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e This theoretical exam booklet contains 61 pages.
e You may begin writing as soon as the Start command is given.
e You have 5 hours to complete the exam.

e Allresults 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.

e If you need scratch paper, use the backside of the exam sheets. Remember that nothing outside the
designed areas will be graded.
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e Use only the pen and calculator provided.

o The official English version of the exam booklet is available upon request and serves for clarification
only.

o 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.

o 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.

e The supervisor will announce a 30-minute warning before the Stop command.

e You must stop your work immediately when the Stop command is announced. Failure to stop
writing by % minute or longer will lead to nullification of your theoretical exam.

o 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.

GOOD LUCK!
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Physical constants and equations
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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

c® = 1 mol Lt is omitted.

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(aq) + b B(ag) =c C(aq) + 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 M:
Mass average molar mass Muw:

Polydispersity index Ip:

51st IChO — Theoretical Exam

Na = 6.022:10%° mol™?
R=8.314JmoltK1?
p° =1 bar = 10° Pa

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

273.15 K
F = 9.6485-10* C mol
1W=1Js1t
1 kWh = 3.6-10° )
h=6.6261-1031Js
€c=2.99810ms*
e=1.6022-10°C
1eV =1.6022-10°)
P=AE x|
n= Pobtained/Papplied
E=hc/i=hvy
pV = Nrt
G=H-TS
A/G° = —RT InK®
A/G° = —n F Ece®
A/G = A/G° + RT InQ

o _ [CHID

[AF[BP

pH =pK, + log [A]

‘ [AH]
E=E —<InQ

at T =298 K, RFTlnIO ~0.059 V
A=c¢lc

[A] = [A]o — kt

IN[A] = In[A]o — kt
1/[A] = 1/[A]o + kt
In2
k

2i Ny M;
M. =
! i Vi
_ XN M

M - @
Yo YN M;
I = My
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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|IC|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 9 100 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 47 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|Bals77n| Hf |Ta| W |Re |Os | Ir | Pt |Au|Hg| Tl [Pb| Bi | Po| At |Rn
132.9 | 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 |Ra|is | 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
Ac | Th|Pa| U |[Np|Pu/Am|Cm|Bk | Cf | Es |Fm|Md|No | Lr

232.0 | 231.0 | 238.0
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'H NMR

Chemical shifts of hydrogen (in ppm / TMS)

phenols:

alkenes:

amide NH—COR:

carboxyllc auds

. a|dehydes§
aromatlcs m

amines:

bienzy!ic Cﬂn%CsHis:
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- CH3—CR3 .

R CHz—OR’

alkynes

CHo—R: e
-

ketones

CH3—SiR3:

110 100 9:0 80 7.0

H-H coupling constants (in Hz)

6.0

5.0

20 30 20 L0

0.0

Hydrogen type

Nan| (H2)

R2CHaHb

4-20

R2H.C—CR2Hp

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

R2H.C—CR>—CR2H»

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

RH.C=CRHp

cis: 7-12
trans: 12-18

R2C=CHaHb

0.5-3

H,(CO)—CR:zH,

1-3

RH.C=CR—CR:zHp

0.5-2.5

51st IChO — Theoretical Exam
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IR spectroscopy table
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Vibrational mode o (cm™) Intensity
alcohol O—H (stretching) 3600-3200 Strong
carboxylic acid O—H (stretching) 3600-2500 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

CHs (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 8
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Question | 1 |2 |3 |4 |5 |6 | 7| 8 9 | 10 | 11 | Total
Problem

T1 Points 314|142 |3|2)|2|45(25] 3 | 3 33
6%

Score

Problem T1: Infinite well and butadiene

Crmal sl g Aun ganall: 6N ALl

g SSIY) g Chm sl 138 oo (381 555 Y A ilaal) adllad G e ¢ Jalally 4 5 Aalal ol 5 59 3, 10l sal) i€ L Llle
O Tag) 5 1) Sl e a5 Juadl as e Caagig

C—=—=C=—=—=C=—==C

1 2 3 4

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

C—=—=C=—=—=C=—==C

1 2 3 4
Ol A s e Jhaaty 3 oa s IV 4 055 (e Y ) 1D 23l galal (5 stia Ll o dlaal) oda Jiiad oS
2p2
Sal) g ¥ e mmia e Aandnf, = %:Lﬂﬁﬁﬁyﬂg
e

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

n2nh?

of an electron in an infinite well of length L is: E,, = where n is a non-zero positive integer.

8meL2’

Logitlalaie (b ol s cpmd galll (pn IS By mb V) ALY 3 ) Sl aadll G e ) camdsall oy 1
UPAJAJM O 5\.)4.»43\ aadal g_|\7| gl et ngS/\ e coliaf 333\}4”

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.

51st IChO — Theoretical Exam 9
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0 d 2d 3d

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

L A gaia p s SEIY1 () 5S5 o("pasalall”) 1 g gadl
Gt it CionS i A ety ikl ikl M1 e
d sk

Model 2 (« delocalized »): The 7 electrons are
delocalized on the whole molecule and evolve in a

single infinite potential well of length 3d.
dan gaia Y gr il g SIYI () oS5 (M gaia UMM 2 73 gl

by d5ia e dm 5 e i A aTiy esall JaS e
.3d

AV el o] rdsaill g il g S Alead SN A8 5 e iiS) il Gplaladall 8 1 g3 el 7p iy S puda 2

. d} me ‘h

2. Place the n 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.

E(L) =

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

Ay i3 g 2 z3gatll (7 i iSIY) Alead LK A8 5 e (€15 ABL) clllaial) 82 gdpall ponlis <) a3

. dj Mme ‘h

51st IChO — Theoretical Exam
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E(2) =

20al Legd GV Jal B & pana Leia T s jlae 7p Auladl) 4681 jiall il 5 Y Alaad 20SH 28U o daliad 48l ¢
i IV (e 4313

ds Me h AV sy AE. 065l & dbianll Bl e pc .4

The conjugation energy is the total energy of the actual © system, minus the sum of the energies of
ethylene molecules involving the same number of electrons.

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

AE, =

CGemie Taa T ger b L i s lasse 2 51 el )
cows) mays Elloainl niaaligdd 6,3 cny sga0 M oyl - .5
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.

CH
HzCN 2

1ob LS g 3 73 saill aadd 2 3 saill Jaaad (5 <05 SN 0 Gulie eV 23 S
L 50 clilaal¥) G pasic sy L sa yall yaall Johall
.7L/8 <5L/8 ¢3L/8 <L/8 ilasYl e daiia sia (5 SI il 3o

s sl Al G5 an st JS
2 mnx
lpn(x) = \/;Sln (T)

od U JiSH N 7 i Alead g7 0 5 SiSIY) 2861
N/2
p() =2 ) ()P
i=1
() 9 i 5 (38 9) oliol A g 7r Aleall Aty Jad) ol laall 581 55 A o ) 77 A sl ) 5l

To take into account the size of carbon atoms, model 2 is now modified into model 3, as follows:

51st IChO — Theoretical Exam 11
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- 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.
For each level n, the © wavefunction is:

Y (x) = \/%sin (nLix)

and the & electron density for a system with N 7 electrons is:
N/2

p() = 2 Y ()P
i=1

The four m wavefunctions, which correspond to the molecular orbitals of the m system, are depicted

below (arbitrary order).

A B
> >
L 3L 5L 1L L 3L 5L 1L
8 8 8 8 8 8 8 8
C D

W(x)
W(x)

.(Eps Ec <Eg <En) @‘J‘y‘ T durgall | OB _‘é) -6

6. Sort the energies of the four & wavefunctions (Ea, Eg, Ec and Ep).

(3G9l (3 g A Lghiss I (D 9l € B ¢A) whldedl wlodle dacl .7

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

51st IChO — Theoretical Exam
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N=2sn=1Le g [/25L/4 <0 &8 sall 2ic Ailiaal) il sivaall 1 dom sall ol 5ill 4 Jac§ ¢3 23 saill clllaninily 8
LS elln g

8. Within model 3, give the values of the & wavefunctions 1, for occupied levels at positions 0,
L/4 and L/2, for n=1and n = 2, as a function of L.

¢1 (O) =

Y, (0) =

L/2 5 eL/4 « O @) sall die qp 45 5iSIY) A8USY dad Jao (3 23 gaill elllaninly |9

51st IChO — Theoretical Exam 13
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9. Within model 3, give the value of the © electron density at positions 0, L/4 and L/2.

p(0) =

10. Draw the 7 electron density between 0 and L.

~| oo
I

~ o

&

~N

11. Sort the following CC bonds (B1, B2, ..., B5) by increasing length, using the symbols = or <:

> 91 = jg0,)l aniun Jglall 2L Tadg cldg (BS.... ¢B2 ¢B1) &l CC Jaslg )l 3

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 14
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Problem | Question | 1 | 2 | 3 |4 |5 |6 | 7| 8|9 |10 Total

T2 Points 1 4 2 3 3 6 4 1 8 2 34
7%

Score

Problem T2: Hydrogen production by water-splitting

slall Jalats cpn 5 yuel) ) ALl

Data:

Compound Ha(g) | H0() | H20(g) | O2(9)

AH° (k] mol™) 0 —-285.8 | —241.8 0
Sm® (I mol*K™) | 130.6 69.9 188.7 | 205.2

Anla) A5 s (8 & a5 0080 el AL Gty M1 385 e S 5% o (Ho) (o cmsonell e
Bac) 5 A callat oLl aludil any (Jlaall 138 Gana TS L ey 2030 ) 590

Molecular hydrogen (H2) 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.

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

ol 1 0308 Jolas ellanianls sboll o) &9 g0l Dslaall S|

2. Using only the provided thermodynamic data, justify numerically whether this reaction is
thermodynamically favorable at 298 K.

die Lualin ga 5 Miae Jelal) 13a S 13) Lo Luad ;7 codlef slanall 4aaling ga sl colihanll clllanin 298 K.

Calculations:
lbaal)

51st IChO — Theoretical Exam 15
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Reaction thermodynamically favorable?
Laalid go 5 K Jolil
O Yes O No

ek (1 JSall) SlseS g (hasase (pmanll elall G plea 8 (25 Y Jlaninls LiliasS g€ slall JIad Slad) (S

L omkdll SIS e ) cilelas

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.

-+

(1) (2)

Fig. 1 — Water-splitting electrochemical cell.
3. Write down the balanced net electrochemical half reactions occurring at each electrode

ks U e pboalal) (pailans 5ol cple il (isaill slilad )

On electrode (1):

On electrode (2):

4. Using only the provided thermodynamic data (or question 2), derive the condition on the
applied voltage AE:w between electrodes 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.

J1aall ) e 25 el el s i) ilplanall Jad elilantiny 2 Gadaall dgal) e oyl gl ¢(AEq oo
vie LSalinn so 53 Bhunae Aglanl) sl (4005 5SIYI208 K Ll 8 g sill 5 Aleliiall o) pall JS (5585 Laxie i35
4 pde ol ye D Apaaed) dadl) Jae 5 Candiall Lo )l die grua puda Al dll

Calculation:

51st IChO — Theoretical Exam 16
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O AEw= (R ie ) ya O Al Lac)
O AEn> \ (give the result with 3 decimal places)
O AEth <

ALl 8L 8 Jall 2l 1,200 V Al Jlanind ilSaly (AE g s adaisi o 13)

If you could not calculate AE, the value 1.200 V
can be used in the rest of the problem.

) aall seall (i ¢ Pt oSl (e (dasgs) 518 Alla (b oLl plil J guan Jaadl S ol sea Gadai o3k (L a3

Sl Jsaall (8 i ge s LS (amacaall) 2531 dagiday (3l AEpip cslall aluil J sl
Experimentally, a higher voltage is needed to observe water splitting. For a given Pt cathode, the
minimum voltage necessary to observe water splitting, AEmin, depends on the nature of the anode, as
displayed in the table below:

amadlAnode AEmin (V)
IrOx 1.6
NiOy 1.7
CoOy 1.7
F6203 1.9

Sl B alebuall ge Jysa AER 5 AEmin 0w G &)
The difference between AEmin and AEw is responsible for losses in the device.

5. Give the expression of the device power efficiency 7eiec (fraction of the power used for water
splitting) as a function of AEw and AEmin. Assuming an identical current value I, calculate the
water electrolysis power efficiency when a Pt cathode and a Fe,O3z anode are used. Give the
most efficient anode.

O o= 8L AEmin 5 AEg AV by (slall Jilasl Alexivadd) 28U o umall jusll) 7010c Sleall 3,38 dlad 3 le Lo
Fe03 0 (259) daal g Gl e (AJSSS)L*A\ 058 Ladie elall Judat 3 508 dlled uua) ¢ 3as) 5 dad Ll
Jsaall 35 sSaall oy IV (s (e Juadl ) Aladl) (63 (2 53Y1) raaall ansl S3)

Telec =

Power efficiency when a Pt and a Fe2Os electrodes are used:

apadl 2l I e 0125 SIS, Lavie: il 5 538 30k

Nelec = %

Most efficient anode:

51st IChO — Theoretical Exam 17
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Adlad iSY) a0y

Aladl 3L 8 Ja) &l 7100 = 75% dasdll Jlariins) LSl ¢ 7gjeq s adain ol 13)

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

OSay CBlia sl eludi) Ay plall o3 Janinss 5 pilie L guia Siaall elall alusil & elall 2l 56 Jidall e Al 36y ke lllia

5 sl paliaialy Alpedi

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

2.0 A
nS S_I(i
Zro T
-1.0 159
KTaO3  SrTiOg S Mostse |
__Z_ng — T|02 2 =
04-4---F--}-° __,__e_—___wDS_,_F_eQQS____:; _i_-’ 'H+fH2
—— —_ -
w 3l 3| 3| 3| 3| 3| 3| 2| 3[B] 2 2
I1_U-DLQ;N.NQ®°°.“'.M. ~l <
) ol ] D o] o el N N 02/H20
(g . -
S 2.0 A 1 1
3.0 - 4L+ L
X — S i
40 - = -T- Sl 3 S () S
%*_ £ ol ¢ gual) Cpa Ll A3
K «
S E— EECRIRN IO

Fig. 2 — Activation condition and equivalent electrode potentials of different semiconductors. Dashed
lines correspond to water oxidation and reduction potentials. SHE = Standard Hydrogen Electrode
gla )5 38T il saS (381 5 Aaaiial) Ja shadll (8 sill o] Calinal ISl culy g SISV G S 5 Janiill Ja 8 2 JS)

bl s suel) 35 58 - SHE oLl
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100

[0} (x1018m'25'1mm'1)
(%) &f

1000 1500 2000 2500
A (nm)

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).

b gl 3oy b g sdll e g i sil) 58l g esal) 5l (3l il g 5l scs el el 3 S
e 55l T e ) (o) S g sl gl adaiall Jadll g el ) saall | BB Gl e Jual sl (e 3l Bas)
0535l Sl ladlall Iad g sl saall s (JEY) A sall J) s

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.

Juaddbg s> .TiO,, CdS, Si 14 o gall olutsl Juad3 gudainy S (quaidl 53901 3331 (o Sl Jolna 403
Oblucd! § doriwall Gldlglly ©Yslasd!

Explanation / calculation:

51st IChO — Theoretical Exam 19
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Approximate
fraction
TiO, %
Cds %
Si %

Oline (a5 U o e ) S Al Cumy ¢ dandl dlaine et Ol sall sladl Jirdi e aaiy
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.

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 S Lelamii (5 5m ) Le ()5 0D AU (g (il sl ol Caas JAA) 2 IS L ldasall elllexinly
sl dalas Je i 8 2518 g a5l ) 0 A B gl 8 (5053

Ozro, O znO O TiO2 O WOs3
OcCds O Fe203 O CdSe O Si

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.

il s L) Qa8 Al YT 4l @iy —a gl 5 2 S il e aal s ol Jasivds 63 Juasall 40 sl 2 8
el (Gl )il

L a3 38 gy sl s T = 25 °C e sl o gl ey JU Gl auncii (5 m Lvie 0y 5 Hp @il
Ha(Q) o pas sl s 2 ¢S =16 MM? oy S 25 58N 5 P = 1.0 KW M2 delaiuls o)) 5 le g elllaninly
el ya e At = 1 hour 22
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The evolution of Hz and O> when a semiconductor is irradiated by simulated solar light at T = 25 °C at
Patm 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 H(g) was measured after At = 1 hour of reaction.

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

Hdirect ool e 850l dullad Gl

Calculation:

Ndirect = %

ALl 3 b a2 pgirecr = 10908l Jlanias) SLASAL ¢ pgireer oo adainsi A 13)

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

Aagl gimy Gy il g S LS dad 5 il e s rgamgue ) eedl) A Jygatl il elllia

Mpanels = 20%0 25333 58 (3 saall (8 Al g5 gill il sll) Allad (o) | L seS Jilad e e Aildald 53
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 #jpanets = 20%.

10. Compare the power efficiencies of the two modes, #7direct @aNd 7#Jindirect, USING Fe203 and Pt
electrodes for the electrolysis.

éb‘)'@S'H d:f"l’d'u u)‘bﬁjﬁl L‘“'GM}’ Pt 9 Fe;0s d'l-n'“’d*"b Tindirect9 Tdirect ‘U'}'Z.fjw J_:’}"U‘ SJ‘J‘:’ (ﬁ‘:ﬁjl’ﬁ e O)G
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Calculation:

O Mdirect = Mindirect O Ndirect =~ Mindirect O Mdirect < Tindirect
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Problem Question | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | Total
T3 Points 1 3 3 3 4 2 7 2 2 3 4 6 40
5% Score

Problem T3: About silver chlorideixaill y S e allual

Data at 298 K:

PKs1(AgCI) = 9.7; pKs2(Ag2CrOy) = 12

Formation constant of the complex [Ag(NHa3)n]*: 5, = 1072

Potentials against the standard hydrogen electrode:

Standard potential of Ag*/Ag(s): E°(Ag/Ag(s)) = 0.80 V

Apparent potential of O.(aq)/HO (aq) (in seawater): E'(O2(aq)/HO (aq)) = 0.75 V

PKs1(AgCI) = 9.7; pKs2(Ag2CrOy) = 12

siaal) JSi <l [Ag(NH3)a]*: = 1072

(=8 O el (6 e () Apailly S g

Ll 8 of Ag*/Ag(s): E°(Ag'/Ag(s)) = 0.80 V

@Al (580 O,(ag)/HO (ag) (L) ¢le ) E'(O2(aq)/HO (aq)) = 0.75 V

Part A: Quotes from a chemistry lesson by Louis Joseph Gay-Lussac

gl (gl iy Soa ars! alhy laassl) (upa (s clibiiha 1 JgY) ¢ o)
o A (3 (17781850 comai s (b (Asas) sl sl cissn Gursll laasll) usd (o (o L) ciilatial
Aadl) 35l pal s Gy

Ca b e A s gl Jpeanl) (Ko () Culal) ol Adia sale sa 5 dadll 318 e ) Gaaatla (A )
" Al G e Sl Jslae (Bl IS5 Hel) Gaes

MOl B e Y aada 4l Gl el 1387 B ekl

4wl () S all el 51K 5 pugll (e eliiuly ¢ paleal) & s g Wlai Jsasll 3 (sl QB e Sl 138 1 C uloh)
" Al sga

"L saY) e e Jsbae 3 A Gl sl Q8 Al 3y )5S ¢ (AT dals e D )

" L pa¥1 g Je iy men Aila) (3 5k (e (AT 5 e ey il 20550 Jand o iy ¢ Glld 2y; ME oD

s e ¢ Al e a g geall 3 e dianiud ¢ dadld) el sl ja) dadl) (4 & sias zg;asi 13" 2 w8y
") Cadall o)l Al sl

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.

Quote A: “I 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.”

Quote B: “This salt has no taste since it is insoluble.”

Quote C: “This compound is completely insoluble in alcohol and even in acids, except in concentrated
hydrochloric acid which dissolves it readily.”

Quote D: “On the other hand, silver chloride is highly soluble in aqueous solution of ammonia.”
Quote E: “Then, we can make silver chloride appear again by adding an acid which reacts with
ammonia.”
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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.”

AGCI(S) eenl &5 sall Al Aladll G380 A il 1

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

.mol L™ 13,38 298 K wie elll & AgCI(S) & s (Rai) 4sibsdl) queaa) :B (bl 2

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

Calculation:

s = mol L

Dl o 102 & e s g (385 Lala G jma iae JS38 ¢l il (g 5SS e Jslae 2 :C a3
i ) AilaasSll o) ) ddlaie JS (A aaza () ) sl (e PO (e 320 Sl 2l (335 Cayrall ) M) 3
2l yie pCI a paas dlie cally ¥ (Galuall o sall Alla 833 93 g0 ) daa) ) (585 Al 5 Lzadl)

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.

pCl = —log[Cl—]

N A i o gl (5hg 1 dana dbaa JSEE dcaill a6 ) L e Gl Ladie ;D bl
LG8 sall ()il S a5 Acadl) 2y 6IS (e elatl TAQ(NH )] diaall G585 Jiad 455 ) 50 Alalae GS) 4

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

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

Equation:

Calculation:
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K=
K = 1073 Ulwell 3l 5 43 dasil] Jarins] iSasi K colaan alaiaad af 15/
If you could not calculate K, the following value
can be used in the rest of the problem: K = 1073
[NH3] =0lS adaalll oda 8 Aliadpn Al caial s elall (go 58] (3 duadll 35508 (e Jse 0.1 ) Wi s¥) a5
el clilals siad) Casadl HEE Gl aas . 1,78 mol L
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, [NHs] = 1.78 mol L. Determine the stoichiometry of the
complex neglecting dilution effects.
Calculation:

n=

VB AL 8 pal) 5 pal) el Alsladll (580 6

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

o3 Jia b eV AU J il (S Al (ane o5 ¢ A iYL it 5 DU (s3el8 ) obaa o al 8L 7
A e S g Jiel YL o8 POl G5 sSal) dlall 3alall (65 e et A5 ) e AilaasS Alalae S ey L)
298 K dic 3l sll i cand ] Lo pad s

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
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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.

Equation:

Calculation:

Part B: The Mohr method
Mohr 44k B ¢ 3l

EO ALl a (2K, CrOg%) posalisd) Clas S asa s Agh bl CI7 3 &l 3 el e Mohr 485k aciad
e Vo = 20.00 ML 4eaa Jslae A @llds 7.76:107° mol L7 250a 38 53 KoCrOg Jstse e (~ 0.5 mL) <l ks
S50 xe (Agh, NOz) dadll @ljin Jsbaall 3 des @lld 22y (5505 Cop pslae e S50 asgall 3,

Vag = 4.30 ML e (B cla) jead iy sl A Gilia's 18 J<i08 Cpg = 0.050 mol L2
The Mohr method is based on the colorimetric titration of CI™ by Ag"® in the presence of potassium
chromate (2K*, CrO4*). Three drops (~ 0.5 mL) of a K,CrOy solution at about 7.76-:10° mol L™* are
added to Vo = 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.

Lagia Syl gall ()3 53l il qumad 2 ol oL cplialall ule il (555 ga cpiilalae i3S1.8

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

51st IChO — Theoretical Exam 26




Candidate: ARE_1

K =

D ddsall dlgall 34> 9
9. Identify the solids.

Solid A:

Solid B:

s small 35S Jslaa (8 sISH 5 Cop Jiseaal) S8l anial,

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

Calculation:

Ca = mol L

Cci = 0.010 mol L llwal/ by 4 Lullil] Losil) Narivs] iSasd Cy calbusn ot af /)

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

AGCI(S) sxic a5y 3l Vag(Min) sl anall gl

11. Calculate the minimal volume Vag(min) for which AgCI(s) precipitates.

Calculation:
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Vag(min) = mL

gl Adats apaail Taa CrOz2 a5 13l Jlo s 5illy Aadll cila 5 S T Ladie [Cl Jres 4ol bgal oy (iadl 1S !
(Oial @l jlies B pleall 4

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

Calculation:

[Clres = mol L
CrO4* is a good titration endpoint indicator because:

OY delitll gl s jeie 2 CrO42”
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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

3 gal) L) ) 2 gl e i) )l Al

Problem T4: From gunpowder to the discovery of iodine

< i g aadsall (MA(NOg)m) A S e g Ul (3 Coasmsi Sl ol sid) aa 5o 5 31 535S Ganadd e i) 8l b
C S, e ol Jels Jlanindy (Mp(NO3)n) B Sy Allaiiad 5 o5 claud G (bl IS5 3550 S (3540) @il
Akl e ale J saall 2 o3

In the 19" century, the French entrepreneur B. Courtois specialized in the production of nitrate A
(Ma(NO3)m), used for gunpowder. Initially imported from Asia, A was later produced from nitrate B
(Mg(NOs3)n) using exchange reaction with compound C, obtained from algae.

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.

5l (Mes Ma) Ll 4sli 5l 4,08 Galaal (o ohaan e )elall de 5500 23l agdl cdde 1) B A il s 22l
(9 3 W) 2s2n il 8 o (5 5m AY) Laiy (1 WO0) Ce Letans 2 35 Y Aiana ) 5 e (g gmn cpibad) < i) S ja
Onall A 5(38.4 W) (& Al G sall il 5l (S ya 8 Mp aneal) A O aladl ma (%12 N %6 O s 55 e iny L)

blually didal asd) (22,4 WOb) o 41 Gl sall <l 31l (S je A Mg
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A: and B:

2o B S all (e (442.8 g) Ao st dslae ) C lall oSl (40 (262.2 @) i (A S el e Jsaasdl
i 3 3k e duab D panl il e (190.0 g) e Al Juant Al uey alila) i B Sal) of alel)
O5Ss (NOp™ edah il e (5 5m3 il ) Aigall ALS i Adiast 8y 3 E il g e Juaniy dalii ) s
sl jioa & s Jelill B ) s da 0 die (60.48 L)( CneSY) ) a1 a2l il aa gl ) aas
(e e S V) A Sl yiing) sa ] harall

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 aresult, 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, NO2") 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).

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.

o3 adls ocilsd ol pn By A nSoall o L (a4l el (in WO6) 55 dasie caniS E gl S gl
(ol e )elall de g jae 4@l atlla & C S jal) Jlasin
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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.
.C 5B o sall Jeliil) dalae G815 Dy C 028 jall g 332
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C: and D:

Reaction between B and C:

o S i slinall (e g pul Guladl) ele g6l il o 5151558 Canldl BaaY calladall ala ) ae Janll 6Ll 5 <1811 ale &
S il el sle 5 33 ga sall ddinal) Clladall sl y e 3Spal) Cy 5SI) (men iy i) 4k i 6 jaUal) oda
oAl el 5 (JSU) o) al e 58 2515 1(12) 2l LI 232 (1S 50 Jale g Gy Sl (e 1) sle sl (e il oandly
DS e ae calladall Jelds (e 2 sl LY aaa Jere )5S ¢ ahal) Jlaall 8 5 ) ikt Cas s Jla S e (2)
(5)(1057, 17, H*) 5l (4) (NOg, 17, H") ke léiall (g daana (e 038 Ll (3 3 gall jumad iy (3)
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 (I2) 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).
Nowadays, iodine is prepared from the set of reactants (NOs~, I, H") (4) or (1057, 17, H") (5).

4. Write balanced equations for reactions 1-5.
50 1 o cdlelal) calae IS)

4

5

Jelall 8 LS 3N 3 sl () s0) pgeamy g 0 5lS 0 sl ()l Alia) ie praal 5 U 00 335 colal) 8 Tan Admaa 0l Al
Sl
‘ I"(aq) + l2(aq) = Is"(aq) (6)
S OEY (1) 5 (1) O aladl e Hise 5518 Al ddasd 53 (1) 25 Gl S (e (6) O siall e léil) 4l ) (Sa
Bon 152 eladbo 385 e el (e s slS AU 8o 38 i ()5S paliin Ladie 5 (1) Jady Jilially (15 & guianll laal)
The solubility of iodine is very low in water but significantly increases when iodide ions are added.
Together they form ions such as triiodide, I5:

I"(aq) + 12(aq) = 13" (aq) (6)
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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.
el sall a3 9 A Jslaal) o Jo 50 & Adeall 2 sall <l sk Gamy da 8 ¢ A5V Jslaal) panil A0 2y il S8l o3
Oe Ay sanll Al Jiad ey | uiladl) s 358 o dall Gl jad Wy Gl s IS (AU (e Ja 50 Adl) s &5 ¢(0.1112 @)
psmgall Al HS of Sl Jslaall (e (8.00 ML) = 4kl Aall 5 (16.20 ML) = & samal) Ada S5 jilae a4} A8 )
Al baladie s gy MU JSE cLEH 3 5a 0 (elall (00 1,000 L (4 14.9080 @) slall usles
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 water) in the
presence of starch. The process is schematically represented below:

82032— add
2 starch 6 titration
until near \uitil end
phase endpoint 8
_ +CH,Cl, separation | @d
initial g 1
solution
org 9
S.0.2 add
2U3 h
3 _stareh 2 7 titration
until near until end
endpoint
L { T [ = <| [ = 7 <| [ =
Blue Dark Brown Yellowish Yello- CLess
Brown | Pink | Blue Dk purplg Dk Purple CLess ([ Pink | wish kCLess |
a b c d e f g h i

CLess = coulourless Dk = dark

() -
a b c d
&3, £, ’Za- ) =
e ] % 4
b e Y
e f g h
sl Saae adla ()

5. Find the correspondence between the stages on the scheme (1-9) and the schematic pictures
representing them (a—i).
a-i ALl Sl g ) (e Lgpndidbey 9-1 (ye &l ghadll A8 )l Joan

Stages Picture
1
2
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OO N |01~ W

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

p 53 saaall iy 5 5 ae Adliaal) 3 sl il gl Lo s 1) 53 julanall oL Al dldal) 8 Alainall A5 g ) gl Je il Y alaa S)

7. Calculate the mass of iodine used to prepare the initial solution.
Y Jslaall jpcaail aadiiadl o sl AL qual)

m(l2) = g
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8. Calculate the equilibrium constant K° for equilibrium of reaction (6).
(6) Jeliill K® o)) 5ill s qusal
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Ke =
Problem Question 1 2 3 4 5 6 7 8 9 | 10| 11 | 12 | Total
T5 Points 3 4 4 2 5 5 4 3 5 2 2 2 41

8% Score

Gl YY) O il o S B i dhae sl bl

Problem T5: Azobenzene — 3-cyclodextrin complexes for
the formation of nanomachines

A 5aY) JuadS cliplail 4, 66 S a ) jdeae e iUl Jygad e 3 al8 il Jal asd e 5 ke o 4l YY)
il A5 (R-N=N-R?) oY) @l jal jue g W) st Jaatind ) &g Ul YY) e 2aal) lllia

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.

1. Draw the stereoisomers of azobenzene (HsCs—N=N-CsHs) and draw a line between the two carbon
atoms that are the furthest apart. Compare these two distances (divans and deis).

Lagmns g ) (KU 50 Om ek aealg (H5Co-N=N-CoHs) ¢ s 0 s siall (& (&) nas ¥ JSE e
(dtrans }dcis) u-‘-‘S)"‘S\ @ L“G—‘:‘-‘ daliadl %_’5,

trans Cis

Comparison: Cirans deis
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e NH
\N . COOH //J::::::]//,
ASAYs I
HOOC COOH
M
~
N P Q

Fig. 1 — Possible reactants for the synthesis of M.

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
(NaNOy) in cold agueous hydrochloric acid is used as reagent for the first step of the synthesis.

N (e 4a siall e liall G (o ) ¢(aad) JSEN 8 A g Aagusy LS s (e WD) (il oy M S el (55 (S
Jslan (A a g seall Cu i Jarion ¢(Very high regioselectivity) e 25 0 M @S el gladiy Gl (Pleléia) Q )
el (e 35V Als ) Ll elall [ 5lS 5 paell Gaea e 3y Sl

Reactants: and

Determination of the association constant K;
(Ki) &2 s aaas

O Saall (g 5 ¢Sl e as sl Al dala e 5 lbe g 2 IS g sall (ks 0SS — B) C Sl
i o sl CMigans el JS20 381 pall T 5 s a3ty 565 g 16 1 3 0 Ll 0 S g 31 LS e (L
Al Al 4 ey 2 JEII 3

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 Kj,
corresponding to the formation of the inclusion complex CMyans as depicted in Fig. 2.

C Mtrans CMtI’anS

Fig. 2 — Formation of the CMurans inclusion complex.
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) 585 G s [Mirans]os [Clo 1) 38 5l J gamn sl Adlida s 3323 Migrans s C O gz el dallane 83e jpaan o3
dpaliaie¥) i i s ga Jsha die ol puaiall 8 [Clo € 2 (Sl 38 5l 5 Jallaall USV 4 58 [Migrans]o Mirans 2
Mirans 8 S el slaa s Jslaa S o AA

Al sl Lpealate¥) ) gyrans 5 CMirans ) & sall dpabaie¥) il gopprans okt WS Apaliaiadl 48 5 paall ol 531 58
.C (ec) <Suall dpaliaia¥) Jagh Auall Ja1s i gual) Lol Jlua Jsha oo L mas . Migrans -

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

3. Demonstrate that AA= a -[CMurans] and express o in terms of known constant(s).

Ady pall Cul A AN g e FE5AA= '[CMtrans] Oi R

Demonstration:

4. Demonstrate that, when C is in large excess with respect t0 Myrans (i.€. [Clo >> [Mutrans]o), the
concentration of C may be considered as constant, [C] = [C]o.

[C] = [C]O ‘t‘-’u iy C J.:‘S)S u‘ﬁ ([C]O >> [Mtrans]o) Mtrans 4 ML’ il ;\:‘AS-‘ C ‘—‘SJ“M U)S-‘ Ladic 1&,—.‘1-“ &:’

Demonstration:
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5. Demonstrate that, when C is in large excess with respect t0 Mirans (i.6. [Clo >> [Mirans]o),

AM =a- % and express £ in terms of constant(s) and initial concentration(s).
t 0

iDle Lo s ANM=a- % Bt ([C]O >> [Mtrans]o) Miurans JaalbAnili i C ‘—‘S)“n OsSs Laxie IL"A:‘LA A
t'lllo
PERBES-PINLIICY;

Demonstration:
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6. Determine K; using the following experimental curve (Fig. 3).
A(3 Sl ) Ay i) Jadadie Slexioss (K) dasf 333

1 ,.,,.,,.,,.,,.,,, e
| ,./,,.,,, P

10 : .

1/AA

, TNV (100, 4.2)

I ! 1 ! I ! I ! I
0 200 400 600 800 1000
1/[C], (L/mol)
Fig. 3 — Evolution of 1/AA as a function of 1/[C]..

Calculations:
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Determination of the association constant K.
(Kc) 2l il el yyaas
.CMiis S 501 55 Mgis dbmall JS5 38153 53015 K S i)l a2 ) 2 5l G5k e g skins 9 ) 7 (e bl b
L,,ﬁi Gl a5y r“)’-‘ -[Mcis]O g.,r"u:‘n S5 I Mgis e A slae 40aS sl Jiasid (Mirans LA‘D Lo § il A Q:"-‘-“:‘-’ (‘)5-’
3)‘).‘\1‘ dee 8 C S all 2l 58 pae ZUEN af -Mtrans J:“JJ.:&\ <) 5\7.‘)\)3 (33’-‘” (a3 5 5all Ji JA-“) Meis S el 3ale )
M}Am)ﬂ\a&@dauﬂ\f«_\s);u‘ B)AJ‘)“Z\:\XAC &LL\&)M‘ M\Q\J‘)\y&kl;ﬂu&}y‘&)J\w;\:\S}@ﬁ
Hall gl
In tasks 7 to 9, we will determine by kinetic studies the association constant K¢, corresponding to the
formation of the inclusion complex with Mcis, CMcis. A sample containing only Mrans is irradiated, thus
producing a known amount of Mcis, [Mcis]o. Mcis (free or within the inclusion complex) then thermally
isomerizes into Mymans. In the absence of C, the isomerization follows a first order kinetics with a rate

constant ki. All complexation equilibria are faster than the isomerization processes. The kinetic scheme
corresponding to this experiment is provided in Fig. 4.
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\
Oy, K
.7 N —_ N
N
COOH
COOH
C Mcis CMCiS
Kc
C+ Mcis - CNIcis
kl kz
K,
C+ Mtrans - CMtrans

Fig. 4 — Kinetic scheme for the isomerization of Mcis in the presence of C.

AU A8y o ya (bl 1 all) Mlgis S pall 4 JalS) 1 clE8Y) Jana
The rate of disappearance r for the total amount of Mis (free and complexed) is defined as
r= kl[Mcis] + kZ[CMcis]

A AR (8 i ga g LS cKgpg (ot yad i e (35 A all (e RS a1 LAY Jane aity ol
Experimentally, r follows an apparent first order kinetic law with an apparent rate constant Kops:
r= kobs([Mcis] + [CMcis])

7. Demonstrate that ks = %"?&c] and express y and J in terms of known constant(s).
. IR . y+8ka[Cl] | i .
AS pall cul AV ANS G YA S XN Kops = TCZ[C] 0 (A

Demonstration:
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y = and 0=

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

tiz = 1;—2 (1 + K.[C]o) given that [C]o >> [Mcis]o. Mathematically justify your answer.

: 1 - . . .o RS £ ..
ol f‘s’d‘ & by = ;,1_2 (1+ K.[C]o) ABally Kops 4 381 sall tyy il oo o i Ol S Gk b sl

L““-‘J ‘5-‘-‘\;\ Je . [C]O >> [Mcis]O

O Very slow isomerization of Mcis within cyclodextrin
O Very slow isomerization of free Mcis

O CMqg;s very stable

O CMyrans Very stable

Demonstration:

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.
alasiul (e Jsandl 85 sa sall ailly lal) aiivsall Jaall Alslae 2S5 5k e K a2 ¢Bine § calal) 8 1oyl o (2 i
IS a5l Aalal) 1Y)

[Clo (mol L™ tu (S) [Clo(mol L™ tu (S)
0 3.0 3.0-10°° 5.9
1.0-10* 3.2 5.0-10°° 7.7
5.0-10* 3.6 7510 9.9
1.0-10° 4.1 1.0-10°2 12.6
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Equation of the linear regression: ol lasiy) Al
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Formation of nanomachines

{0 i 10
J,L Q@ h 5:\) @
iz: 2 @ (C) ;o088 72; 00
- T 2® o
*\_, 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 drug (grey sphere).

JSEN G LS WLl e (il 55 ) 4l 0 m sall 5 (Ko << K 4 0583 (s301) 0 35391 LS je (e AT S e ayaldali o
JSiy € Sl Adlz) aie (5 JSEl) 8 ole ) @l S peasall (B gmelasy ) sl S e L) 8 il sadll Je 35

O s pa aiay s ol adll (3l 53 5 Saal)
Another azobenzene compound (for which K<< Kj), 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.

Al N S

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.

3 LAl g ((C) S all 2sm s dlall b sl (3e) w alal e 55 o(dah an)y JLA) ke iSYI L yal) i)

c_y;ﬁul\

Ki>>1
Ki>>1and Kc<< 1
Kil/ Ke<<1
Ki>>1and Kc>>1
Ke<<1

oOoooOoo

et oy Jslaall (o 3 53 JUEE) aial g o6 JSEI A LeS A0a00 Ayl ) (8 (bl Al ) i g JI-SGLall 550 90 qum g o
dpaliaial s 43 gaall dldaally o slall  all 138 3381 jd (5 JSAN) O gadll (e gLl a3 3pdail f) A e J ghan 350 50l

Az gall Jsh die Jglaal)
This azobenzene-silica powder loaded with a dye is placed in the corner of a cuvette (Fig. 6) so that the
azobenzene cannot move into solution. The powder is irradiated at a wavelength A; 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 A ;.

51st IChO — Theoretical Exam 45




Candidate: ARE_1

270 nm 330 nm 550 nm

| J‘

v [ (e “
hv, |

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
bl e o g WY (alaia¥) il S cuadl e g ¢ gall 30Ul aa  ardiid) o il slae ) ) e
e trans-azobenzene (full line Juaiall kall'),
e cis-azobenzene (dotted line kil kall)
e rhodamine B (dashed line ahiiall Laall),

11. Determine Ai.

Al daf 20a

A= nm

12. Determine ..

A2 Aad aa

Ao= nm
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Problem Question 1 2 3 4 5 6 7 8 9 Total
T6 Points 4 4 5 3 |10 2 9 6 5 48
8% Score

(block-copolymer) el juad sall Cana 55 rdasalud) Al

Problem T6: Characterization of a block-copolymer

ALl o2a 8 (ALY 3 G il Apalas aaae (al i cary Al 5 Ak Ol jad 0 day ;) e (o) el sl iy
(e 4y ) el 52 1388 a5y A4S 5 G i

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.

Study of the first block
S5 dadall) A

o)
H2N/\’< \/>OCH3
n
1

(ublina) Gl Adldasy Jalaill 205 o(JsSale ol (s sinel S giae) elalls Ol sAll WA jaead gl s s ¢ Jalloda 8
15221 A gal) ilil) cidaef 535 all

In this first part, we will study the water soluble homopolymer 1 (a-methoxy-w-

aminopolyethyleneglycol).

The *H NMR spectrum of 1 (DMSO-ds, 60 °C, 500 MHz) includes the following signals:

Index 6 (ppm) Peak Area
a 2.7* 0.6
b 33 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.
1. Match the *H NMR signals from Table 1 with each of the corresponding protons.

S8l e anlial (555l o J sl A sali(a, by, €, ) omabinal) (1 Gl <l L3 (3
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o o o o4

H H H H i H ]
R R
/ " ]
H H HH H

O 0O o O

2. Express the average degree of polymerization n as a function of the area Aocona Of the NMR peak
of the repeating unit and the area Aocns of the NMR peak of the methyl end group. Calculate n.
Aalise 53 Siall Baa gl e Aadlill 5 cadalinal) G5l Cinba 8 Agcomg el Aalisal i€ dlass il 0 5 ekl 30 (e e

OISOl e 230 0 Aed gl Akl Jiall 5 e ) e A3l 5 shalinal) G 1) e (8 Apcpg Aadl)

If you could not calculate n, the value n = 100
can be used in the rest of the problem.

Study of a diblock-copolymer
(diblock-copolymer) (AUl 8lail) juad sl Al )

2 Sl 5 1l aad gl e IV Aadail) (pn Jeldl) DA e el el gl e Agl) dalsdll glilaial ad
reladl) juaal ol ZY (27 3 5 (e-(benzyloxycarbonyl)-lysine N-carboxyanhydride)

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.

L, 0
H NH\H/O -
oﬂ\o g
o

2: C45H1gN,0s5, 306.3 g mol™!

Cbz- ©/\Oj\§

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.

o 08 ) (525 Je il (e Al 3 slaall 2 ) 1 ddla) Jeldi (e oY) 8 5hadll A JS (3 o sl) S all pua )
LSl e ) G e

NHCbz
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N NH o\/©
H2N&’<O\/>\OCH3 + O_ﬂ/NI\/\/ \”/ e ?
1 n o o (e}

G:

4.

Infrared (IR) measurements are performed to characterize the compounds. Match the three IR

spectra with compounds 1, 2 and 3.
352¢1 gqu)d\cA4qJJ\gJ)Jﬂ\LyU=‘gJAS)A\ JA;Y‘LA}J{ﬁLiLAHJA&m‘%

=
S

%T

%T

100 . e

100

100

f0 Compound:

60

40 01 OO2 O3
20

4000 3500 3000 2500 2000 1500 1000
o (cnfl )

80 Compound:

60

01 02 O3

40

20

4000 3500 3000 2500 2000 1500 1000
o ﬁﬂn_l)

i w " Compound:

60

40 01 02 O3

20

4000 3500 3000 2500 2000 1500 1000
o (em™)

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...).

el labiee 5 ccadall (< LE)) add IS 5 Gmns pladinly 3 oladll jadd gall 53 g pall psdalinall oyl Cida 1 JS el
Jsm 503 anl el Jaf (e 2 Jad) (e 1 il Jlails My gl s sial) I quuia) ¢ 2 Jaall b daia sl

(e Breo) W diadl a1l Jae) g Lgiariiind Al <l Al de gana
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Table 2
Peak Area
o 22.4
R 119
Y 23.8
) 47.6
€ 622

3
*
*
] B o
6 (ppm)

Fig. 1 —signals marked with * correspond to the solvent and water.

51st IChO — Theoretical Exam

50



Candidate: ARE_1

H™ gNN V\}OCHs
H n
m
HNT]/O\ /{j

O

M = kg mol™
Provide your answer with two decimal places. Alaldl) sy uad 5 lidla) ke
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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.

40 3,0 ) da ) die Jeldlll (e dels 30 2 3¢5 4el 25 20 by 4ele 20 20 3a (Sl pad sl 2 ae 1 Jell (e i
SEC Wl e gila s SIL Jalail) zilis 2 JSAN) e g, (g sanidins a0

60 61 62 63 64 65 66 67
V. (mL)

Fig. 2 — SEC chromatograms of 3a, 3b and 3c as a function of the elution volume, Ve.
6. Match the signals in Fig. 2 with the copolymers 3a, 3b and 3c.
3 3b «3a Aadlail) el sll e 2 JLAI A ) LIV (Gl

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

3, 30, 130, 700 and ) K Zdgmdl duldll Gl padsdl (e e uoB Lile silag S Cila B plae Caag
3 JSE b daum sall 5 (7000 kg mol ™
Ve cdiall Jaa aaad hd ads g8 4 gal) ALY a3 S ol
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).
The log value of the molar mass is a linear function of the elution volume, V.

5 5.0 55 6.0 65 7.
V. (mL)

Fig. 3 — SEC chromatogram of the mixture of standards.
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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.

3 ald) A 0 ) aeadind 5 X e sall Jadadidd il Co ) Jslae ana saa o3 JSAN 85 2 JSAl S Canda (e 18DU)

el Aalae auia o) ) sl oy gl daadall AV alasiinl iy il = a0 20l dadaill

Ve = mL
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Triblock copolymer synthesis
gm'ﬁ\ g.ﬁl.i.'d\ gragn| &Uhm\

Aadail) a5 Ja e (Micelles) @bl Ji zliad Ally 4 gl gl Claplaill 9 SN dledll jped sl glilasal o3

5 pasigall Jlaninly B dakass ol
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.

0
H catalyst (\/\ 9@]\/\/\/ >
H3C/o<\/\0% T p5 ——pc© o FH
n 110 °C n P
4: A 6: A-B
MsCI/NEt NaN;  Pd/C, H
> ° S m—2> 8 + mG
0 g CaHeNH;
HsC. o} N
CF3COOH/HBr  Hj Of\/ %{WOM WN%
8 nO p-1 e} H'm
9: A-B-C
. ¢
MsCl: 0=8=0
CHs

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

5 (no other products than 6:A-B are obtainediele Jseall (8o 48l je (o)Al Cilatia 2 5Y)

7 (a gas is formed in the final step( s_aY) 8shall & o sS3 all)
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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.

e e IS8 o M ) o 35 Fal) Sl 3 A-B-C 19 e IS A B33ee el yuad 5] paking
A 500U JalaS aslasind (K 5315 ((pH = 7) elall b 4nia

(AY)) Lginals aa S el sl (4o Al OS (34l

M%M}A@Le)\ebﬂubmw)\

A: O hydrophobic 00 hydrophilic
B: O hydrophobic 01 hydrophilic
C: O hydrophobic O hydrophilic

A \WW B = C ---

.
N ¢
70 —

bowne”
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Problem | Question | 1 2 3 4 5 6 7 8 9 | 10 | 11 | Total
T7 Points 4 | 12| 2 2 2 5 5 8 4 5 S 54
6% Score
[2] ol 8 dalal) 48 ja eyl ALl
Problem | Question | 1 | 2 | 3 | 4 | 5| 6 | 7 | 8| 9 |10 11 | Total
T7 Points 4 | 12| 2 2 2 5 5 8 4 5 5 54
6% Score

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 (+1 or +II), two configurations are obtained (Fig. 1).

Jis 8 4588 = e (35 ).-P. Sauvage, Sir J. F. Stoddart  :cx JS1 2016 ple sl & Ji5i 3 3ila Caaia

¢ > s» s [2]catenane [2] olslSl elld Lo BV aa) 5 4y ) GIS ) plilal 5 asanal @ B. L. Feringa

4.5l Al (5 gia Ly () A5 bidlentate) ol s Sl slal (o (g siati Ay s Sl Aila Lalaa) | Gililaie Ol (g0 ()5S

5 Sl ddla S (e (ptiladi el (gan) ae el G sl ity | ( tridentatecsd) (SO8) ouvm s ol s il il je e
1 JSEI na ge (S e Jsan) (g ¢(+] OF +1) elaidl 3208 3s jal s

Fig. 1 — Multi-stability of a ring in a [2]catenane.
[2] QLS B ABlal Basial) A5LEN 1 JSAd)

The synthesis of the macrocycle is the following:
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BI’\/\O/(Oj

Cc
(N N LDA _ THPO [N N7 OTHP ?
AN (2 equiv.) [ B ] (2 equiv.) AN E
| = | =
A D

MsCI LiBr
(2 equiv.) F (2 equiv.) G
—_— —_—
Et;N C23H27N306S;
MsCl = H,C-S-Cl THP = %%/(Oj LDA =

1.Draw the structure of B.

B

B S sl duiy ana

2. Draw the structures of E, F and G.

E

GIF SE il el 4y an
F
G
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3. Out of the following the reaction conditions, choose which one(s) can produce E from D:
D S all (e E S jall o Jguaall olial 5 g83al) Jag il cpa JiSi gf fanl g jal
O H*, H.0
O OH7, H20
0 NaBH4, CH3OH
O Hy, Pd/C, THF
4. In the synthetic strategy, MsCl is used to obtain:

Sl Caaaila ¢ (oSN il ghd B MSCl Jaxiad

a leaving group 3 e s gana

a protecting group .Asas 4 saxa

a deactivating group .4bdis ;& 4 gaa
a directing group . 4ase 4s gaaa

oOooOod

5. G is obtained by the reaction between F and LiBr in acetone. This reaction is:

Jeliil) Jhaye gl (B LiBry F oSuall o Joliill daili G S pall o Jguaal) 0

O electrophilic aromatic substitution ke (ld s A< Jlagia)
O nucleophilic aromatic substitution ke L i< Jlasial
O Sn1
O Sn2

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.

Jad ) A 4G Ll ge F — G Jolilll e Gt 5 ghadd LJGENY) D) i
R 4s sana JS& o duyi ) 4 g S0 Adudiad) S Sy, a9 SO LT JS e

Transition state:

Aty Al
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The synthesis of [2]catenane L uses the terpplate effect of a copper complex:
ool ddae dpl> WL adg ([2]catenane L) L [2] OLSE glikual Jardioy

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.

J dmall A Galadl) 3ansi A o S ¢ Cu(0) oubadll dpda Y1 Adad) & g A< & el Guis]
J 3 @8 gall jad) (uladll ¢y g A g Y Jusal) Gisi

Electronic configuration of Cu(0):
Cu(0): puladll [ g Aty Jusidl)

Oxidation state of Cu in J:
J A ol Bausi Ay 3

Electronic configuration of Cu in J:
J A aill g sty Jusdal)

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.
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culadl) 3Ssa Joa e pall Lpwaigh 4 o) G L B oaladll (el dpnigh i) )
Jalaia Sla) s all) Jlaall 4 Al Wh g cl jlaall A g Sty AUl il ghona an i Aid) (Adlia
SBaall 13 B (S) JA aliad) Aadl) sala (i il

The geometry of Cu in L is:

O Octahedral » s> 5l AL

O Tetrahedral s> =L

[ Square planar g e s sie

O Trigonal bipyramid «iclas Abia o 4

Splitting and filling of d orbitals:

Z\A‘M\J dadial) d Q\J\.\A.“

9. Out of the following compounds, choose the one(s) that can remove the copper ion in L to obtain
the free [2]catenane:

& sl L oSpall B ouladll gail A3Y B eSdall S pall o JS) g aalg A
A [2]catenane

NH,
O CH3;CN
O NH4PFe
O KCN HN >N,
O tren
tren

In [2]catenane L, the copper ion can exist in two oxidation states (+1) or (+11), and each of them exhibits
a different coordination sphere (tetra- or penta-coordinated, respectively).
Luled g dely) Adlinadpe) B laladl o) glans agie JS5 24+ 1+ 32uS) Jllay (uladll el
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Fig. 2 — [2]catenane L states
[2]catenane L <N 2 Jsid)

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

Jas Jad A g S Al pe A3 aly Cu(ll) eoldiaed! d0LS bl ¢Ses

10. Fill in the blanks with a number or a tick: eJe 5 2l L cilel gl Sl

The Cu'Ns complex has ... electrons in the coordination sphere of the metal.
Oamall &) 8l gl By iKY CU'Ng sl
The Cu'Ns complex has ... electrons in the coordination sphere of the metal.

Oaall el Al Headdl s Y CU'Ns déaall
The Cu'N4 complex is I more / [ less stable than the Cu'Ns complex.
CU'Ns Sinall (e Bl S8 [0 <1 [0 Cu'Nyg Sl

11. Fill 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 ; — €.

oSouill Jgrogh el JoSTy 2 S § AUSIW oladasll uosaill sbol ddeld)l Galuall § ST
dashed boxes: @ (rotation); + e 5 — €. : 3V JKES Shorune Aozl SleasSyeS!
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Cu'N, —
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Problem | Question | 1|2 | 3|4 |5 |6[7|8|9]10]11 1213|1415 | Total
T8 Points | 26|22 |11|2[4|3 4|26 |8 |2|6]|4]| 64
6% Score

Problem T8: Identification and synthesis of inositols

Uit ¥} s iy (555 1 AlLsal

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

5Ssle Ll o el @yl WS “perspective formula” 4 shaiall Zauall ¢ el 2350 Al Al s3a (s B
(Y IS 8 masall s B-glucose

OH
HO 0
HO OH
OH
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.

5_be LS all 28 sy (cyclohexane-1,2,3,4,5,6-hexols) Js-Sell 162¢3¢4¢5¢6- JluSell ila ga J sins giaY)
Ln o) sl ilileall e anall 3 J2ay (53 5 My0-iN0Sitol U siss sil- sile S 5o La sl 5 dauslans Ay g S il

Structure of myo-inositol
MYO0-iN0Sitol J i sil- sila 4

1. Draw the structural formula of inositols, without stereochemical details.

stereochemicaldue!yall &l Juolis Oavy J g girI AlSsed) ) an )

This family of molecules contains 9 different stereocisomers, including enantiomers.
COLLAGAY) Ly Lay Aldiae 4,81 8 il ya g jube ai o il jadl (e Adilal) 028 (g gias

2. Draw all 3D structures of the stereoisomers that are optically active.

L gun Adlal) ) pa g 50 Mla¥) 45D Al S ana
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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.

S A9 Balad) ) saa) A e 553 ¢ MYO-INOSITOI J s gi- gsba Ay 1aaa g J gmmu s Ay LA Conpa
2983l Cidal) Bt 5y 9 el (5 9 5 (peapbalinal) Cppial) Aty Api) el it BBy a8 JuSS JSG
sl oS8 ¢ Cinhall B o AT adlBl) JAIN g gf Badly al JaEEN elal) cuia A 600 MHZ 3355 Jya e ol

N Gl B LS (Jaaaia (S adll) s 5 e Cighall JalSS

< o < © O < M o © =)
0 N oo ®» A o~ 0 © D
o O O © © 10 10 10 0 0 [N N NN
< < < e R R o ) eI
— ~ |~ /= ~ | ~
d c a
T T ﬁ
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

O (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.

28 g (G Al g Adal) o3 A MyO0-iN0Sitol J sim si- siba (e (Fidiall dilead) S yall Ay o) Al bas]
G555l (5353 pmaalial el ALl 8 ABadall il g

4. Based on the number and integrations of the proton signals, give the number of symmetry plane(s)
that exist(s) in this molecule.

sl 1 53 sa sall LY Cily giue 338 Jao) ¢ Jaaal) Cidal) B ()98 ) ol LAY colalsil) s e Talaic)
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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.

llaic) 3y (a, b, c or d) Cedsuse JS canliall Ja )l aua elld aay « ULE JESY) Jusiall sliaf ) glalal) au ) Jas)
Sl ¥) AN Aiall aea ) ¢ Jfiail) A8 1388 5 @ g SN Ao A Qgigl dgm , odef il gall NMIR ) sk e

3D structure:

Synthesis of inositols
J s (oS

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.

S0 Ayl (o a8 S ey g 9hY) o g8 LS o ry (950 lall (e dalal) iyl
1 dslasagsdl a2 J i sl

OH Br OH
HO, ~__OH OH HO. _~_ LOH
G, — O, ==
- —_—
HO” >~ “OH OH HO” ™ ~OH
OH OH
2 1 3

6. Choose the correct structural relationship(s) between 2 and 3.

3 52 CmSyall Cm ABal) a5 A Aagaual) Ayl i)

O Enantiomers
O Epimers

O Diastereomers
O Atropoisomers

Inositol 2 can be obtained from compound 1 in 7 steps. )
1 ghad dasey 1 Sl (e Ip s 2 J s gyl Ao Jgaal) e
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______________________________

Br N 5
on A m.CPBA | MCPBA: g c

4 5 | !

CH,Cl, ! :

OH p-TsOH
1 Q
p-TsOH: OS_OH
1]
_______________________ o ____.
Bn-OH, BF3°OEt Bu3SnH, AIBN °
n-OH, . n-BusSnH,
5 3 2> C16H1gBrO4 3 - ><
o BnO™ Y 0
-10°C THF :
6 OH
7
OH
0OsO4, NMO HCI (aq) A HO,,, ~_OH
7 > 8 9 —>
Acetone / H,O EtOH, 25°C HO®™ ~~ “OH
e OH
| | 2
: N/ O 1
| C -
| © b NCXN»,NXCN [@] |
: N |
i O CH3 |
5 Bn-{ AIBN NMO |

___________________________________________________________
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7. Draw the 3D structure of 4.

4 S 5all ) AENEN A pu )

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. Represent all the electronic effects due to the bromine.

oY) Cpm 1AAT Alle 45 <)) ABUS 350 g pa Al Aday) ) o 5 QS yall o Jpuanll sasall Jelill) diany
A 1 i1 4 S pall Lo 8l i) ¢ s N5 1-bromo-1,3-cyclohexadiene oS sall 4 suidll) dipal)
a gl Bailad) A g SSIY) Al avas Jifia ao ] Aulle 4 g st ABUS L AN Al

Br

9. Draw the 3D structure of the major diastereomer 5.

5 oS pall (i) giaabpal] sia 1 AENEN L) aeu )

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

GSal) (e Iedy G eSil 13gs Wle Jgaad) (Say (Al § S pall AiSaal) 43S @ pa g 3aYY) Cle glaall 3o sala
1 S sall A Jlaial)

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°.
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5 3shall (e JELY) die il 67 oS pally 4] Jldiall g A Jal) ddpal) (udly g 4de Jpandl (S AT e 2
67 36 OmS pall ) AN 4 anay) <— 6

12. Draw the 3D structures of major diastereomers 8 and 9.

9 58 (S pall Ay 1) il e gaalyall ) AN L) )|
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Select the right conditions A to obtain 2.

2 GSpall o Jpanll A oS jall dagaial) Ja gyl s

Ho, Pd/C
K>COs3, HF
HCOOH, H.0
BFs-OEt;

If the bromine is not present in compound 1, in addition to 2, another stereoisomer 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 stereocisomer and give its relationship with 2.

Eigaa el Al § glaa o Jganll oSay dlll tie gl o Gugiady 2 S pall ALG) ¢ ] QS pal) ¢S 13
A3 (pudl L 0y 98y Al ABa) il ghadl) B paat of Uia Gaay Y o) pllaY) dles B Jeliill 4 b 4la)

2 S pal) pa ABlall Alag (&1 Al GSlaall daad) SN Al acy) ¢ 2 oS pall B LaS cliblsal)

oOooOod

enantiomers
epimers
diastereoisomers
atropoisomers

=
ol

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

Aga sall s ddand) 53 (ha Ao sanal) il gl gf 5 lil) A (] S al (a2 S pal) (s Ales SN

OooooOonO

1-4
4 -5
556
6—7
7—8
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O 8—9
O 9—-2
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Problem | Question | 1 |2 |3 |4 |5 |6 |7 |8|9]|10]|11 12|13 Total
T9 Points |2 |2 |4 |3 |2 (17|21 |1 |24 ]| 2|2 |2]| 44
% Score
Problem T9: Synthesis of levobupivacaine
levobupivacaine I glikhual Aautill il
Part I.

ARV
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.

Aabaial 4 ) g yuall 4 50Y) Aal8 aa Marcaine - Lilas <is =l 5 anesthetic bupivacaine laall Jasll e

bupivacaine culaie aa) o Gt O el ) g e ualal) € ) 8 Jasisall o) sall 0 e a2l e ¢ dallall daal)

O Aainal (e Cus evobupivacaine csam ) S sl ae 4 jlie Ll s 5 alill Zans B8 levobupivacaine = s
L-lysine Guealll -0 anda sl (men

- NH3*
Cl z —
+ (0]
Hst
(0]

L-Lysine hydrochloride

1. Assign the absolute configuration of the stereogenic center in L-lysine and justify your answer by
classifying the substituents in order of their priority.

Lol cudi 5 (3 g cldag yal) Ciniualy il Jlo 5 Stereogenic chin s piud) 38 jal (gl JSill ydi

Configuration: Priority 1 >2>3>4:
g g »,{\/\/NH;CI- E{NH; 1{000 a&{H
[ ] [ ] (] [

2. The prefix L in L-lysine refers to relative configuration. Choose all correct statements:

dajauall c jlad) asan JA8) ¢ el JuSES ) L-lysine B L Abilad) 3 gas

sl A b & L &Y (aleaY) saes Al natural L-amino acids are levorotatory. [

el &y s & L 4eY) (=lea) Natural L-amino acids can be levorotatory or dextrorotatory. [
D93l dinay

(S) Sl (4e 43saY) alesY) s Al natural L-amino acids are (S) O

(R) ISl (4e 4330aY) Lales¥) aea All natural L-amino acids are (R) O

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.

Llanily g Adadl) el of (Sa, Jolil Eigand | -lysine b i) Gagaal) o) o faalg ) Zliad Ll

S8 Al ya 3l (g 1an) 5 aa (ile Ja gy oS 92l (e B3l ae Al (puladl) 3l aaf Joli sie Ao 4
Uil dalia NHz ¢nma¥) e 2a) Laaie (g€ 9, thna
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3. Considering that L-lysine acts as a bidentate ligand and that two molecules of L-lysine coordinate
to one Cu?" ion in the presence of aqueous hydroxide, draw the structure of the intermediate

complex.

Ol e Ol L-lysine (A paaaldl (pa Gaisa 39299 Gl AU L-lysine Ased) paaad) o e ) G 33Y) aa
Snall dobas gl) Aial) e )) ¢ e 9300 (14 (a dans g3 (AL aladll (e 3

Complex

Fortunately, in the synthesis of levobupivacaine shown below, the same amino group reacts even without
Cu? salt.

252 9 pdy uiaua:\AY\ Caaall de gana (pdi Je it Eua levobupivacaine 2 glilua) sl ag daal) fual
AL Gl ¢yl la

- NH3*
Cl N =z o 1) 1 eq. LiOH 1) NaOH, Cbz-ClI B
HaNT > - A - " CiaHaoNz0
o) 2) 1 eq. PhCHO 2) diluted HCI 14T120N2VUyg
L-Lysine 3) aqueous buffer
hydrochloride pH 6.2
NaNO,, NaOAc C NH, D 1) KoCO3, H,0 E
e
AcOH C16H21NOg DCC 2) TsCl, NEt3 C2oH34N206S
| AcO = CH3COO
NH
H,, Pd/C reagent H “_ _N ZN"Br
. F _ = —— > Levobupivacaine
O NEt3
Cp1HgN50,4S G C1gH26N20

reactive intermediate

0
A %
Coz-Cl= @O ' bec- TsCl = /©/ ko)

(benzyloxycarbonyl chloride)  (N,N'-dicyclohexylcarbodiimide) (p-toluenesulfonyl chloride)

From this point on, you can use the abbreviations proposed in the scheme above.
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ode | guida gall abadall 8 Lgad) Liial) ol puatidial) Jlarioa) SliSay ¢ Adakil) 038 (pa
4. Draw the structure of compound A, including the appropriate stereochemistry.

Fpnial) a0 4 o ga A i€ sl Aty ana

5. Transformation of L-lysine into A is (choose proper answer(s)):

A Syl ) L-lysine oS sall dgad (e aiiad) Gl sl A4

O an enantioselective reaction.Jiaie (Aas) Je s
[0 an enantiospecific reaction.sass Jiaia Jelds
[0 aregioselective reaction. sz Jelds

6. Draw the structures of compounds B—F, including the appropriate stereochemistry

B i pall Jpa Aiaal) £ i1 ) ana

B Ci14H20N204 C C1H21NOg
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D E Cy9H3aN206S

F C21H2sN204S

7. What is the role of DCC in the transformation C — D?

C oD dsexdll ADCC us2 sa L

[0 Protecting group for the amino group.
[0 Protecting group for the hydroxy group.
O Activating agent for the amide bond formation.
8. TsClis used in the synthesis to enable:
A TsCl  J) Jlaaiad) 2ol

0 Nucleophilic substitution of an amino group.
O Electrophilic substitution of an amino group.
OO Nucleophilic substitution of a hydroxy group.
O Electrophilic substitution of a hydroxy group.
9. Mark all possible reagents which could be used as reagent H:

H oS pall Jaly o) cadilss Lgllantiud oSaal) ha Al il o<)) puan  J) L
O diluted HCI O Zn/HCI
O K2COs3 0 H,SO4
U diluted KMnO4 [ diluted NaOH
O SOCl, O PCls
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10. Draw the structure of levobupivacaine, including the appropriate stereochemistry.

levobupivacaine = 4 [dlf Ll ac s/

Levobupivacaine CigH2sN2O

Part II.
;g.'ali'd\ s sadl
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).

0, CF;
HO._ X

(S)
o)

(S)-Mosher's acid
aaal) gl St daial) dalad) 48y jhall () , AL | -lysine Jiddal) Jlaxin) levobupivacaine glilaual culkiy
(et 13gd S 4uill) Mosher's e Jlariady 4l Joail) ga JiAdall Asal)
11. Draw the structure of the amide formed when the a-amino group of L-lysine is derivatized with (S)-
Mosher's acid. Clearly show the stereochemistry of each chiral center.

@y «(S)-Mosher's uaes ¢ L-lysine i) (sl ds gana GUELES a5y Ladie JSEal) 1Y) Ak eyl
S 8 50 0 b))

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- 4e gane hadd (BELE Jlic V) ey 33) (S)-Mosher's gaes 5 (carsl JI Cppenlll (e ASEE] i) 9il) dac ale
(amino

O Two diastereoisomers.

O Four diastereoisomers.

O A racemic mixture of two enantiomers.

0 Four compounds: two enantiomers and two diastereoisomers.

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:
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(S)-Mosher's_ saes g GELEY) day Jilaial) 5 gliS ) ppail] Lpllanti) (S (il A8y jhal) LA

NMR spectroscopy.
Liquid chromatography.
Mass spectrometry.
UV-vis spectroscopy.

oooag
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