Candidate: SAU-3

THEORETICAL
ExAam

| C h O

51st — International
Chemistry Olympiad
France — Paris—2019

Making science together!

2019-07-26

2018

LA CHIMIE

de I'école

2019 __

v MINISTERE MINISTERE
¥ DE EDUCATION DE L’ENSEIGNEMENT SUPERIEUR,
Fe NATIONALE ET DE LA RECHERCHE

Liberté + Egalité + Fraternité
REPUBLI éuns FRANGAISE DE LA JEUNESSE ET DE L’'INNOVATION

51st IChO — Theoretical Exam 1



Candidate: SAU-3

-

General instructions dale cilagas

e This theoretical exam booklet contains 73 pages.
Ania 73 e ookl glatie¥) S 5 giag
e You may begin writing as soon as the Start command is given.
Start)‘y‘ cLL:c\ 2y ) (;3 el vﬂ.xs.q.\

e You have 5 hours to complete the exam.
LAY JLSY el 5 el

e All results and answers must be clearly written in pen in their respective designed areas on
the exam papers. Answers written outside the answer boxes will not be graded.

O Ulaiay) Gl e Leia ISV daiadd) hliall b 28l = s g 4 56 Y5 il maes o588 O o

Y ey e 7 s A 5l LAY sl

e If you need scratch paper, use the backside of the exam sheets. Remember that nothing

outside the designed areas will be graded.
ahldl z s o8 ol s a5 oF 4l 83 L) G, el aadiuld (asee (5 ) dalay S )
Auaiaiddll

e Use only the pen and calculator provided.
Aadial) dpalall y Al Lo aaiiud

e The official English version of the exam booklet is available upon request and serves for
clarification only.
o g gill 085 5 Callall die 5 8 gie CUlaiel) (i€ (e dgan )l 4 Jalas ) il

e |If you need to leave the exam room (to use the toilet or have a snack), wave the

corresponding IChO card. An exam supervisor will come to accompany you.
s | IChOAa) sty a8 ¢ (A Lo g ki ) Giala yall ladina) (laie¥) 48 e 3 ale ) dalay <€ 1)
i) el laial) oy

e For multiple-choice questions: if you want to change your answer, fill the answer box
completely and then make a new empty answer box next to it.
Ua) @ie eLiill o 3 JalSIl GUAY) g e s o8 cclidla) usd 3 55 < 13) sl LAY saaaiae Aaud 4l
slsaaaa g 4
e The supervisor will announce a 30-minute warning before the Stop command.
Stop ey el J8 4883 30 adae pdad oo Ble YU il o sk

e You must stop your work immediately when the Stop command is announced. Failure to

_stop writing by %2 minute or longer will lead to nullification of your theoretical exam.
DT dagy saad LUK e g ol 13 i) el e Sle ) a ladie il e ellee e Cign )l sy
il Galadl kil Hlas¥) o) ) g5

e After the Stop command has been given, place your exam booklet back in your exam
envelope, then wait at your seat. The exam supervisor will come to seal the envelope in
front of you and collect it.

iyl Sl daeia ol &5 GLaaV) G yhae 8 s AT 350 JLiaY) S aef ¢ Stopliy) el slac ) ae

Azaa g clalal Ca g laall B Y laiay)
GOOD LUCK!
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Physical constants and equations — 4zal) cialaal) g <l gl
In these tasks, we assume the activities of all aqueous species to be well approximated by
their respective concentration in mol L™. To further simplify formulas and expressions, the

standard concentration ¢® = 1 mol L™ is omitted.

Giin g mol L0 b Lie JS 3855 ODA (e T Lean s o Al (llaall e a0 (i e ol o0

Avogadro's constant:
Universal gas constant:
Standard pressure:
Atmospheric pressure:
Zero of the Celsius scale:
Faraday constant:

Watt:

Kilowatt hour:

Planck constant:

Speed of light in vacuum:
Elementary charge:
Electron-volt

Electrical power:

Power efficiency:
Planck-Einstein relation:
Ideal gas equation:
Gibbs free energy:

Reaction quotient Q for a reaction
aA(aqg) + b B(ag) = c C(aqg) + d D(aq):

Henderson—Hasselbalch equation:

Nernst—Peterson equation:
where Q is the reaction quotient
of the reduction half-reaction

Beer—Lambert law:

Rate laws in integrated form:

- Zero order:

- First order:

- Second order:

Half-life for a first order process:

Number average molar mass My:
Mass average molar mass My,

Polydispersity index Iy:

51st IChO — Theoretical Exam

il 5 vl Jasaiil 00 = 1 mol L7 bl 38 53
Na = 6.022:10%° mol™
R=8.314Jmol * K™

p° =1 bar = 10° Pa

Pam = 1 atm = 1.013 bar = 1.013-10° Pa

273.15K
F = 9.6485-10* C mol ™
1W=1Js!
1 kWh = 3.6-10°J
h=6.6261-10*Js
c=2.99810®ms™*
e=1.6022:10*C
1eV =1.6022-10 %
P=AE x|
n= I:)obtained/papplied
E=hc/i=hy
pV =nRT
G=H-TS
AG® = —RT InK®
ArGo =—nF Ece”o
AG = AG° +RT InQ
[C]¢[D]
¢ = [AFBP

pH =pK, +log ——

at T=298K, %Tlmo ~0.059 V
A=c¢lc

[A] = [A]o — kt
In[A] = In[A]o — kt
1/[A] = 1/[A]o + kt

In2
k
M, = XN M;
iV
M = i N; M7
Yo XiN M

I, =

=I5
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Periodic table

1 18
1 2
H 2 13 14 15 16 17 |He
1.008 4.003
3 4 5 6 7 8 9 10
Li | Be B|C|N|O|F|Ne
6.94 9.01 10.81 | 12.01 | 14.01 | 16.00 | 19.00 | 20.18
11 12 13 14 15 16 17 18
Na/Mg 3 4 5 6 7 8 9 10 11 12 |Al|[Si|P | S |Cl|Ar
22,99 | 24.31 26.98 | 28.09 | 30.97 | 32.06 | 35.45 | 39.95

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

39.10 | 40.08 |44.96 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.38 | 69.72 | 72.63 | 74.92 | 78.97 | 79.90 | 83.80

37 38 39 40 41 42 43 44 45 46 a7 48 49 50 51 52 53 54

Rb|Sr|Y |Zr |[Nb|Mo|Tc|Ru|Rh|Pd|Ag|Cd|In |Sn|Sb|Te| I |Xe
85.47 | 87.62 |88.91| 91.22 | 92.91 | 95.95 - 101.1 | 102.9 | 106.4 | 107.9 | 112.4 | 114.8 | 118.7 | 121.8 | 127.6 | 126.9 | 131.3
55 56 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs|Bafszn| Hf | Ta| W |[Re |Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At |[Rn
1329 | 137.3 178.5 | 180.9 | 183.8 | 186.2 | 190.2 | 192.2 | 195.1 | 197.0 | 200.6 | 204.4 | 207.2 | 209.0 - - -
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

Fr |Ralss | Rf |[Db|Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh| Fl [Mc|Lv|Ts|Og

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La|Ce | Pr |Nd|Pm|Sm|Eu|Gd|Tb |Dy Ho| Er [Tm|Yb | Lu

138.9 | 140.1 | 140.9 | 144.2 - 150.4 | 152.0 | 157.3 | 158.9 | 162.5 | 164.9 | 167.3 | 168.9 | 173.0 | 175.0

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

232.0 | 231.0 | 238.0

2019&"&}”’5&
IYPT~
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'H NMR

Chemical shifts of hydrogen (in ppm / TMS)

phenols:

alkenes:

amide :NH—:CO:R'

- aldehydes

alcohols:

carboxyllc aC|ds

aromatlcs IR

amines:

b;enzy]ic Cﬂn%CGH;: _
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alkynes - CH3—CR3 -

_ - monon

CH3—SiR3:

:ketongs

1.0 100 9fo 8.0

H-H coupling constants (in Hz)

70 6.0

50 40 30 20 10 00

Hydrogen type

|Jab| (HZ)

R,CH,H,

4-20

RH.C—CR;H,

2-12
if free rotation: 6-8
ax-ax (cyclohexane): 8-12
ax-eq or eg-eq (cyclohexane): 2-5

R;H.C—CR,—CR;H,

if free rotation: < 0.1
otherwise (rigid): 1-8

RH,C=CRH,

cis: 7-12
trans: 12-18

RzC:CHaHb

0.5-3

Ha.(CO)—CR;H,

1-3

RH.,C=CR—CR;H,

0.5-2.5

51st IChO — Theoretical Exam
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IR spectroscopy table

Vibrational mode o (cm™) Intensity
alcohol O—H (stretching) 3600-3200 strong
carboxylic acid O—H (stretching) 3600-2500 strong
N—H (stretching) 3500-3350 strong
=C—H (stretching) 3300 strong
=C—H (stretching) 3100-3000 weak
C—H (Stretching) 2950-2840 weak
_(CO)_H (Stretching) 2900-2800 weak
C=N (stretching) 2250 strong

C=C (stretching) 2260-2100 variable
aldehyde C=0 (stretching) 1740-1720 strong

anhydride C=0 (stretching) 1840-1800; 1780-1740 weak; strong

ester C=0 (stretching) 1750-1720 strong
ketone C=0 (stretching) 1745-1715 strong
amide C=0 (stretching) 1700-1500 strong
alkene C=C (stretching) 1680-1600 weak
aromatic C=C (stretching) 1600-1400 weak

CH (bending) 1480-1440 medium

CHjs (bending) 1465-1440; 1390-1365 medium
C—O—C (stretching) 1250-1050 strong
C—OH (stretching) 1200-1020 strong
NO; (stretching) 1600-1500; 1400-1300 strong

51st IChO — Theoretical Exam 7
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Problem | Question | 1 |2 |3 |4 |56 |7 | 8 | 9 10|11 | Total

T1 Points |3|4|4]2|3|2|2|45/25|3| 3| 33

6% Score

Problem T1: Infinite well and butadiene
Craali gl g (AL gagad) i) 1 TT Adleaal)

The buta-1,3-diene molecule is often written CH,=CH-CH=CH,, with alternating single and
double bonds. Nevertheless, its chemical reactivity is not consistent with this description and
the 7 electrons are better described by a distribution along the three bonds:

adalz celld wa 4 glie 4l g dpalal a5 ) aae «CH,=CH-CH=CH, J<l: buta-1,3-diene s¢s s sl i
3l Loyl 55l sk e de ) sie Ly 7 i 5 i) Coa g Juad) 5 JSEI 138 g (381 5 e el

C—=—=C—=—=C=—==C

1 2 3 4

This system can be modeled as a 1D box (i.e. infinite well) where the electrons are free. The

energy of an electron in an infinite well of length L is: E,, = % where n is a non-zero

positive integer.

b 5o OsSE GlpEY) Gaas (Gl Y g Jy) 1D ) sl Baviea 4l e el 13 Jia oS

(SAD p axge maia e e B )le N s (E) = %:gﬁ L sk SlesY s b o5 5]

1. Two different models are studied. Sketch at least the three lowest-energy levels E, for

each_model in the respective diagrams, showing how the relative energy levels differ
within and between models.

O salll (g duad 3 gaill 8 QB L gie CaliAS (oS Tana 5

51st IChO — Theoretical Exam 8
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0 d 2d 3d

Model 1 (« localized »): The n electrons are
localized on the extremal bonds and evolve in
two separate infinite potential wells of length
d.

o lig Sl S et (838 pale iy fsll) 1 g3 gall)
Jsh Oaleatio el Cpyh b puasiiy 5 guaill Jayl 5l
d (ag_m J;\}j\

Model 2 (« delocalized »): The = electrons
are delocalized on the whole molecule and
evolve in a single infinite potential well of
length 3d.

e il (B8 ke e clig sl 2 zasadl)
G Y (B aagiy egiall dsh e 8 S el
.3d 4 gk asl g

2. Place the © electrons for model 1 in the previous diagrams and express the total energy of
the 7 system in model 1, as a function of h, me and d.

A s M eh IS ] 3 aill L gr Uil 2K A8 S) 5 Gbaadl 3l ans 5l 8 ] 3 seill 7p g i) pua

EQ) =
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3. Place the & electrons for model 2 in the previous diagrams and express the total energy of
the © system in model 2, as a function of h, me and d.

.dsemg shJ‘d\.\Ss2ijﬂ\ganewglﬁ\z\ﬁu\ﬁb@u\gagﬂ\au)l\gsZCq}mﬂnuhj).\ﬁ;\&

E(2) =

The conjugation energy is the total energy of the actual m system, minus the sum of the

energies of ethylene molecules involving the same number of electrons.

Gl ja il & gane gie Lo jhae o adall ol 24<0 &8l & (conjugation energy) ¢él ) sk
Ll SV (e 202l i Ll ethylene

4. Express the conjugation energy AE. of butadiene, as a function of h, m and d.

d o ‘Me chJals cwéuj.uﬂ AE. 8l ;\ﬁl.kﬂ

AE,

Models 1 and 2 are too simplistic. A new model will be detailed in the following.

5. Draw three other resonance structures of butadiene using Lewis notation.

(o sh el ladiuly sl (5 Hal A ) JISET 0 aua )

CH,
HZCN

To take into account the size of carbon atoms, model 2 is now modified into model 3, as
follows:
- the new length of the well is L and is located between the abscissa 0 and L

- the carbon atoms are located at the abscissas L/8; 3L/8; 5L/8 and 7L/8.
(SIS (3 zdsad () 2 3 sei e a3 ¢ eV 3 s pSH Q0 aaa Y
L 50 O iend) Hoaall e aalgiyg | Jghaad paall Jill -
TL/8 55L/8 ¢3L/8 ¢L/8 xic Sl ) gnall e 5352 50 0 SISl )3 -

51st IChO — Theoretical Exam 10
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For each level n, the © wavefunction is:
Ao sall 7p a3 A1)y 055 ) (5 e JS

Pa) = [sin(00)

and the & electron density for a system with N & electrons is:
i s SIS N (e 58 aldail 4y 5 ySIY) qp 485K (5S35
N/2

p() =2 ) P
i=1

The four m wavefunctions, which correspond to the molecular orbitals of the m system, are
depicted below (arbitrary order).
(o 98 Gasi i) JauVL e gy op aldas 3 Ay jad) ol laall i i) ey 5N A sall 7 ol J) 50

A B

W(x)
W(x)

W(x)
W(x)

6. Sort the energies of the four © wavefunctions (Ea, Eg, Ec and Ep).
(ED s¢«Ec <Ep cEA) T eUé.'ﬂ A gall ) gall Q\A\.ku,u_"J

< < <

7. Give the labels (A, B, C or D) of the orbitals that are filled with electrons in butadiene.

Ll sl 8 5 SV e slaall i plaall (D 51 «C B cA) el is)

51st IChO — Theoretical Exam 11
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8. Within model 3, give the values of the m wavefunctions 1, for occupied levels at
positions 0, L/4 and L/2, forn=1and n = 2, as a function of L.

JAXin=2 sn=13L/2 5<L/4 60H\ﬂ\mﬁgw\ﬁgwwn%}d\ndbjeﬁhﬁ 3 CJ}A.\H
L

'7[)1(0) =

Y, (0) =

51st IChO — Theoretical Exam 12
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9.  Within model 3, give the value of the & electron density at positions 0, L/4 and L/2.
L/2 5 L/4 0 o) sall die A yiSIY) g A8USH A o) (3 235l

p(0) =

10. Draw the & electron density between 0 and L.
L 50 o g SV A8 & 5 55 )

11. Sort the following CC bonds (B1, B2, ..., BS) by increasing length, using the symbols =

or <
1< sl = Gl aladiuly el sh 2o (B5 ... «B2 «B1) 4l CC Ll s 8y
B1: C1C2 in the butadiene molecule
B2: C2C3 in the butadiene molecule
B3: C3C4 in the butadiene molecule
B4: CC in the ethane molecule
B5: CC in the ethene molecule

51st IChO — Theoretical Exam 13
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Problem |Question| 1 | 2 | 3 | 4 | 5|6 | 7 | 8 | 9 |10 | Total

T2 Points 11412 |3|3|6 41|82 34

7% Score

Problem T2: Hydrogen production by water-splitting

slall CLSE dandl g3 o 9 ) L) 1 T2 Adleaal)

Data:
;Q\Tglna..d\

Compound <S4l | Ha(g) | H20(I) | H20(g) | O2(0)

AR (kImol™) | 0 | —2858 | 2418 | 0

S (Imol*K™) | 1306 | 69.9 | 188.7 | 205.2

Molecular hydrogen (H;) can be used as an alternative to carbon dioxide-emitting fuels.
Hence, lowering the cost and the environmental impact of its production is a major challenge.
In this field, water-splitting is a promising candidate technology.

il 5 A 65 amy ¢ Ml g g 50 pSU 2T 0 Sl i) 25850 JiasS (Hp) O 5ol s oa pladind (Kay

Bac) g dad ye 4 olall LS ey Jlaall 138 & L) Lasd 4aliY caaliad) i)

1. Write down the balanced equation of liquid water splitting reaction using a stoichiometric
coefficient of 1 for water.

all | ¢S Jabro aladiuly Jilad) o Lal) IS5 Jeliil 25 5 ) sall Aslaall i5S)

2. Using only the provided thermodynamic data, justify numerically whether this reaction
is thermodynamically favorable at 298 K.
298 K ie Lualiud ga i S Jeliill (5 Ja Lty y grida g cJaid 488 yal) 4Saalinn o i) Clbslanall aladiuly

Calculations:

Reaction thermodynamically favorable?
LSaalinn sa 5 Juade Je il Ja
O Yes 1 No

51st IChO — Theoretical Exam 14
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Water splitting can be performed electrochemically using two electrodes in an acidic water

bath, connected by a generator (Fig. 1). Gas bubbles are formed at both electrodes.

) ol eS Al say (il sam e ¢ omen e plen (8 Ol jeS (bl alaniuls Tl 5 Y olall S8 o] a) oSy
Oombdl M8 die Hlall Gilelsd i (1

(1) (2)

Fig. 1 — Water-splitting electrochemical cell.
e Lal) CISEE LiiluasS o i€H LIS - ] S

3. Write down the balanced net electrochemical half reactions occurring at each electrode.

ki S wie el Gilasl (5 sall dlall e 5 Sy Jelal) qis)

On electrode (1):

On electrode (2):

4. Using only the provided thermodynamic data (or question 2), derive the condition on the
applied voltage between electrodes, AEypied COMpared to a value AEy, (to determine), for
the process to be thermodynamically favorable at 298 K, when all reactants and products
are in their standard state. Tick the right condition and give the numerical value with 3
decimal places.

cOplaill C Galaal) L6 deall G e Jaall (§8d) (2 Ve l) T ASualinn sa il cilidanall ol
g 0583 Lavie 298 K die USalind sa i Aliaie dleal) o) 5SH) (Rl ) AEg Ay 4380 AEpplied
Ao pde A 3 148 ) Al pudag ol LAl (e paaaall b il S8 Al agiWla 8 gl 6il) g cidleLdial)

Calculation:

51st IChO — Theoretical Exam 15
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O AEapplied = AEp
O  AEapplied > AEm where AEj = ....... V (give the result with 3 decimal places)
O AEapplied < AEth
If you could not calculate AEy,, the value 1.200 V
can be used in the rest of the problem.

ALY A (31,200 V el 22350 AE cloa (e 085 o1 1

Experimentally, a higher voltage is needed to observe water splitting. For a given Pt cathode,

the minimum voltage necessary to observe water splitting, AEni,, depends on the nature of the

anode, as displayed in the table below:

Gl a5l AL eS dea b B o Aaadle i Pt (g Gae 35S oLl lSal ST L jeS dea 38 a5k Llee
:&‘-’m Jaall S S 25y dayla e iy cAEpp sl

Anode AEnmin (V)
IrOx 1.6
NiOy 1.7
CoOy 1.7

Fe,O3 1.9

The difference between AEni, and AEy, is responsible for losses in the device.
Ol (B a4 AEy 5 AEmin On G4

5. Give the expression of the device power efficiency 7. (fraction of the power used for
water splitting) as a function of AEy, and AEq». Assuming an identical current value I,
calculate the water electrolysis power efficiency when a Pt cathode and a Fe,O3 anode are
used. Give the most efficient anode.

J RS (lall A& b adiiveal el 5eSH 555 i) pgree Sendl Al jeSI) 58 LS dpaly I A8Ma)) i)
3 P G 35S ok Laxie slall Jidal Al 5ol 8oLl qanen) | Blaa e U G e AEyy s AEmin
el Y 2 3Y) <i8) Fe,03 o 255

Helec =

Power efficiency when a Pt and a Fe,O3 electrodes are used:

Helec = %

51st IChO — Theoretical Exam 16
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Most efficient anode 3+ US iSY) 2 31

If you could not calculate 7, the value 7eiec = 75%
can be used in the rest of the problem.

ALY Ay 3 7100 = 75% Al adin ¢ 1gje0 Hlasn (3o S Al 13

An alternative to water electrolysis is direct photocatalytic water-splitting. It uses a
semiconductor that can be activated by absorbing light.

pabaialy aladi (Say Juage 4nd aladinl oy LilseS bl daladd Sbay piladl) Jgual) Sially olal) Sa 2y

szl
2.0 -
nsS SiC
Zr02 T
-1.0 1/ CdS
KTaO3  SrTiO3 = MUSCC'SE Si
o4+-4----}-° - 1. =4 | WO3_|Fep03_ __ "~ -E-H+IH2
— _ = = =
" e REEREEEEEREEE
T o104 2l gl o o of 2| 2| 2l H =
a : 0y o) 2 o) e ol N N N o oo 02/H20
> -4 - .
> 2.0 A
3.0 A 41l -+ L
X -— Name of semiconductor Jua gall 4sii aul
40 o —— —— 110 Potential of equivalent cathode Sl 2 ISl 5L jeS) agall
%*_ &: Minimal light energy to activate Judill 43 s il Jil
R_ I Potential of equivalent anode {ASall 3 53U (Al Sl 2gal)

Fig. 2 — Activation condition and equivalent electrode potentials of different semiconductors.
Dashed lines correspond to water oxidation and reduction potentials. SHE = Standard
Hydrogen Electrode
52uSY) 3 gea Jiad dnhadiall b gl ddlise i ga sl LiblSal) Ll 1o < ladY) 3 gea 5 Jirdil] b i -2 JSE)
bl Cpa g el ibi =SHE . elall J R Y

51st IChO — Theoretical Exam 17
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5 3 100

n
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Fig. 3 — Left axis: Spectral distribution of the solar photon flux ¢. The photon flux is the
number of photons per unit area per unit time arriving on the semiconductor. Right axis and
dashed line: cumulative photon flux (i.e. fraction of the photon flux with smaller wavelength).
Cligisdl) o e 5 jbe Cilisisdll 385G Luwadl] g sdl) G2 Shall oy sl lesdl] (Ao saadl — 3L
i 557 g8ll aS] ) G801 pndtal) sl g paedl] (Ao ) paall | Joo g0 4l A ST dia j 52n g SST da Lo 52n 5 ST
(A ¥ pall 1 5b Y] o i sill (585 dunsi o 5)

6. Estimate the fraction of the solar photon flux that can activate the following
semiconductors: TiO,, CdS, Si. State explicitly the equations and units used for the
computation.

Yaleall Tass il g Si 5 «CAS ¢TI0y Al il sall elusl Jrds a3 dpsaddl] < 5 i) (3835 Ay 38
lillia 8 Lgieadind il cilas gl

Explanation / calculation:

51st IChO — Theoretical Exam 18
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Approximate
fraction
A ) Al
TiO, %
Cds %
Si %

The activation of the semi-conductor results in a modification of the surface potentials, so that
it can be seen as two electrodes of different potentials.
gl Alide Gl )68 (hiS ety 13g] 5 cdanall 450 S 3 geall Joast die iy Jac g 4] Jpnd

7. Using the data in Fig 2, choose the semiconductor(s) in the following list that, once
activated, can play both roles of anode and cathode for water-splitting reaction.

O Sy dlglimii wie ¢l 4000 Aldll (e (Sl sall oladl ) o g 4l J540 (2 JS) 8 i) alasiuly
relall GlSis 82 1S5 0 gilS T ) gl

DZFOZ O zZnO O TIOZ O WO3
LICdS [ Fe,03 1 CdSe O sSi

8. Give the semiconductor that, used as both cathode and anode, is expected to be the most
efficient for water splitting upon a given solar shining.

e (smadd o lad) die olall GLSE 838 FSYI () 6 o a8 5y 02 5l 5 3 SISS ddladiivl die (53 (i g 4l Jas)
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The evolution of H, and O, when a semiconductor is irradiated by simulated solar light at

T =25 °C at pam Was recently studied. Using an incident power light of P = 1.0 kW m 2 and a

photoelectrode with a S =16 mm? surface, the production of V =0.37 cm® of Ha(g) was

measured after At = 1 hour of reaction.

Pam 5 T=25°C dic (aadl) gladly Slas ¢ sy Joase 4 gladl 2ic Oy 5 Hy Claail dl 2 1 A 50

ol & S =16 mm? asku dalue JleSsisd iy P=1.0KW M % 48 Lilu g aladiuly
Jelil) (e At = 1 hour oo 2 &4l Hy(g) o= V = 0.37 cm®

9. Calculate the power efficiency 7girect OF the conversion.

Calculation:

Hdirect = %

If you could not calculate 7girect, the value 7girect = 10%
can be used in the rest of the problem.

ALY A8 A 7girect = 109 Laiil) addiasl ¢ pgirecy Sl (e (S Al 13)

Two modes of converting solar energy to hydrogen can thus be compared: direct
photocatalysis, and indirect photo-electrolysis combining a photovoltaic panel with an
electrolyzer. The efficiency of photovoltaic panels on the market is around 77paneis = 20%.

S dsady bl (sl Saall:cpa s pued) ) Al AUl ) el (e (paai 45 )lRe (L (S
o 0sS B)eaVL 58 Lpwedl) LAY 5ol AL Sl Jilaill ae Apeed AR mey 8le e
- Hpanels = 20%
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10. Compare the power efficiencies of the two modes, 7girect aNd #ingirect, USING Fe203 and Pt
electrodes for the electrolysis.

4;4\4)653‘ Jalasl) ﬁss Pt 5 Fe,O3 ) c‘hi:utf‘ ¢ Hindirect 9 direct ¢(pphaill ERVRVIN| NEN A TN g C}J@

Calculation:

(| Ndirect = indirect O Mdirect =~ Tindirect O Ndirect < indirect
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Problem |Question| 1 | 2 | 3 |4 | 5|6 |7 |8 ]9 10| 11 | 12 | Total

T3 Points 113|334 |2 |7 |2 |23 |4 6 40

5% Score

Problem T3: About silver chloride

Lall) bl 0o 1 T3 Alasal)

Data at 298 K:
:298 K aie cildaral)

PKs1(AGCI) = 9.7; pKs2(AgoCrOy) = 12

Formation constant of the complex sixall ¢ s <5 [Ag(NHa),]*: 4, = 102
Potentials against the standard hydrogen electrode (tall s 5 el g 45 5laa 2 geall;
Standard potential of Ag*/Ag(s): E°(Ag*/Ag(s)) = 0.80 V

Apparent potential of O,(agq)/HO (aq) (in seawater): E'(O,(aq)/HO (ag)) =0.75 V

Part A: Quotes from a chemistry lesson by Louis Joseph Gay-Lussac
Louis Joseph Gay-Lussac dawl g sbaasS (3 (o il 1A ¢ 5al)

The following quotes from a chemistry lesson by Louis Joseph Gay-Lussac (French chemist
and physicist, 1778-1850) deal with some properties of silver chloride.

(i by cbe Qlle) Louis Joseph Gay-Lussac idawl s sl (o (e 33 salall 4l ciluligy)
Azl 3 IS (alliad (e o35 (1850-1778

Quote A: “T will now talk about silver chloride, a milk-white solid. It is easily obtained by
pouring hydrochloric acid into an aqueous solution of silver nitrate.”
s S Lo Jpanll W gean (S Ada-eliay dbia 32l daadl) ) e Y1 Gaaadlu (A (ulBY)
" dmil) ol 5 e ila slaa bl 5 SIS )
Quote B: “This salt has no taste since it is insoluble.”
My e Y aalall e L) 138" i B GulEY)
Quote C: “This compound is completely insoluble in alcohol and even in acids, except in
concentrated hydrochloric acid which dissolves it readily.”
A S 5all @l ) 5lS 5 sngl) G o Lo spalaall) 8 in Y5 J sl b Tl gy Y Syl 1387 2 C @Y
" Al s 4ny
Quote D: “On the other hand, silver chloride is highly soluble in aqueous solution of
ammonia.”
"L saY) e Ailall Jillaal) 8 Alle Al 3y ) 5IS Al cmill et 1D ali@Y)
Quote E: “Then, we can make silver chloride appear again by adding an acid which reacts
with ammonia.”
"L 5aY) e Jelis (5315 (e Adlials Taana el Aaill 3y 61 Jaad of LSy ¢ (g 5" 1B B
Quote F: “If you take a bowl made of silver to evaporate salty seawater, you will get impure
sodium chloride, mixed with a milk-white solid.”
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s@.d\ By eﬁd}n@l\ ) o Jeasin c@h\]\ el sla Al diasl) (e & shan sle g s " e F g
" e e liay dalia sale Ualiag

1. Quote A: Write the balanced chemical equation of AgCI(s) synthesis.

AGCI(S) il 435 ) sall il Aalaall 81 (A Gl

2. Quote B: Calculate the solubility s of AgCI(s) in water at 298 K in mol L ™.

.mol L 5225 298 K aic ¢l 3 AgCI(s) 4 s daslall cusa) 1B ubi@)

Calculation:

s= mol L™

3. Quote C: In a highly concentrated solution of chloride ions, a well-defined complex of
stoichiometry 1:2 is formed. On the following qualitative axis (with pCl increasing from
left to right), place in each domain the silver-containing species that is predominant (or
exists, for solids). pCl values at frontiers are not expected.

AU o sl saall 8 102 A5ISe Ay daae dire () sSh edy SISI gl (e S ) e Jslaa 8 :C Gali@Y)
canl il o) Lo g Y il e (5 sinall apal) Jlae JS 3 asd o(Opadl (A Jlesd) (e pCI 48 ala 3y Cass)
Apslhe s (pllas JS 2 pCl ad L (Aaleall 3alall dailly

pCl = —log[Cl—]

Quote D: When ammonia is added to silver chloride, a well-defined complex of

stoichiometry n is formed.
N A Ay 23n b oS i) 2y IS ) L g Gl Ladie 1D (ub8Y)

4. Write the balanced equation corresponding to the synthesis of the complex [Ag(NH3).]"
from silver chloride and calculate the corresponding equilibrium constant.

Y1 s g dmil) 35518 (0 [AG(NHa)y]" Sinall s & 5 el &Sl Alilaal i
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Equation:

Calculation:

K=

If you could not calculate K, the following value
can be used in the rest of the problem: K = 1073

ALY AE 8K = 107 Aedll aadin) (K s (e oSai ol 13

5. Ammonia is added to 0.1 mol of silver chloride in 1 L of water until the last grain of solid
disappears. At this moment, [NH3] = 1.78 mol L™. Determine the stoichiometry of the
complex neglecting dilution effects.

sda A Adall sald) (e e ga AT (R s eldl e T L (A daill 3K e 0.1 Mol () LigeY) dilia) o
) 580 Sages ¢l 408 Al 33 [NH3] = 1.78 mol L lasll

Calculation:

n=

6. Write the balanced chemical equation corresponding to quote E.

E i) J daliaall 455 ) sall 4leasSl) Aalaal) S|
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7. Assuming that seawater is slightly basic and rich in dioxygen, and that silver metal can
reduce dioxygen in such conditions, write a balanced chemical equation corresponding to
the formation of the solid mentioned in quote F. A stoichiometric coefficient of 1 will be
chosen for dioxygen. Calculate its equilibrium constant at 298 K.

(5 S S ST e 8 Al e s (S S 5 U 2018l ola o 2 8 e
a2l F ab®Y) 85 ) oSl Abiall salall (S5 Jeliil duabiaal) 43 g ) gall Ailaa Aalaal) Gi3S) ca g ylall 038
298 K aie oy 3V culs qaa) | S cpanSOU 2 8 Jalas

Equation:

Calculation:

Part B: The Mohr method
Mohr 44 b :B s jad)

The Mohr method is based on the colorimetric titration of CI~ by Ag” in the presence of
potassium chromate (2K*, CrO,%"). Three drops (~ 0.5 mL) of a K,CrO, solution at about
7.76:10 * mol L ™! are added to V= 20.00 mL of a sodium chloride solution of unknown
concentration Cc. This solution is then titrated by silver nitrate (Ag®, NOs) at
Cag = 0.050 mol L™*, which immediately leads to the formation of solid A. A red precipitate
(solid B) appears at Vag = 4.30 mL.

& .(2K*, CrO,4*") potassium chromate 2sa s 3 Ag* adaul s CI"d 45l 5 el e 4yie Mohr 42,k
&) 7.76:10 2 mol L Jdiss S5 @iy KoCrOy Jstae (e (0.5 ML Jsa Jaled) <l ylad D5 il
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silver aau) s Jslaall 138 3 plas o3 &5 ey . Cop Jsene S5 p g guall 2518 Jslaa 00 Vo =20.00 mL
(s0lid A) dda 33l 585 ) 380 5255 Sl «Cag = 0.050 mol L™ 555 <3 (Ag*, NO3)) nitrate
Vag = 4.30 mL 4Lz i (s0lid B) sesl ol el

8. Write the balanced equations of the two reactions occurring during the experiment.
Calculate the corresponding equilibrium constants.

OV ol ol ua) A el b cplialall Gale Wl i 5 ) sall GaibiasSll ilalaal) IS)

9. Identify the solids.

Alall o) gall daa

Solid A:

Solid B:

10. Calculate the unknown concentration Cc; of chloride ions in the sodium chloride
solution.

s seall 3 Jslae (3 ISH Gl 5 Coy Jsenall S il queal

Calculation:

Cal = mol L*

If you could not calculate C¢, the value C¢; = 0.010 mol L?
can be used in the rest of the problem.

A4 3 Cop = 0.010 mol L1 Al ansind «Cp s (o oS ol 13)
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11. Calculate the minimal volume Vag(min) for which AgCI(s) precipitates.
AGCI(s) il Vag(min) oY) aaal) Caal

Calculation:

Vag(min) = mL

12. Calculate the residual concentration [Cl s of chloride ions when silver chromate begins
to precipitate. Justify why CrO4* is a good titration endpoint indicator by comparing two
values.

3l (psiad 45 )liay gdag o sills silver chromate fas Laxie a5 s8I @il sl (e [Cl Jres (sitial) 38 5l G

B el g Ada) aa GBS CrO4> 058y

Calculation:

[Cl ]es = mol L™
CrO,*" is a good titration endpoint indicator because:
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Problem | Question | 1 2 3 4 5 6 7 8 | Total
T4 Points 6 9 8 5 6 2 2 12 50
7% Score

Problem T4: From gunpowder to the discovery of iodine
35l GLESS) ) a9kl Cpe T4 Al

In the 19" century, the French entrepreneur B. Courtois specialized in the production of
nitrate A (Ma(NOs)n), used for gunpowder. Initially imported from Asia, A was later
produced from nitrate B (Mg(NO3),) using exchange reaction with compound C, obtained

from algae.
pxiuall (A (MA(NO3)p) <l il z) 8 B, Courtois (s ill JleeY) da ) (anadd « jde il o @l 3

e Joal) Jelis 21335 B (Mp(NOg)y) <l on iy 4ali) o35 bl cpn Ll (3 A St 05351 3
sl (e ade Jgeasdl 23 53 ¢ C S all

1. Find the formulas of nitrates A and B knowing that they are anhydrous salts of alkaline or
alkaline-earth metal (Ma and Mg). One of the nitrates contains no more than 1 w% of
non-metallic impurities while the other contains 9 + 3 w% of impurities. The content of
metals Ma and Mg in the samples is 38.4 w% and 22.4 w% respectively. Support your
answer with calculations.

anl g5 Y (Mg s Ma) 0l 58 38 5l o8 S a3l s~ Ll cadle 13 B s A <l il jua 3o gl
Gsine 8l e O £ 3WU Ao DAY (g siny Laiw Apaaall e 8 e T WO (e ST el i)
Sl e lida] aod) Nl e 224 W0 5384 WU s Sl 2 Mg s Ma bl
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A: and B:

To obtain A, 262.2 g of solid compound C were added to the solution containing 442.8 g of
B. B is known to be in excess. As a result, 190.0 g of white precipitate D were formed and
removed by filtration. The filtrate was evaporated, and the obtained solid mixture E was
heated until the mass of the sample (containing only nitrites, NO, ) was constant. The only
gaseous product was dioxygen: 60.48 L at 0 °C at 1 atm (dioxygen can be considered as an
ideal gas).

. B 44289 e s A Jsladll ) C leall S jall (00 262.2 ¢ ddla) it (A e J sl
28 Gaoh ge 4l ais D planl Gl 50 190.0 g O3S M dag | (aild (S5 aa) s B o Cag el
& sind ) Aipall L0 AL ) Jgemsl) s B adle Jgeanll 2 o3 lall Jadall (i 255 cdaldjl) pd o
Rap) Latm e 5 0°C e 60.48 L 1onanSY) (S S 2a gl (W) @il (NOy ey i) e Lo
L P I PO i v g 7Y

2. Calculate the composition (in w%) of mixture E considering that it contained only
compounds A and B and no other impurities, and that C was taken in pure anhydrous
state.

Sl s s Al il g i S Y5 B 5 A DS je e (5 sing 4l | ysine B Ladall (e (WOh i) S i el
A 4l Al a C sl
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w% of A: and of B:

3. Determine the formulas of compounds C and D and write the balanced reaction equation
between B and C.
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C: and D:

Reaction between B and C:
CsB ondell

In 1811, when working with algae ashes, Courtois observed that copper vessels were worn out
faster than usual. While he was studying this phenomenon, his cat entered the laboratory and
spilled the solution of concentrated sulfuric acid on the dry algae ashes: violet vapors instantly
came out of the vessel (1, sulfuric acid is the oxidizing agent): iodine (I;) had just been
discovered! lodine was the cause of the copper corrosion (2). However, because of the
medicinal applications of iodine, Courtois opened a new manufacture to produce it by
reaction of algae with chlorine (3).
Aiaall (ge gl IS0 KB 8 sl die 1 ol Courtois LY cdladall sle ) oo Jaall die <1811 ple
Adlall Qllakall ole )y e 35S el elity j €SI (mas Jslae Cxd 8 pridal) ailad <l 3 jallal) sda ey S Laiy g
LI &5 A (1) 2l (2uSsal) Jaladl sa @l 8l Gaes ¢1) sle il e il o dmdnd) 5 5a0Y) calkils
Laias Courtois i ¢ sall ddall bl Cu @l aa g (2) (eubadl) JSUI G 58 2 gall OIS 14 jail) o328
(3) s e L Jelis 35k e 4By [aa

Nowadays, iodine is prepared from the set of reactants (NO3; ™, 17, H) (4) or (1057, I, H") (5).
(1037, 17, H) (5) ol (NO3™, 17, H") (4) deliidl o sall de sane (o 252l jaiani oy ¢ pualall Cd )

4. Write balanced equations for reactions 1-5.
5-1 @Ol lall 45 g ) ge ¥ alas GIS)

The solubility of iodine is very low in water but significantly increases when iodide ions are
added. Together they form ions such as triiodide, I3 :

51st IChO — Theoretical Exam 31




Candidate: SAU-3

lgadany ae 2 G 20 gall i ) Adla) wie T sale S0 3y 30 o815 el 8 el dadaie 3 5l 8 sl 4308
Jg7 sl DS Gl gl 4 S

I'(aq) + I2(aq) = Is (aq) (6)

Equilibrium (6) can be studied through the extraction of I, with dichloromethane. Indeed, I
and I3 do not dissolve in organic solvents but I, does and, when extracted, it is 15 times more
concentrated in dichloromethane than in water.

Clodal (A 03 5 1 s V@l 3 Gl 5,58 (A e |y padlaiul JBA (e (6) 0J) 5! Al o (S
slall (84505 50 15 ey JS) (e ) oIS (AU s 38 55 ()5 ¢paliing Ladie Glld) gy [ (S5 4 guiand)

The following experiment was performed. To prepare the initial solution, a few crystals of
solid iodine were dissolved in 50.0 mL of an aqueous solution of potassium iodide (0.1112 g).
Then, 50.0 mL of dichloromethane were added, and the mixture was vigorously shaken until
equilibration. After phase separation, each phase was titrated by 16.20 mL (organic phase)
and by 8.00 mL (aqueous phase) of the standard aqueous solution of sodium thiosulphate
pentahydrate (14.9080 g in 1.000 L of solution) in the presence of starch. The process is
schematically represented below:

Jslas 3a 50.0 ML 8 clall 25l (ga sl Ay 213 3 ¢ oW1 Jslaall sl AN 4 el o) ja) o
B lalall = ) a5 (e 5518 (A (e 50.0 ML Adlia) casi celld 22y (0.1112 ) poembisdl 230 (0 Sle
8.00 ML 5 (ssanll Hshll) 16.20 ML Ll sk JS 3 s a3 ¢ shall Juasil ey o)l ) J g gll Ss
1.000 L 2 14.9080 g) sodium thiosulphate pentahydrate ¢ ot e J slas alasiuly (Sl ) shll)

bl Taladiall 8 jeday LS dlaadl iad oSy L 353 5 (Jslaal) (e

3 plall gl o B fa £l i)
5,0, ‘;ddl
starch titration . .
. il . Al fa B et
until near 4 6 - until end
phase endpaint p—y 8
412 ;
initia] | TCHCE separation | 29 ¢
solution .
1okl .
L) st SV g e 9
.2 add L
5203 starch '.I./li[ sion
—_— = —_ T I . i
i ; ) fa § placall
until near LA a) unfilend =¥ o=
endpaint

Sl ol B S

5 ( 1 [ | K] [ = 7 K] [ & 7
Blue Dark Brown Yellowish Yello- CLess
Brown L Pink J Blue LDk purpls Dk Purple CLess LPink ) wish LCLGSS I

a b C d e f g h i

CLess = coulourless Dk = dark
Brown: &, Blue: &), Pink: 25 Dark Blue:gee o)), DK purple: Gele  oadiy
CLess:us s, Yellowish: ias
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5. Find the correspondence between the stages on the scheme (1-9) and the schematic
pictures representing them (a—i).

(8 e ) Ayl el 5 (9-1) ool 3 1Y) (o 38050 aa gl

Stages L) skY! Picture 5 sual

OO NO| OB W N

6. Write balanced equations for the two possible chemical reactions in the aqueous phase
during the titration involving iodine species and sodium thiosulphate.

iy 5 s 35l o) il Gt A 3 ol 2L AL shall b cplaiaall GailasS Gle il 455 5 50 ¥ alae GS)

7. Calculate the mass of iodine used to prepare the initial solution.
Y Jladll jumatd dadiual o gl A1 sl
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m(l2) = g

8. Calculate the equilibrium constant K° for equilibrium of reaction (6).
(6) Jetaill o)) sl KO il o) 35 Culs quwa)

KO
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Problem | Question | 1 | 2 7 9 | 10|11 12| 9@
5 Points 3| 4 4 5212 2 a1
8%

Score

Problem T5: Azobenzene — B-cyclodextrin complexes for the formation of nanomachines

4553 Y cp sl Azobenzene — B-cyclodextrin isies : T5 Alwall

Nanomachines are molecular assemblies that enable the transformation of an energy source
into a nano-movement for applications such as drug delivery. Numerous nanomachines make
use of the isomerization of azo compounds (R-N=N—-R”) upon irradiation.

Jsmas i il Cogy lld 5 5 50 A8 pa ) 8L s Uy sat qelited Ay o e same (b 50l YY)
il die (R=N=N=R) 53¥ il pa Slai (e i) Zy il YV (e 22ell ) 5l

1. Draw the stereoisomers of azobenzene (HsCs—N=N-CgHs) and draw a line between the
two carbon atoms that are the furthest apart. Compare these two distances (dirans and dg;s).

oo Sy La 21 (0 SU 353 e U awa g (HsCe—N=N-CgHs) azobenzene 4] sl lSlaiall )

(Oeis 5 irans ) Sllsall Gila (s B CpSlaiall US 6 Glanall Lgazan,

trans

cis

Comparison 4 jall;

dtrans

dcis
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NH

NH,
COOH
e T
/ \NQ N N o)
HOOC /@ | COOH
M
\N

| ] @

Fig. 1 — Possible reactants for the synthesis of M.
M il daiaal aBleldia) - ] JSi)

2. M can be synthesized in two steps from simple reactants (Fig. 1). Choose among the
suggested reactants (N to Q) the ones that can provide M with very high regioselectivity.
Sodium nitrite (NaNO) in cold aqueous hydrochloric acid is used as reagent for the first
step of the synthesis.

Al (Q I N () 4 el e liiall g e A4 (1 JSAll) ddaguall e ldiall (o (i shad (8 M goiaall (S

ass A (NaNOy) psdseall cyyii axdig Al e dpmaa s A00EH) 3,508 M 0psSil 258 o oSa A

Al (e (I gY) 3 shadll Jeliia€ o ) ) ey ) 518 5yl

Reactants: and
Cole el - B

Determination of the association constant K;
Ky Bl ¥ culd pass

B-cyclodextrin (C, Fig. 2) is a cyclic heptamer of glucose, which can form inclusion
complexes with azo compounds. In tasks 3 to 6, we will determine by spectroscopy the
association constant K;, corresponding to the formation of the inclusion complex CMyans as

depicted in Fig. 2.

J o S 5 ¢S slall & e gisall el s oS 4o (2 U3 ¢ C) B-cyclodextrin <Soall siay
2 IS e g 52 LS CMiygans el i 5S30 (380 sl ¢ K ol 300 s
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C Mtrans CMtI’anS

Fig. 2 — Formation of the CMrans inclusion complex.
.CMtrans bl ) diza 0 o5 — 2 JRA

Several solutions are prepared by mixing C and Myans in different proportions to reach initial
concentrations [C]o and [Mirans]o. While [Myrans]o is identical for all solutions, [C], varies. We
follow, at a fixed wavelength, the evolution of the difference in absorbance AA between the
absorbance of each solution and the pure solution. We note the molar absorption coefficients
of CMyrans and Mirans, €cmtrans and emwans, respectively. L is the path length of the beam
through the sample. The absorbance of C (&) is negligible.

5 [Clo sl 3815 ) dpasll dilise sy Miyrans 5 C B3 Gob e dilaall (50 ppaall jpmas
BN aad (il A 5o Jsh e (baS st [Cllp il gaes (& Jileie [Migranso O &= e A% [Mirans]o
5 CMirans 4 sl sll albaia¥) e e Uy 80l Jlaall s Jslae JS (alaial 0 AA dpalaia¥) b

Alega C (ec) dpabiaial Al ye dajall Jlue Joha s L -Q‘Jﬂ\ e <EMtrans 5 EcMtrans = Mirans
3. Demonstrate that AA= « :[CMyans] and express a in terms of known constant(s).

Ad s e () 5) i Alalbasy 0 oo 28 5 AA= o [CMirans] ol f==t)

Demonstration: g s
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4. Demonstrate that, when C is in large excess with respect t0 Mymans (i.6. [Clo >>
[Mirans]o), the concentration of C may be considered as constant, [C] = [C]o.

‘L‘-‘LJ C S5 el uSA:’( [C]O >> [Mtrans]O LE\) Mirans c;\ Al S palsy C 055 Ledie = Ei’
[C]=[Clo

Demonstration: g s

5. Demonstrate that, when C is in large excess with respect t0 Myans (i.6. [Clo >>

[Mtrans]o),

A =a- f I'([cgg] and express S in terms of constant(s) and initial concentration(s).
t 0

-[C . £ . L osy e " . . .
M=a- 1fl<[t-gg]o OBA ‘( [C]O >> [Mtrans]o 9.5\) Mtrans L.A‘ “-}"‘"‘n-‘ J:‘-‘S uailey C S Ledie ¢l [Gat
Al (581 55) 38 i (<l 58) bl Clalbhiac § oo 2 5

Demonstration: g s
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6. Determine K; using the following experimental curve (Fig. 3).
(3 Sl Ul el sl aladinly K daa

20

18 Z (1000, 17.2)~—___
16 e

3

1/AA

10 -

) -

TNy (100, 4.2)

T T T T T T T T T
0 200 400 600 800 1000
1/[C), (L/mol)

Fig. 3 — Evolution of 1/AA as a function of 1/[C]o.

A/[Clo Ve T/AA - 3 JSal

Calculations: <llual)
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Determination of the association constant K.
K bt N el ayans

In tasks 7 to 9, we will determine by kinetic studies the association constant K, corresponding
to the formation of the inclusion complex with Mjs CMcis. A sample containing only Mrans IS
irradiated, thus producing a known amount of Mgis, [Mcis]o. Mcis (free or within the inclusion
complex) then thermally isomerizes into Mrans. In the absence of C, the isomerization follows
a first order kinetics with a rate constant k;. All complexation equilibria are faster than the
isomerization processes. The kinetic scheme corresponding to this experiment is provided in
Fig. 4.
(Mejs e Bl ¥ siaa S8l (381 sall Ko Ll y¥1 i 48 jal) bl jall A (e i ¢ 9 ) 7 o algal)
Mgis Skay ?“ . [Mcis]O Meis o 485 20 4paS dic sy lae oJadh Mirans sl= TR e C:"“:‘S & .CMgis
s 1 250 G0 S 5m SLal it <€ 35n5 00 Al 3 Miypans ol Ll om (BLEY) Sine 33 ) a)
4 ORI 3 3 el adg) G sall 28 sl Labie el SLal illee (pa gl il (315 gaen Ky <l

O K
- N —_ N
N
COOH
COOH
C M

cis CN[cis
KC
C+ Mcis ‘ = CNIcis
ky ky
Ky
C+ Mtrans - = CMtrans

Fig. 4 — Kinetic scheme for the isomerization of Mg;s in the presence of C.
.C o,y S Mgjs Sl 4S8 y» bbia - 4 g

The rate of disappearance r for the total amount of Mg;s (free and complexed) is defined as
il e (daally Jag yall g jall ) Mg 3400 40aSl 1 ol Jane any
I = ki[Mcis] + kKo[CMis]
Experimentally, r follows an apparent first order kinetic law with an apparent rate constant
kobs:
Kot 245 e ol g L pals (51 2850 (o A8l A80Mal) 1 5 g pa) Al o
I' = Kobs([Mcis] + [CMis])
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7. Demonstrate that ks = %"?g] and express y and ¢ in terms of known constant(s).

. . N e B . . §ky[C it .
g yaa () 55) ol Slallacans § 5y 08 € s kobs=y1+TzE£]] ol gy

Demonstration: g sil

y = and 0=

8. Choose in which condition(s) the half-life ty;, corresponding to kqps can be expressed as

tiz = 1:_2 (1 + K.[C]o) given that [C]o >> [Mqis]o. Mathematically justify your answer.

WBlally aie il (S ks I sl by seall Chal Go palll (K (Bsod) Bod gl 4l

i . 1
Ly, lida) aod) [Clo >> [Mislo O Sty = ylz (1+ K.[C]o)

O Very slow isomerization of Mg;s within cyclodextrin
cyclodextrin s Mg 4 1as ¢ Jay Sl

O Very slow isomerization of free Mg;s
O CMq;s very stable
las it CMgis

O CMyrans Very stable
laa Jtise CMyrans
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Demonstration: g s

9. Assuming the condition(s) in task 8 satisfied, determine K. by a linear regression using
the data below. You may use a calculator or plot a graph.

bl bl aladiuly Jaall jlasa¥) Gish e K 348 da je @ilS 8 dagall A (daydll) il o (i

b Jadadie an ) sl daula A1 alasiin) el

[Clo (mol L) t12 (S) [Clo (mol L) t12 (S)
0 3.0 3.0-10°° 5.9
1.0-10°* 3.2 5.0-10°° 7.7
5.0-10 % 3.6 75.10° 9.9
1.0-10°3 4.1 1.0-10°2 12.6

51st IChO — Theoretical Exam

42




Candidate: SAU-3

Equation of the linear regression:-hall jlasa¥) dlalxs
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Formation of nanomachines
A il Y eSS

S 12)) C) ;0000 A
j‘: 00 — & 04

*7\_, azobenzene (trans)

*) azobenzene (cis) O:O

Fig. 5 — Cleavage of an azobenzene—cyclodextrin inclusion complex induced by a light-
triggered isomerization, which allows delivery of a dye (grey circles).

oo shaall Slall Jelss g,k e @l azobenzene—cyclodextrin bl )Y Sae kil - 5 JRA
.(@JLAJ)SUJ)R.L.\.\AS\ dy.ay@mgﬁ\j s puall 3k

Another azobenzene compound (for which K. << Ky), initially in the trans form, is covalently
grafted on silica (Fig. 5). The silica pores are filled with a dye (rhodamine B, grey circles in
Fig. 5). Upon addition of C, an inclusion complex is formed, which blocks the pores and
prevents the release of the dye.

(5 sl bl e Gaalud aaidia dtrans JSEIL alall 8 o 6 o K << K &us) JAT azobenzene <<

¢ Jalii )Y dbae JK& 4 (C Adla) die (5 JSA 3 dsle ) il 50 ¢ rhodaming B) Al Kol sl ¢ i

Anpall (z503) oS s el Glag (g3l

10. Choose the most appropriate condition (one choice only) so that the pores are initially
blocked in the presence of C, and the dye can be released upon irradiation.

il die Laall ) i G (S5 «C 25 Aglad) 8 alusall (Ble A s (dad a5 jla) b il A

Ki>>1
Ki>>land K << 1
Ki/ Ke<<1
Ki>>1land K, >>1
Ke<<1

OO000O0O

This azobenzene-silica powder loaded with a dye is placed in the corner of a cuvette (Fig. 6)
so that the powder cannot move into solution. The powder is irradiated at a wavelength 4; to
trigger the release of the dye from the pores (Fig. 5). To monitor this release by absorbance
spectroscopy we measure the absorbance of the solution at wavelength 7 ,.

Jiiy of oSar ¥ Cusy (6 JSAll) cuvette 4l oS5 b dsay Jasall azobenzene-silica G sswe g iy
A el (5 ISl alsall (e sl 3 uiad] 2 oasal) Sl sie (3 smmnall i iy Jslaall ) (3 sansal
iz sl Ok tie sl Rl i Ui (paboaiel] lall il 3yl 6 saall  yad
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270 nm 330 nm 550 nm
| J
14
12 | !
|
10 A
Iy
h > 08 - , |
V2 C( 08 Juven, I
04 / \
/
02 4 ' =~ . \
/7
hv, . VN . \
%V T T T T T T T 1
250 300 350 400 450 500 550 600 650

A (nm)

Fig. 6 — Left: experimental setup used to monitor the release of the dye; right: absorption

spectra of trans-azobenzene (full line), cis-azobenzene (dotted line) and rhodamine B (dashed

line).
trans- J palaia¥) il 10aadl ¢ dkaall G3Ua) A 5al paiusdl ol 3o Y1 2l - 6 IS
(¢biie La) rhodamine B s «(kaii 1a3) cis-azobenzene s « («ise 1a3) azobenzene

11. Determine 24 /.

A= nm

12. Determine 34 /.

Ao = nm
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PN
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(o]
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[{o]

Problem Question Total
T6 Points 4 |4 |15 3|]10(2]|9]|6]|5 48
8% Score

Problem T6: Characterization of a block-copolymer
Opaduda Cpilifa (g ja 9 g (o gl pdus & il sanl gy s 55 1 T6 Adlasal)

Block-copolymers, obtained by linking different polymers (blocks), have unique properties,
such as the ability to self-assemble. In this problem, the synthesis and characterization of such

a macromolecule are studied.
Jie 358 pailiad Lo ddiaal (3_uSll) Ol el sl Ly ) Gask oo Lle Jsas) &5 Al dediall @il jad sl
ezl o g a1 Jie Cana sy caS 55 Al 5o 23 Al 028 8 SN penill e 3,080

Study of the first block
Y dadal) de ganall A

0]
H2N/\/< \/>\OCH3
n
1

In this first part, we will study the water soluble homopolymer 1 (a-methoxy-o-
aminopolyethyleneglycol).

(a-methoxy-m-aminopolyethyleneglycol) slall 3 gl sal Qi) 1 Guabatall el sall (s )2 Cogun «J W1 6 3l 128 8

The *H NMR spectrum of 1 (DMSO-ds, 60 °C, 500 MHz) includes the following signals:
Adull <l LaY) (DMSO-dg, 60 °C, 500 MHZ) 1 <Sall 'H NMR ik Jady

OS] spmy | FEERAM
a 2.7* 0.6
b 3.3 0.9
C 34 0.6
d ~35 133.7

Table 1, *in the presence of D,0, the signal at 2.7 ppm disappears.
2.7 ppm e LAY &85 D0 2y A * o 1 Jsall
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1. Match the *H NMR signals (a, b, ¢, d) from Table 1 with each of the corresponding
protons.

ALl s ) e ISV T Jsaal) e (@, b, €, d) 'H NMR <l L) (g

o o o ob

H
H H H H H |:|
/ " ]
H H H H H

O 0Oogd o

2. Express the average degree of polymerization n as a function of the area Aocana Of the
NMR peak of the repeating unit and the area Aocns of the NMR peak of the methyl end
group. Calculate n.

N gea) Al Jil de seadd NMR

If you could not calculate n, the value n = 100
can be used in the rest of the problem.
N =100 deull e\a&:\u\ Lﬂ.\SA:aLAJ.\G ¢ N elaa Slle _).J:_'i \J\
Al ag 4

Study of a diblock-copolymer
Oadada (plidia (o e g g (e L) o idial) pad gy Al 52

The synthesis of the second block of the copolymer is performed through the reaction of 1
with 2 (e-(benzyloxycarbonyl)-lysine N-carboxyanhydride). This yields the block-
copolymer 3.

2 g 1 deld DA e elldy @ aidl palall B adall sl e sl dan S
adall & fsdl jad gl (&8 M sam sy . (e-(benzyloxycarbonyl)-lysine N-carboxyanhydride)
3
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H 0O
N
' L " HNO“%P%
N NH\H/O :
O=<O o
O

2: C45HgN,05, 306.3 g mol™”

Chz- ()AO)OLJi

3. Draw the reaction intermediate that is formed in the first step of the addition of 1 to 2.
The second step of the mechanism leads to the formation of a gas molecule, G. Draw its
structure.

OS5 () (5258 ASASall (e Al 5 gladl) 2 ) 1 Adlia) e (W) 5Tl 8 ()5S (o e gl) Je i) au )
A S an )l G e e

H
NH O\Q
HZN/\’<O\/>\OCH3 + O_ﬂ/NI\/\/ \ﬂ/ . ?
1 n o o , 0]

NHCbz

4. Infrared (IR) measurements are performed to characterize the compounds. Match the
three IR spectra with compounds 1, 2 and 3.

352 51 LSl ae A3 IR ikl (ibla LS yall Copan 5l (IR) ) pend) a2V Ll ) ja) &3y
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100

80 Compound:
60

*0 01 02 O3

20

%T

4000 3500 3000 2500 2000 1500 1000
o (cm_1 )
100 <~

60 Compound:

60

a0 01 02 O3

%T

20

4000 3500 3000 2500 2000 1500 1000
o (cm™)
100

80 w - Compound:
60

40 O01 O2 O3

20

%T

4000 3500 3000 2500 2000 1500 1000

o(em™)

5. The *H NMR spectrum of copolymer 3 (in DMSO-ds, at 60 °C, 500 MHz) is reported in
Fig. 1. Using some or all of the NMR signals, the areas of which are reported in Table 2,
calculate its number average molar mass M,, considering n from question 2. For your
calculations, draw a circle around the group(s) of atoms you used and give their
corresponding symbol(s) (a, B...).

plaiuly 1 JSa) b (500 MHZ ¢ 60 °C e <DMSO-dg ) 3 <sidall sadsll 'H NMR b el

R ae ¢ My 4 sall A aae o gie Gl 2 Jsaall 8 clas Al clalual s ¢ NMR @il JS sl sy

Gl (Gle sana) Ao gane Jga B3 payl el Aalad) bl Clleal) ) 4l 2 JIsad) e n Jlie Y (8

(o Breon) AL (550l Sel) el g Lgteasid

3 Table 2

Peak | Area

iall | daled)

o 22.4

*

* R 119

_ B <) vy | 238
la |y | o s | 41

T T T
8 7 6 5

3 2 1 0 £ 622

a4
6 (ppm)
Fig. 1 — signals marked with * correspond to the solvent and water.

lall 5 Culall e 380 55 * Aadle Jaad il ol jlay) - 1 Jall
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H™ N>\f< V\}OCHg
H n
m
HNT]/O\ /(j

O

M, = kg mol™
Provide your answer with two decimal places.
Alaldll aey G plie () aladinly elila) iS)
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This reaction of 1 with 2 yielded the copolymers 3a after 20 h, 3b after 25 h and 3c after 30 h
of reaction at 40 °C. Results of size-exclusion chromatography (SEC) experiments are
presented in Fig. 2.

(= 30 h 22 3¢ 5 4elu 25 22 3bs ¢« 20 h 22 3@ A jidall Gl pad gl <8 A2 51 o Jelall s o
2 JSall & (SEC) paall slaiils Ll e sile s 80 el i (e o3y 40 °C 2ie Jelail

Fig. 2 — SEC chromatograms of 3a, 3b and 3c as a function of the elution volume, Ve.
Ve ¢daal ¥ Jilu aaa d¥a 3¢ 5 3b 5 3a ow SEC Wl _a gile g S - 2 J)

6. Match the signals in Fig. 2 with the copolymers 3a, 3b and 3c.
3Cs 3b 5 3a A4S jidall &l padl sl pa 2 IS 3l LaY) (gilda

3a: O X ay Oz
3b: O X ay Oz
3c: O X ay Oz

In order to calibrate the chromatogram, a mixture of standard polymers of known masses (3,
30, 130, 700 and 7000 kg mol ) has been studied (Fig. 3).

5700 ¢ 130 ¢ 30 ¢ 3) 485 paall S (pa Apnldll ) padd o) (e dall dd )3 i calya sila s HSU e Jal (1
(3 Uy (kg mol ™ 7000

The log value of the molar mass is a linear function of the elution volume, V.
Ve ¢ dal W Jilu aaal dad a4 gal) KN 25 jle ) i
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3.0 3.5 40 45 50 55 6.0 6.5 7.0
V. (mL)

Fig. 3 — SEC chromatogram of the mixture of standards.
Aol @l Gl aed sl e Jada SEC Ll sila g S - 3 JSA

7. Based on the SEC curves in Fig. 2 and 3, determine V., of the polymer that corresponds
to curve X and use it to estimate the degree of polymerization m of its second block.
Detail your calculation; you may use a calculator or plot a graph.

B yalill dx ja il deadinl o X Satall aa (38 g ) jadd sall Vg daa ¢ 3 52 JSA & SEC ciliiaia ) 15l
b lhde an ) ol daula 401 alasiin) Sy Jaadily elilblun ma g Al sl Alle gane o m

Ve = mL
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Triblock copolymer synthesis

maﬁﬁ&nd\#j}a&ﬁm@m\éw\ﬂﬁw
For biological applications, involving the formation of micelles, a triblock copolymer 9 can be
synthesized through the introduction of a middle block, B, using monomer 5.

Aalide Ol yaa 51 50 O (o @) & el el g1 sl Sy cmiicelles (S5 el 5 s 5l gull iyl
5 esisall alaaiuly ¢ B chau gl (8 de gane JA JNA (0 9 dedia
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0]

H3C/O<\/\Oi o ps IS H3C/O\4/\O9GK/\/\/ OEH
4: A

110 °C n
6: A-B

MsCINEt;  NaN;  Pd/C, H 2
2 3 2 7 8 + me

[

C4HgNH,

Q H
HaCw o N
CF3COOH/HBr  Hs of\/ %(\/\Ao%k/\/\/ WN%
8 no p-1 0 H'm

9: A-B-C

. |
MsCI: O:§:O
CHj3

8. Draw the structures of 5, 7 and 8.

857 55 Sl jian )

5 (no other products than 6:A-B are obtained)
(6:A-B it A g5 e Jpmanll 1 V)

7 (a gas is formed in the final step)
(5 5 shall 8 5Ll o <)

9.  Amphiphilic block copolymers, such as 9: A-B-C, can be used for medical applications,
as they self-assemble into micelles in water (pH = 7), which can be used as drug carriers.
Assign each block of the copolymer to a property. Draw a scheme of the micelle with
only 4 polymer chains.

(‘.\M LF"\S\} ¢9: A-B-C Jic celall da S gl 3l g elall dana o) a) (e 40 oSl dadiiall ¢l yad gl e\.lifma\ CSay
é\ﬂﬁwuﬁﬁ@\m\&}c(pH:7) ;LA]\sammellesGa\_“u\a@M@ﬂ\} cddall C_I\s.ula.\]\é
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elallo 8 slall cina
A: O hydrophobic O hydrophilic
I hydrophobic I hydrophilic
C: I hydrophobic I hydrophilic
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Problem | Question | 1 2 3 4 5 6 7 8 9 |10 | 11 | Total
T7 Points 4 (121 2| 2|2 |5|5|8|4|5]65 54
6% Score

Problem T7: Ring motion in a [2]catenane

[2]catenane I ;3 4alall 4S ja  T7 Aloall

In 2016, the Nobel Prize in Chemistry was awarded to J.-P. Sauvage, Sir J. F. Stoddart and
B. L. Feringa "for the design and synthesis of molecular machines"”. An example of these is
[2]catenane, a molecule consisting of two interlocked rings. In this system, one macrocycle
contains a single phenanthroline (bidentate) ligand and the second contains two ligands: a
phenanthroline and a terpyridine (tridentate) ligand. A copper ion is coordinated by one ligand
from each macrocycle. Depending on the oxidation state of the copper (+I or +Il), two
configurations are obtained (Fig. 1).

cuod J ol Gplagin Gzl rlise cr ) sl 8 Jasi B s i 0 2016 e (B
celail) 13 8 iSilite giila (e ()5S eg 0 <[2]catenane J) L JUS "Ld sl SYYS Cidsis araail
:ofilatie e Al (oudl 45U5) phenanthroline 32 ie Alaice e (macrocycle) 45 Ske ddla (g ias
Aaie S e Baal g Aliaiey Laulss Jagi )l el (gl (oud) 2336 ) terpyridine 4lais s phenanthroline

Aigd) dnal) e o) e Jgeandl a3 ((+1] 5 +H) Gulaill ansY) s e Talaie) 35 Sk

Fig. 1 — Multi-stability of a ring in a [2]catenane.
[2]catenane 4éla 4/ diny/ — 2aei— [ JSN

The synthesis of the macrocycle is the following: D ulS Ay SLall ddla)
Br\/\o/(oj
Cc
(N N7 LDA _ THPO (N N7 OTHP 2
NI (2 equiv.) [ B ] (2 equiv.) AN E
| = | =
A D

MsClI LiBr
(2 equiv.) E (2 equiv.) G
Et;N C23H27N306S,
o ne 0
i MsCl =H,C-S-Cl THP = LDA =
: o %0
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1. Draw the structure of B. B J 4l Lapall au )

B

2. Draw the structures of E, F and G.
.G s F s E il Ll au )

E

F

G

3. Out of the following the reaction conditions, choose which one(s) can produce E from D:
D o E i ol oSy (@) Jba sl 58 cedle il Cag )l e JU oy

O H, H,0

0 OH, H,O

0 NaBH,4, CH;OH

O Hy, Pd/C, THF
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4. Inthe synthetic strategy, MsCl is used to obtain:
1sle Jsasll MSC pasiny dpeliall cilpad) i) 8

O aleaving group  3_acde ganae
O aprotecting group  4les Ac ez
O adeactivating group i de saaa
O adirecting group 458 e sana
5. G is obtained by the reaction between F and LiBr in acetone. This reaction is:

tsp delall 130 sisnl) (A LIBr 5 F on deldll (50 G Gl Jsmand) oSy
O electrophilic aromatic substitution gﬁbuj (o5 Sl Jlagal
O nucleophilic aromatic substitution bl L 5l Jlaial
O S\l
O S\2
6. Draw the transition state of the rate-determining step of the reaction F — G, showing the

3D geometry. Depict only one reaction center. The main carbon chain can be represented
as an R group.

Jelds 38 e Jadd o sl 30 igh JSN cps )5 F — G Jelall Jare 3,083 5 shadd A0E0Y) Allad) an )

R e sanaly e ()5S0 Al i3 (a3 s

Transition state; 4y )

The synthesis of [2]catenane L uses the template effect of a copper complex:

sodadll ddadd Jul) Jelall 38 5 template effect 235w [2]catenane L ) 4l
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7. Write the full electronic configuration of Cu(0) in its ground state. Give the oxidation
state of Cu in complex J and write the electronic configuration of Cu in the free ion
corresponding to J.

Sl S 5 J Sl 3 Cu D sy Alla ST A )Y 4l 3 CU(0) U JalSd) 5 S0 S il i)

I3l s A& Cu Al sty

Electronic configuration of Cu(0):

Oxidation state of Cu in J:

Electronic configuration of Cu in J:

8. Select the geometry of the copper ion in L. Assuming an ideal geometry of the ligands
around the copper center, draw the electronic levels of the d orbitals subject to the crystal
field. Fill the orbital diagram. Give the maximum value of the spin (S) for this complex.

pa ) onlaill S el Joa cdlaiall i osesia JS5 day Gl il L 8 ol (5 gl JSAN 33

Aixall 12g] (S) Oyl dad i Jaef il laall Jakade Sal s bl Jlaall i o <l jlaall 4 5 IV Ol gl

The geometry of Cu in L is:

O Octahedral 7 skl Jl

O Tetrahedral zbasY) 2l

[ Square planar s sise a2 5

O Trigonal bipyramid —eeleas S s 58

Splitting and filling of d orbitals: d <_laell ¢ Ja 5 s

9. Out of the following compounds, choose the one(s) that can remove the copper ion in L
to obtain the free [2]catenane:
) [2]catenane e Jsasll L e ol ¢ sl 41 3) ankaiony 53 ST 5l (S ye JAA) (AU S all (1

NH,
O CHsCN
O NH4PFg
O KCN HN >N,
O tren
tren
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In [2]catenane L, the copper ion can exist in two oxidation states (+1) or (+II), and each of

them exhibits a different coordination sphere (tetra- or penta-coordinated, respectively).

Gl Qe el agia 5aa) 5 S5 o(+11) b (+1) 338 s 8 Gelaill sl sl 53 o (S <[2]catenane L
(Al le (gl — (et — ey ) iline

Fig. 2 — [2] catenane L states

The stability of Cu(l) complexes can be inferred by comparing their electronic structures to
that of a noble gas.

(i Ole S iy s ySIY) 4asS) 54l JOA (e dgle YY) (S Cui(ll) ohaiae S

10. Fill in the blanks with a number or a tick: Ao i a8 e il g3
The CU'N4 complex has ... electrons in the coordination sphere of the metal.

(oxall Gl Jlae 8 i <Y A) CU'N ) e
The Cu'Ns complex has ... electrons in the coordination sphere of the metal.

LOmall Gl Qe 8 ilis <Y 4l CU'Ng ) dine
The Cu'N4 complex is I more / [ less stable than the Cu'Ns complex.

CU'Ns ) S8aa (e )il Jil [0\ ST O Cu'Ng ) dias
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11. In the solid boxes with the designation of the involved complexes in Fig. 2 and complete
the sequence to achieve electrochemical control of the system using the following

notation for the dashed boxes: b (rotation); +e ; —¢.
G e OS2 Agiaall i) s we A0 il el 8 aUaill e g 5l aSaidll giadl Jududl) Jasi
e t+e E(Q\)}J)G Aadaiial) ey jall 8 A ) ge )l g lld g D IS

Cu'N, —
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Problem | Question |1 (2 3|4 | 5|6 |7 (8910|1112 |13|14|15] Total
T8 Points 2161212111/ 24|3|4|2 |6 |8|2|6]4 64
6% Score

Problem T8: Identification and synthesis of inositols

inositols ) awdd g paas s T8 ddlusall

In this problem, we define “3D structure” and “perspective formula” as indicated for f-
glucose in the following figure.

s il i B-glucose - Gae s LS M5 laliall dxpall 5 Mol IO S UM G o o) ) 18

3D structure perspective formula

Inositols are cyclohexane-1,2,3,4,5,6-hexols. Some of these 6-membered carbocycles, in
particular myo-inositol, are involved in a number of biological processes.

e Ll Aalal) Zpula 4 5 S Gl jall o328 mms cyclohexane-1,2,3,4,5,6-hexols s& Inositols -
Al Clleall (e

Structure of myo-inositol
myo-inositol 4! 4xlyl dsval)

1. Draw the structural formula of inositols, without stereochemical details.
A Al e el aa 65 (5 53 <iN0SItOIlS U Al Asscall ana )

This family of molecules contains 9 different stereoisomers, including enantiomers.
A gaall CLSlaiall Lgd Loy cdilise 4 ) 8 lSlaia 9 e (5 giad Gy Jadl (e Alilall 22

2. Draw all 3D structures of the stereocisomers that are optically active.
oy Lol Ll il e )5l cLSlaiall sladY) A0 gal) JS a )
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The structure of a specific inositol, called myo-inositol, is studied here. Only one of its chair
conformers is predominant and its structure can be deduced from its *"H NMR spectrum. The
spectrum below was obtained at 600 MHz in D,O. No other signal from that compound was
observed in the spectrum. The integration is indicated on the spectrum below each signal.
5l s o K A (e aad g add Lia 4dnl ja i (my0-in0Sitol (esall c22adll jinositol A Aslidl Zauall
Ladl ol D,0 8 600 MHZ ie obial caall e Jgeanll 2 'H NMR ks (0 Lealiind Sy il diasa
BlE) JS Can g il eday (o2l JalSall Caall Sl 138 (g (5530 5 5L

< o O O F M 0 O —~ — 10 O

D o N m o ®» A o 0 © In

S o o O © B D D o 10 N AN

< < < eI I B B B e e

— ~ |~ /= ~ | ~

d c a
T T ﬂ

1.0 2.0 2.0 1.0
4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2

5 (ppm)

3. Give the molecular formula of the predominant compound derived from myo-inositol in
this sample that is consistent with the number of protons observed in the 'H NMR
spectrum.

S Sligig pll de aa (3855 A Anall o & my0-inositol e @iall Bl S jall 4 ) Aapall }a_c\

"H NMR b (i calaa )

4. Based on the number and integrations of the proton signals, give the number of symmetry
plane(s) that exist(s) in this molecule.
s all 53 sm sall S (il siase) (5 sie 200 JaS ] (il g5 yall <l LS COLST 5 2ae e Talaie!

5. Complete the following perspective drawing of the most stable conformation of myo-
inositol. Then label each hydrogen with the corresponding letter (a, b, ¢ or d) according
to the NMR spectrum above. Proton a must be on carbon a on the following
representation. Draw its 3D structure.

51st IChO — Theoretical Exam 63




Candidate: SAU-3

¢ @) Sledall a5 508 3,3 K e ale &5 my0-inositol o 1) il SEY) ddigll ) seall (e Sl ans ) Jasi
LeaS 5 pmay) N Jiadll 8 g s S e oS of o a ol L Gldl NMR <l Géy (d 5¢ ¢ b
Al )

3D structure:

Synthesis of inositols 4 s

For medicinal applications, it is useful to synthesize some inositol phosphates on a large scale.

We will study the synthesis of inositol 2 from bromodiol 1.

O INOSItOl 2 i (o2 Cagns, al g 3Uai e inoSitol 4 clis b ans andi il (e gl culabaill
.bromodiol 1

OH Br o)
HO, ~_OH OH B

H
HO OH
— X
- —_—
HO OH OH HO™ ~ "OH

H
2 1 3

o
T
OIl

6. Choose the correct structural relationship(s) between 2 and 3.
3 52 On dagaall A (EML)) ANl 34

[ enantiomers

L1 epimers

O diastereomers
L1 atropoisomers
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Inositol 2 can be obtained from compound 1 in 7 steps.
& ghad 7 A1 S el e Inositol 2 e J el S

______________________________

Br © "o

on A\ m-cPBA | M-CPBA: o ¢

- 4 5 |

OH p-TsOH CHCl; : o

1 p-TsOH: Oé—OH

1 1 1

- o ;

Bn-OH, BF3°OEt n-BusSnH, AIBN ©
5 ’ 8 2> C16H1gBrO4 8 ' - /CE ><
-10°C THF BnO” ;" 7O
6 OH
7
OH
0s0, NMO HCI (aq) A HO,, “__OH
7 > 8 9 —FW >
Acetone / H,0O EtOH, 25°C HO® ~~ “OH

e OH

E H H | 2
l \ 0 :
E (O [ ] i
5 ©/ £ NCXNcNXCN ® 5
! O CHy !
: o :
5 Bn-} AIBN NMO |

___________________________________________________________
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7. Draw the 3D structure of 4.
4 el 6 S i) an )

8. The reaction leading to 5 occurs on the double bond with the highest electron density.

Consider below the structure of 1-bromo-1,3-cyclohexadiene, which is a substructure of

4. Circle the double bond with the highest electron density. On separate structures,
represent all the electronic effects due to the bromine.

sy el i Ag ) A Jlel @l dagadll Akl e 5 ) gasell Jelill

da g3 yall Al )l Jgn 808 a4 e Gie S 5 e 3be @ g3 ¢ 1-bromo-1,3-cyclohexadienel

o) s 15 S ) maan Jla pliaiio (a5 A S AU L)

Br

9. Draw the 3D structure of the major diastereomer 5.
5l el o Sl B0 a5 )

10. Give the total number of stereoisomers of 5 possibly obtained by this synthesis, starting
from enantiopure compound 1.

4 guall CLSLaiall aa) (g ledize capill 138 (e lale Jgeand) (Say Gl 5 (e dpe ) al clSlaiall JSH axed) Jas

1 S el 40
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11. For the step 5 — 6, another product with the same molecular formula, denoted 6, can be

produced. Draw the 3D structures of 6 and 6°.
563 (0 Sl pe) S O OS¢ 67 2 A e i sad) Aasnall by JAT @5 06— 5 a8 skl
.6

12. Draw the 3D structures of major diastereomers 8 and 9.
9 5 8 At )l A uall e LSLaiall sl (3G S il

8 9

13. Select the right set(s) of conditions A to obtain 2.
O H,, Pd/C

O K,COs, HF

0 HCOOH, H,0

O BF;-OEt,
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14. If the bromine is not present in compound 1, in addition to 2, another sterecisomer would
be obtained. Considering that the stereoselectivity of the reactions that take place in the
synthesis remains unchanged and that the following steps involve the same number of
equivalents as for 2, draw the 3D structure of this stereoisomer and give its relationship
with 2.

O a2 AlaYL AT el oSlais o Jpaall s o] S el (B dgage g agull OIS N

2 8 S Sl aae iy A5 2000 @l ghaall () 5 o S (s sl & coaas ll codle il 4e ) al dglany)

2 e Ao pudag g o2l aSlaiall 1agd slagY) D S i anyl

enantiomers
epimers
diastereoisomers
atropoisomers

OooonO

=
ol

. During the synthesis of 2 from 1, choose the removal step(s) of protecting or directing
groups.

Fonsil gl dleall e gane 4130 dinall () shad) B shad SRR (] (e 2 2l £

1—-4
4 -5
5—-6
6—7
7—8
8—9
92

Oo0o0OoOoOod
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Problem | Question |1 |2 |3 |4 |5 |6 (7|89 |10|11|12 |13 | Total
T9 Points 2121431217112 4 2| 2|2 44
7% Score

Problem T9: Synthesis of levobupivacaine
levobupivacaine 4 1 : T9 ddluall

Part I. J¥) acdl)

The local anesthetic bupivacaine (marketed as Marcaine) is on the World Health Organization
List of Essential Medicines. Although the drug is currently used as a racemic mixture, it was
demonstrated that one enantiomer of bupivacaine, levobupivacaine, is less cardiotoxic and,
therefore, safer than the racemate. Levobupivacaine can be synthesized from the natural
amino acid L-lysine.
Lallall daiall delaie 44 A z 0 (Marcaine cpeolell auly 48 5ud 24) bupivacaing s gall jaiall
A 3 guall SUaial) aad o i 28 ¢ apnl ) JalaS Ulla aading ol sall 138 o e ae )l e Gaulul) 4 03U
2 Sy Al Hlaliall € yall pe Bl ST Uil 5 ol e e J8F levobupivacaine s s <bupivacaine
L-lysine duxuhll 4uaY) salea¥) (1« Levobupivacaine

- NH3+
Cl H —
+ o]
H3N/\/\/\[(
o]

L-Lysine hydrochloride

1. Assign the absolute configuration of the stereogenic center in L-lysine hydrochloride and

justify your answer by classifying the substituents in order of their priority.
Caialy elila) Qe gy L-lysine hydrochloride 2 & dll bl S jal Zalhall Al dapall cpe
L sl o i L Yl

Configuration: Priority 1 >2>3>4:

OR WNH3+CI— a,l{NH;;* z{coo‘ E{H
os [ ] [ ] L1 [

2. The prefix L in L-lysine refers to relative configuration. Choose all correct statements:
Assall @l jlall aes ) Al dapall ) el -lysine & L 4324

I All natural L-amino acids are levorotatory.

Dbl oy a5 | Apmidal) 4 (alaa¥) auen

O Natural L-amino acids can be levorotatory or dextrorotatory.
Ozl sl o) ol 35 O (S L Ampalall LY aleaY)

I All natural L-amino acids are (S).

(S) o L dsnnhall dsiaal) (mlaa¥) paea

O All natural L-amino acids are (R).

(R) o L- Gonplall dina¥) (alaa) gaen

Often, we want only one of the amino groups in L-lysine to react. A Cu®* salt with excess
aqueous hydroxide can selectively mask the reactivity of one of the amino groups. After the
complex is formed, only the non-complexed NH, group is available to react.
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Oe Uil ae 3 ga sall CUPY mle Jeliill | -Jysine (8 duisel) e ganall (o o 52a) 5 2 35 cla¥) (ga IS b
e NHp 4 sane b cdiadd) €5 any | GaaY) e sana (e 2a) 5 Ale ] 400500 45 e Jany Al 1S5 )0
el Al ¢ S5 3l

3. Considering that L-lysine acts as a bidentate ligand and that two L-lysines coordinate to
one Cu® ion in the presence of aqueous hydroxide, draw the structure of the intermediate
complex.

& CUP* asls o5l ae Lo i L-lysine e i ss s bidentate ol 4508 AlaieS Jasy L-lysine o) !

g sl il 0L dapall a ) ¢ Sl 2S5 2

Complex

Fortunately, in the synthesis of levobupivacaine shown below, the same amino group reacts
even without Cu®* salt.
ale dsay pie b ia Jelii (aaY) Ao gana Gl (JiuYl i sall levobupivacaing J) ands & daal) sl

cu®*
- NH3*
Cl, o 1)1eq.LiOH 1) NaOH, Cbz-Cl B
HN™ > A - " CiaHaoN,0
o) 2) 1 eq. PhCHO 2) diluted HCI 14M20N2Uyg
L-Lysine 3) aqueous buffer
hydrochloride pH 6.2
NaNO,, NaOAc C NH, D 1) K,CO3, H,0 E
—_— _— _—
AcOH C16H21NOg DCC 2) TsCl, NEt CogH34N206S
| AcO = CH5COO |
NH
H,, Pd/C reagent H “__N ",
e Ty F - > — > Levobupivacaine
o NEt,
Cp1HaeN,0,S G C18H28N20

reactive intermediate

0O
A %
Coz-Cl= ©/\O “ DCC = TsCl = /©/ ko)

(benzyloxycarbonyl chloride)  (N,N'-dicyclohexylcarbodiimide) (p-toluenesulfonyl chloride)
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From this point on, you can use the abbreviations proposed in the scheme above.
ookef lahadll 8 da i) col Jlaia¥ aladin) @li€ey (ddaiill s34 (e

4. Draw the structure of compound A, including the appropriate stereochemistry.
il el Sl L ge oA S el Al dapal) au )

A

5. Transformation of L-lysine into A is (choose proper answer(s)):
(Aaasaall (SLsY) LY A4 s A ) L-lysine Jsa3

0 an enantioselective reaction. s Aas) Jeld
[0 an enantiospecific reaction. 23« g Jeld
[0 aregioselective reaction. -z s« A& Jela

6. Draw the structures of compounds B—F, including the appropriate stereochemistry.
anliall e il S ) Lain ga (F-B il jall 250 dpnall as )

B C14H20N204 C C16H21NO6

D E C29H34N206S
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F Cy1H2sN»04S

7. What is the role of DCC in the transformation C — D?
D — C Uil ADCC s s L

[0 Protecting group for the amino group.

A de sanall les Ao gana

[0 Protecting group for the hydroxy group.

S el de el dilea de gana

[0 Activating agent for the amide bond formation.
el Ayl JS dadiia Jule

8. TsCl is used in the synthesis to enable:
:oaSal il & TSCI pasiin

I Nucleophilic substitution of an amino group.

O Ae sanal L 6IS sl Jlaguy)

LI Electrophilic substitution of an amino group.

Y e sanal L IV lasin)

I Nucleophilic substitution of a hydroxy group.
JanS 52l Ao sanal L IS sil) JlagiY)

I Electrophilic substitution of a hydroxy group.
oS 5 53e) e sandl L s SSIY) JlagiYl

9. Mark all possible reagents which could be used as reagent H:
H e Jeliill aading ) dedl) cOlelitall puen e dadle a2

O diluted HCI O Zn/HCI

O K,CO3 0 H,SO,4

O diluted KMnO,4 O diluted NaOH
O SOCl, O PCls

10. Draw the structure of levobupivacaine, including the appropriate stereochemistry.
il 25l a5l laa 5e <Jevobupivacaine - dlll dxpall asy)

Levobupivacaine C;gH,sN,0
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Part I1. SGl & 5
The synthesis of levobupivacaine requires the use of enantiomerically pure L-lysine. A
common method to confirm the enantiomeric purity of aminoacids is their transformation into
amides using Mosher's acid (see the structure of the (S) isomer below).
clSlaia) 5 5as 2SH Aails A3 5l @lin L g LA | -lysine ) alaaiul Jevobupivacaine J) s cally
dapall Y JR) (Mosher's acid) séise saes phaainly lasd () Lelisas (o8 5 Al aleadl 4 sual)
(0531 (S) SLaiall 4L
0 CF,4
HO.__X
(S)
0]

(S)-Mosher's acid

11. Draw the structure of the amide formed when the o-amino group of L-lysine is
derivatized with (S)-Mosher's acid. Clearly show the stereochemistry of each chiral
center.

.(S)-Mosher's (e ddaul ss L-lysine o« a-amino ie sexe il Lodie ¢ sSiall a3 Al dasall auiy)

S S e IS (2 Al S il = gm g Oy

12. How many products will be formed from racemic lysine and (S)-Mosher's acid (consider
that only the a-amino group of lysine is derivatized)?

0- 4o saaa ) JLie W) (G 32) (S)-Mosher's saes s lysine - (eam )1 Jstaall (e o 5S35 3l i) oil) das oS

¢ (Aaiall oa lysine X' amino

O Two diastereoisomers. 4 sia e (pSlaia

0 Four diastereoisomers. i sa e clSlaic a )

O A racemic mixture of two enantiomers. 45 sa (uSlaial ool da slaa
O Four compounds: two enantiomers and two diastereoisomers.
s e (pSlaie s 4 gum pSlaie 1Sy o)

13. Choose the method(s) which can be used to quantitatively determine the enantiomeric
purity of lysine after its derivatization with (S)-Mosher's acid:

ae ABEEN 2 lysine A A sl ClSlaidl BE oS aoail lgaladin) (Sey G (G dd Lkl ja)

(S)-Mosher's (aes

O NMR spectroscopy.  NMR <ilike

O Liguid chromatography. Jibudl A ja 6 ga 5 I Jalail)
O Mass spectrometry. 4Ll Calyas

O UV-vis Spectroscopy. 4 all-dimiis § sill Y il
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