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3arasibHa iHCTpPYKLif
+ KomnnekT cknasaeTbca 3 9-TU 3aBAaHb.
* [ns poboTU BUKOPUCTOBYNTE NINLLIE PYYKY Ta HEMPOrpaMoBaHWNM KanbkKynaTop.
* Y Bac € 5 roauH AN19 CKNajaHHSA icnuTy.
* MounHaliTe npautoBaT AnLe nicis komaHan CTAPT.

* Bci pe3ynbTati Bawoi poboTu MatoTh 6yTW 3anmcaHi y BiagBeAeHUX ANA LLbOro Nonsx INCTiB Bif-
noBigel pyukor. Ik YUepHETKOK KOPUCTYNTECs 3BOPOTHOK CTOPOHOK NUCTIB Bignosigeid. Mam’
ATalTe, WO BiANOBIAi, 3anncaHi No3a Mexamu BigMNoBiAHWX Nonei, He 6yayTb OLHIOBaTUCS.

* 3anucyinTe BIANOBIAHI BUKNAAKW, PO3PaxyHKN, Ae Lie HeobxigHo. MoBHUMK 6anamu 6yayTb OLiHtO-
BaTUCS NIViLLe MPaBWIbHI BiANOBIAI, NiAKPINIeHi NOrYHUMN apryMeHTaMu 4m po3paxyHKamu.

» Cnocrepirayi nonepeaaTb Bac 3a 30 XBUNUH 0 kKoMaHam CTON.

* B Mma€Te 3ynnHUTM poboTy ozpasy nicnsg komaHam CTOIM. HeBukoHaHHA komaHan CTOM npu-
3Beje A0 AnckBanidikaLii.

* OdiujiliHa aHrNnoMoBHa Bepcis 3aBAaHb MOXe 6yTI 3anpoLUeHa BaMu INLLIE 418 YTOYHEHHS YMOB.

* Bam3abopoHeHo nokmgaTn poboye micue 6e3 403B0oY. AKLL0 BaM NOTpibHa AonomMora (He npaLitoe
KanbKynsaTop, HeO6XiAHO BUITW B TyasieT Ta iH.), NiAHIMITb pyKy Ta YekainTe 403BOY CloCTepiraya.

* Y 3anuTaHHAX, Ae Bac NpocaTb BUGpaTU 3 AieKi/IbKOX BapiaHTiB, BKa)XKiTb CBOIO BigNoBiAb 3a
AOMOMOroH0 rajloukun v' y KBaagpaTHux ay>kkax [ ] nepep BapiaHtom(amu), aknia Bu o6panu.
Hanpuknag, akuwio Bu xodeTe Bubpatu BapiaHT (A) 3 (A), (B), (C) i (D), B Ma€eTe 3pobuTK Lie HacTy-
MHUM YNHOM:

V1A [ 1(B) [ 1 [ 1(D)

yJAUI!
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3aBAAHHA Ta OLiHIOBAHHSA

No | Ha3Ba MakcmyMm oukiB | Makcumym 6anis
1 LLiBaKe BU3HaYEHHS HYK1EIHOBOI KNCN0TK K TecT Ha KOBIA-19 14 9
2 | XpoM - paHille Ta 3apa3 21 11
3 | 3axonneHHs i nepeTBOpeHHS giokcnay KapboHy 42 14
4 | Hosi npuroan ans ctapogaBHboro Cynboypy 45 16
5 | B3aemonepetBopeHHs okcnaiB HitporeHy 45 15
6 | Aktmeauia ¢pochiHamm 36 7
7 | OpraHiuHi Mofiekynu B XUTTI 32 9
8 | AMBOBWXHUIA XipanbHWIA cnipokaTanizatop 36 10
9 | MoBHWi cnHTe3 Capitulactone 44 9

Bcboro 100
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®i3nyHi cTani Ta piBHAHHA

Crana ABoragpo:
YHiBepcanbHa rasosa cTana:
CTaHAapTHWUI TUCK:
ATMOChEepHMIA TUCK:

Hynb rpagycis Llenbcis:
Crana ®apages

Crana lNnaHka:

Maca enekTpoHa:
LLIBNAKICTb CBiT/Ia B BakyyMi:
Yuncno ni:

EHepria ¢oToHY:

PiBHAHHA MeHpeneeBa-KnaneripoHa:
1- 3aKOH TepMOAiHaMiKn:
EHTanbnis, H:

3MiHa eHTponNii:

BinbHa eHepria [66ca

KoediuieHT peakuii:
Ansa peakyii a[A] + b[B] == c[C] + d[D]

PiBHSAHHA HepHcTa:

PiBHAHHS i30TepmMmu JlaHrMiIopa:

PiBHSAHHA AppeHiyca:

PiBHAHHSA ANA WBMAKOCTI peakuii B iHTerpanbHii ¢opmi:
HynsoBnii nopsgok:

Mepwunii nopsagok:

Apyruii nopsgox:

N, = 6.022 x 1023 mol "

R =8.31446 Jmol 'K *

p© = lbar = 10° Pa

Patm = 1atm = 1.01325 bar = 1.01325 x 10° Pa
273.15 K

F =9.6485 x 10* Cmol '

h =6.626 x 10734 J s

m, = 9.109 x 103! kg

c=2.998 x 108 m s

T = 3.141592653589793

E = he/A

pV =nRT

AU =Q+W
H=U+pV
AS =Q.../T
G=H-TS
AG® = —RTInK*®
AG® = —nFE%

cell

AG = AG® + RTInQ

[C]°[D]*
Q=-—
[A“[B]"
_ o E Cred
E=FE° — In -

0 =aP/(1+ aP)
k= A Bu/RT

[A] = [A], — Kt

In[A] = In[A] ) — Kt
1 1

ey

[A] - [A]

0
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MepioA HaniBnepeTBOPeHHs AN peakLii NepLIoro Nopsaaky: ¢y, = %
MepioA HaniBnepeTBOpeHHs ANs peakuii Apyroro Nopsaaky:  ty,, = ﬁ

0
PiBHsAHHS byrepa-/lambepTa-bepa: A=elC
Pob6oTa enekTpMYHOro CTpymy: W=UIt=UQ
KinbKicTb efieKTprnyHOro 3apsaay: Q=1It
O6'em chepu: V= %wr?’

Mnowia nosepxHi chepu: S = 4mr?
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Koneco konbopiB

620 nm 580 nm

<
. b \/2
C
800 nm

------- 560 nm

400 nm £ d
1 / e

430nm ——" 490 nm

a: yepBOHMI  b: opaHxeBuin c:xoBTUI d:3eneHnin  e:ronyouin f: dionetoBumin
1: AKLL0 peyoBMHa MNOrNHAE Lielt Konip 2: BOHa MaE Lein konip.

PucyHok 0.1
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General Instruction

+ This examination has 9 problems.

+ Use only a pen and non-programmable calculator.

* You have 5 hours to complete the exam.

* Begin only when the START command is given.

+ All results must be written in the appropriate boxes with a pen on the answer sheets. Use the back
of the exam sheets if you need scratch paper. Remember that the content of the answer boxes will
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 exam.

* 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 hand and wait until an invigilator arrives.

* For questions where you are asked to choose from a collection of choices, indicate your an-
swer with a v in the [ | before your choice. An example is provided below:

(Suppose you wish to choose (A) out of (A), (B), (C) and (D).)

V1A [ 1(B) [ 1O [ 1(D)

GOOD LUCK!
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Problems and Grading Information

No | Title Total Points | % of Total
1 | Rapid and Visual Nucleic Acid Testing for COVID-19 14 9
2 | Chromium in Ancient and Modern Times 21 11
3 | Capture and Transformation of Carbon Dioxide 42 14
4 | A New Journey for Ancient Sulfur 45 16
5 | Interconversion among Nitrogen Oxides 45 15
6 | Enabling Phosphines 36 7
7 | Organic Molecules in Life 32 9
8 | Amazing Chiral Spiro Catalyst 36 10
9 | Total Synthesis of Capitulactone 44 9

Total 100
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Physical Constants and Equations
Avogadro constant: N, =6.022 x 102 mol
Universal gas constant: R =8.31446 Jmol 'K *
Standard pressure: p® = lbar = 10° Pa
Standard atmospheric pressure: Dot = 1atm = 1.01325 bar = 1.01325 x 10° Pa
Zero of the Celsius scale: 273.15 K
Faraday constant: F =9.6485 x 10* Cmol !
Planck's constant: h=6.626 x 10734 Js
Mass of electron: m, = 9.109 x 103! kg
Speed of light: c=2.998 x 108m s~!
pi: m = 3.141592653589793
Energy of a photon: E = he/\
Ideal gas equation: pV =nRT
The first law of thermodynamics: AU=Q+W
Enthalpy H: H=U+pV
The change of entropy: AS =Q,,/T
Gibbs free energy: G=H-TS

AG® = —RTInK*
AG® = —nFES,

cell

AG = AG® + RTInQ

Reaction quotient: [C°D)?

For a reaction a[A] + b[B] = c[C] + d[D] ?= [A]“[B)°
Nernst equation: B = g — Ly, G

nF  cy

Langmuir isotherm equation: 0 =aP/(1+4aP)
Arrhenius equation: k= Ae Fa/RT
Integrated rate law:

Zero order: [A] = [A], — Kkt

First order: In[A] = In[A], — Kkt

Second order: 1 + kt

(Al [A]
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Half-life time for a first order process: tyjp = -
Half-life time for a second order process (A+A — B): 1, = ﬁ
0
Lambert-Beer equation: A=elC
Electric work: W=UIt=UQ
Quantity of electric charge: Q=1It
Volume of a sphere: V= %mﬁ

Surface area of a sphere: S = 4qr
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The Color Wheel
620 nm 580 nm
‘ N
800 nm
"""" 560 nm
400 nm
1... /\ e /
430nm ——"" 490 nm

a:red b:orange c yellow d:green e:blue f:violet
1: If a substance absorbs here 2: it appears as this color.

Figure 0.1
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LliBuaKke BU3HaYeHHS HYKNEIHOBOI KMUCNOTU SIK TeCT Ha
KOBIA-19

9 6anis
MnTtaHHA 11112113 |14 |15 | Becboro
Makcumym oukis | 1 1 4 4 4 14

OuiHka

CborogHi € HaranbHa noTpeba y WBUAKMX | IPOCTUX MeTOoAax paHHbOro BusHaveHHs KOBIA-19. OaHuMm
i3 NepcrneKTUBHUX CNOCO6IB € BU3SHAaUEHHS 3a JONOMOr00 HAHOYACTUHOK 30/10Ta. HaHOYACTUHKM 30/10Ta
LLIMPOKO 3aCTOCOBHI K Bi3yanbHUI iIHANKATOP pe3ynbTaTiB TecTiB 3aBAAKN IXHbOMY BUICOKOMY MOJISIPHO-
My KOeiLliEHTY eKCTUHKLIT (MonspHOro noranHaHHsA). Konip, B k1A 3abapBaeHi HaHOYaCTUHKM 30/10T3,
TiICHO MNOB'A3aHNIA 3 PO3MIPOM Ta ANCMEPCHICTIO YaCTUHOK. B Linomy, UM GinbLUMIA PpO3Mip HaHOYaCTK-
HOK, TUM YepBOHILLMIA KONip CNOCTepiraeTbes. A Nicas iXHbOI arperawii KoAip 3MiHKETLCS 3 YEPBOHOIO
Ha CUHIN.

Konn nosBepxHsA 3010Ta MOANGIKYETHCA ABOMA TUMaMM OAHONAHLIOroBOro ¢pparmMeHTy HyK1eiHOBOI KU-
CNOTW, @ Ta b, HAHOYACTUHKM 30/710Ta arperyrTb (9K NOKa3aHO HMXYe) Y MPUCYTHOCTI LiIbOBOI HyKel-
HOBOI KNCIOTU (0’ b’), WO Beae A0 3MiHM KOJIbOPY PO3UMHY 3 YEPBOHOIO 0 CUHLOIO, MPOTArOM KiJIbKOX
XBUAWH. Uen npuHUMN f03BONISIE BU3HAYaTU LiNbOBI HYKEIHOBI KNCIOTU KOPOHAaBIipycy B 3pasky.

AV AV

S-h,

[vcneproBaHi HAHOYACTVIHKN (YepBOHI) ArperoBaHi HaHOYaCTUHKM (61aKNTHI)
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Ukrainian (Ukraine)

1.1 BKaXiTb 06/1aCTb CNeKTPasbHOro MNOMNHAHHA ANCIEPCHUX HaHOYacTUHOK 30- 1.0 pt
nota BignosigHoto nitepoto (a-f Ha PUcyHKy 0.1 y 3aranbHUX IHCTPYKLifAX)

1.2 3a3HauTe 3MiHy JJOBXVHV XBWJIi MOMIMHAHHSA B CMeKTpi HaHo4YacTuHOK 30n10Ta 1.0 pt
nicnsa ix arperawii (nepexig, Big ANCNepCHUX A0 arperoBaHnUx HAHOYaCTUHOK)
(a) 36inbLUyETLCS
(6) 3MeHLyeTbCA
(B) Taka cama

HaHouaCTUHKM 30M10Ta CknajeHi 3 aTOMIB 30/10Ta, WiNbHO YNakoBaHWX AK Y KpUCTani 3010Ta (fycTuHa
p=193gcm™3).

1.3 0O6uncnitb, ckinbku atomis 3010T1a (N) BXoaUTb A0 cknagy chepuyHoi HaHo4va- 4.0 pt
CTUHKM 30/10Ta giameTpom 30.0 HM

CVHTe3 HaHOYaCTVMHOK 30/10Ta CMNPAETLCA Ha OKNCHO-BIJHOBHY peakLito MiX TeTpaxsopoaypaTHOI Ku-
cnototo (HAuCl, -3H,0, M,y = 394) Ta BifHOBHNKOM (K-OT HaTpii umtpar). 5.2 mr HAuCl,-3H,0 6yno nos-
HIiCTIO NepeTBOpPeHO Ha chepUUHi HAHOYACTMHKIM 3010Ta O4HAKOBOro po3Mipy giameTpom 30.0 HM B po3-
UMHi 06'emom 100.0 M. [MOrNMHAHHS YTBOPEHOro YepPBOHOIO PO34KHY, BUMipsHe Y®-cnekTpomMeTpoMm
npw 530 HMm, cknano 0.800.

1.4 064UcniTb MONAPHUI KoediLiEHT eKCTUHKLIT (MoNspHe NOrANHAHHSA) € yTBo- 4.0 pt
peHoro po3unHy npv 530 HM Ha MOJIb HAHOYACTUHOK 3010Ta. ONTUYHA AOBXM-
Ha KtoBeTu cknagae 1 cm. AkLo BaM He BAAN0CA 0O6UNCAUTI KiNbKiCTb aTOMIB
30n0T1a (N) B nyHKTi 1.3, npuiiMiTe N = 1.00 x 10°.

[na KonopMeTpUUYHOro BU3HaYeHHS LiNboBOI HYKNeIHOBOI KMCOTU 6y10 3aCTOCOBAaHO CTaHAAPTHUN
mMeToZ AoJaTkiB. Ma3ok i3 ropsia noAinunaun Ha ABi YacTuHw. lMicna gofaBaHHA HEOOXIAHMX KOMMOHEHTIB
PO3UMHY Ta BOAM (SK 3a3HaYE€HO HIKYe) 4151 060X OTPUMAHMX PO3UMHIB OKPEMO BUMIPSAAN NOrAMHAHHSA
npv 600 HM.

Ne | O6'em 3pa3ska O6'eM poO3UmnHY O6'eM cTaHAapTHOro O6'em | OnNTnyHa
MasKky i3 ropna HaHOYaCTMHOK 30/10Ta po34mHy 2.0 pg mL™! BOAM | TyCTWHA
(mL) 3 dparmeHTamMm (Mikporpam/mn) winboBoi (mL)
HyKNeiHOoBOI KucoTu (mL) | HykneiHoBol KMcnoTu (mL)
0.10 0.80 0.00 0.10 0.400
2 0.10 0.80 0.10 0.00 0.900

1.5 064UCNITb KOHLLEHTPAaLit0 HYKAeIHOBOI KNCNOTK Bipycy (CX) y BuxigHOMY 3pa3- 4.0 pt
Ky Ma3Kka i3 ropna.
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Rapid and Visual Nucleic Acid Testing for COVID-19

9% of the total
Question | 1.1 | 1.2 | 1.3 | 1.4 | 1.5 | Total
Points 1 1 4 4 4 14
Score

Fast and simple methods for early detection of COVID-19 are urgently needed. Gold nanoparticles-aided
detection is one of the promising methods. Gold nanoparticles are widely used as a visible readout for
test strips due to their high molar extinction coefficients (molar absorptivity). The color appearance of
gold nanoparticles is closely associated with their sizes and dispersity. Generally, the larger the gold
nanoparticles, the more reddish the color is. Once the nanoparticles are aggregated, the color shifts
from red to blue.

When the surface of gold nanoparticles is modified with two kinds of single-stranded nucleic acid frag-
ments a and b, the gold nanoparticles would aggregate in the presence of the target nucleic acid (o’ b’ ),
causing the color change of the solution from red to blue in several minutes (as indicated below). Based
on this principle, the target nucleic acids collected from the coronavirus in a sample can be detected.

AV AV

Swh,

Dispersed (Red) Aggregated (Blue)

1.1 Indicate the absorption band region of the dispersed gold nanoparti- 1.0 pt
cles with an appropriate letter (a-f in the color wheel of Figure 0.1 in
General Instructions)
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1.2 Indicate the change in the absorption spectrum of the gold nanoparticles once 1.0 pt
they are aggregated. Compared to the absorption wavelength of the dispersed
gold nanoparticles, the wavelength of the aggregated nanoparticles
(a) becomes longer
(b) becomes shorter
(c) does not change

Gold nanoparticles are composed of gold atoms that are closely packed as solid gold (density
p=193gcm™>3).

1.3 Calculate how many gold atoms (V) are there in a spherical gold nanoparticle 4.0 pt
with a diameter of 30.0 nm.

The synthesis of gold nanoparticles depends on the redox reaction between hydrogen tetrachloroau-
rate(IlI) (HAuCl, - 3H,0, M\, = 394) and reducing substances (such as sodium citrate). 5.2 mg of HAuCl, -
3H,0 was completely converted into uniform spherical gold nanoparticles with a diameter of 30.0nm
in a 100.0 mL reaction solution. The absorbance of the resulting red solution was 0.800 measured at
530 nm by a UV-Vis spectrometer.

14 Calculate the molar extinction coefficient (molar absorptivity) of the resulting 4.0 pt
gold nanoparticles solution at 530 nm per mol of gold nanoparticles. The optical
path of the cuvette used is 1 cm. If you failed to get the number of gold atoms
(N)in1.3, use N = 1.00 x 10°.

The standard addition method was used for colorimetric detection of the target nucleic acid. The original
throat swab sample was collected and divided equally into two portions. After addition of the probe
solutions and water (as indicated below), the absorbance of the two resulting solutions was measured
at 600 nm separately.

No. | Volume of | Volume of solution of | Volume of standard | Volume of | Absorbance
throat swab gold nanoparticles solution containing water
sample (mL) | modified with nucleic | 2.0 ug mL~" target (mL)
acid fragments (mL) nucleic acid (mL)
0.10 0.80 0.00 0.10 0.400
2 0.10 0.80 0.10 0.00 0.900

1.5 Calculate the concentration of the viral nucleic acids in the original throatswab 4.0 pt
sample.
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LlBnaKke BU3HAUYEHHS HYKJ/IEIHOBOI KUC/NOTU fAAK TeCT Ha
KOBIA-19

9 6anis
MnTtaHHA 11112113 |14 |15 | Becboro
Makcumym oukis | 1 1 4 4 4 14
OuiHka
1.1 (1.0 pt)
[ ](a) [ ](b) [ 1(0) [ 1(d) [ ](e) [ 1
1.2 (1.0 pt)
[ 1) [ 1) [ ](9)
1.3 (4.0 pt)
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1.4 (4.0 pt)

Lmol~'ecm™!

1.5 (4.0 pt)

)
4
I

pg mL=" (Mikporpam/min)
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OuiHka

-

(dpoTorpadis B3ATa 3 caiiTy My3eto nanawy FyryH)

YopHa rnasyposaHa nopuensHa —Le ocobavBa KnTaricbka nopuensHa, ska byna nonynspHa 3a yacis
AvHacTin TaH i CyH (nprnbnmsHo 1000 pokis Tomy). Kepamika MicTuna okCcuAn 3anisa sk OCHOBHUIA 3a-
6apBAOKYNIA MiIrMeHT, KW 3MillyBaan 3 iHLIMMK OKCUAAMW MepexigHnX MeTaniB Aaa oTPUMaHHS iH-
LLUMX KONBbOPIB, HaNPUKAaj KaluTaHOBOr 0, TEeMHO-KOPUYHeBOro abo YopHoro. I 3apa3 yopHa rnasyposa-
Ha rnopuensaHa Bce e nonynapHa B Kurai.
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TrnoBa YopHa rnasyp CKNafaeTbCs 3 3aN1i30BMiCHUX OKCUAIB 3i CTPYKTYPOHO LWNiHeNi, 3aransHoi dopmynu
AB,QO,, byaoBa AKOI CKNaAaETbCA 3 Ky6iYHOI LWiNbHOT yNakoBKWY iOHIB 0%, y SKili KaTioHM A 3alimatoTb
0fHY BOCbMY TeTpaeApnYHNX BaKaHCil, a KaTioHV B 3aiMatoTb NONOBUHY OKTaeAPUYHNX BaKaHCIl, AK
nokasaHo Ha PucyHky 2.1(a) Ana enemeHTapHOI KOMipKW LWniHeni.

(b) (c)

PrcyHok 2.1 306paxeHHs CTpYKTypu LwniHeni

KybiuHy enemMeHTapHy KOMipKYy LUMiHENI MOXHa PO34innTn Ha 8 KyBiuHMX cyboanHULL (MYHKTUPHI AiHIT
NO3Ha4aloTb BHYTPILLHI Kpas cyboanHML). 4 cyboanHMLI HanexaTb 40 TNy I, a iHWi 4 cyboanHuLi a0
Tuny II (PucyHok 2.1(b)). Cknag cyMixkHnx cyboamHmub Tuny I Ta Tmny II nokazaHo Ha PucyHky 2.1(c).

21 CKinbku KaTioHiB TMnNy A Ta B MicTUTb enemeHTapHa KoMipka? 2.0 pt

YopHa KepaMmidHa rnasyp 3i CTpyKTYpOHo LLUMiHeNi Moxe ByTy oTpMMaHa LUASXOM CnikaHHSA okcunais Fe, 05
Ta Cr, 05, B3AaTUX Y BiANOBIAHNX NPONopLiax y BigHOBAOBaNbHIN aTMocdepi (peakuis (I)). Konv Fe,05 Ta
Cr,03 B3aeMOZi0Tb Y MacoBOMYy CMiBBiAHOLLEHHI 63.6 : 36.4, BOHM NOBHICTIO NePEeTBOPIOOTHCA Ha Un-
CTy CTeXioMeTpUYHY CNOAYKY 3i CTPYKTYPORO LUMNiHEeNi, B AKill B TeTpaeApuUHMX No3mLiax A 3HaXoAaTbCA
Nnwwe KaTioHW 3ani3a.
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2.2 3anuwiTb, AKNA eneMeHT BiJHOBNETLCS B peakuii (I) 1.0 pt
23 Po3paxyiiTe KinbKicTb ioHiB Fe3* Ta Cr3*, aki postawoBsaHi B nosuuisx B 8 6.0 pt
efleMeHTapHil KomipLi.

KpimM neryBaHHsi YOpHOI KepaMiyHOI rnasypi, XPOMOBMICHI MirMeHTN BUKOPUCTOBYHOTLCS B XVBOMUCY Ta
nonirpadii 3aBAAKN PACHMM KOIbOPaM, LLO MPUTAMaHHI CNOyKaM XpOMY B PISHUX CTYMEHAX OKUCHEHHS:
+2, +3, +6. [MirmeHT XxpoMoBuii 3eneHnii (Cr,03) MOXKHa NepeTBOPUTHY B iHLWI cnonyku (D-G) 3a HacTynHo
cxemoto, ge E, F, G MatoTb XXOBTUI, OpaHXXeBWi | YepBOHWIA KOAip, BiANOBIAHO.

NaOH H,0 H*" 98% H,SO
Cr,0,m2HeaL p =2 F F ——2> G

green yellow orange red
1 H
Cr3*
2.4 3anunuwiTk xiMiuHy dopmyny cnonyku E. 1.0 pt
25 3anuwiTb piBHAHHSA peakLii nepeTBopeHHs F — G. 2.0 pt
2.6 BubepiTb peareHT, 3awindpoBaHmin Ha cxemi nitepoto H. 1.0 pt
(A) FeSO,
(B) FeCl;
(C) ZnSO,
(D) CuSO,
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Ukrainian (Ukraine)

3MiHHa BaNneHTHICTb XPOMY BaXJ1MBa He TiNbKWN AN BUPOOHWLTBA MirMeHTIB, ane TakoX € KOPUCHOH
Ans kaTtanisy. Hanpuknag, Tmnosuii katanisatop Phillips gns nonimepu3sauii eTneHy cknajaerbcs 3 va-
CTUHOK OKCUAY XPOMY, HaHeCeHUX Ha NOPUCTUNIA MaTepian-nigknagaky, Takuii aK aMopdHNA KpemMHeseMm.
TeTpakoopgmHoBaHa ¢opma Cr(VI) € ocHoBoO npekaTtanisatopa (1), AKMA WBNAKO BiAHOBAETLCA 40
WwectnkoopanHosaHoi dopmu Cr(Il) (2) eTneHOM Ha NoyaTky peakuii. PopmMa 2 B NofanbLUOMY i € KaTa-
nizaTopoM nosiMepusaLii eTuneHy.

2.7 Peakuis 1 3 eTuneHom Moxe 6yTu BigcnigkoBaHa 3a gonomoroto UV-vis cne- 1.0 pt

KTpockonii. ®opma 1 nornvHae ceitno npu 21500cm=" , a dopma 2 - npu
16700 cm~" Bugumoro gianasoHy. 06epiTb NpaBuabLHY KOM6iHaLiO KONLOPIB
¢dopm 1 T1a 2.

(A) opaHxeBwiA Ta 6innii, BignosigHO
(B) opaHxeBUiA Ta 6NakKUTHWIA, BIANOBIAHO
(C) 6naknTHMIA Ta opaHXeBWiA, BiANOBIAHO
(D) 6naknTHW Ta 6inun, BigNOBIAHO

2.8 IoH Cr(II) y dopMi 2 3HaXoANTLCSA B NpaBU/IbHOMY OKTaeApUYHOMY nofii 3 eHep- 5.0 pt
rieto poswenneHHs A, 16000 cm~'. HamanwiiTe 3anoBHEHHS d-e1eKTpoHaMu
opb6itanei B ioHi Cr(II) B popmi 2. Po3paxyirTe eHeprito cTabinizadii kpucrani-
yHMM nonem (CFSE) ans ioHa Cr(II) B dopmi 2. (YBara: BBaxaiTe, LLO eHepris
craproBaHHs enekTpoHie P ans Cr(II) B popmi 2 gopieHioe 23500 cm~")

2.9 KoopanHauiiHi cnonykn € napaMarHiTHUMK, AKLWO BOHW MiCTATb HecnapeHi 2.0 pt
eneKTpoHW. BignoBiAHWI MarHiTHUIA MOMEHT (1) MOXe ByTK po3paxoBaHWiA 3a
HaCTyNHO GOpMYNo u = /n(n+2) up , A€ N - KiNbKICTb HecnapeHux ene-
KTPOHiB. Po3paxyiiTe MarHiTHUA MoMeHT ansa Cr(II) B popmi 2 B 0ANHNLAX .
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11% of the total
Question | 2.1 |22 [ 23|24 |25 |26 |27 |28 |29 | Total
Points 2 1 6 1 2 1 1 5 2 21

Score

(The photo is from the website of Palace Museum)

Black glazed porcelain is a special Chinese porcelain and was popular in the Tang and Song dynasties
(ca. 1000 years ago). The ceramic ware contained iron oxides as the main color rendering agent, which
was mixed with other transition metal oxides to exhibit different color appearance such as auburn, dark

brown or black. Currently, the black glazed porcelain is still popular in China.
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The typical black glaze is composed of Fe-containing oxides with a spinel structure. Spinel oxides have the
general formula AB,0, and the structure consists of a cubic close packing array of 0% ions in which the
A cations occupy one-eighth of the tetrahedral vacancies and the B cations occupy half of the octahedral
vacancies, as shown in Figure 2.1(a) for a unit cell.

(b) (c)

Figure 2.1 Illustration of spinel structure

The cubic unit cell of a spinel structure can be divided into 8 cubic subunits, and the dashed lines repre-
sent the internal edges of the subunits. 4 of the subunits belong to type I, and the other 4 subunits are
type II (Figure 2.1(b)). The details of adjacent subunits of type I and type II are shown in Figure 2.1(c).

2.1 How many cations of type A and B are there in a unit cell? 2.0 pt

The black ceramic glaze with spinel structure can be produced by roasting Fe,05 and Cr,05 in a certain
proportion in a reducing atmosphere (reaction (I)). When Fe,05 and Cr,05 are reacted with the mass
ratio of 63.6 : 36.4, they completely transform into a pure stoichiometric compound. The product has a
spinel structure, in which the tetrahedral A sites are occupied by iron cations only.
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2.2 In reaction (I), which element is reduced? 1.0 pt
23 Calculate the numbers of Fe3* and Cr3* in the B sites of one unit cell. 6.0 pt

Besides doping in black ceramic glaze, chromium-containing pigments are used in painting and printing
due to the abundant color originating from chromium with different oxidation states, such as +2, +3
and +6. The pigment, chrome green (Cr,03) can be converted into a series of other compounds (D-G) in
the following process, where E, F, G are yellow, orange and red respectively.

H,0 + 98% H,SO
Cr203 NaOH(aq) D —222 E H F o Hy504 G

green yellow orange red

1H

Cr3+

24 Write the chemical formula of E. 1.0 pt

25 Write the reaction equation of F — G. 2.0 pt

2.6 Choose the agent which could be H. 1.0 pt
(A) FeSO,
(B) FeCl
(C) ZnSO,
(D) CuSO,
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The variable valence of chromium is not only important for the production of pigments, but also use-
ful for catalysis. For example, a typical Phillips catalyst for the polymerization of ethylene consists of
chromium oxide species grafted onto a porous support material such as amorphous silica. The tetra-
coordinated Cr(VI) specie is the core in the pre-catalyst (1), which is proposed to be reduced quickly into
a six-coordinated Cr(II) specie (2) by the ethylene molecules at the beginning. 2 is proposed to further
catalyze polymerization of ethylene molecules.

2.7 The reaction of 1 with ethylene can be traced by UV-vis spectra, which show the 1.0 pt
light absorption of 1 at 21500 cm~" and the light absorption of 2 at 16700 cm~’
in the visible region, respectively. Choose the appropriate combination of col-
orsof 1and 2.
(A) orange and white, respectively
(B) orange and blue, respectively
(C) blue and orange, respectively
(D) blue and white, respectively

2.8 Assuming that the Cr(Il) ion in 2 is located in a regular octahedral crystal field 5.0 pt
with a splitting energy A, of 16000 cm~", draw the configurations of d electrons
of the Cr(Il) ion in 2, and calculate the crystal field stabilization energy (CFSE)
for the Cr(I) ion in 2. (Note: The pairing energy P for Cr(II) in 2 is 23500 cm~")

2.9 Coordination compounds/ions exhibit paramagnetism when containing un- 2.0 pt
paired electrons, and the corresponding magnetic moment (u) of transition
metal cations is calculated by the function p = \/n(n + 2) uz where n is the num-
ber of unpaired electrons. Calculate the magnetic momentin term of n5 for the
Cr(Il) ion in 2.
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2.1 (2.0 pt)
A:
2.2 (1.0 pt)

2.3 (6.0 pt)
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2.4 (1.0 pt)
2.5 (2.0 pt)
2.6 (1.0 pt)
[ 1A [ ](B) [ 1(©) [ ](D)
2.7 (1.0 pt)
[ T(A) [ 1(B) [ 1O [ ](D)
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2.8 (5.0 pt)

CFSE =

cm™!

2.9 (2.0 pt)

HB
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3axonJsieHHs i nepeTBopeHHs aiokcuay KapboHy

14 6anis
MnTaHHA 3132|3334 |35|36|3.7|38|39]3.10|3.11 | 3.12 | Bcboro
MakcrMyM oukiB | 2 5 2 3 2 8 2 2 5 7 2 2 42
OuiHka

3MiHa KNiMaTy —OAMH 3 HaNbiNbLl KPUTUYHUX rN06anbHUX BUKAUKIB CydacHOro CBIiTy. BusHaHo, Wo
36inbLlUeHHsA KoHLUeHTpauii CO, B aTMocdepi € OCHOBHO PYLLIHOK CUI0K TN06aNbHOI0 NOTEMNiHHS.
JocnigxeHHs 3axonneHHs i nepetsopeHHs CO, NpvBepTae 3Ha4YHy yBary.

MepcrnekTBHOK € TEXHONOTIA MPSAMOro 3axonnaeHHs 3 nosiTpsa (DAC, Direct air capture), HanpasneHa Ha
BUNyYeHHs CO, 6e3nocepeiHbO 3 OTOUYOYOro NoBITPA. 3BMYaiHMin meTog DAC nonsrae y "Bonoromy
OUMLLIEHHI" PO3YMHAMWN TifPOKCUAIB NYXHUX MeTanis (3BnyainHo, NaOH), ge CO, 3 noBiTpa NOrNHaE-
Tbcs A0 pH =10 (eTan 1). ButpaueHuin nornnHay pereHepyeTLCA LWNSXOM JOaBaHHS B CUCTEMY NeBHOI
KiIbKOCTI FizpoKcmay KanbLito (eTan 2). binnin ocag A, ogepxaHuii Ha eTani 2, po3knagaerbca npu 700
°C, npu ubomy BuainaeTbca CO, i yTBOPOETLCA iHLWa 6ina pevoBrHa B (eTan 3). HapewrTi, riapokcng
KanbLio MOXHa pereHepyBaTu LWNSXoM rigpaTauii B. Llein npouec noTpebye 3Ha4HOI KiNbKOCTi eHeprii.

(H,CO3: K, =45 %x 1077, Ky =4.7x 1071

3.1 Hanwuwitb ¢opmynun Ai B, BignosigHo. 2.0 pt

3.2 Hanwnwitb 36anaHcoBaHi pPiBHAHHS YCiX MOXNMBUX peakuii Ha eTanax 1-3. Ak 5.0 pt
NOrnMHay BUKOPUCTOBYETLCS po3unH NaOH

HewonaBHO 6yn0 po3p0obsieHO enekTPOoXiMiuHMY NpoLec A8 pereHepadii 1y>KHOro po3yrHy A5 npotLie-
Cy BOJIOrOro O4nLLEeHHs Ans 3actocyBaHHA B DAC, npu LboMy MOXe 6yTr BugineHuii unctuin CO,, aKnia
npuaaTHU Ans 36epiraHHsa abo BUKOPUCTaHHSA. Takmin npouec 6a3yeTbCs Ha 3aCTOCYBaHHA e1eKTPOXi-
MiYHOI cuCcTeMn 34aTHOI A0 pereHepadil H, (HRES), Ak nokasaHo Ha PNcyHkKy 3.1.
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Co,

Solution 1

B c O

M1
M2 —
-~
H2 Solution 2
Na,CO; - NaHCO, DAC
Solution

PucyHok 3.1 CxemaTyHe 306paxkeHHs eKCnepMeHTaabHOI YCTaHOBKM

EnexkTpoximiuHa KoMipka MiCTUTb TPW Big4iNeHHsA: aHoAHe BiadineHHs (A), BigaineHHs nigkncneHHs (B), i
KaTtogHe BigaineHHs (C). BoHn po3gineHi ioH-cenekTMBHUMN NPOHUKHUMN MembpaHamu M1 i M2. Mpo-
TAroM po60oTV NPOTOHWU, SIKi yTBOPIOKOTLCA NPU OKUCHEHHI H, Ha aHoZi, NepeHoCATbCS B BifAiNeHHs Nij-
KWCNEHHS, B iKY NOCTYNaE BUKOPUCTaHUin po3unH (Na,CO3-NaHCO;3) , Wo HagxoanTb 3 AiNSHKN, je BiH
KOHTaKTY€E 3 MOBITPAM. 3HMXeHHs pH po3unHy Befe A0 nepeTBOpeHHs KapboHaTy Ha rigpokapboHat
(peakuis 1) i rigpokapboHaTy Ha KapboHaTHY KMCNOTY (peakuisa 2). Konm po3umH HaCU4y€eTbLCS PO34n-
HeHnM CO, (po3umnHHicTL: 0,033 Monb/n), Noganblue 3HMXKEHHA PH Befe A0 BUBINIbHEHHSA ra3syBaToro
CO, (peakuift 3). H,, SKnii yTBOPEHO Ha KaToZi, NOAAETLCA Ha aHOZA i PO3UMH 3 KaTOAHOrO BiAAiNeHHS
MOXe 6yT NOBTOPHO BUKOPUCTaHWUI SK NoravHay B npoueci DAC.

3.3 3anuwiTb enekTpoaHi peakuii Ha aHogi (A) i kaTtogi (C), BignoBigHo. 2.0 pt

34 3anuwliTtb 36anaHCOBaHI PiBHAHHA peakui 1-3 B BigaineHHi nigkucneHHs (B). 3.0 pt

3.5 BiagmiTbTe BCi NpaBuAbHI TBEPAXEHHS CTOCOBHO PyXy KaTioOHIB NpoTarom po- 2.0 pt
60TN CUCTEMM.
(a) ioHn HT npoHukatoTb kpisb M1 Big A o B.
(b) ioHn H* npoHukatoTb Kpi3b M2 Big B go C.
(c) ioHn Na™ npoHukatoTb Kpisb M1 Big B go A.
(d) ioHn Na* npoHukatoTh Kpisb M2 Big B go C.
(e) ak ioHn Ht, Tak i Nat MoXyTb NpoHMKaTK Kpizb M1 Ta M2.

Komipka npauto€ B CTaLioHapHOMY pexXmnMi, Koam CTpyM, SKUIA NPOXOAUTb Kpi3b Hel, cTaHoBUTL 2.00 A
i LWBMAKICTb MOAABAaHHS PO3UMHY 3 KOHUeHTpauismMm 0.050 molL~" Na,CO5 1a 0.10 molL~" NaHCO; B
o6nactb B ctaHoBUTE 10.0 MA/XB. B cTauioHapHoOMy cTaHi pH B aHOAHOMY Big4iNneHHi NiATPUMYETLCSA Ha
piBHI 1.

3.6 PospaxyiiTe WWBNAKICTb yTBOPEHHA rasonogiéHoro CO, (B MMOJIb/XB). 8.0 pt
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LleoniTHi imiga3onatHi kapkacu (ZIFs), niaknac metan-opraHiuyHux kapkacis (MOFs), € nepcnekTUBHUMU
MaTepianamu Ansa 3axonneHHs Ta ytunisauii CO,. CTpykTypu ZIF HaragyroTb LeoniTh. BOHM yTBOPHOOTE
3D ciTKW, Lo MICTATb iOHV MEeTaiB 3 TeTparoHaibHM KOOPANHALIIHUM OTOUEHHSIM (Hanpuknag, Zn?+,
Co?*), aKi 38'A3aHi MicTkaMu iMigasonaty (Im ™) abo Moro NoxiaHWX. AHIOH iMiga3onaTty —Cynpsi>xeHa 0CHO-
Ba iMigazony (HIm)-38'a3ye kaTioHn MeTany (M) uepes gsa atoMu N. 3aBAsKN TOMY PakTy, Lo kKyT M-Im-M
noAibHnI Ao kyTa Si-0O-Si (145°), AKMiA NepeBaXKHO 3yCTPIYAETLCSA B LIe0NiTax (9K MOoKa3zaHo HMXKYe), byno
CVMHTE30BaHO BeNVKY KifIbKiCTb cnonyk knacy ZIF, ki MatoTb TeTpaeapuyHy TONOONiH0 LLleoNiTHOro TUMY.

=\ o

NN AN
M7 1a50 M SI” 1450 S

M—Im-M Si—O—Si

ZIF-8 € 0AHNM 3 NpeACcTaBHUKIB cNonyk knacy ZIF, aknin Mae CiTky CTPYKTypHOro Tuny coganity (SOD), sk
nokasaHo Ha PUCYHKy 3.2. ZIF-8 BrnepLue 6yn0 CMHTE30BaHO KMUTaMCbKMM BYeHUM Xiao-MiHr YeHowm 3
criBaBTOpaMu (BOHW Ha3Baiv 1ioro MAF-4) WASXOM B3aEMOZii Zn? 3 2-MeTu1iMiAa30/10M (CH3(C3N,Hy),
HmIm). Lsa cnonyka KpucTanisyeTbca B KyHiUHIl CUHIOHIT 3 NapaMeTpoM KOMipku @ = 1,632 HM Ans ¢a-
31, WO He MiCTUTb COMbBAaTHUX MONeKYN, i MaE epekTUBHUIA giameTp nop (NokasaHo Ha PrncyHky 3.2d
BCepeauHi Ak ysBHa cdpepa) 1.16 HM.
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PucyHok 3.2 Tonosnoris SOD i cTpykTypa ZIF-8
(@) Tononoria kniTkn SOD;

(b) kniTka SOD B ZIF-8, yTBOpeHa Zn* (B LieHTpi TeTpaeapis) i iMmigazonatamu (atomm H
He HaBeJAeHO ANS CNPOLLEHHS);

(c) ciTka SOD 3 enemeHTapHOI KOMiPKOIO, IKa NoKa3aHa sk KBagpaT;

(d) pesiki 3 nop ZIF-8 BuAineHo sk yaBHi chepu.

MpumiTKa: SKLLO Xo4eTe, y BiANOBIASAX Ha HAaCTYMHI NUTaHHA BU MOXeTe BUKOPUCTOBYBATN CKOPOYEHHS
"HmIm” ta "mIm” Ans no3HayeHHsa 2-MeTUiMiJa30ny Ta aHioHY 2-MeTuNiMiAasony, BignoBigHO.

3.7 Hanuwitb $opmyny oKpemoi KNiTKu coganiTy. 2.0 pt
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3.8 Hanwnwitb cknag enemeHTapHoi KOMipku ZIF-8. 2.0 pt
3.9 Po3paxyiiTe BHYTPILLUHIO MAOLLY NoBepXHi (S) mop (aki MogentotoTbesa ysaBHUMKM 5.0 pt

cbepamn) gns 1 r ZIF-8 (B mZ2). AKLWo By He MoXeTe BU3HAUNTU CKNaj, efeMeH-
TapHOI KOMipKK, BUKopucToByinTe uncno 3500 5k MOJIbHY Macy efieMeHTapHOol
KOMIipKW.

3.10 Po3paxyiTe nopucTicTb R ansa ZIF-8 (R AOpiBHIOE BigHOLWEHHIO 06'emy nop o 7.0 pt
dakTUUHOro 06'eMy maTepiany)i 06’ em nop 1 r ZIF-8 (V,, B cm?3).

ZIF-8 TakoX MOXe NMPOosBAATN aKTUBHICTb SIK KaTaJslizaTop, WO NpUCcKoptoe nepeTBopeHHst CO, Ha XiMiYyHi
PeYOBWHM 3 B1COKOLO A0AaHO BapTicTio. OAMH 3 HalibiNbL nepcnekTUBHUX WsAxiB ¢ikcauii CO, nons-
rae B ofep>aHHi LnKnivyHMX kKapboHaTiB B npoveci umknonpuegHaHHsa CO,. MNpurknag HaBeAeHO HMKYe:

CO,(2.0 MPa) / ZIF-8

-

373 K, PhCl

3anponoHoBaHO MexaHi3M KaTaniTuyHoro nepetsopeHHsa CO, Ha KaTanizaTopi ZIF-8:
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3.1 Beaxatouu, o ZIF-8 Haja€e KUCNOTHI CaliTh ANA HaBeAeHOoro Buwe Katanitn- 2.0 pt
YHOrO MNpoLiecy, 3aNoBHITb MNPONYLLEHI CTajii B MexaHi3mi LUNSAXOM BUOOPY iH-
TepmegiaTiB, AKi 06I'PyHTOBaHO NiAXOAATL, 3 HACTYMHOrO Nepeniky:

R O, R (o}
RV o ,/O v \C\\ ) — ) 0 R—{ C\\\O®

(e}

(a) (b) (c) (d)

O6epiTb iHTepMegiaTy, aki BianosigatoTe I Ta II, BianosigHo.

ZIF-8 Ma€ BifHOCHO BMUCOKY TePMIiYHY CTabinbHicTb. MpoTe, B HeJaBHLOMY AOCAIAXKEHHI BUABNEHO, LLO
CTPYKTYPa L€l pe4OBUHW PYNHYETLCS, AKLLO BOHA MNiAAAETLCA Aii BONOroro KMcnoro cepegosmia. OgHo-
yacHa npucyTHicte CO, i H,0 Ta ZIF-8 Bege o0 yTBOpeHHs ZnCOs;.

3.12 HanuwiTb 36anaHcoBaHe piBHAHHSA peakuii ZIF-8 3 CO, i H,0. 2.0 pt




Theory

Sy
AP
R -
CES
~=

547 1Cho 2022 UKR-1 T-3 Q-1
e English (Official)

Capture and Transformation of Carbon Dioxide

14% of the total
Question | 3.1 (3.2 133 (34|35(36(37 3839|310 |3.11 | 3.12 | Total
Points 2 5 2 3 2 8 2 2 5 7 2 2 42
Score

Climate change is one of the most critical global challenges nowadays. The increase of CO, concentration
in the atmosphere has been recognized as the primary driver of global warming. The study of the capture
and transformation of CO, has attracted considerable attention.

Direct air capture (DAC) technology which aims to extract CO, directly from ambient air is promising. The
conventional method of DAC is wet scrubbing with alkaline hydroxide solutions (typically NaOH), where
CO, in airis absorbed till pH = 10 (step 1). The spent sorbent is regenerated by dosing calcium hydroxide
into the system (step 2). The white precipitate A received in step 2 decomposes at 700 °C, giving rise
to CO, and another white compound B (step 3). Finally, calcium hydroxide can be generated by the
hydration of B. This process is highly energy-demanding. (H,CO5 : K, = 4.5 x 1077, K,, = 4.7 x 10711)

31 Write the formulas for A and B respectively. 2.0 pt

3.2 Write the balanced equations of all possible reactions in steps 1-3. NaOH so- 5.0 pt
lution is used as sorbent.

Recently, an electrochemical process was developed for regenerating the alkaline solution in the wet
scrubbing process for DAC application, and pure CO, gas could be recovered that is suitable for storage
or utilization. The process is based on a H,-recycling electrochemical system (HRES), as shown in Figure
3.1.
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Co,

Solution 1

B c O

M1
M2 —
-~
H2 Solution 2
Na,CO; - NaHCO, DAC
Solution

Figure 3.1 Schematic drawing of the experimental setup

The electrochemical cell contains three compartments: an anode region (A), an acidifying region (B),
and a cathode region (C). They are separated by ion-selective permeable membranes M1 and M2. Dur-
ing the operation, protons produced from H, oxidation at the anode are transported to the acidifying
compartment where the spent solution (Na,CO5-NaHCO5) coming from the air contactor is fed. The de-
creasing pH of the solution leads to the conversions of carbonate to hydrocarbonate (reaction 1) and
hydrocarbonate to carbonic acid (reaction 2). When the solution is saturated by dissolved CO, (solubility:
0.033mol L"), a further pH decrease leads to the release of CO, gas (reaction 3). H, generated in the
cathode isintroduced to the anode and the solution from the cathode can be reused as a DAC absorbent.

3.3 Write the electrode reactions in the anode (A) and the cathode (C) respectively. 2.0 pt

34 Write the balanced equations for the reactions 1-3 in the acidifying region (B). 3.0 pt

35 Check all that correctly describe the movement of cations during the system 2.0 pt
operation.
(@) Ht ions permeate through M1 from A to B.
(b) H* ions permeate through M2 from B to C.
(c) Na* ions permeate through M1 from B to A.
(d) Na* ions permeate through M2 from B to C.
(e) Both H™ and Na* ions can permeate through M1and M2.

The cell works at a steady state when the current passing through the cell is 2.00 A and the flow rate of
the solution (0.050 mol L~" Na,CO; - 0.10 mol L~' NaHCOs) into the region B is 10.0 mLmin~". The pH in
the anode compartment is maintained at 1 in the steady state.

3.6 Calculate the generation rate of CO, gas (in mmol min—"). 8.0 pt

Zeolitic imidazolate frameworks (ZIFs), a sub-class of metal-organic frameworks (MOFs) are promising
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materials for the capture and utilization of CO,. The structures of ZIFs resemble zeolites. They form
3D frameworks with tetrahedrally coordinated metal ions (e.g. Zn?*, Co?*) bridged by imidazolate (Im™~)
and its derivatives. As the conjugated base of imidazole (HIm), imidazolate anion binds to metal cations
(M) by its two N atoms. The fact that the M-Im-M angle is similar to the Si-O-Si angle (145°) preferred in
zeolites (as shown below) has led to the synthesis of a large number of ZIFs with zeolite-type tetrahedral
topologies.

=\ o

NN AN
M7 qg50 M SI” 1450 S
M—Im-M Si—O—Si

ZIF-8 is one of the representative ZIFs, which adopts a sodalite framework (SOD), as shown in Figure
3.2. ZIF-8 was firstly synthesized by Chinese scientists Xiao-Ming Chen et al. (they named it as MAF-4) by
the reaction of Zn?* with 2-methylimidazole (CH5(C5N,Hs), HmIm). It crystalizes in the cubic system with
the cell parameter a = 1.632 nm for a solvent-free phase with the effective pore diameter (shown by the
inside virtual sphere in Figure 3.2d) of 1.16 nm.
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Figure 3.2 Topology of SOD and structure of ZIF-8
(@) Topology of SOD cage;
(b) SOD cage in ZIF-8 formed by Zn?* (at the centers of the tetrahedra) and imidazolate (H atoms
are omitted for clarity);
(c) Framework of SOD with the unit cell shown by the square box;
(d) Some of the pores are highlighted by virtual spheres in ZIF-8.

Note: If you wish, you may use the symbol "HmIm" and "mIm" representing 2-methylimidazole and 2-
methylimidazolate respectively in solving the following questions.

3.7 Write the formula of the single sodalite cage. 2.0 pt
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3.8 Write the composition of the unit cell of ZIF-8. 2.0 pt

3.9 Calculate the inner surface area (S) of the pores (modeled by the virtual 5.0 pt
spheres) of 1 g ZIF-8 (in m?). If you failed to get the composition of the unit
cell, use 3500 as the formula weight of the unit cell.

3.10 Calculate the porosity R of ZIF-8 (R is the ratio of pore volume to the actual 7.0 pt
volume of the material) and the pore volume of 1 g ZIF-8 (Vp, in cmd).

ZIF-8 can also act as a catalyst to promote the conversion of CO, to high value-added chemicals. One of

the most promising routes for CO, fixation is the preparation of cyclic carbonates via CO, cycloaddition.
An example is shown as below:

O
O o O

©/u CO,(2.0 MPa) / ZIF-8
373 K, PhCl

A mechanism of catalytic conversion of CO, to cyclic carbonate over ZIF-8 catalyst is proposed:
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3.11  If ZIF-8 provides acid sites in the above catalytic process, complete the mecha- 2.0 pt
nism by choosing the reasonable intermediates from the following species:

R R o R O,
e O X7 A >—. 0 R C.
Yy o= “ °0 { “o°

(@]

(a) (b) (©) (d)

Choose the intermediates corresponding to I and II respectively.

ZIF-8 shows a relatively high thermal stability. However, a recent study revealed that its structure would
be destroyed if applied in a wet acidic environment. The co-existence of CO, and H,0 with ZIF-8 resulted
in the formation of ZnCO;.

3.12 Write the balanced equation of ZIF-8 with CO, and H,O0. 2.0 pt
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3axonJsieHHs i nepeTBopeHHs aiokcuay KapboHy
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OuiHka
3.1 (2.0 pt)
A: B:
3.2 (5.0 pt)
ETan 1:
ETan 2:

ETan 3:




s A3=2

Ukrainian (Ukraine)

3.4 (3.0 pt)

Peakuis 1:

Peakuis 2:

Peakuis 3:

3.5 (2.0 pt)

[ 1(a) [ 1(b) [ 1(0) [ 1(d) [ 1(e)




A3-
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3.6 (8.0 pt)
r(CO,) = mmol min~’ (MMONL/XB)
3.7 (2.0 pt)

3.8 (2.0 pt)
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3.9 (5.0 pt)

S =

3.10 (7.0 pt)

cm3

3.11 (2.0 pt)
L [ ]() [ ](b)
I [ ](a) [ ](b)

3.12 (2.0 pt)
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HoBi npurogu ansa crapogaBHboro Cynboypy

16 6anis
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MakcrMyM oukiB | 2 4 4 3 1 5 2 4 5 4 6 5 45
OuiHka

Cipka BigoMa Ta BUKOPUCTOBYETLCA 3 AaBHiX YaciB. Ha cbOrogHi cipka LUMPOKO 3aCTOBYETLCSA B XiMiYHOMY
BUPOOHMUTBI Ta dapmMaLeBTUYHIN iHAYCTPIl K AelleBa XiMiYHa CMPOBUHaA.

MipwnT (FeS,) LLMPOKO 3aCTOCOBYETLCA K CMPOBUHA AJ1 MPOMUCI0OBOro BUPOOGHNLTBA eleMeHTapHOI Cip-
ku. Mpwn HarpiBaHHI NipUTy Npy 06MeXeHOMyY AOCTYri MOBITPA TEOPETUYHNI BUXIif eleMeHTapHOI CipKn
cTaHoBUTb 100%, a iHWNM NPOAYKTOM € MarHiTHMIA OKCuA YopHoro konsopy (Fe;0,).

4.1 3anuwiTb 36anaHCcOBaHe PIBHSAHHA peakuii, ike onucye HaBedeHe Bue ne- 2.0 pt
peTBOpeHHs.

Ha goaaTtok Ao Cipku, nig yac 4aHoro npouecy sk NobiuHNM NPOAYKT YTBOPHOETLCA HEeBeMKa KiflbKiCTb
SO,. 3a nepebirom L€l peakLii MOXHa cnocTepiratii, BUMipo4mn KinbkicTb SO,. BUKOpPUCTOBYETLCS Ha-
CTyMHa MeToANKa MOHITOPUHTY:

MopoLLIOK CMPOT PYAN HarpiBaETbCA B TPYOUACTIl Meyi 3 peryntoBaHHAM TeMnepaTtypu. SO,, Lo yTBOPUB-
s, NOrnNHaeTbes po3umHoM NaOH (2 mol L—1). Micns 3aBeplueHHs peakLuii po3yvH nepeHocaTs y 500
mL MipHy Konby i po36aBnstoTb ANCTUIBOBAHOK BOAOKO A0 MITKW. ANiKBOTY, 25.00 mL Lb0ro po3unHy
AOAAI0Tb B KOMBY A1 TUTPYBaHHS, L0 MiCTUTb 50.00 mL cTaHAapTHOro po3umHy 0.05122 mol L' I,Ta
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5 mL 20%-Horo po3unHy H,SO,. Micna BUTPUMYBaHHS KON6W ANs TUTPYBaHHA B TeMpPsiBi MpOTArom 5 xe
PO3YMH TUTPYHOTb CTaHAAPTHMM po3unHom 0.1012 mol L= Na,S,05. Konu konip po3umHy 3MiHUTLCSA Ha
CBITNIO-KOPUYHEBWIA, A0 HbOrO AoAatoTb 3 ML 0.5%-ro po3unHy Kpoxmarnto aK iHANKaToOpa, Ta NPOAOBXY-
FOTb TUTPYBAHHS A0 3HUKHEHHS CMHLOT0 3abapBeHHS.

4.2 3anunwiTe 36anaHcoBaHi PiBHAHHA peakuil, Aki BkatodaoTe I, B HaBegeHomy 4.0 pt
BULLLE eKCNepUIMEeHTI.

4.3 Y aHanoriyHomy gocnigi, Buxoga4n 3 niputy, 6yno otpumaHo 17.6 g enemeH- 4.0 pt
TapHoi cipku. Mig yac aHanisy nobiyHMX rasis, BigNOBIAHO A0 3rafaHoi BuLLe
npoueaypu, Ha TUTpyBaHHS 6yno ButpayveHo 18.47 mL cTaHAapTHOro po3yu-

Hy Na,S,05. Mpunyckaroun, Wo He 6yno OTPUMAHO HiSKMX iHLWKX CAOAYK, L0
MICTATb CipKy, 064YUCAITb, KNI BiACOTOK CipKM B MipUTi 6yno BTpayeHo sk no-
6i4YHMI NpoAYKT?

NiTii-cipyaHa baTapesi € NepcrneKTMBHOK CUCTEMOID 36epiraHHA eHeprii, OCKiIbKW il BUCOKa TeopeTu-
UHa LWiNbHICTb eHeprii mepeBuLLYE 3BMYaliHI NiTin-ioHHI 6aTapei. CykynHy peakLito NiTin-cipyaHoi baTta-
pei MoXHa 306pa3nTn HaCTyNMHUM YnHoM: 16 Li + Sg —— 8Li,S. Cipka € kaTogoM, a MeTaneBuiA NiTil €
aKTMBHMM MaTepianoM aHoAa Mij Yac po3psay.

44 HanuwiTb 36an1aHCOBaHI PiBHAHHA HaniBpeakLi, sKi BigdyBatoTbca Ha katoai 3.0 pt
(a) i aHogi (b) nig wac po3psaay.

4.5 064mncniThb BiAHOLWEHHA MacK aKTUBHOrO MaTepiany katoga Ao akTueHoro ma- 1.0 pt
Tepiany aHoZa BiAMOBIAHO A0 3aranbHOI peakuii B 6aTapei.

NiTivi-ioHHa 6aTtapes (J1Ib), sika mae cepegHto pobouy Hanpyry 3.8 V i emHicTb 3110 mAh, moxe 3abes-
neynTn MoBinbHUIN TenedoH eHepriero Ana 6e3nepepBHOro BiATBOPEHHS Bige0o NPOTAroM 22 roguH A0
MOBHOrO 3apsaay.

4.6 BeaxaiiTe, wo J1Ib 3amMiHMAM ifeansHOLO NiTiEBO-CipuaHoto baTapeeto, ika mae 5.0 pt
cepeaHto pobouy Hanpyry 4.2 Vi MiCTUTb Kk MaTepiasl akTUBHOIO efiekTpoja 23
g CipKU, SKa MOXe pearyBaTi CTeEXiOMETPUYHO Mig Yac po3psigy. PospaxyiTe,
Ha CKiNbKM rognH BUCTauUTb Takoi 6aTapei Npu 6esnepepBHOMY BiATBOPEHHI
BiZleo Nic/isg MOBHOMO 3apAKaHHSA.

EnemeHTapHa cipka 3a3BuYari icHye y BUrnsgi Monekyn Sg. Y CnpaBXHix NiTiri-cCipyaHnx 6atapesx Sg 6e3-
nocepesHbO He BiAHOBIOETBLCA A0 Li,S nig vac po3psagy, ane BOHa NPOXoAUTbL NoeTanHi peakuii, yTBo-
prOOYN PO3UMHHI nonicynbdign niTito pisHoro cknagy (Li,S,, n = 3 - 8). Li nonicynbdign niTito MoXyTb
AVPyHAYBaTM A0 aHOAA Ta po3'iAaThi Moro, Lo NPU3BOANTE A0 BTPATU aKTUBHUX eNeKTPOAHUX MaTepia-
niB. Le siBULLe Ha3nBaeTbCs «edeKTOM HYOBHMKaA».

4.7 3anuuwliTb 36anaHcOBaHe PiBHAHHA peakLii Kopo3sii aHoga po3umMHHUMK noni- 2.0 pt
cynsdigamm nitito (Li,S,), ke Bege Ao yTBOpeHHS Li,S.
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Ana npnayweHHs «edekTy YOBHMKa» By foknasHoO BUBYeHi dopmu nonicynbdiais B enekTponiTi. Li,Se
€ OAHVM 3 HabiNbLL penpe3eHTaTUBHUX MPOMIXHUX NPOAYKTIB:

2L|+ + S8 —+ Ze_ — Li256 —+ ZS

TeopeTnuHe foCnigXeHHA nokaano, wo y 1,2-aumetokcneTaHi (AME), 3BMYaiHOMY PO3UMHHUKY ene-
KTPOAITY B NiTili-CipuaHnx 6aTapesx, ChiBiCHYIOTb ABa KOHbOpMepn 3 6An3bKUMN eHepriaMu: Li,Sq(I)

Ta Li,Se(II). Ancouiauis Li,Sg B AME nokasaHa Ha cxeMi HuKYe:
2 LiS;5
ACS

<
: : o
& /7 Q/() RN
v RN
J

\
\

s ol e Tle ] Lsea

AGS,

2Lit @ +(€?) u&) S¢”

XimiuHi piBHOBarm mix Li,Se, LiSg, Sz~ Ta LiS§ B IME.

e ="
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Ta6nunus 4.1 EHeprisa MN66ca gucouiauii (k) mol~") gna pisHmx peakuiin B AME (npw 298.15 K, 1 bar)

AGS (D) AGS (IT) AGS AGSE () AGS (II)
20.68 18.92 100.55 4513 43.37
4.8 Bukopuctosytoun AaHi Tabnuui 4.1, 064mcniThk cniBBigHOWEHHS piBHOBa- 4.0 pt
XKHUX KOHLeHTpauin ABox koHpopmepis B AME (npn 298.15K, 1 bar), [[ILIiZS;((III))]].
26
4.9 BukopucToBytoum agaHi 3 Ta6nuui 4.1, 064UMNCNiTb ysIBHY KOHCTaHTY gncouiauii - 5.0 pt

Li,Sg — Li* + LiSg 8 IME (npwn 298.15K, 1 bar).

410 Po3cTaBTe HacTyrnHi piBHOBaXHi KOHUeHTpaLii B DME B nopsaaky ix 3meHLweH- 4.0 pt
Hst Anst cnonyk: [Li,Sel, [LiSg]. [SE]. [LiS3].

411 CraHgapTHMIA NOTeHLUian BiAHOBNEHHA MeTaneBoro NiTito y Boai npm 298.15 K 6.0 pt
Ta 1 bar cTaHOBUTL:

ES (Li"/Li) = -3.040V

CTaHAapTHa eHepria conbBaTauii MNé6ca
razonogi6Horo ioHy Lit(g) go Lit(sol) y pi3H1X pOo3UMHHMKaX.
Lit(H,0) Li*(DME)
AG*® /kjmol~ —-116.9 —114.6

PospaxyiiTe cTaHAAPTHWIA NOTeHLian BiAHOBNEHHS MeTaneBoro NiTiEBOro ene-
KTpoga B DME.

JocnigxkeHHs nokasanu, Wo eNeKTpopyLLiHy Cuay NiTik-CipyaHoi 6aTapei MOXHa 36inbLINTA LLASAXOM
3aMiHn DME Ha gnmetuncynbdokcng (DMSO). Tomy dopmum nonicynedigis y AMCO TakoxX npnBepTatoTb
yBary AOCNigHUKIB.

B pamkax ekcrnepuMeHTy neBHY KinbkicTb Li,S Ta 4.81 mg nopoLuky cipkn gogasann o 10.00 mL AMCO,
MoTiM HarpiBanu i nepemillyBanv A0 MOBHOIO PO3YMHEHHS (3MiHOK 06’ €My HexTyiiTe). MpunycTmo,
wo B AMCO npucyTHI nLe HacTynHi nonicynbdign: S§~, S5, S2~, S&~, S, SZ~. CniBBiAHOLIEHHS
PIBHOBaXXHNX KOHL@HTPaLii CIpKOBMICHUX CNOAYK:

S57]: 15,7 1:[Ss> ]:[Se> ]:[S,° ]:[Sg> ] =17.50:1.00:4.50: 55.00 : 5.00 : 0.75

4.12 PospaxyiTe noyatkoBy macy m (y mg) Li,S, gogaHoro go AMCO B upomy ekc- 5.0 pt
nepuMeHTi.
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sulfur
i

Sulfur has been known and used since the ancient times. Nowadays, sulfur is widely used in chemical
production and pharmaceutical industry as an inexpensive chemical raw material.

Pyrite (FeS,) is commonly used as a raw material in the industrial production of elemental sulfur. By
heating pyrite in the presence of limited air supply, the theoretical yield of elemental sulfur is 100% and
a black magnetic oxide (Fe;0,) is the other product.

41 Write the balanced reaction equation that describes the above conversion. 2.0 pt

In addition to sulfur, a small amount of SO, is generated as a by-product during the actual process.
This reaction can be monitored by measuring the amount of SO,. The following recipe is used for the
monitoring:

Raw ore powder is heated in a temperature-controlled tube furnace. The generated SO, is absorbed by
2 mol L=" NaOH solution. When the reaction is completed, the solution is transferred to a 500 mL volu-
metric flask and diluted by distilled water to the mark. 25.00 mL of this diluted solution is then added into
an iodine flask containing 50.00 mL 0.05122 mol L~" I, standard solution and 5 mL 20% H,SO, solution.
After maintaining the iodine flask in dark for 5 min, the solution is titrated with 0.1012 molL~" Na,S,04
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standard solution. When the color of the solution turns light brown, 3 mL 0.5% starch indicator is added.
Continue the titration until the blue color disappears.

4.2 Write the balanced reaction equations involving I, in the above measurement. 4.0 pt

4.3 In such a test experiment starting from pyrite, 17.6 g of elemental sulfur was 4.0 pt
collected. The analysis of the by-product gases according to the above proce-
dure resulted in the consumption of 18.47 mL of Na,S, 05 standard solution. As-
suming that no other sulfur containing species were produced, calculate what
percentage of the sulfur in pyrite was lost as the by-product?

The lithium-sulfur battery is a compelling energy storage system because its high theoretical energy den-
sity exceeds conventional Li-ion batteries. The net reaction of a lithium-sulfur battery can be simplified
as: 16Li + Sg —— 8Li,S. Sulfur is the cathode and metallic lithium is the anode active material during
discharge.

4.4 Write the balanced equations for reactions that take place at cathode (a) and 3.0 pt
anode (b) during discharge.

4.5 Calculate the mass ratio of the cathode active material to the anode active ma- 1.0 pt
terial, according to the net battery reaction.

Alithium-ion battery (LIB) that possesses an average operating voltage of 3.8 V and a deliverable capacity
of 3110 mAh can provide energy for a mobile phone to play videos continuously for 22 hours upon a full
charge.

4.6 If the LIB is replaced by an ideal lithium-sulfur battery pack, which has an av- 5.0 pt
erage operating voltage of 4.2V and contains 23 g sulfur as the active elec-
trode material that can react stoichiometrically during discharge, calculate
how many hours the new battery pack will provide energy for the phone to
play videos continuously after a full charge.

Elemental sulfur generally exist as Sg molecules. In real lithium-sulfur batteries, Sg is not directly reduced
to Li,S during discharge, but it undergoes stepwise reactions generating different soluble lithium poly-
sulfides (Li,S,, n = 3 — 8). These lithium polysulfides could diffuse to the anode and corrode it, which
results in the loss of active electrode materials. This phenomenon is called "shuttle effect".

4.7 Write the balanced reaction equation for the corrosion of anode by soluble 2.0 pt
lithium polysulfides (Li,S,,) that produces Li,S.

In order to suppress the "shuttle effect”, the forms of polysulfides in an electrolyte have been extensively
studied. Li,Sg is one of the most representative intermediate products:
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2LiT + Sg + 2e — Li,Sg + 2S

A theoretical study shows that two conformers with comparable energies, Li,Sg(I) and Li,Sg(II) coexistin

1,2-dimethoxyethane (DME), a common electrolyte solvent in lithium-sulfur batteries. The dissociation
of Li,Sg in DME is shown below:

1%
Le b Li, S, (11)

=
o

c\;cf
1

. N Y.

AGY,

2Lt @ + (z))})()é) Se~

Chemical equilibria of Li,Sg, LiSg, SZ~and LiS$ in DME

e ="

Table 4.1 Dissociation Gibbs energies (k) mol~") of different reactions in DME (298.15 K, 1 bar)
AGS (D) AGSE (IT) AGS AGS () AGS (II)
20.68 18.92 100.55 4513 43.37
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4.8 Using the data from Table 4.1, calculate the equilibrium concentration ratio of 4.0 pt
[Li>Se (ID)]

two conformers in DME (298.15K, 1 bar), [Li,Se(T)]
2-6

4.9 Using the data from Table 4.1, calculate the apparent dissociation constant of 5.0 pt
Li,Sg — Li* + LiSg in DME (298.15K, 1 bar).

410 Sort the following equilibrium concentrations in decreasing order: [Li,S¢], 4.0 pt
LiSg], [S&"], [LiS3] in DME.

411 The standard reduction potential of metallic lithium in water at 298.15 K and 6.0 pt
1 baris:

ES (Li'/Li) = -3.040V

The standard solvation Gibbs energies of
gaseous LiT(g) to Li*(sol) in different solvents.
Li*(H,0) Li*(DME)
AG® /kj mol~ —-116.9 —114.6

Calculate the standard reduction potential of metallic lithium electrode in DME.

Studies have shown that electromotive force of a lithium-sulfur battery would be increased by replac-
ing DME with dimethyl sulfoxide (DMSO). Therefore, the forms of polysulfides in DMSO also attract re-
searchers' attention.

In a test, a certain amount of Li,S and 4.81 mg sulfur powder were added into 10.00 mL DMSO, then
heated and stirred until completely dissolved (ignoring the change in volume). Suppose that only the
following polysulfides were present in the DMSO: S, S3—, S, S2~, S2-, SZ~. The equilibrium concen-
tration ratio of the sulfur containing species was:

5571 : (5,7 ]:[Ss> ] [Se> ] :[S,° ] :[Sg> ] =17.50: 1.00: 4.50 : 55.00 : 5.00 : 0.75

412 Calculate the original mass m (in mg) of Li,S added to DMSO. 5.0 pt
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4.1 (2.0 pt)
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4.5 (1.0 pt)

CniBBigHOLIEHHS Mac:

4.6 (5.0 pt)
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4.7 (2.0 pt)

4.8 (4.0 pt)

[LixSe(ID)] _
[Li,S6(D)]
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4.9 (5.0 pt)

Kg =

4.10 (4.0 pt)

()
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4.11 (6.0 pt)

E® (Li* (DME)/Li) = v

4.12 (5.0 pt)

m(Li,S) = mg
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Okecunaw Hitporeny (N,O,NO, NO,, N,O, ToLLo, 3a3BM4aii 3anncytoTbcs 9k NO, ) € 04HMMU 3 OCHOBHMUX 3a-
6pYAHVKIB NOBITPSA, SKi MOXYTb CAPUYNHUTU HU3KY NPO6aeM, TakMUX K pyrHYBaHHS 030HOBOrO LLapy,
KWUCNOTHI goLui, OTOXIMIYHWNIA CMOT | NAPHUKOBUIA edpekT. ToMy BUKMAM Ta nepeTsopeHHA NO, Heobxi-
AHO KOHTPO/OBATKY, W06 NOKpaLMTL AKiCTb NOBITPS. [laBaliTe po3rnsHemo okmncHeHHs NO go NO, Ha
npuknagi peakuii 2NO + O, — 2NO,.

YactnHa A

3aranbHONPUNHATNI MeXaHi3M JaHol peakLii B aTMochepi HaBeJeHO HMKYe:

N,0, + 0, — 2NO, )

Peakuii (1) Ta (2), 9 i 3BOPOTHSA A0 peakLii (1) € enemeHTapHUMU peakuisgmun. Peakuia (1) € kBasipiBHO-
BaXHOIO, a I KOHCTaHTa PiBHOBaru Yyepes KOHLUeHTpaLii no3HavaeTbea 9K K. Peakuis (2) € nimiTytouoto
CTagdi€lo, a il KOHCTaHTa WBUAKOCTI MO3HaYeHa K k.

5.1 BuBepiThb BMpa3 WBWAKOCTI A1 3aranbHoi peakuii 2NO + 0, — 2NO, aK pyH- 4.0 pt
Kuito Big [NOJ, [O,], K, Ta k.

TemMnepaTypHy 3a/1eXHicTb K, MOXHa NpUbAN3HO 3anncatm Ak In K, = M — (N /T') (e M i N € KOHCTaH-
Tamu). 3MiHa k, 3 TeMnepaTyporo BifMNoBiJaE pPiBHAHHIO AppeHiyca 3 nepesekcrnoHeHuia/IbHUM MHOXHU-
KOM A, | BUAMMOLIO eHeprieto akTuBauii £, ,. BBaxanTe, Wo F, , i A, He 3anexaTb Bij Temnepatypu.

5.2 BuBepaiTb BMpa3n 418 nepejekcrioHeHuianbHoro ¢akropa (A,) Ta suanumoi 4.0 pt
eHepril akTuBauii (E,.) ansa peakuii 2NO + O, — 2NO, gk ¢yHKujto Big M, N,
A, Ta E, .
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BrAMMa KOHCTaHTa WBMAKOCTI (k) 3aranbHoi peakLii cTaHoBUTb 6.63 x 10° L2 mol~2 min~" npn 600K, a
il BUAMMa eHeprist akTueauii gopisHioe 1.20 k) mol—.

5.3 Po3paxyiiTe KOHCTaHTy weunakocTi (B L2 mol—2 min~") uiei peakuji npu 700 K. 2.0 pt

CtaHaapTHi eHTanbnii yTBOpeHHs (A(HS) Ta ctaHgapTHi eHTponii (S§) npn 298.15 K matoTb HacTynHi
3HaYeHHs:

NO(g) 0O,(g) NO;(9)
AHS (KJmol-")  91.3 33.1
SE(gK-'mol-') 210.8 2052  240.1

CraHAapTHi 3MiHWM eHTanbnii Ta eHTponii peakuii 2NO + O, — 2NO, MOXHa BBaXaTy He3aneXHUMU Bif,
TemnepaTypu. YCi rasm BBaxainTe ifeanbHUMU Y HACTYMHUX MUTaHHSX.

5.4 Po3paxyiiTe TepMOAMHAMIYHY KOHCTAHTY piBHOBaru (K7 uiei peakuii 600 K. 4.0 pt
5.5 Po3paxyiiTe 3MiHy CTaHAAPTHOI BHYTPILLHLOI eHeprii A, US (B k) mol~") uiei pe- 3.0 pt
akuii npm 600 K.

EkcnepriMeHTaIbHi CnocTepeXkeHHsI MoKa3yoTb, LLO WBUAKICTb peakuii 2NO, — 2NO+ 0, He 3anexunTb
Bif, KoHUeHTpauii NO Ta O,.

5.6 BuBegiTb BUpas 418 WBNAKOCTI L€l peakuil (BUANMY KOHCTaHTY WBMAKOCTI Mo- 8.0 pt
XHa 6e3nocepeHbLO BUKOPWUCTOBYBATM Ta MO3HAYUTU AK k_) Ta po3paxyiTe
3HaYeHHs k_ npu 600 K. (AKwo Bam He BAanoca 3HanTh K7 (600 K) B muTaHHi
5.4, BukopucTosyiite K (600 K) = 350.0)

rasz NO, BB/ y EMHICTb CTanoro o6’ emy Ta BUTpUManu npu 600 K 2o BCTaHOBNEHHS piBHOBaru. 20%
BUXigHOro peareHTy nepetsopunocs Ha NO Ta O,. Yci rasm BBaxaiTe ifeansHUMMU.

5.7 064UCNiTh 3aranbHUN TUCK Ui€EI peakuiliHoi cucteMm B CTaHi piBHoBarn. 4.0 pt
(Akwo Bam He Baanocs 3HanTn K7 (600 K) B nuTaHHi 5.4, BMKOpurcTOBYiiTe
K7 (600K) = 350.0)

YactHa B

Mpomucnosi BUKNAM € ocHoBHUM gxepenomM NO,. OgHMNM i3 MigXoAiB LLOAO X 3MEHLLEHHS € OKUCHEeHHS
NO po NO, i nogansLue nornnHaHHsa ytBopeHoro NO, abcopbeHTaMm. OfHaK Yepe3 HU3bKY KOHLEHTpa-
uito NO y BUXNOMHMX rasax oro CoHTaHHe OKMCHEHHS B aTMocdepi BibyBaeTbCs 3aHAATO NOBINBHO,
W06 3a40BONBHUTY NOTPE6M NPOMUCIOBOCTI. K NPaBuIO, ANA NPUCKOPEHHS L€l peakuii BUKOPUCTOBY-
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toTb TBepAi kaTanizatopu. OkncHeHHs NO BigbyBaeTbCs Ha NoBepXHi KaTanizaTopa (CatX) 3a HacTynHUM
MeXaHi3MoM (Micue aacopbLii No3Ha4aEeTbCa sK Site):

k+
0,(g) +2Site == 20-Site (S1)

S—1
ropg = ksy [02]02 sy = ks 163

k +
NO(g) + Site == NO-Site (52)

S-2

Tsio = ksw[NO}f)v rs_o = ks_o0no
. ks.3 .
NO(g) + O-Site — NO,-Site (S3)

Tsys = ksi3 [NOJog

k +
NO,-Site == NO, (g) + Site (S4)
S—4

TS4q = k‘s+49Noz rs_y = ks_4 [NO,] 0,

Mpunyctmo, wo agcopbuis NO, NO, Ta O (9kuii yTBOpPMBCSA BHaCNifoK ancouiauii O,) He MoXe BUNTU
3@ Mexi MOHOLLApOBOro MOKPUTTS, i Lii BCIi MOIEKYNN aACOPOYOTLCS OAHAKOBUMU NOBEPXHEBUMU Ai-
nAHKaMU. IxHi cTyneHi nokpuTTs (6, BU3HaYeHi fK BifHOLIEHHS KifIbKOCTi 3aiHATUX MicUb azcopbuii 40
3aranbHOI KiNbKOCTi MiCLb agcopbuii) No03HaYaTees K Oyo, Ono, Ta o, BiANOBIAHO. TO6TO, YacTka He-
3aMHATUX MicLb aacopbuii (0,) CTaHOBUTD 6, = 1 —fyo —Ono, — fo. MpUNyCTiTh, WO yci npouecy agcopbuii
i pecopbuii € HabaraTo WBUALLINMU, HiX peakuis (S3).

5.8 BuBepiTb BMpa3 ans 6, Kk yHkuito Big [NO], [O,], [NO,] i KOHCTaHT weuakocti, 6.0 pt
L0 6epyTb yyacTb y peakuisax (S1)-(S4).
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5.9 BubepiTb NpaBuibHUI BMpa3s ans WBUAKOCTI peakuii 2NO(g) + O,(g) —— 4.0 pt
2NO,(g) Ha noyaTKy peakLii. 3HexTynTe KOHUeHTpaui€eto 11 agcopbuieto NO,.

ks.3(ksiq/ks_1)°°[NOJ[Oy]*5

A7s, 1+ (ks 1[05]/ks_1)0® + ks ,[NO] /ks_,
(B) rc. — 0.5ks 3(ks1/ks_1)"°[NOJ[O,]*®

> 1+ (ksiq[0o]/ks 1) + ks 5[NO] /ks_,
(C) re, = ks 3(ksy1/ks_1)[NOJ[O,]"®

>t 1+ ks 1[Oa)/ks 1 + ks.[NOJ/ks_,
(D) rs, = ks aksi3(ksiq/ks_1)°°[NOJ[O,]"° /ks_4

1+ ks 1([05]/ks_1)%5 + ks 5 [NO] /ks_,

[na aedAkuvx katanizaTopiB NoBepxHeBa peakLis NPOXoAnNTb 3a anbTepHATUBHUM LLUISIXOM - 3aMiCTb pe-
akuir (S3):

k +
NO-Site + O-Site — Site + NO,-Site (S5)

Tsys5 = ks 50n000
[ uya cragia ctae NiMiTYHOUOR A1 3arasbHOT peakuil.

Katanizatop (CatY) BMKOPUCTOBYETLCA A1 CNPUSAHHA NpoxomKkeHHto peakuii 2NO + O, — 2NO,. Ko-
nn TeMnepaTypa i KoHueHTpauis NO nocTiliHi, MoYaTKoBa LUBUAKICTb peakLii 3MiHHETLCA 3an1eXHO Bij
KOHUeHTpauii O, HacTyNHUM YNHOM:
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5.10 06epiTb 3 AKMM MeXaHi3MOM Y3ro/PKYETbCS AaHa KpUBa: 6.0 pt

(A)S3
(B) S5

(C) He MoXe BYTY BU3HaYeHN
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Interconversion among Nitrogen Oxides
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Question | 5.1 | 52 |53 |54 |55 |56 |57 |58]|59]5.10 | Total
Points 4 4 2 4 3 8 4 6 4 6 45
Score

Nitrogen oxides (including N,O,NO, NO,, N,0, and etc., usually written as NO,) are one of the main air
pollutants that can cause a series of problems such as ozone depletion, acid rain, photochemical smog,
and greenhouse effect. Therefore, the emission and conversion of NO, must be controlled to improve
air quality. Here let us investigate the oxidation of NO to NO, via the reaction of 2NO + O, — 2NO,.
Part A

Itis generally accepted that this reaction proceeds through the following mechanism in the atmosphere:

N,O, + 0, — 2NO, )

Reaction (1) and (2) and the reverse of reaction (1) are elementary reactions. Reaction (1) is a pre-
equilibrium reaction, and its equilibrium constant in terms of concentrations is denoted as K ;. Reaction
(2) is the rate-determining step of the overall reaction, and its rate constant is k.

5.1 Deduce the rate expression for the overall reaction of 2NO + O, — 2NO, asa 4.0 pt
function of [NO]J, [0,], K, and k..

The temperature dependence of K, could be approximately described asInK,, = M — (N/T) (M and
N are constants). The change of k, with temperature follows the Arrhenius equation with the pre-
exponential factor of A, and apparent activation energy of £, ,. Assume that E, ; and A, are independent
of the temperature.

5.2 Deduce the expressions for the pre-exponential factor (A, ) and apparent acti- 4.0 pt
vation energy (E,.) of the reaction of 2NO + O, — 2NO, as functions of M, N,
Ayand E, ,.
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The apparent rate constant (k. ) of the overall reaction is 6.63 x 10° L2 mol=2 min~" at 600K, and its ap-
parent activation energy is 1.20 k) mol~".

5.3 Calculate the rate constant (in L2 mol~2 min—") of this reaction at 700 K. 2.0 pt

The standard enthalpies of formation (A¢HS) and standard entropies (S;5) at 298.15 K are as follows:

NO(g) 0;(g) NO,(9)
AHS(Kmol-')  91.3 33.1
Se(UK'mol-) 2108 2052  240.1

The standard reaction enthalpy and entropy changes of 2NO + O, — 2NO, can be regarded as temper-
ature independent. All the gases are taken to be ideal for the following questions.

5.4 Calculate the thermodynamic equilibrium constant (K) of this reaction at 4.0 pt
600 K.

5.5 Calculate the standard internal energy change A, U5 (in k) mol~") of this reac- 3.0 pt
tion at 600 K.

Experimental observation shows that the rate of the reaction of 2NO, — 2NO + O, is independent on
the concentration of NO and O,.

5.6 Deduce the expression of the rate for this reaction (the apparent rate constant 8.0 pt
could be directly used as k_) and calculate the value of k_ apparent at 600 K.
(If you failed to find the K, (600 K) in question 5.4, use K, (600 K) = 350.0)

NO, gas is introduced to a container with a fixed volume which is held at 600K and allowed to reach
equilibrium. 20 percent of the reactant is converted to NO and O,. All the gases are taken to be ideal.

5.7 Calculate the total pressure of this reaction system at equilibrium. (If you failed 4.0 pt
to find the K, (600 K) in question 5.4, use K7 (600 K) = 350.0)

Part B

Industrial exhaust is a main source of NO,. One of the approaches to reduce the emission of NO, is
through the oxidation of NO to NO, and the subsequent absorption of the formed NO, by absorbents.
However, because of the low concentration of NO in exhaust, its spontaneous oxidation in the atmo-
sphere is too slow to meet the demand of industry. Generally, solid catalysts are used to accelerate this
reaction. The NO oxidation proceeds on the surface of a specific catalyst (CatX) through the following
mechanism (adsorption site is denoted as Site):
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k +
0,(g) +2Site == 20-Site

S—1
Tsy1 = ksiq [O,] 912; Ts—1 = kS—19(23

k+
NO(g) + Site == NO-Site

52
Tsyo = ks, 2[NOJ6, rs_o = ks_20N0
NO (g) + O-Site 2 NO,-Site

Tsy3 = ks, 3[NOJOg

k -+
NO,-Site == NO, (g) + Site
S 4

TS4a = k5+46N02 sy = ks_4 [NO,] 0,

(52)

(S3)

Assume that the adsorptions of NO, NO, and O (from the dissociation of O,) cannot proceed beyond a
monolayer coverage, and these species are adsorbed by the same kind of surface sites. Their fractional
coverages (6, defined as the ratio of the number of adsorption sites occupied to the number of total ad-
sorption sites) are denoted as g, Ono, and 6, respectively. Thus, the fraction of unoccupied adsorption
sites (0,) is 6, = 1 — Oyo — Ono, — o- Assume that all the adsorption and desorption processes are much

faster than reaction (S3).

constants involved in reactions (S1)-(S4).

5.8 Deduce the expression for 6, as a function of [NOJ, [O,], [NO,] and the rate 6.0 pt
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5.9 Choose the correct expression for the rate of 2NO(g) + O,(g) — 2NO,(g) at 4.0 pt
the beginning of the reaction. Assume that the concentration and adsorption
of NO, are both negligible.

ks, 3(ks1/ks_1)%°[NOJ[O,]"

A 7s. L+ (ks 1[0,]/ks_1)05 + ks+2[NO]/ffsfz

(B) re. — 0.5ks 3(ks.1/ks_1)"°[NOJ[O,]*®
1+ (ks1[02]/ks_1)°® + ks, »[NO] /ks_,

Q) re, = ks 3(ks1/ks_1)[NOJ[O,]"
1+ ks 1[02]/ks_1 + ks 2[NO]/ks_5

(D) re. = ks aksi3(ksyq /ksq)0'5[NO][02]0'5/7€574
S+ =

1+ ks 1([02]/ks_1)0 + ks 5[NO]/ks_,

For some catalysts, the surface reaction proceeds via an alternative way instead of reaction (S3):

k +
NO-Site + O-Site — Site + NO,-Site (S5)

rsis = ksy50n000
This step is also rate-determining for the overall reaction.

A catalyst (CatY) is used to promote the reaction of 2NO + O, — 2NO,. When the temperature and NO
concentration are constant, the initial reaction rate changes with the concentration of O, as follows:

rA
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5.10

Choose a mechanism that is consistent with this curve.
(A)S3

(B) S5

(C) cannot be determined

6.0 pt
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T, =
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5.3 (2.0 pt)

k., (T00K) =

LZmol~2 min~!

5.4 (4.0 pt)

K2 (600K) =




AS5-
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5.5 (3.0 pt)
AUS = k) mol~"
5.6 (8.0 pt)

 k_(600K) =
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5.7 (4.0 pt)

Ptotal =

kPa
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5.8 (6.0 pt)

5.9 (4.0 pt)
[ 1A [ 1(B) [ 1@ [ 1(D)

5.10 (6.0 pt)
[ 1A [ 1(B) [ 1O
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®docdiHm € pocPopHUMUM aHaNnoraMm aMiHiB. BOHM TakoXX MatoTb HenoAineHy napy efieKTpoHiB 6ins ato-
Ma docdopy i, TaKMM YMHOM, AEMOHCTPYIOTb OCHOBHICTb 3a J1btoicoM abo HykneodinbHicTb . Ane Ha Bia-
MiHY Bifi TPETUHHMX aMiHiB, XipanbHi ¢pocdiHu, Taki Ak P1, 3 TpbOMa Pi3HMMU 3aMiCHUKaMU MOXYTb ByTu
BUAINEHI SK OKpeMi eHaHTioMepu. XipanbHi $pochiHM YaCcTO BUKOPUCTOBYHOTLCS K XipanbHi firaHAW B
MeTa/IoKOMIMIEKCHOMY KaTasnisi.

MeO @

% P;"lMe
P1

(]2 = +46

6.1 BukopucToBytoum cumBonn R/S, BUSHaUTe abcontoTHY KoHdirypadito P1. 3.0 pt

3a OCTaHHI ABa AeCATUNITTA LWBMAKOrO PO3BUTKY OpraHokaTasnisy, 3° siBUiacs Beivka KifbKiCTb CUHTe-
TUYHUMX peakuiid, Wwo katanisytbca ¢ocdiHamum, gk Hykneodinamu. Cepes, HUX OHIEID 3 HABIAOMILLINX
peakuii, € peakuis [3+2] uuknonpueaHaHHs 3a Jly, aika BnepLue 6yna po3pobieHa KUTANCbKNM yYeHUM
CiaHb Jly. Hanpuknag, npv BukopucTaHHi TpudeHindocdiHy Ak katanisatopa etunaneHoat 1i metmna-
KpwvnaT 2 yTBOPHOKOTL Ba LIMK/IOMEHTEHOBWX NOXigHWX 3 (OCHOBHE) Ta 4 (MiHOpHEe).

[3+2] umknonpueaHaHHa 3a Jly
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CO,Me
CO,Me PPh; (cat) CO,Me
I\ + r +
CO,Et |
CO,Et CO,Et

Y 3aranbHONPUIAHATOMY MeXaHi3Mi peakuis Jly € dopmanbHo0 peakuieto [3+2] umknonpuegHaHHa. Cno-
yaTky TpudeHindocdiH bepe yyactb y HykneodinbHOMY NpUEAHAHHI A0 eTunaneHoaty 1 Ana reHepawii
LBITTEPIOHHOIO MPOMIXKHOIO NPOAYKTY A, KNI 3rofoM LIMKNI3YETLCS 3 METUNAKPUIATOM 2 ABOMA LUAS-
xamMun. Ha wnaxy, wo Bege Jo cronyku 3, NPoMixXHUIA inig ¢ochopy B 060pOTHLO MepeTBOPOETLCS Y
NPOMiXKHY cnonyky C yepes nepeHeceHHs NPoToHa. MoTiM nicnsa eniMiHyBaHHSA 3 C yTBOPIOETHCA OCHOB-
HWIA NpoAyKT 3 i BUBINBbHAETECA GOCPiHOBUIA KaTanizaTop. Ha wnsaxy, Wo Bese A0 CNoayku 4, MPOMiDKHUM
€ inig pocdopy B’, AKMIA TaKoX 060POTHBLO MEePeTBOPIOETLCA B MPOMIKHNI C' yepes nepeHeceHHs Npo-
ToHa; C' nicna eniMmiHyBaHHA Ja€ MiIHOPHMIA NPoAyKT 4 i pereHepye pocdiHOBUIA KaTanizaTop.

MexaHi3m:
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PPh,
CO,Et

i

PhsBy  CO.Et

CO,Me

PhsRy  CO,Et

C
J - PPh, - PPh, J
CO,Me oM
Hvie
CO,Et
3 COEt 4

6.2 HamaniiiTe ABi OCHOBHi pe30HaHCHi cTpykTypu A (yyacTb ecTepHoi rpynn He 6.0 pt
BPaxOBYETbCS, CTepeoxiMis He NOTPiIOHa).

6.3 Hamanwiite cTpykTypy NpoMixHUX cnonyk B' i C' (cTepeoxiMisi He NoTpi6bHa). 8.0 pt

3a aHanorivyHux ymoB eTunaneHoaT 1i gietundymapart 5 nerko AaroTb BigNOBIAHNM NPOAYKT LNKNOMPU-
€AHAHHSA 6.

CO,Et PPhj (cat)

+ —_— _—

CO,Et EtO,C
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6.4 Hamanmwiite cTpyKkTypy CNOSyKn 6 (CTEpeOoXiMist He NOoTpibHa). 5.0 pt

AcrMeTpUYHa peakuis [3+2] LmKNonpueAHaHHSA 3a Jly Moxe 6yTun nerko nposejeHa 3 BUKOPUCTaHHAM
xipanbHWX pocdiHOBUX KaTanizaTtopis. Hanpuknag, npuv BUKOPUCTaHHI XipanbHOro biumkaiyHoro ¢ocdi-
Hy P2 y akocTi kaTanizaTtopy, eTnnaneHoaty 1 i metunakpmnaty 2 6yno oTpMMaHO eHaHTiO-36arayeHuni
NPOAYKT unknonpueaHaHHsa 3 3 80% ee (eHaHTIOMEPHUIA HAANULLIOK).

AcumeTpuyHa peakuif [3+2] yuuknonpueaHaHHA 3a Jly:

CO,Me
CO,Me 22 Ph\p D)
CO,Me P2 (cat)
CO,Et
1 2 CO,Et COzEt
(R)-3 (S)-3 P2
(major) (minor)
Po3paxyHoK ee:
ce — Mmajor — ™minor % 100%
nmajor + Tminor
Nynajor = KiJIbKICTb OCHOBHOTO eHaHTioMepy
Popinor = KI/TbKICTB MIHOPHOIO eHaHTioMepy
6.5 Mo3HauTe LeHTpW XipanbHoCTi B XipanbHomy docdiHi P2 3ipoukamu. (Mpumi- 6.0 pt
TKa: 6anm 6yayTb BiAHIMATMCA 3@ KOXXHY HenpaBuabHY 3ipoyky o 0 6anis)
6.6 Po3paxyiiTe CriBBiAHOLIEHHS Nyaior/Timinor A/151 TPOAYKTY 3. 3.0 pt

Peakuis [3+2] LmknonpueaHaHHs 3a Jly € yHiBepcasbHUM iHCTPYMEHTOM B OpraHiyHoMy cMHTesi. Hanpwu-
Knag, BoHa byna ycnilHO BUKOPUCTaHa 418 cnHTe3y (-)-hinesol, Bax/IMBOro KOMMOHeEHTa KUTaNCbKOi
nikapcbkoi Tpasu Chang Zhu (Atractylodes lancea var Chinensis). MNpwu kaTanisi PPh;, xipanbHuin yyknore-
KCAHOH 7 UMKNI3YETLCA 3 TpeTbyTUIaneHoaToM 8, yTBOPHOOUM OCHOBHUM NPOAYKT 9 | TP MIHOPHI Npo-
ayktn 10, 11 1a 12. Yci MmiHopHi npogykTn 10-12 € i3oMmepamu cnonyku 9. Cnonyka 9 moxe 6yTin B gekinbka
CTagin nerko nepetsopeHa y (-)-hinesol.
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OH
(-)-hinesol

(0]

PPh; (cat)

+ +10 + 11 + 12
CO,Bu
7 8 9
_—

(=)-hinesol

6.7 3 HaBefeHUX HUKYe Cronyk BU6epiThb Ty, ika He HaNeXWTb A0 MiHOpHUX Npo- 5.0 pt
AaykTis 10-12.

0 A o 0 o _
CO,'B : B CO,Bu
@ .. 2= () 7 © " Nl (d) 2
CO,'Bu CO,'Bu
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Score

Phosphines are phosphorus analogues of amines. They also carry a lone pair of electrons at the phos-
phorus atom and thus exhibit Lewis basicity or nucleophilicity. But in contrast with tertiary amines, chiral
phosphines like P1 with three different substituents can be isolated as single enantiomers. Chiral phos-
phines are often used as chiral ligands in transition metal catalysis.

MeO @

wla

P1

[0]? = +46

6.1 Using R/S symbol, assign the absolute configuration of P1. 3.0 pt

In the past two decades, as organocatalysis grew rapidly, a large number of nucleophilic phosphine-
catalyzed synthetic reactions have emerged. Among them, one of the most famous phosphine-catalyzed
reactions is the Lu (3+2) cycloaddition reaction, which was first developed by Chinese scientist Xiyan Lu.

For instance, under the catalysis of triphenylphosphine, ethyl allenoate 1 and methyl acrylate 2 smoothly
produce two cyclopentene derivatives 3 (major) and 4 (minor).

Lu (3+2) cycloaddition:

CO,Me
CO,Me PPh; (cat) CcO,Me
o [ . .
CO,Et
CO,Et CO,Et
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In a generally accepted mechanism, the Lu (3+2) reaction is a formal cycloaddition reaction. Initially,
the catalyst triphenylphosphine engages in a nucleophilic addition to ethyl allenoate 1 to generate a
zwitterionic intermediate A, which subsequently cyclizes with methyl acrylate 2 by two paths. In the
path leading to compound 3, an in situ generated phosphorus ylide intermediate B reversibly converts
into intermediate C via proton transfer; C undergoes an elimination to deliver the major product 3 and
release the phosphine catalyst. In the path leading to compound 4, a phosphorus ylide intermediate
B' is formed, which also reversibly converts into intermediate C' via proton transfer; C' undergoes an
elimination to give the minor product 4 and regenerate the phosphine catalyst.

Mechanism:

PPh,
PPh,
CO,Et '

CO,Me

Phsfy  CO,Et

C
J - PPh, - PPh, J
CO,Me com
Hivie
CO,Et

6.2 Draw the two major resonance structures that make up the shown resonance 6.0 pt
hybrid A (the involvement of ester group is not considered, and stereochemistry
is not required).
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6.3 Draw the structures of intermediates B' and C' (stereochemistry is not re- 8.0 pt
quired).

Under similar conditions, ethyl allenoate 1 and diethyl fumarate 5 readily deliver the corresponding cy-
cloaddition product 6.

CO,Et PPhj (cat)
+ — —— 6
CO,Et EtO,C
1 5
6.4 Draw the structure of compound 6 (stereochemistry is not required). 5.0 pt

Asymmetric Lu (3+2) cycloaddition reaction can be readily realized by utilizing chiral phosphine catalysts.
For example, under the catalysis of a chiral bicyclic phosphine P2, ethyl allenoate 1 and methyl acrylate
2 smoothly delivered an enantio-enriched cycloaddition product 3 in 80% ee (enantiomeric excess).

Asymmetric Lu (3+2) cycloaddition:

CO,Me QOzMe Ph, A
CO,Me P2 (cat) Q
Me
— + - > + Me
CO,Et 1 Q [6/
1 2 CO,Et COEt
(R)-3 (5)-3 P2
(major) (minor)

Calculation equation of ee:

ce — nmajor — Mminor « 100%
nmajor + minor
Naior = the amount of major enantiomer

n = the amount of minor enantiomer

minor
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6.5 Mark the chirality centers in the chiral phosphine P2 by using asterisks. (Note: 6.0 pt
points will be deducted for every wrong asterisk until 0 points)

6.6 Give the ratio of ny,jor/"minor Of product 3. 3.0 pt

Lu (3+2) cycloaddition reaction is a versatile tool in organic synthesis. For example, it was success-
fully used to synthesize (-)-hinesol, an important component of the Chinese medicinal herb Chang Zhu
(Atractylodes lancea var Chinensis). Under the catalysis of PPhs, a chiral cyclohexanone 7 cyclized with tert-
butyl allenoate 8, affording a major product 9 and three minor products 10, 11 and 12. Minor products
10-12 are all the isomers of 9. Compound 9 could be readily transformed into (-)-hinesol by a multistep
process.

(-)-hinesol
(0]
PPh; (cat)
+ +10 + 11 + 12
CO,Bu
7 8 9
_—

9 (=)-hinesol
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6.7 In the following compounds, choose which one does not belong to the minor 5.0 pt
products 10-12.

(o) \ (@] (0] (0] _
co.B B B CO,Bu
@ N, 25 by Y (©) A (d) ?
CO,'Bu CO,'Bu
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OuiHka

6.1 (3.0 pt)

6.2 (6.0 pt)
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6.3 (8.0 pt)

B’ (4.0 pt) C' (4.0 pt)

6.4 (5.0 pt)
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6.5 (6.0 pt)

Ph .
P
Me Me
P2
6.6 (3.0 pt)
6.7 (5.0 pt)
[ 1) [ ](b) ] (0) [ ](d)
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OpraHiyHi MoONeKynn B XXUTTI

9 6anis
MutaHHA 71 |72 | 73 | Becboro
Makcumym 6anie | 12 | 8 | 12 32
OuiHka

CuHTe3 cknagHUX NenTUAiB Ta 6iNkiB —Baxkke 3aBAaHHSA. 17 BepecHs 1965 poky KMTalicbKi BUeHi BnepLue
OTPUMANN CUHTETUYHUI KPUCTaNIYHNIA BUYaUMIA IHCYNIH, TUM CaMXM 3pOBUBLUV BaXJIMBUIA KPOK Ha
LLUAAXY AOCAIAKEHHS CeKpeTiB NMPUPOAM Ta BiAKPUBLLW HOBY epy B CMHTe3i 6ifKiB.

La s B a i BN & A

I 207" " EhBE CHINA !

P
: ALEERSERFBRBERITAF (1965 -2015)
p ey &
3 v 4,
T ®
L ¥ ‘ .. : %
gy
f " ‘@,@@

2015-22 =14

Mapka npucesyeHa 50-pivyto NepLIoro CUHTe3y KpMUCTaniyHoro 6uyayoro iHcyniHy (2015 pik).

B3aemMogisi Kap6OKCUIBHNX Ta aMiHO rpyn 3 yTBOPEHHSAM aMigHOro 38™ i3Ky € HalieleMeHTapHILLOK pea-
KLt 3 TUX, LLIO BUKOPUCTOBYETLCA ANA CUHTE3y NenTuaiB Ta 6inkis. Biaomo, Lo anneHoH 2 34aTeH akTu-
ByBaTW Kap60OHOBY KMCNOTY 1 Ta, 3a M’ AKUX YMOB, A03BOJISIE OTPUMATU iHTepMegiaT 3. Lieli iHTepmegiaTt
3 pani pearye 3 aMmiHOM 4 3 yTBOPEHHSIM amiy 5 BUCOK/M BUXOAO0M Ta NOGIYHOIo MpoAaykTy peakuii 6.
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Ph Ph
2 6

N-eTuHUA-N-MeTun-n-TonyeHcynbdoHamig (MYTSA), WO MoxXe 6yTu npeacTaBnAeHWUn y BUMASAI oro
OCHOBHOI pe30oHaHcHoi ¢opmu 7 (NpU LbOMY Yy4acCTb TO3WALHOI FPYNN He PO3rnffacTbCs), akTUBYE
KapbOHOBY KNCOTY CXOXMM Ha affIeHOH 2 Y/AHOM.

]Ts
H—=—=—N
\ s
MYTsA o e
$ o Fmoc\N N oty
HZN\)J\OtBu O \(
OBu 7 : i

------------------------------------------------------------- . 12

@
()}
v/ O

71 HamantoinTe cTpykTypun cnonykn 7, iHTepmegiaTy 9, Ta cnonykm 12. Mokaxite  12.0 pt
CTepeoximito BCiX CTepeoLeHTpIB.

3 POCTOM ZOBXWHW NaHLora NenTugy yTBOPeHHs aMiZHOro 38’ 13Ky YCKIaAHIETLCS, TOMY 3BMYaHI Me-
TOAW aKTMBaLii He MOXYTb 6YTM 3aCTOCOBaHMMU ANSA CUHTe3Y 6inkiB. B nepLioMy CMHTE3i KpUCTaniyHoro
61YaYOro iHCyNiHy ANa yTBOPEHHS aMigHOro 38’ 513Ky MiX BoMa nentuaamu 6yB BUKOPUCTAHUI MeToz,
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3aCHOBaHWM Ha XxiMiT auyuarigpasnny 13. ik HaBegeHo Ha cxeMax Huxuye, cnosyka 15 nerko pearye 3 16
Y NPUCYTHOCTI TPUETUIaMIHY.

o NaNO,
. 5 _
HN-NH, CFCO,H/H,0
13 _10°C o

1. HBr/CF3CO,H

H
Cbz—-N—CP2D - 16 e

2. Et;N :
14 !

NpumiTtka: P1, P2 =noninentTnaHuin naHuor

7.2 Hamanwiite cTpykTypu cnonyk 15 ta 16. 8.0 pt

Kpim crHTe3y de novo, BYeHi MOXyTb 3MiHIOBATW iCHYtOUM 6inkun. Xoya Ha NMoBepxHi 6inkie € 6araTo pe-
aKUiiHO34aTHUX rpyn, a came aMiHOrpyn, TioNbHUX, KAPOOKCUNBHUX TPy, HalbinbL HykNeodinbHi Ti-
ONbHI FPYNY € NepeBaXxHUM MicLem peakuii y Bunaaky o6pobku 6inky enektpodinbHUMN peareHTaMum
Ha KWTanT NpuegHaHHA 3a Mixaenem N-peHun maneimigy 18.

o o)
- N~Ph
N—Ph
NH, ?H | NH, ?
) 18 o)
OH
O™ "OH 0”>on  OH

PeareHT 19 3a M’ AKX OCHOBHMX YMOB (pH = 7.5) pearye 3 6ikomM 20 3 yTBOPEHHSAM He3apsiAXeHOoro
iHTepMegiaTy 21, AKWIA Npy aTaui rigpokcna-ioHOM yTBOPHOE crnosnyky 22. Crionyka 22 icHye B piBHOBa3i 3
aumkniyHor popmoto 23, fka Aani 34aTHa pearyBaTu 3 iHLWOO Moiekynoto 6inky 20. YTBopeHul 0CHOB-
HUI NPOAYKT peakLii MoXe iCHyBaTu B auunkniyHin dopmi 24 abo B LmkNiYHIA opmi 25, aHanoriyHo Ao
piBHOBaru crosyk 22 ta 23.
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BRG] H -on o@@;\

21
I pH=7.5 [21] —/ S
22
@-en
20
®)—s ®
Ph S—
2 e
25 o 24 - NH
O 0]
23
7.3 Hamantiite cTpykTypw iHTepmegiaTy 21, cnonyk 24 Ta 25. lNoka3yBaTtu ctepe-  12.0 pt

OXiMito He 060B’ $3KOBO.
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The synthesis of complex peptides and proteins is a challenging task. On September 17, 1965, Chinese
scientists synthesized crystalline bovine insulin artificially for the first time, marking a crucial step in the

journey of exploring the secret of life and opening the era of protein synthesis.

la s e BN e S N

: 1:20° i crmva 3
P

ALSARERFBHRITASF (1965 -2015)

]

4rin &
2 Lo
e,

@6?’

Stamp issued on the 50™ anniversary (2015) of the first synthesis of crystalline bovine insulin

Coupling of carboxylic acid groups with amine groups to forge an amide bond is the most elementary
reaction in the synthesis of peptides and proteins. Allenone 2 was reported to be able to activate the
carboxylic acid 1 under mild reaction conditions forming the intermediate 3. Intermediate 3 then reacts

with amine 4 to give amide 5 with high yield, along with the byproduct 6.
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0 0
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X
N PN
Ph Ph
2 6

Similarly, N-ethynyl-N-methyl-p-toluenesulfonamide (MYTsA) with its major resonance structure 7 (in-
volvement of Ts group is not considered) can activate carboxylic acid in the same way as allenone 2.

f
MYTsA 0 BH“ 0
¢ o FmOC\H/ng\_)]\OtBU
H,N o -
2 \;)J\OtBu Y

OBu 7 : 1

------------------------------------------------------------- . 12

it
7y
_O
(2}

~ O

7.1 Draw the structures of 7, intermediate 9 and compound 12. Show the stereo-  12.0 pt
chemistry of any stereocenters.

As the length of peptide chain grows, formation of amide bonds becomes more difficult, and conven-
tional condensation methods are not applicable in the synthesis of proteins. In the first synthesis of crys-
talline bovine insulin, a method based on the chemistry of acylhydrazine 13 was developed to achieve
the challenging amide coupling between two peptides. As the following equations, compound 15 reacts



Theory

i
54 ich0 2072 UKR-1 T-7 Q-3
o English (Official)

with 16 smoothly in the presence of triethylamine.

o NaNO,

HN-NH, CF3CO,H/H,0
13 ~10°C

> 15

1. HBr/CF3CO,H

H
Cbz—N—CP2D - 16 e

2. Et;N :
14 !

Note: P1, P2=peptides

7.2 Draw the structures of compounds 15 and 16. 8.0 pt

In addition to de novo synthesis, scientists can modify existing proteins. Although there are multiple re-
active sites on the surface of protein, such as amino groups, thiol groups, and carboxyl groups, the most
nucleophilic thiol groups are the preferred site when the protein is treated with electrophilic reagents
such as N-phenyl maleimide 18 via Michael addition.

o o)
_ N—Ph
N—Ph
NH, ?H | NH, ?
) 18 o)
OH
0~ “OH o“ oy OH

Under mild basic conditions (pH = 7.5), reagent 19 was proposed to react with the thiol group of protein
20 to give a neutral intermediate 21 which is attacked by hydroxide to give compound 22. Compound 22
can equilibrate with an acyclic form 23, and subsequently react with another protein 20. The resulting
major product can exist either in the acyclic form 24 or in the cyclic form 25 in a similar way as the
equilibration between 22 and 23.
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Fl’h
SH 0N
Y o
Br -
19 [21] OH OﬁV\S
|H pH=7.5 —
22
oS
20
®)—s ®
Ph S—
2 S
25 o4 - NH
@) o)
23
7.3 Draw the structures of intermediate 21, compounds 24 and 25. Stereochem-  12.0 pt

istry is not required.
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7 (4.0 pt) 9 (4.0 pt) 12 (4.0 pt)
7.2 (8.0 pt)

15 (4.0 pt) 16 (4.0 pt)
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7.3 (12.0 pt)

21 (4.0 pt) 24 (4.0 pt) 25 (4.0 pt)
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ANBOBVKHUM XipaZibHUMN cniipokaTanisaTop

10 6anis
MuTaHHA 81|82 |83|84 85|86 | 87| 8.8 | Bcboro
Makcmmym oukiB | 16 | 2 2 2 2 8 2 2 36
OuiHka

XipanbHi cnonykm BaximBi 415 340p0B's NK0AMHN, Hanpuknag, noHas 50% nikapcbkux 3acobis, siki 3apa3
BMKOPUCTOBYHOTLCS B KNiHIYHI NpaKTULL, € OKpeMMMUK eHaHTioMepaMu XipanbHUX Mmonekyn. MpoTe cnH-
Te3 XipanbHWUX MoKy, Lo 36arayvyeHi OgHKM 3 eHaHTIoOMepiB, € BeMKOK npobiemoto. KomaHga npo-
decopa UiniHb Yxoy 3 HaHkalicbkoro yHiBepcuTeTy Kutato po3pobuna cepito XipanbHMX cnipokaTtanisa-
TOPIB 3 BUCOKOI aKTUBHICTIO, LLO BUBENO epeKTUBHICTb aCMMETPUYHOr0 CUHTE3Y Ha HOBWUI piBeHb Ta
LLIMPOKO 3aCTOCOBYETLCA Y hapMaLeBTUYHIN NnpomucaoBocTi. Lii kaTtanizatopm MoxyTb gocsaratn 99,9%
ee Ta BUKOPUCTOBYBATUCA B KinlbkocTax 4o 0,00002 monb %. Lli gocnigkeHHs oTpManu nepLly npemito
HauioHanbHOro KOHKypcy y ranysi npmpogHnymnx Hayk Kntaro B 2019 poky.

Ir-SpiroPAP
Ir-SpiroPAP
o . y (0.00002 mol%) /cﬂ"
2
Ph™ "CHj (10 atm) KO'Bu, EtOH, rt Ph™ "CH;

MNpumiTtka:

Ar = 3, 5'(tBU)2C6H3

YacTuHa A

CYHTETUYHUIA LLINAX A0 OTPUMAHHSA XipaibHOro niraHAy SpiroPAP HaBeAeHO Ha HaCTYMHI CXeMi.
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Br o Br
CHO Me,CO Bry,
(0.5 eq) . H, (2.5 €q) O O
—_— —_— 2 _—
NaOH C19H1503 Raney Ni @
OMe NG OMe 3 OMe
CsHgO> (3.0 eq)
TiCl,
O BBT3
. oq (23eq) 1) "BuLi
-~ - 5 4
T e
O 2) EtOH
(+)-6 (¥)-6

(+)-7 (+)-8 (+)-9
MNpumiTtka:
eq = ekBiBaneHT
Ar=3, 5'(tBU)2C6H3
8.1 Hamantiite ctpyktypu 1, 2, 4, 5. (CTepeoximi€to HaBeeHNX pe4oBUH 3HexTyn-  16.0 pt
Te)
8.2 3 HaBeAeHUX HMXKYe BapiaHTiB, 06epiTb peareHT A akuii HE moxHa Bukopu- 2.0 pt

CcTOBYBaTW ANna TpaHcbopmalii 8y 9?
(a) NaBH(OAc)3

(b) NaBH;CN

(c) NH,NH,, NaOH

(d) NaBH,

PauemiyHa cnipocnonyka 6 pearye 3 (-)-meHTUAxnopdopmiatom (10) 3 yTBOpeHHsM cnonyk 11a 1a 11b,
AKI MOXHa PO34iNNTIN KOJIOHKOBOKO XpoMaTorpadieto 3 noganbLumnM rigpasmHoNi3oM Ta oTpymMaTi onTu-
UHO YUNCTi cnonyku (+)-6 Ta (-)-6.
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EtsN

(3.7 eq)
OH )L DMAP

(0.1 eq)

(¥)-6 10 (2.4 eq) 11a 11b

NM62
NoH,*H,O
+ X
| ~
N
DMAP
(+)-6 (- T
MNpumiTtka:
eq = eKkBiBaJieHT
8.3 3 HaBeAeHWX HMXXYe BapiaHTiB 06epiTb NpaBu/ibHE TBEPAXKEHHS. 2.0 pt

(a) Cnonyku 11ai 11b € napoto eHaHTioMepiB.

(b) Cnonykn 11ai 11b € napoto giactepeomepis.

(c) Cnonykun 11a i 11b € napoto ymc-TpaHc-isomepis.

(d) Cnonykn 11a i 11b € napoto koH$popMaLiiHMX i3omepiB.

YactnHa B

Ir-SpiroPAP 6yB oTpuMaHWiA peakuieto SpiroPAP 3 [Ir(cod)Cl], (COD = ynknookTa-1,5-gieH) y MeOH nig
JAI€I0 BOAHIO, SIK MOKA3aHO Ha CXEMi HMXYe.,

SpiroPAP Ir-SpiroPAP



UKR-1 T-8 Q-4
Ukrainian (Ukraine)
MNpumitka:
Ar =3, 5-("‘Bu),CgHs
8.4 HaBepiTb CTyniHb OKWUCHeHHS Ir B kaTanizatopi Ir-SpiroPAP. 2.0 pt
8.5 HaBepiTb KiNbKiCTb BaNleHTHMX eNeKTPOoHiB Ha d-opbiTanax ana metany Irska- 2.0 pt
Tanisatopi Ir-SpiroPAP.

XipanbHuii cnipokatanizatop Ir-SpiroPAP 6yB BUKOPUCTaHWIA AN aCUMETPUYHOI0 TOTaJIbHOro CUHTE3y
AnTepnieHy MyniHaHoBoro Tuny (Mulinane-type diterpene) 22, Ak Noka3aHO Ha CXeMi HKYe,

0 Ir-SpiroPAP OH o) ' OMe
(0.04 mol%) :
50 atm H, PCC 1CO,Et
—_—

CO,Et CO,Et 15
_— -
KO'Bu, EtOH, rt Cs,CO4 CaoH2804
92%
12 13 14
MsOH
o}
1) Na/NH3, EtOH
- 16
2) HCI C20H2603
19 18 17

AN
»
z
I
@
:Q:
o
T
w
(@]
e
b
o
T

20 21 22

8.6 HaBepiTb cTpykTYpHi popmMynm 15 16 3 ypaxyBaHHAM BignoBigHOT cTepeoximii. 8.0 pt
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8.7

3 HaBefeHUX HXKYe peareHTiB 06epiTh HalikpalLuii 415 BUKOpUCTaHHsA Hacta- 2.0 pt
Aii B.

(a) MeLi/CeCl;

(b) MeLi/Cul

(c) MePh3P*1-, "Buli

(d) Me;STI,NaH

8.8

3 HaBefeHVX H/KYe peareHTiB 06epiTb HalikpaLLmii 45 BUKOPUCTaHHA Ha cTa- 2.0 pt
4ii C.

(a) MeLi/CeCl;

(b) MeLi/Cul

(c) MePh3P*I-, "Buli

(d) Me3S*I,NaH
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Amazing Chiral Spiro Catalyst

10% of the total
Question | 8.1 | 82| 83|84 |85 |86 | 87| 88 | Total
Points 16 | 2 2 2 2 8 2 2 36
Score

Chiral compounds are important for human health, for example, more than 50% of the medicines cur-
rently in clinical use are single enantiomers of chiral molecules. However, synthesizing chiral molecules
in enantio-enriched form is a great challenge. Professor Qilin Zhou's team in Nankai University in China
developed a series of chiral spiro catalysts with high activity, raising the efficiency of asymmetric synthe-
sis to a new height, and being widely used in the pharmaceutical industry. These catalysts can give up
to (reach up to) 99.9% ee and can be used down to 0.00002 mol% loading. This research result won the
first prize of the 2019 National Natural Science Award of China.

—_—
Ir-SpiroPAP
Ir-SpiroPAP
j\ . ’ (0.00002 mol%) /‘ﬂ"
2
Ph” “CHs (10 atm) KO'Bu, EtOH, rt Ph™ "CH,

Note:

Ar = 3, 5'(tBU)2C6H3

Part A

The synthetic route of the chiral ligand SpiroPAP is shown in the following scheme.



Th/e\ory

54" 1000 2072 UKR-1 T-8 Q-2
e English (Official)
Br o Br
CHO Me,CO Bry,
(0.5 eq) . H, (2.5 €q) O O
—_— —_— 2 _—
NaOH C1oH1503 Raney Ni [
OMe NG OMe 3 OMe
CsHgO> (3.0 eq)
TiCl, |
1) "BuLi
5 4
2) EtOH
H 2
PAI'2
Me n N=
N vS\j
— Me
(+)-7 (+)-8 (+)-9
Note
eq = equivalent
Ar=3,5-("Bu),CgH;
8.1 Draw the structures of 1, 2, 4, 5. (Stereochemistry is not considered) 16.0 pt

8.2 From the following reagents, which reagent A can NOT be used for the trans- 2.0 pt
formation of 8 to 9?
(a) NaBH(OAc)3
(b) NaBH;CN
(c) NH,NH,, NaOH
(d) NaBH,

The racemic spiro compound 6 reacts with (-)-menthyl chloroformate (10) to generate compounds 11a
and 11b, which can be separated by column chromatography, followed by hydrazinolysis to obtain opti-

cally pure (+)-6 and (-)-6.
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EtsN

(3.7 eq)
OH )L\ DMAP

(0.1 eq)

(¥)-6 10 (2.4 eq) 11a 11b

NM62
N,H,*H,0O
+ X
| ~
N
DMAP
(+)-6 -6
Note:
eq =equivalent
8.3 Choose the correct statement below. 2.0 pt

(a) Compounds 11a and 11b are a pair of enantiomers.

(b) Compounds 11a and 11b are a pair of diastereomers.

(c) Compounds 11a and 11b are a pair of cis-trans isomers.

(d) Compounds 11a and 11b are a pair of conformational isomers.

Part B

The Ir-SpiroPAP was prepared by reaction of SpiroPAP with [Ir(cod)Cl], (cod is cycloocta-1,5-diene) in
MeOH under hydrogen as shown below.

SpiroPAP Ir-SpiroPAP




UKR-1 T-8 Q-4
" English (Official)
Note:
Ar =3, 5-(‘Bu),CgHs
8.4 Write the oxidation number of Ir in the catalyst Ir-SpiroPAP. 2.0 pt

8.5 Write the number of valence electrons of d orbitals for metal Ir in the catalyst 2.0 pt
Ir-SpiroPAP.

The chiral spiro catalyst Ir-SpiroPAP was used for the asymmetric total synthesis of Mulinane-type diter-
pene 22 as shown below.

0 Ir-SpiroPAP OH o) ' OMe
(0.04 mol%) 3
CO,Et 50 atm H, ~1CO,Et PCC -CO,Et 15
_— —_— —_—
KO'Bu, EtOH, rt Cs,CO4 C20H2804
92%
12 13 14
MsOH
o OMe
1) Na/NHj, EtOH H
) s - 16
2) HCl Pd/C CaoH2603
19 18 17

8.6 Draw the structures of 15 and 16, including the appropriate stereochemistry. 8.0 pt
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8.7

From the following reagents, choose the best for B.

(a) MeLi/CeCl;

(b) MeLi/Cul

(c) MePh3P*I~, "Buli
(d) Me3STI,NaH

2.0 pt

8.8

From the following reagents, choose the best for C.

(a) MeLi/CeCl;

(b) MeLi/Cul

(c) MePh3P*1-, "Buli
(d) Me3S*TI,NaH

2.0 pt
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Ukrainian (Ukraine)

ANBOBVKHUM XipaZibHUMN cniipokaTanisaTop

10 6anis
MntaHHA 811828384 |85 |86 | 87| 8.8 | Bcboro
Makcmmym oukiB | 16 | 2 2 2 2 8 2 2 36
OuiHka
YactnHa A
8.1 (16.0 pt)
1(4.0 pt) 2(4.0 pt)
4(4.0 pt) 5(4.0 pt)

8.2 (2.0 pt)
[ 1) [ ](b) [ 1( [ ](d)
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Ukrainian (Ukraine)

YacTtnHa B

8.4 (2.0 pt)

8.5 (2.0 pt)

8.6 (8.0 pt)

15(4.0 pt) 16(4.0 pt)

8.7 (2.0 pt)
[ ](a) [ 1(b) [ ](0) [ 1)

8.8 (2.0 pt)
[ 1) [ ](b) [ ]1( [ ](d)




UKR-1 T-9 C-1

UKR-1T-9C
Yaroslav Sekun

Theory
Total Synthesis of Capitulactone

Cover sheet

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



Theory

) -
54* 1Ch0 2022 UKR-1 T-9 Q-1
"""""""" " Ukrainian (Ukraine)

NoBHMUX cnHTe3 Capitulactone

9 6anis
MuTaHHA 9.1192|93]| 94 | Bcboro
Makcumym oukiB | 24 | 2 | 16 | 2 44
OuiHka

PocnunHa Curculigo capitulata pocte B MiBgeHHOMY KuTai i BXE AaBHO BUKOPUCTOBYETLCA B TPAANLIAHIN
KUTalncbKin piToTepanii Ansa nikyBaHHA 6baraTbox 3axBoptoBaHb. Capitulactone (1) 6yB BugineHuin 3 kope-
HiB Curculigo capitulata. loro cTpyKTypy 3 a6CONOTHO KOHdirypaui€eto 6y10 04HO3HaUHO BCTAHOBAEHO
Ha OCHOBI CNEKTPOCKOMNIYHNX AaHMX Ta MOBHOIO CUHTE3Y.

Curculigo capitulata Capitulactone (1)

MoBHWIN cMHTe3 1 BifOYBAETLCS Yepes KAUOBY MPOMIKHY CNonyky 12, a MOYNHAETHCA 3 MOAYBaHHSA KO-
MepLiiHO AOCTYNMHOro 4-6pomMBepaTpony 2, AK NOKa3aHO Ha CXeMi HMXKYe,
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MeO
NIS BBr,
_— 3 S—— 4
MeO Br HCI (cat)
2
. TBSO Li
TBSCI (2eq) 5 BulLi j@(
DMAP (2 eq) THF, -78°C TBSO Br
6 i
IR
(o) Cl
7 NaOH
- 8 - . 9
BF;* OEt, THF
C21H3gBrC|O3Si2 Cz1H37BrO3Si2

OMe i
1) "BuLi, THF, -78°C y _ NaH,Cucl_
y 2)9, BF5*OEt, .
= 10 C30H45BFO4S|2

NIS: N—I DMAP: ~ Xy TBSCI ‘Bu-Si-Cl

|
= Me
e} N
MNpumiTka:
cat = katanisatop
eq = ekBiBaseHT
9.1 Hamantoinrte cTpykTypu cnosyk 3-5, 8, 9 i 11 3 BkasiBkoto cTepeoximii BCix cTe-  24.0 pt

peoueHTpIB.
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(R)-EnixnoprigpuH (7) oTprMmyBann 3 (+)-MaHiTy (13) Tak K MOKa3aHO Ha CXeMi HuxYe.

OH OH Q {F OJ(

0

P Nalo,

y O/\:)\‘/\/OH T _
OH OH A ﬁ,o OH
13 14
NaBH, % TsCl O/\:-/\OTS
15 > 16 — o)
Py
17

H*, H,O MeONa MsClI
- 18 - 19 —

A C10H1405S MeOH C3HgO, EtsN

MsO” S, ConcHCl Mso”™">¢i  EtONa = CI

o OH EtoH  ©

—
(72}
)
0]
O
)
O
gy
L
=
N
Z
=
)]
0O
=
]
0p)
O
N
@)

MNpumiTka:

eq = ekBiBaneHT

conc = KOHUEeHTpOBaHa
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9.2

3 HaBeAeHWX HMXKYe peareHTiB BUBepiTb TON, AKMIA € Halikpawmmun ans A.
(a) NipyamnH

(b) 5% KOH/H,0

(c) 1% HCI/H,0

(d) besBogHwin ZnCl,

2.0 pt

9.3

Hamanwiite cTpyKTypu NPOMidXXKHUX NpoaykTig 15, 16, 18 Ta 19 3 BKasiBKoto cTe-

peoxiMii BCiX cTepeoLeHTpIB.

16.0 pt

JikeTanb 14 TakoX MOXHa OTpUMaTK 06po6bKoto (+)-MaHiTy (13) 2-meToKCcMnporneHom (23) y MPUCYTHOCTI
KaTaniTU4HoI KinbkocTi TonyeHcynb$poHoBOI kncnotn (TsOH) y 6e3sogHomMy Tonyoni. MogenbHa peakuis
rMokasaHa Huxue,

OMe @)
HO OH TsOH (cat) E ><
+ —_—
A 5
22 23 24

+ H
OMe o+t OH
JT X T

m v Vv

oH \%OMe
L_oH
+

I

9.4

3anponoHoBaHNM MeXaHi3M i€l peakLii BKAtOYaE kKNo4yoBi iHTepmegiaTtu (I-V),
SIK NOKa3aHo BuLLe. 06epiTb NPaBLAbLHUI NOPAAOK YTBOPEHHS KNHOUYOBUX iH-
TepMegiaTiB y X0oZi L€l peakuii.

(@) L IL, IIL, IV, V

(b) IIL IL, I, V, IV

(I, L II, IV, V

(d)IIL L IL V, IV

2.0 pt
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Total Synthesis of Capitulactone

9% of the total
Question | 9.1 | 9.2 | 9.3 | 9.4 | Total
Points 24 | 2 |16 | 2 44
Score

The plant of Curculigo capitulata grows in the Southern China and has long been used in traditional Chi-
nese herbal medicine for the treatment of many diseases. Capitulactone (1) was isolated from the roots
of Curculigo capitulata. Its structure with absolute configuration was unambiguously established by a
combination of spectroscopic data and total synthesis.

Curculigo capitulata Capitulactone (1)

The total synthesis of 1 began with the iodination of commercially available 4-bromoveratrole 2 through
a key intermediate 12 as shown in the following scheme.
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MeO
o, =
_ Ne 3 4
MeO Br HCI (cat)
2
— TBSO Li
TBSCI (2eq) 5 BulLi j@(
DMAP (2 eq) THF, 78 °C TBSO B
6 p—
IRl
o) Cl
7 NaOH
> 8 _ > 9
BF3" OEt, THF
C21H3gBrC|O3Si2 Cz1H37BrO3Si2

OMe i
1) "BuLi, THF, -78°C y _ NaH,Cucl_
y 2)9, BF5*OEt, .
= 10 C30H45BFO4S|2

Me
'NIs: [ N—I DMAP: N,  TBSCL Bu-Si-Cl |
| | [
| ~ Me |
| [e) N !

Note:

cat = catalyst

eq = equivalent

9.1 Draw the structures of compounds 3-5, 8, 9 and 11 and show the stereochem-  24.0 pt

istry of any stereocenters.
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(R)-Epichlorohydrin (7) was prepared from (+)-mannitol (13) through a route as shown below.

OH OH Q {F OJ(

0

P Nalo,

y O/\:)\‘/\/OH T _
OH OH A ﬁ,o OH
13 14
NaBH, % TsCl O/\:-/\OTS
15 > 16 — o)
Py
17

H*, H,O MeONa MsClI
- 18 - 19 —

A C10H1405S MeOH C3HgO, EtsN

MsO” S, ConcHCl Mso”™">¢i  EtONa = CI

o OH EtoH  ©

—
(72}
)
0]
O
)
O
gy
L
=
N
Z
=
)]
0O
=
]
0p)
O
N
@)

Note:

eq = equivalent

conc = concentrated
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9.2 From the following conditions, choose the best for A. 2.0 pt
(a) Pyridine

(b) 5% KOH/H,0
(c) 1% HCI/H,0
(d) Anhydrous ZnCl,

9.3 Draw the structures of intermediate products 15, 16, 18 and 19 and show the  16.0 pt
stereochemistry of any stereocenters.

The diketal 14 can also be prepared by treating (+)-mannitol (13) with 2-methoxypropene (23) in the
presence of catalytic amount of tolunesulfonic acid (TSOH) in anhydrous toluene. The model reaction is
shown below.

OMe
HO OH TsOH (cat)
__/ + }\ ><
22 23 24

+ + H

oH \]LOHMe oH \yLOMe OMe EO>+< on

k/O 9H )J\ 0] O
| I

m v Vv

9.4 The proposed mechanism for this reaction involves key intermediates (I-V) as 2.0 pt
shown above, choose the correct order of the formation of the key intermedi-
ates during the reaction process.
(@)L IL IIL, IV, V
(b)IIL IL I, V, IV
(oIIL L ILIV,V
(d)IIL I, IL, V, IV
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NoBHMUX cnHTe3 Capitulactone

9 6anis
MuTaHHA 9.1192|93]| 94 | Bcboro
Makcumym oukiB | 24 | 2 | 16 | 2 44
OujiHka
9.1(24.0 pt)
3 (4.0 pt) 4 (4.0 pt)

5 (4.0 pt) 8 (4.0 pt)
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9.1 (cont.)
9 (4.0 pt) 11(4.0 pt)
9.2 (2.0 pt)
[ ](@) [ 1(b) [ ]() [ 1(d)




A9-3

UKR-1 T-9 A-3
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9.3(16.0 pt)
15 (4.0 pt) 16 (4.0 pt)
18 (4.0 pt) 19 (4.0 pt)
9.4 (2.0 pt)
[ 1) [ 1(b) [ 19 [ 1(d)
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