-
rmn mbbca obpasoBaHMA OKCUAA LMHKA M BoAAHoro napa npu 300 °C
PaBHbIAG7,0(300°C) = —2.90 x 102kJmol~" n AGy,0(300°C) = —2.20 x
10%2 k) mol~', cooTBeTCTBEHHO.

MeTannnyecknii UMHK UCNOb3yeTcs B KayecTBe MaTepuana oTpuuaTesbHOro 3nekTposa (aHoza) B
MeTanNo-Bo3AyLLUHbIX 6aTapesx. NeKTPoA cocToUT U3 Zn 1 ZnO. YpaBHeHWe peakumn, Ha KOTOPOIA
OCHOBAaHO AelicTBME 6aTapew, U ee CTaHAAPTHas 34¢ Npu 25 °C v gaBneHnn 1 6ap, E°, npuBeAeHbl HUXe:

Zn(s) + %Oz(g) — ZnO(s) B =165V 8)

B.2 LunHk-BO3AyLWHYO 6aTapeto paspskany npuv Toke 20 MA B TeueHue 24 yacos.  3pt
PaccunTtaiite n3mMeHeHMe Maccbl OTPULATENLHOrO 31eKTposa (aHoza) 6aTa-
pew.
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lfopa Pyasn

B.3

3HaueHne 34C LNHK-BO3AYLLIHOM 6aTapen 3aBUCUT OT yC/I0BUIA. PaccumTamTe
3/C Ha BepLUMHe ropbl Pya3n, rae TemrepaTypa 1 BbicoTa cocTasnatoT —38°C
(B peBpane) n 3776 M, COOTBETCTBEHHO. ATMOCPEpHOe JaBfieHe MOXET bbITb
paccumTaHo no ¢opmyrne:

5.257

9)

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

T +0.0065h + 273.15

rae h[m] eeicota B M, T'[°C] - Temnepatypa B 0C. . MosibHasa Aona KNCIopo-
4a B atmocdepe pasHa 21%. CTaHAapTHas aHeprus Mmbb6ca peakumm (8) paBHa
AGzp0(—38°C) = —3.26 x 102k mol~" at —38°C 11 6ap.

5pt

B.4

PaccuuTaiiTe n3meHeHne cTaHAApTHOWM 3Hepruun Mmb6ca B peakumn (6) npu
25°C. CTaHAapTHble noTeHumansl E°(Zn?t/zZn) and E°(0,/H,0) npn25°C 1 1
6ap npuBeaeHbl B BblpaxeHusx (10) u (11), cooTBeTCTBEHHO.

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

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

Ipt
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PH,0=
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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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3arago4Hbll KpeMHUI

12 6annos
Bonpoc Al A2 A3 A4 B.1 B.2 B.3 Bcero
Oukn 9 7 6 10 5 15 8 60

OueHka

XOTS KPEMHWIA N YINepoA HaXoAsATCs B O4HOW 1 TOi Xe 14-0i4 rpynne, NX CBOMCTBA CyLLLEeCTBEHHO pas-
NNYHBI.

Yactb A

B oTnnudme OT TPOWHOW CBA3W yrnepoj-yrnepod, TPorHasa CBA3b KPeMHUA-KPEMHUIA B COefUMHEeHNM
R'-Si = Si-R'" (R:opraHnueckuii 3aMecTuTeNb) MPOABAAET UCKIUNTEIbHO BbICOKYH PeakLMOHHYH
CNoCcobHOCTb. Hampumep, ykasaHHOe Bbille COeAMHEeHVe pearvpyeT C 3TUIEeHOM C obpa3oBaHMeM
LMKINYECKOro NPoAyKTa, COAep>KaLLero YeTblpexyyieHHbIN LK.

—

R'-Si=Si—R! + H,C—=CH, — _Si=Si
R \R1
Mpu B3ammogericteum R'-Si=Si-R' ¢ ankuHom (R%-C = C-R?), o6pasyetca AcogepxKallee YeTbipex-

UNEeHHbIN uMKN. [JlanbHeliwas peakums ewe ogHo Monekybl R>-C = C-R? ¢ A NprBOAUT K 06pa3oBa-
HU1O n3oMepoB B n C,06naszaroLmx 6€H3010-NOJ06HON LIMKANYECKOM CUCTEMOI CONPSIKEHHbIX CBA3EN.
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3TW Tak Ha3blBaeMble ‘AUCUNABEH30/bl ' COAEPXKAT LWECTNUIEHHbIE LMK/Ibl U MOTYT BbITb MpeacTaBneHbl
kak (R'-Si),(R*-C),.

R2—-C=C—R?

R'-Si=Si—R'+ R?-C=C—R2 — A B + C

Mo gaHHbIM 3C NMR 3T1 Tak Ha3biBaeMble ‘AncnnabeHsons’ cofepyKaT WecTnYeHHble LKLl U MOTYT
6bITb NpeAcTaBneHbl Kak Si,C, faeT ABa cMrHana B ciydae B v curHan B ciydae C.

A1 N3o06pa3mnTe Mo ogHOM pe3oHaHCHOM cTpykType A, B 1 C, ncnonb3ys o6o3Ha-  9pt
ueHusa R', R?, Si, n C.

A.2 PaccunTariTesHeprmiw apoMaTUYecKol pPe3oHaHCHOW cTtabunusaumn (ASE)  7pt
Ans 6eH3ona n coeamHeHus C ana ciydas R = R? = H)B BMAe NONOXUTENb-
HbIX 3HaYeHWM, NCNONb3YS N3MEHEHWS SHTaNbMUN HEKOTOPbIX peakuunii rna-
pUpPOBaHMs HeHACbILLEeHHbIX CUCTeM, MPUBEAEHHbIX HMXKe (purc. 1).

H,C—=CH, + Ho > H,C—CH, AH=-135kJmol" (1)
H,Si—CH, + Ho —_— H;Si— CH,4 AH=-213 kJmol" (2)
H,Si—SiH, + Hz — 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)

/—SiH2

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

e
|

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

/

L

(pwc. 1).
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Mpwn HarpeBaHUN KCUNObHOIO pacTBopa coeariHeHVss COHO npeTeprneBaeT N30Mepr3aLmio ¢ 06paso-
BaHNEM pPaBHOBECHOW cMecu coegnHeHnin D 1 E.YcTaHOBEHbI ciegytoLie MONsipHble COOTHOLLEHWS:
D:E=1:40.0npn50.0 °CnD:E=1:20.0 npn 120.0 °C.

A3 Paccuutavite AHnpespaleHns D B E. CunTalite, Uto AH He 3aBUCKT OT TeM-  6pt
neparypbl.

N3omepusaums C B D 1 E npoTekaeT yepes npeobpasoBaHmne n-CBsA3ei B 0-CBA3M 6e3 pa3pbiBa Kakmnx-
6o o-ceazein. Mo gaHHbiM 13C NMR B cnekTpe D mpucyTCTBYeT OAMH CUMHAM LMKIMYECKOro ckeseTa
Si,C, a B cnekTpe E gBa cnurHana umkamnyeckoro ckeneta.B ckenete D OTCyTCTBYIOT TpeXUneHHble LKIbI,
a B ckeneTe E NpmcyTCTBYHOT fiBa TpeXUueHHbIX LyKna ¢ 06LuyM pebpom.

A4 WN3o06pasuTte cTpykTypsl D 1 E, ncnonbsys o6osHaveHns R, R?, Si, n C. 10pt

YacTtb B

KpemHuii Take cnocobeH 06pa3oBbiBaTb BbICOKOKOOPANHNPOBAHHLIE COeAMHEHMS (6ONbLUe YeTbipex
3aMecTuTenen) C aNeKTpPooTprLATENbHBIMUN 31eMeHTaMu, Takumm kak ¢Top. Hapsaay ¢ étopugammn me-
TannoB, GpTOPUAbI BbICOKOKOOPANHNPOBAHHOMO KPEMHUS UCMOJb3YHOTCSA Kak GTOPUpYOLLME peareHThl.

Peakuuto pTopmposaHusa CCl, ¢ ncnonbsoaHnem Na,SiFg ocylectBuam cnegyrom o6pasom

+ CtaHgapTusaumsa pacteopa Na,SiF; :
: MpurotosneHne
BoaHbin pactop F: 0.855 g of Na,SiF (188.053 g mol")pacteopunu B Boge (06wmii 0o6bem: 200 mL).
BoaHbI pacTBop G: 6.86 g Ce,(SO,); (568.424 gmol~') pactBopunn B Boge (06wmii 06bem: 200 mL).
-MeToavka

MpoBogunn ocagutenbHoe TUTpoBaHWe pacteopa F (50.0 mn), AobaBnss no Kanasm pacteop G, uc-
MoNb3ys B KAa4eCTBE MHAMKATOPA KCUIEHOJIOBbI OpaHXeBbI, KOTOPLIA KoopaunHupyeTcs ¢ Ce3*,Mo-
cne pobaeneHus 18.8 mn pactBopa G LBET TUTPYEMOro pacTBOpPa M3MEHWCS C XXeNTOro Ha NyprypHo-
KpacHbIin. O6pa3oBaBLUMIACA 0Caf0K NMpeACTaBnseT coboli 6rHapHoe coeavHeHe, cogepxatyee Ce3t,a
eIMHCTBEHHbBIM 06pasyoLLMMCA coefjHeHneM KpemMHua aBaseTca Si(OH),.

B.1 3anuwnTe ypaBHeHVe peakumn Na,SiFg with Ce,(S0,);. 5pt

* Peakuwms CCl, c Na,SiFg:

(MpeHebpernTe NoTepsMM BeLLLECTBA, HAaNpUMep, B pesyfbTaTe NCrnapeHns, Ha HUXecneayrLmnx ctagm-
AX).

Na,SiFs(z [g]) was added to CCl, (500.0 g) n Harpenu go 300°C B 3anastHHOM peakLMNOHHOM COCyAe, Bbl-
AepX1BaloLL M NOBbILLEHHOe AaBneHne. HenpopearvposasLunii Na,SiFg 1 obpasosasLumiica NaCl ygannan

dunbTpoBaHmeM. dunbTpat pasbasunmn CCl, 4o obuiero o6bema 1.00 51 (pacteop H). CniekTpbl 2°Si n'°F
NMR PactBopa H nokasanu uto SiF, NpuUCyTCTBYET B KayecTBe eMIHCTBEHHOro KpeMHuicoaepXallero
coeanHeHus. B cnektpe '°F NMR nomumo SiF,, 66111 06HapyxXeHb! curHansl, cooteetctaytowime CFCls,
CF,Cl,, CF5Cl, and CF, (cMm. Tabaunuy 1) MHTerpanbHble MHTEHCUMBHOCTY B criekTpax '?F NMR nponopuuo
HaNbHbI KONVYecTBy saep ¢Topa.
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Ta6bnnua 1
JaHHble 19F AMP CFCl5 CF,Cl, CF5Cl CF,
WHTerpanbHas WHTeH- | 45.0 65.0 18.0 2.0
CUBHOCTb

SiF, rmaponusyeTtcsa c obpasoBaHmeM H,SiFg cornacHo ypasHeHuto (8):

3SiF, + 2H,0 — SiO, + 2H,SiF,

(8)

PactBop H (10 mn) go6aBunm K N36bLITKY BOAbIl, UTO NPUBENO K NoOAHOMY ruaponmsy Sik,. Nocne pasge-
nenusa H,SiFg nofyyeHHbIl B pesynbTaTte rmaponnsa B BOAHOM pacTBope, 6bl1 HENTPaAn3oBaH 1 Non-
HOCTbIO NepeBefeH B Na,SiF; (BoAHbIN pacTeop J).

Ocagok, cogep>cawnii HenpopearmnposasLnii Na,SiFg 1 NaCl, KoTopbii 6611 NoAyyYeH ¢unbLTPOBaHNEM

paHee (CM. BblLLe NOAYEPKHYTLIN TEKCT), MONHOCTLIO pacTBopunm B Boge (pacteop K; 10.0 L).

Janee npoeenn HoBoe oCagnTeNbHOE TUTPOBaHME, NCNONb3YyA PacTBOP G. KOHeYHble TOYKMN TUTPOBa-
HUA PaCTBOPOM G npuBeAeHbl HNXeE:

[na Bcero konmyecTsa pacteopa J: 61.6 mn.

-[lnsa 100 mn pacteopa K: 44.4 mn.

YutuTe, uto npucytcteme NaCl nnm SiO, He ckasbiBaeTcs Ha pe3ynbTaTax 0CaANTeNbHOMO TUTPOBAHMS.

HenpopearvpoBaBLM. PaccumTaiiTe maccy obpasoBasLuerocs CF;Cl .

B.2 PaccuuTtauite maccy NaCl, nonyyeHHoro B peakLMoHHOM cocyze (noAgdepkHy-  15pt
ThI TEKCT BbILLE), 1 paccumnTaniTe Maccy (z [g]) of the Na,SiFg ncnonbsoBaHHo-
ro B KayecTBe MCXO4HOro BeLLecTBa.

B.3 77.8% CCl,Mcnonb30BaHHOrO B KayecTBe MCXOAHOro BellecTBa, ocTanocb  8pt
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3arago4Hbl KpeMHUA

Yactb A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C (3 pt)

A.2 (7 pt)

C6H6 :

klmol,C:

k] mol™’
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A.3 (6 pt)
AH = k] mol™!
A.4 (10 pt)
D (5 pt) E (5 pt)
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B.2 (15 pt)

(Continued on the next page)




IChO

N N

Cho 20 Russian (Uzbekistan)

Q.\GS
PN

B.2 (cont.)

Nacl : g, Na25|F6 : g
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B.3 (8 pt)
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The Solid-State Chemistry of Transition Metals
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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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C1

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

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

N

L2
0 =90°

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

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

o )
L3, 6=180°

Fig. 3

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

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

13 6annoe
Bonpoc A1 A.2 A3 B.1 B.2 B.3 B.4 C.1 C2 C3 Bcero
Oukn 6 3 3 6 4 4 4 5 5 5 45
OueHka
BynkaH Ha octpoBe Cakypaj3nma
Hactb A

ANOHMA - CTPaHa C HAMBONBLLNM KONMYECTBOM BY/IKAHOB. Korga CMAMKaTHble MUHepansl KpUCTanansy-
FOTCA M3 Marmbl, 4acTb MOHOB NepexoAHbIX MeTanios (M) nepexognT 13 Marmbl B CUIMKATHbIE MU-
Hepasnbl. loHbl M0 KOTOPbIX UAET peub B JaHHOM 3a4aqe, KOOPANHMPOBaHbI OKCUg-noHamm (027) n
HaXOAATCA B YETbIPEXKOOPANHNPOBAHHOM TETPAasApUYEeCcKOM OKpyXeHunu (Ty) B Marme v LLECTUKOOPAU-
HUPOBAHHOM OKTasApunyeckoM (Oy) B CUANKATHBLIX MUHEpPanax, B 060Mx c/lyyasx - B BbICOKOCNVHOBOWA
31eKTPOoHHOM KoHbUrypaumn. KoadpduumeHT pacnpegeneHns M mexay cuanmkaTHbIM MUHEPaNoM r
MarMomn, D,onpeaenseTcs BblpaXxeHnem:

M,
M

rae [MJs v [M], KoHueHTpaumm M™B cMAMKaTHOM MUHepane 1 Marme, COOTBETCTBEHHO. B Tabanue Hxe
npviBeAeHbl 3HaveHns D ans Cr?* n Mn?*B kayecTse nprmepa.

Cr2x  Mn?*
D 72 1.1




IChO

™

Q,\ES

T UZB-4 C-6 Q-2
% ¥ . .
Cho202® Russian (Uzbekistan)

BeeseM 0603HaueHusi Ag 1 CFSEC ansa sHeprum paciiennerus d-op6utanein M™ 1 sHeprum ctabunmsa-
umn Kpuctannnyeckmm nonem (3CKI) B none O, cOOTBETCTBEHHO. AHaNOrMYHble BeNUYKHbI B none T
0603HauUnM Kak Ay v CFSET .

A1 Paccumnraiite | CFSEC—CFSET | = ACFSE B egnHuuax Ag ana Cr?t, Mn?*, n Co?*;  6pt
npumMmnTe, uto Ar = 4/9A,.

A.2 MoctpoeHwne 3aBucumocT InD ot ACFSE / A Ha HUXenpueegeHHOM rpaduke  3pt
JAaeT NPSMYH0 JINHUIO.
OueHuTe D ana Co’t.

2.0

0 01 02 03 04 05
ACFSE /Aq

Okcngpl meTannos MO (M: Ca, Ti, V, Mn nnn Co) nMeroT CTPYKTYPY KaMEHHO Conu, B KOTOPOI NOoHbI M
nMetoT Oy, OKPY>KeHVE 1 BbICOKOCMMHOBYH 3N1eKTPOHHYIO KOHGUIypauuo. JHeprus KpUCcTananyeckorn
peLeTKM 3TUX OKCUAOB B OCHOBHOM OMpeAensieTcs KyNOHOBCKUM B3aMMOAENCTBMEM NOHOB, 3aBUCS-
LLIMM OT PajnycoB 1 3apsf0B MOHOB, C He6obLM BKnagom CFSE noHa M B none O,.

A3 BbI6GEPUTEMNOAXOAALLYIO CTPOKY 3HEPruid  KPUCTaIMYecKMx —peluetok  3pt
[k) mol~"]u3 BapuaHToB (a)-(f).

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

CMeLaHHbIz okeng A, cogepxatumii noHbl La3t and Cu?t,uMeeT TeTparoHanbHyo SUeiiky, MoKasaHHyHo
Ha puc. 1. B okTasgpe [CuOg] pacctosHme Cu-0 BAONb ocn z-axis (I,) 6bonblue, yeM BAOb OCK x-axis (1,),
n reomeTpus pparmeHTa [CuOg] OTKNOHAETCA OT MAeanbHoOM O;, ITO UCKaXeHne NPUBOANUT K CHATUHO
BbIpPOXAeHWst opbuTaneii 4 orbitals (d,._,. and d..).

22—y

b

D« La3+
@ : Cu*
O 0+

1.3313nm

1 ", ﬁsesa nm
‘-
% 0.3833nm

Puc. 1

A MOXeT 6bITb CMHTE3VPOBAHO MYTEM TEPMUUYECKOr0 Pa3NoXeHUs (MMPon3a) KOMMIEKCHOro coeau-
HeHVA B, obpasyroLlerocs Npy pacTBOPeEHUN CMecu XJ10pUA0B MeTanoB B pa3zbaBneHHOM pacTBope
amMMmaka, cofepxaliem kagpatHyro kucnoty C,H,0,4,9BAA10LLYIHOCS ABYXOCHOBHO. [Mpyn HarpeBaHun
B B cyxom Bo3gyxe A0 200 °C nponcxoanT yMeHbLUeHMe Macchbl Ha 29.1% mn3-3a noTepu KpucTanamsaum-
OHHOW BOAbI, a Npu AanbHelwem HarpeeaHum o 700 °C nponcxoanT AONOAHUTENbHAA NoTeps Macchbl
n3-3a BbigeneHns CO,. Obuaa noTeps maccbl Npu obpasoBaHun A 13 B coctaenset 63.6%.B xoge nu-
poV3a BblAENATCA TONbKO Boja nCO,.

B.1 HannwwunTte popmynbl Beects A 1 B. 6pt

B.2 PaccuuTavite 00 1 00 no puc. 1. 4pt

B.3 Ans Cu?™B unckaxeHHOM okTasgpe [CuO4] B BewectBe A Ha puc. 1 4pt
3anuwuTe o603HaveHnst d,._,» U d.. paclienneHHbIX e, opbuTanein B (i)
n (i) 1 nsobpasute pacnpegeneHrie 371eKTPOHOB MO 3TUM opbuTansaM B
NYHKTUPHOW paMouyke B NNCTe OTBETOB.
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AnBSeTcs N30A9TOPOM. ECiv noH La3*3ameHnTb MOHOM Sr+,B KpUCTanInyeckol peluetke ob6pasyeT-
s AblpKa, 6narogaps Uemy KpUCTasna CTaHOBUTCS MPOBOAHMKOM. [103TOMY 40NMPOBaHHOE MOHAaMK Sr2t-
BeLLecTBO A MepexoAuT B CBEPXMPOBOsLLee cocTosHMe Hke 38 K. B ogHOM 13 cnyyaes JonmnpoBaHns
A 06pa3oBannch AbIpKWN B KOHUeHTpauun A, 2.05 x 1027 m—3

B.4 PaccumTaiites010 (B %) MoHoB La3* 3ameLleHHbIX MoHaMu Sr2t 0cHOBbIBasCh 4pt
Ha CTEXNOMETPUN peakumy 3aMeLLeHNs. YUTUTE, YTO KOOPANHALVOHHbIE YMC-
J1a NOHOB ¥ CTPYKTYpPa KPUCTaJIa He MeHSATCH B XOAe peakumm 3aMeLLeHuns.

YacTtb C

Cu,(CH5CO,), cocTonT 13 YeTblipex NoHoB CH3CO, KOOPANHUPOBAHHLIX ABYMS MOHaMU cu® (puc. 2A).
Cu,(CH3CO,), BLICOKOCUMMETPUYEH: B HEM €CTb JiBE OCY CUMMETPUN, MPOXOASALLME Yepes aToMbl yrie-
posa MoHoB YeTbipex CH;CO, 1 oCb CMMMETpUK, NPOXoAsaLLas yYepes ABa NOHA cu®’, npuyem Bce
3TV TPW OCU NepneHAVKYAapHbl Apyr Apyry. Ecnm Bmecto CH3CO, |, ncnonb3oBaTh AMKapboKCUAaTHbI
nvraHg, obpasyeTtcsa “kapkacHbli kommekc ”. KapkacHbii komnaekc Cuy(L1), COCTOUT K3 NAOCKOro An-
kapbokcunata L1(puc. 2B) n Cu2+(p|/|c. 2C). Yron Omexay HanpaBneHUAMN KOOpAVHALNK ABYyX Kapbok-
CUNATOB, MOKa3aHHbLIMW CTPeKaMn Ha puUc. 2B, onpeaensieT CTpyKTypy KapKacHOro komnaekca. 8 paseH
0° ana L1. YuTuTe, 4TO aTOMbl BOAOPOAA Ha PUC. 2 HE NOKa3aHbl.

A ( B C
Z O X
pa 4 O O 8¢§
4 0o 070 DR fos
2" Vo Y
) 6=0°

Bc.@oOc

Puc. 2
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C1

Yron OHmxenprBeAeHHOro Njaockoro gnkapbokcmnata L2 paseH 90°.060- 3Ha-

2+ .
umB cocTae obpasytoLerocs us L2 Cu” " is Cu,(L2) ,onpeaenuTte HaMMeHb-
LIVie BO3MOXHbIe Liefible 3HayeHusa n v m. NMpumunTe, 4to TonbKo rpynnel CO,
2
nvraHaa L2 o6pasytoT KoopavHaLMOHHbIe CBSA3M ¢ MoHamu Cu™ " .

AENRES

L2
0 =90°

5pt
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LinHkoBbIn komnaekc Zn,O(CH;CO,),, coaepXnT YeTbipe TETPA3APUYECKN KOOPANHUPOBAHHBIX MOHA
Zn>", wectb CH;CO, , nogHa 0% (Puc. 3A). B Zn,O(CH3CO,),, noH 02~ HaxoAWTCs B LLEHTPE, a TpU ocK,
npoxoAsLune Yepes atoMsl yrnepoga voHos CH3;CO, neprneHAnKynspHbl Apyr Apyry. Ecam ncnonbeso-
BaTb M-6eH30n4Mkap6okcunat (puc. 3B, L3, 6 = 180°) BMecTo CH5CO, ", knacTepbl Zn”" okasbiBatoTcs
CBA3aHHbBIMW APYr C APYroMm, 1 0bpasyeTcs TBepaoe coeAnHeHue (X), Ha3dbiBaeMoe “MopucTbIM KOOpAK-
HaLUWMOHHbIM nonuMepoM” (puc. 3C). Belectso X nmeet coctas [Zn,O(L3)3],,, 1 KybuUyeckyto Kpuctaniv-
Yeckylo peLleTKy ¢ nopamu HaHOMeTpoBOro pasmepa. Kaxgas nopa nsobpaxeHa cpepoii Ha puc. 3D, a
KaXAblA TeTpasApryecKkuin knactep Zn*" - TEMHO-CepbIM MHOTorpaHHMKoM Ha puc. 3C n 3D. YutuTe, 4to
aTOMbl BOAOPOAA Ha PUC. 3 He NMoKa3aHsbl.

o )
L3, 6=180°

Punc. 3

C.2 X nmeet Kybur4eckyro sneMeHTapHyo s4eliky ¢ anmHon pebpa O (puc. 3C) n 5pt
nnotHocTbio 0.592 g cm—3. PaccumuTaiiTe a B [cm].

c3 X COAePXMUT 3HAUMTENIbHOE KONNMYECTBO Nop; 1 T X MOXEeT NornoTuTb 40 3.0x 102 5pt
mL CO, npu 1 bar n 25 °C.PaccumnTaiite cpegHee ymcao mosnekyn CO, npumxo-
AALLMXCA Ha O4HY Mnopy.
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Xnmwums TBEepAbIX COEAI/IHEHI/II7I nepexoagHbiX MeTaslJyioB

Yactb A

A.1 (6 pt)

Cr2t:

Ao, Mn2+ :

AO , C02+ :




IChO

e AO=2

) F
2 <
"'l'om\\v Russian (Uzbekistan)
A.2 (3 pt)
2.0
1.5
Q
c 1.0
0.5
0
0 0.1 02 03 04 05
ACFSE / Aq
D:

A3 (3 pt)
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YacTtb B

B.1 (6 pt)

B.2 (4 pt)

nm, [, =

nm
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NSV UZB-4 C-6 A-4
Chozo1™ Russian (Uzbekistan)
B.3 (4 pt)
(i) : o (i) :
Energy TSR T PR
| 0
% i i
| ! i)
B.4 (4 pt)

%
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AG6-5

Russian (Uzbekistan)

YacTtb C

C.1 (5 pt)

C.2 (5pt)

cm
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C.3 (5pt)
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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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English (Official)

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.




UZB-4 C-7 Q-1

Russian (Uzbekistan)

ApOMATUYHOCTb HEGEH30MAHOro TUNa

13 6annos
Bonpoc A1 A2 A3 B.1 Bcero
Oukn 5 2 19 10 36
OueHka

Mpodeccop Hosoe (1902-1996) oTKpbIN HamnpasfieHVe UCCAef0BaHUA apoMaTUYeCKNX COefMHEeHNM
HebeH301AHOro TUMa, KOTopble ceivac LUMPOKO NpescTaBneHbl B OPraHNYeckol XMMUK.

doTorpadusa n3 apxmea yHMBepcuTeTa TOXOKY.

Yactb A

JNInHeapndonnaHoH, NpUPoOAHOe COeAMHEHNEe C YHUKANbHOW CTPYKTypoli, 6bin BblgeneH 13 Inula
linariifolia. OgHOCTagniHOE npeBpalleHne BaneHceHa (1) gaeT 2, a TpexcTaguiiHoe npeBpalleHue
yepes UHTepMeaMaT 3 NPUBOAUT K KeTOHY 4. dpemodusieH (5) NpeBpaLlaeTcs B 6 Mo TOMY Xe YeTbipex

cTaguiiHoOMy NyTw.
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Inula linariifolia

X
P
N
NaIO4
0304 2
THF, H,O
\ H
—/Si—N—Si—
\S' I
s CHal.i
2
CH3CN THF
80 °C 78 °C OLi -78°C : 0
3 4
B \ H / (i) 0
p —Si-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
6
THF, H,O CH5CN THF
80 °C -78°C
eremophilene (5)
A1 N306pa3uTte CTPyKTypbl 2 1 6, HETKO YKa3biBas CTEPEOXMMUIO, FAe 3TO Heob-  5pt
XOAMMO.

[Janee KeToH 4 npeBpaLLaeTcs B CIOXKHbIN 3¢up 15. B coegnHeHnmn 8 (MonekynapHasa macca: 188) coxpa-
HAIOTCHA BCe CTepeoLeHTpsI, npucytcTeytoLve B 7. CoegriHeHna 9 1 10 cogepskaT rno 5 cTepeoLeHTpoB U
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He COZEepXKaT ABOWHbLIX CBA3ei yrnepoa-yrnepoa. Aonyctum, 4to H,'80 ncnonbsytot Bmecto H,'°0 ana
cvHTe3a '80-mMeueHbIX MHeapundomaHoHos 13 1 14 13 11 n 12, cootBeTcTBeHHO. CoeanHeHns 13 1 14
aBsoTCs '80-MeueHbIMU n30ToNoMepamu. ECIM He yUnTbIBaThL M30TOMHBIV COCTaB, 13 1 14 AaloT oanH

W TOT NPOAYKT 15 C NAEHTUYHO CTepeoxMunei.

\ K /
—Si-N-Si—
/ \ .
(KHMDS) >7L|4<
N
A |
THF, -78 °C O.4-CFs
7 77\
0
Cl _OH
o)
(mMCPBA)
8 NaHCOj4 9 . 10
MW: 188 C14H200 C14H200
CH,Cly, 0 °C 1420 1420
\ Q
—$i-CF;Br OS—OH
I
Nal O 13
THF, 80 °C 11 H,'80, THF
C+=H 180 160
9 C H F O 151122 n 3-n
15M202 (n=0-3)
\ 0
—Si-CF,Br —@—S—OH
/ 11
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C45H0,180,10;,_
C15H2oF20 15(r122= O—nS) 3
N i)
NN

160-13/160-14
(C1 5H221 603)
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A.2 Bbi6epuTe cTpyKkTypy A. 2pt
O\ O\
9 9 O:\f]:‘.’CF3 O:\$,CF3
| FsC-S-OH Il FsC-S-NH, n N.g-CFs \'; HN.. -CFs
O O ©/ 77\ 77\
A3 N306pasuTte cTpykTypbl 8-14, 4eTKO yKa3biBas CTEPEOXMMUIIO, F4e 3TO Heob-  19pt

xoanMo. Takxe oTMeTbTe atombl 80 BBesieHHbIe B 13 1 14, Kak NOKa3aHO Ha
npumepe Hixe.
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YacTtb B

CoesHeHMe 19 CMHTE3MPYIOT, KaK MOKasaHO HuXe. B npogosxeHne obCyxeHUs apoMaTUUYHOCTU
HebeH30MAHOro T1Na, 19 MoXeT 6biTb MCMOJIb30BaH Kak akTMBaTOp CNMPTOB, a 20 6bin NpesBpaLleH B
22 c obpasoBaHMeM MHTepmeamaTa 21, NpeacTaBastowero 13 ceba MOHHY0 rnapy. XoTs obpasoBaHme
21 66110 nogTBepXAeHo AMP cnekTpockonmeri, 21 nocTeneHHo pasnaraeTcs, A4asas 18 n 22.

2 Q0 =
CHSCOOH
16
EtsN s
CH,Cl,
C15H100

OH
20

"H NMR (CD4CN, ppm)

-HClI

17

wn=0

Cl” ~cl

19

C15H1oCl2

21

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)

Cl
s
22

B.1 N306pa3uTte cTpykTypbl 17-19 1 21, 4eTKO yKasbiBasg CTEPEOXMMUIO, rae 3T0

HeobxoAnMmo.

10pt
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ApOMaTI/I‘—IHOCTb H666H3OVIAHOFO TNa

Yactb A

A.1 (5 pt)

2 (2 pt)

6 (3 pt)

A.2 (2 pt)
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A.3 (19 pt)
8 (3 pt)
9 (2 pt) 10 (2 pt)
11 (2 pt) 12 (2 pt)
13 (4 pt) 14 (4 pt)
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Part B
B.1 (10 pt)
17 (2 pt) 18 (2 pt)
19 (3 pt) 21 (3 pt)
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Dynamic Organic Molecules and Their Chirality

11 % of the total
Question A1 A2 A3 B.1 B.2 | Total
Points 9 3 7 3 4 26

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



IChO

Q,\ES

\ § UzZB-4 C-8 Q-3
Chozo1™ English (Official)

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

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

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

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

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

7 N\ o
@ G0
Br (CeeHas)
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Part B

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

_______________________

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

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

Ru* |
(Ca1H1g)

B.1

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

3pt
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0}

Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

B.2

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

propriate stereochemistry.

4pt
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Q8-1

Russian (Uzbekistan)

AnHamMmunyeckune opraHnyeckme mMoJsiekysibl 1 X Xumpalib-

HOCTb
11 6annoe
Bonpoc A1 A2 A3 B.1 B.2 Bcero
Oukn 9 3 7 3 4 26
OueHka
Yactb A

Monnumknnyeckme apoMaTtmyeckme yrneBoAopoabl C NocaeoBaTelbHbIM OpPTO-COYNEHEHVEM Kosel,
Ha3bIBalOT [n]kapborennueHamun (rae n 0603HavaeT KONYECTBO LUECTUYNIEHHbIX KoneLl) (CMOTpY HU-
xe). [4]Kap6orenunueH ([4]C) 6611 ycnewHOo nosyyeH rno nokasaHHOM HXKe GOTOXUMNYECKON peakLumu,
npoTekatoLein Yepes nHTepmeamar (Int.), KOTOpbIA NErko OKNCASETCH MOAOM.

NaOEt

® )
(jﬂpph3 Br

C11H80

hv

hv

EtOH
A

Int.
CigHia

l>

doToxmmmyeckas peakLmsa NpoTekaeT aHaNoOMMYHO CeaytoLLemy nprumepy:

[4]carbohelicene ([4]C)
CigH12
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= o N hv
|/ |/

BHMMaHMe: Npn oTBETE Ha BCe BOMpockl 3agaum 8 ncnonb3yiniTe Yepeaytowmecs ognHapHble v
ABOViHbIe CBA3M, KaK NOKa3aHo B NpumMepax ¢ Kap6orennueHaMmu. He ncnonb3yiiTe KPY>XKKuU Ans
0603HauYeHUsA CONPSKEHHbIX T -CUCTEM.

Q,\GS
PN

A1 N306pa3ute cTpykTypHble ¢opmynbl coeamHeHuin A-C. Ctepeomsomepbl  9Ipt
AO/KHBI 6bITb Pa3ANUNMBI.

A2 MonbITKK cCMHTe3npoBaTh [SlkapborennueH 13 Tol xe camoll dochoHmeBolrn  3pt
COMN 1 NOAXOAALLEr0 NCXOAHOMO BeLlecTBa NpUBeENnN K 06pasoBaHMI0 NLb
cnefoBbIX KonnyecTs [SlkapborenvueHa. Bmecto Hero nony4vancs npoaykt D
MOJeKynsipHas Macca KoToporo 6bi1a Ha 2 [la MeHbLUe, YeM y [Slkapborenn
ueHa. Huxe npmuseaeHsl xuMmmyeckre casurv B 'H NMR criekTpe Bewectsa D.
N306pa3uTte cTpykTypHYO dopmyny BellecTsa D.

[D (9, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

[5] - v 6onee kpynHble [n]kapborennueHbl 061aAat0T CANPaNbHON XMPanbHOCTLIO, @ B3aMHOe npeBpa-
LLleH1e SHaHTMOMEPOB 3TUX refINLEHOB NpoTeKaeT 4O0CTaTOYHO MeA/IeHHO NPV KOMHATHOM TeMneparty-
pe. KoHurypaumto xmpanbHbix [nJkapborenvyeHoB 0603HavatoT bykeam (M) 1 (P), Kak mokasaHo HuXe.

-2

[n]Kap6orennueHsl ¢ n 6onblue 4 MOryT 6bITb pasgeneHbl Ha SHAHTMOMEpPbI C MOMOLLBIO XMpPasibHOW
KOSIOHOYHOW XpomMaTorpadum, paspabotaHHo npodeccopom Moo OkamoTo.
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MHOXeCTBEHHbIMUK refrLeHaMM Ha3blBalOT MOMEKY/bl, KOTOpble coAepXaT ABa Unu 6osee rennLeHo-
noAo6HbIX dparMeHTa. Hannume cnupansHoOM XMpanbHOCTU NPUBOANUT K TOMY, UTO Y MHOXECTBEHHbIX
renvLeHoB CyLLecTByeT HeCKOIbKO cTepeon3oMepoB. Hanpumep, coeguiHeHmne E cogepxxut Tpu [5]kap-
6orennueHoBbIX dparmeHTa B ogHOM Monekyne. OAVH U3 CTepeon3oMepoB C koHurypaumei (P, P, P)
nokKasaH Huxe,

E

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

A3 Hukenb-kaTanusmpyemas Tpumepusaums 1,2-ambpombeH3ona npmMBoanT K 06-  7pt
pa3oBaHuo TpudeHuneHa. Ecam Ty e peakLmo UCNOAb30BaTk A1 O4HOIO 13
3HaHTMomepos F, (P)-F, obpasyeTcs MHOXecTBeHHbIN renmueH G (CgsHsg). Mpu-
HMMas, UTO CTepeon30Mepbl He MOTYT B3aMMOMNPeBPaLLaTbCs B X0/e peakumu,
yCTaHOBUTE BCe CTepeon3oMepbl G 06pa3oBaHMe KOTOPbIX BO3MOXHO B AaH-
HOM npoLiecce. He gonyckainTe NoBTOpPOB. /119 CNpaBKn: OAMH N3 N30OMepOoB
AO/KEH 6bITb HAPUCOBAH MOMHOCTLIO CO CTepeoxmmMmuen, 0603HauYeHHOM Kak
B NpvIBeJeHHOM BbIlLe MpUMepe, a TakKe YMCNOBLIMU MeTKaMu; Apyrve cre-
peon3somMepbl JOMKHbBI 6bITb NepeyncsieHbl C HOMepamMm No3nuuin 1 0603Have-
HUAMU M 1 P B cCOOTBETCTBUU C TOW e HyMepaumein. Hanpumep, gpyrue cTe-
peovsomMepbl coeamnHeHus E onxHbI 6bITb NepeuncneHsl kak (1, 2, 3) = (P, M,
P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), and (M, P, M).

Ni(cod),
Br _ N
- QL = O
Br , ,

o 1]
Br (CeeHas)
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CyMaHeH - 370 yrnesozopos B ¢opme valluum, 0 KOTOPOM BriepBble coobwman B AnoHum B 2003 rogy.
HasBaHue "cyMaHeH"” MponCXoANT OT CAHCKPUTCKOro “"cymaH"” - noAconHyx. CMHTe3 cyMaHeHa 6bia1 ocy-
LLleCTB/IEH NOCPeACTBOM MOCNef0BaTENIbHOCTU peakLUMii, BKAKOYaKOLWen MeTaTe3nc C packpbiTeM KoJlb-
La 1 MeTaTe3unc C 3aMblKaHNeM KOJibLia.

TunnyHble npmnMepbl peaKLl,I/II7I MeTaTe3nca, KaTaan3npyembiX PyTEHNEBbIMU KaTa/IM3aTOPaMin (RU*),
npeactaBneHbl H/XeE.

Ru*
+ 7R \/(oj\/\

z *
g") (C21H1e)

B.1 N306pasuTte cTpyKTYypHYo dopmyny nHtepmeamaTta I (6es ctepeoxmmmn). 3pt
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(0]
Me cl CN
G Cl CN
Ru* (o) K
(Ca4H1g)
| Me
Me

B.2 Ecnn ncnonb3oBaThb B KauecTBe MCXOAHOIO BELLLeCTBa ONTUYECKN aKTVBHOe co-  4pt
eINHeHVe J, To aHanornyHasa nocsieoBaTeNnbHOCTb peakuunii npuBeseT K 0bpa-
30BaHWNIO ONTUYECKN aKTUBHOIMO NPOM3BOAHOI0 cyMaHeHa K. CTepeoueHTpsbl
B COEJMHEHVN | He npeTeprneBaloT obpalLeHNsa B XOAe peakumn metaTesu-
ca. so6pasunTe cTpykTypHyto dopmyny coeanHeHus K ¢ ykasaHunem cTepeo-
XUMUN.
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AnHamMmunyeckune opraHnyeckme mMoJsiekysibl 1 X Xumpalib-
HOCTb

Yactb A

A.1 (9 pt)

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

A.2 (3 pt)
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A.3 (7 pt)
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YacTtb 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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UTo Kancynbl JIIO6GAT, @ UTO HET

10 6annos
Bonpoc A1 A2 A3 A4 A5 Bcero
Oukmn 13 2 2 3 3 23

OueHka

Ecnv Bbl pa3pexeTe TEHHUCHBI MSIUMK, TO CMOXeTe pa3o6paThb ero Ha ABe U-o6pasHble 4acTu (xopoLune
AeTV TaK He Aenator).

~

2 '

PYKOBOACTBYSICb 3TOW MAEei, CMHTe3MpoBanu coearHeHus 1 1 2, seastomecs U-o6pasHbIMyU MoNeKy-
Namu pasnnyHoro pasmepa. CoegrHeHve 3 66110 NONYYEHO ANS CPAaBHEHUS C coeguHeHnem 1. Bbiio
NCCNes0BaHO NOBeAEHME 3TVX COEANHEHWNIA B MPoOLLeccax MHKaMNCyIMpoBaHuS.
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H H
(0] (0] | o o\
H N H )
HNJ(N N/\LNH ! \f "
Ph-é\é-ph ph—>+Ph = \Z 056‘
HN\”/N NT]/NH PH Nw"‘ Ph
(0] (0]
1
P OH (0] (0] OH 2
HNJ(N N)S\NH
R R E P E R R
HN_ N N_ NH
lr OH o) 0 OH I
2
(0]
grigr) @
HN_ N CH
Tf 3
°© 3

MyTb CMHTE3a COeAMHEHMS 2 NPUBEAEH HMXKE. INeMEHTHbIN cocTaB coeauHeHns 9: C; 40.49%, H; 1.70%,
and O; 17.98% no macce.
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CH,OH =
. ) -
>—<: + 2 x - o 4
HO OH A
C20H180s
OCH,
CO,PMB
I e Ot
Pd/C, H, CoaHpsOr TiCI4/Li§\IH4 CO,PMB
(=T1)

OCHg;
CO,PMB
SUIT
CO,PMB CaoH1806 A
OCHj;
ooy
H3;CO OCH3

Jj\ OCHj
HN™ “N
0 2x R R NH
HN. N NH
Cl Y
Cl 0 OCH3;
@)
8 —_— 9
C: 40.49%, H: 1.70%
0: 17.98%
7 OH o 0 OH 3
HNJJ\N N)kNH
R R N | | N R R
HN\”/N N N N\[(NH
o OH 0] O OH o)
2
A1 N306pasuTte CTpyKTypHble GOpPMY/bl COefNHEHN 4-9; CTepeOoXUMUI0 MOXHO  13pt

He yKa3blBaTb. Micnonb3ylite 0603HaueHne "PMB” BMeCTO NOAHOW CTPYKTYPbI
napa-mMeToOKCMH6eH3UAbHOW rpynnbl, Kak MOKa3aHo B NpMMepe BhbilLLe.
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B mMacc-cnekTpe coegnHeHUs 1 NyK, COOTBETCTBYOLLNY ero anmepy (1,) YeTKO BUAEH, B TO BpeMSs Kak B
mMacc-cnekTpe 3 nuk gumepa 3, otcytcteyeT. B 'H NMR cnektpe pactBopa 1,, Bce NH npoToHbI 13 1 5BAsi-
FOTCA XMMUYECKW 3KBUBANEHTHBIMU, 8 X XUMUUYECKNA CABUT CYLLLeCTBEHHO OTINYAETCA OT XMMNYECKOro
cagura NH npoToHOB coefrHeHns 3. 3TU AaHHble yKa3bIBalOT Ha Hanu4vme BOAOPOAHbLIX CBA3EN MeXay
rpynnamuv NH ogHoln monekynel 1 1 atoMaMmm X Apyrori monekysnbl 1, o6pasyoLmnx BMecTe JVMepPHYIo
Kancyny.

A.2 0O6BeanTe KPY>KKOM BCe NoaxoadLine atombl(aTom) X B 1. 2pt

A3 MpuBeaguTe UNcno BOJOPOAHBIX CBA3EN B AMepHO Kancyne (1,). 2pt
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AnmepHasd kancyna 1 (1,)MMeeT BHyTpeHHee NPOCTPAHCTBO, B KOTOPOE MOXET H6bITb MHKaNCynnpoBaHa
Ma- 1ast MoJiekyna Z, 3To iB/IeHNe MOXHO OMMCaTb CNeAyoLNM YpaBHEHWEM:

Z+1, - Z@1, 1)
Bblpa)KEHVle ANA KOHCTaHTbl paBHOBeECUA npouecca NMHKancynnpoBaHuA /B 12 npmBegeHO HMNXe:

[2@1,]
Tz @

WHkancynmpoBaHme MOXHO M3y4aTb ¢ noMoLLso NMR cnekTpockonun. Hanpumep, 1, in CgDg AaeT pas-
NNYHble curHansl B 'H NMR cnekTpe go v nocne go6aenexHusa CH,.

CoezHeHMe 2 TakxXe 06pa3yeT XecTKyto AUMEPHYH Kancyny 60abLuero pasmepa (2,). '*H NMR cnekTp
2, 661N 3apernctpmpoBaH B CgDg, CoDsF, 1 B cMecu pactBoputenein C;Dy/C;DsF npmnuem Bce octank-
Hble YC/10BMA 6bIIM OANHAKOBLI. XMUYeckmne caurn H2 npoToHOB coefuHeHWs 2 B yKa3aHHbIX pacTBo-
puTenax npuseAeHbl HUXKe. HUKakux Apyrux curHanos NpoTtoHoB H? B 2, KpomMe nepeyncieHHblx, He
Habatoaanock. CuMTalTe, UTO BHYTPEHHEe NPOCTPAHCTBO Kancy/bl BCerja 3anojHeHO MakCMManb- HO
BO3MOXHbIM YMC/IOM MOJIEKY/1 PacTBOPUTENS, a KaXAbliA CUTHaN COOTBETCTBYET O4HOMY U3 CrocoboB
3ano/IHEHWA Karcybl.

o} o}
HNJLN OH O H O OH N)LNH
R—CR Vel R Rey—R
HNTN N\n/NH

o OH O H* O OH o

2
pacTBopuTenb d (ppm) of H?
CeDg 4.60
C¢DsF 4.71
CgDg / CcDsF 4.60,4.71, 4.82

A4 OnpegenuTe yncno monekyn C;Dg 1 C;DsF MHKaNCynnpoBaHHbIX B2, BeTCTBY-  3pt
toLLee Kaxzaomy curHany He .
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'H NMR n3mepeHusi B C;Dg nokasanu, 4to 2, MOXeT MHKaMNCcynpoBaTh O4HY MoneKkyy 1-ajaMaHTaHKap60oHOBO
kucnoThl (AdA), KoHcTaHTa accoumaunm (K,) BolpaxeHne And KOTOPOV NpeacTaBaeHo Huke, bblna 13-
MepeHa nNpu pasHbix TeMnepaTypax. O6o3HaveHume [solvent@2,] cOOTBETCTBYET KOHLEHTPaLUum Yactuml,
cofiepXaLUux o4HY NN HeCKOJIbKO MoeKkyNl pacTBoOpUTers.

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

3)

AHanornyHo, sHaveHus K, ana CH, n 1, n3 BblpaxeHus (2) 6binn M3MepeHbl NPy pasHbIX TemnepaTtypax
C¢Dg momoLbto 'H NMR cnekTpockonuu. Mpaduky TeMnepaTypHO 3aBUCUMOCTU ANSt ABYX KOHCTaHT
accoumaumm (B koopamnHatax In K, vs 1/T) nokasaHbl HMXe.

InK,
| CO,H
0 .._c. ®e - 1 /T
‘.‘ ..-. (K_1)
|
AdA

1, He nHckancynupyeT monekyn CgDg. Ansa nvHun II usmeHeHmne sHTponuu AS (1), UsmMeHeHve 3HTab-
NMUNAH (2 ), N03TOMY ABWXYLLIE C10 nHKancynupoBaHusa ana avHuu II asnsaetcsa ( 3 ). CnegoBatenb-
HO, NMHKA I cooTBeTCTBYET (4 ), @a "MHKA Il cooTBeTCTBYET ( 5).

A5 Bbi6epuTe npaBuibHble BapnaHTbl (A nan B) ns Huxecnegyrowen Tabanuel  3pt
AN NponyckoB, 0603HauYeHHbIX Bbiwwe undbpamu (1)-(5).

A B
(M NONOXNTENBbHO oTpuuaTesisHo
(2) MOJIOXXNTEJIbHO oTpuLUaTesibHO
3) AS AH
4) 1, nCH, 2, n AdA
(5) 1, CH, 2, 1 AdA
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UTto Kancy/bl N6AT, a UTo HeT

A.1 (13 pt)
4 (2 pt) 5(3pt)
6 (2 pt) 7 (2 pt)
8 (2 pt) 9 (2 pt)
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A.2 (2 pt)
O O
HNJ(N N)X\NH
HN\[fN N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
0 (ppm) H? umncno monekyn CgDg umncno monekyn CsDsF
4.60 ppm
4.71 ppm
4.82 ppm
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