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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 L 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 O 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 Mw:

Polydispersity index Ip:
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Na = 6.022-10%° mol™?
R=8.314Jmolt K1
p°=1bar=10° Pa

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

273.15K
F =9.6485-10* C mol ™!
1W=1Js1
1 kWh =3.6-10°J
h=6.6261-1031Js
c=2.99810*ms™?
e=1.6022-10°C
1eV =1.6022-101°]
P=AE xI
n= Pobtained/ Papplied
E=hc/Ai=hyv
pV =nRT
G=H-TS
A/G° = —RT InK®
AG° = —n F Ecer®
AG = AG® +RT InQ

o _ lCFDI
[AF[BP
pH=pK, + log [A]
© " S [AH]
RT
E:EO —;h’lQ
at T=298 K, RFT]nIO ~0.059 V
A=c¢lc
[A] = [A]o — kt

In[A] = In[A]o — kt
U[A] = T[A]o + kt
In2
k
_ XiNi M;
2iNi
_ >i N; M7
YiNi M;

.=
P Mn

M,

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|I|C|[N|O|F]|Ne
6.94 | 9.01 10.81 | 1201 | 1401 | 16.00 | 19.00 | 20.18
11 12 13 14 15 16 17 18
NalMg|(3 4 5 6 7 8 9 10 11 12|Al|Si|P |S |CI|Ar
2299 | 2431 26.98 | 28.09 | 30.97 | 32.06 | 3545 | 39.95

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

39.10 | 40.08 |4496 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.38 | 69.72 | 72,63 | 74.92 | 7897 | 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
8547 | 87.62 |8891| 91.22 | 9291 | 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 77 78 79 80 81 82 83 84 85 86
Cs|Bapri|Hf [Ta| W |Re|[Os| Ir [Pt |Au|Hg| Tl |Pb| Bi |Po| At |Rn
1329 | 137.3 1785 ] 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 [Ral%: | 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

1389 | 140.1 | 140.9 | 144.2 - 150.4 | 152.0 | 157.3 | 158.9 | 1625 | 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

2019;‘{& %‘“ N
IYP
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'H NMR

Chemical shifts of hydrogen (in ppm/ TMS)

pherols: NN @000
alcohols -_— _
alkenes: ----_ alkynes - CH3—CR3 -
amlde NH—COR: ------ _ R—CH?—OR’
_— carboxyhcamds CH3—NR2_ CH3—SiR3: -
- aldehydesé — :ketongs

argmatips: --- benzyllc Cﬂn—CeHs _

1o W0 90 B0 0 60 50 30 30 20 1o 00

H-H coupling constants (in Hz)

Hydrogen type |Jan| (H2)
R2CHaHy 4-20
2-12
if free rotation: 6-8
ax-ax (cyclohexane): 8-12
ax-eq or eq-eq (cyclohexane): 2-5
if free rotation: <0.1
otherwise (rigid): 1-8
cis: 7-12
trans: 12-18
R2C=CH,Hp 0.5-3

Ha(CO)—CR2Hb 1-3

RH.C=CR—CR2Hy 0.5-2.5
eq = equatorial, ax = axial

R2H.C—CR2Hp

R2H.C—CR>—CRzHp

RH,C=CRHp

51st IChO — Theoretical Exam 6



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
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

CHs (bending) 1465-1440; 1390-1365 medium
C—O—C (stretching) 1250-1050 strong
C—OH (stretching) 1200-1020 strong
NO2 (stretching) 1600-1500; 1400-1300 strong

51st IChO — Theoretical Exam
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Question 112|134 |5|6]|7]| 8 9 | 10 | 11 | Total
Problem

T1 Points 314|142 ]13]2]2|4525| 3| 3 33
6%

Score

Ol gall g Aia ¥ iy 1 A g¥) Alleaall
Problem T1: Infinite well and butadiene
7l S5 Caasll 138 ae 353 Y bl 4llad G e diebinas alal Jal 5 0 3,1 -l sall S L LWlle
DA Tagl 1 alsial e a5t bl i e Caas
The buta-1,3-diene molecule is often written CH,=CH-CH=CHp,, 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:
C=—=C=—=—=C==C
, 1 2 3 4 )
Qs S A8l s jle axi g 3 ya il g STV 48 ()5S0 (dlie Y ) 1D 2l salal (3500 Ll o dleadl oda JA5 (e

22
Al g g ¥ e msa e andus Ey = ;lm—hLZ:L‘U}L&AYﬂg
e

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

2p2

of an electron in an infinite well of length L is: E,, = BtnhL
e

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.

43 gall Logithalada 8 @ld s Guadgadll (o JSUEN (81 A8 <y EOEN il siadl BY) o amy)  Goad saill (s 3

L gadl) G dpunl) A8UAL G glue Rt (s ;“)G-L“ |

5» Where n is a non-zero positive integer.

0 d 2d 3d 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.

Laih daim gale qp g SIY) (0S5 (Mpudgaiall) 1 gagadl

Conie i (i peS Cn s b pai s i hall (bl Jl) e
d Jsh

Model 2 (« delocalized »): The m electrons are

delocalized on the whole molecule and evolve in a

single infinite potential well of length 3d.

danca sata ¥ r il 5 SIY) (5S35 puda gatia I 2 23 gall

Jobudiia pe dag JSeaS iy A afiy gg il JoS e
.3d
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2. Place the m electrons for model 1 in the previous diagrams and express the total energy of the n
system in model 1, as a function of h, me and d.

ch Aoy el o] 73 saill 3 p el g SV Alead 20900 48U 5 jle i)y Cpilad) phaladiall (3 ] z3saill 7 5 3iS)) aua

d} me

E() =

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, m¢ and d.

h AV elldg Q z3saill 8 gl 5 SIY) Alaad 40K0 28U 5 e Sl Al bl 32 23 saill 7l g 5iS)) aua

d 5 me

E(2) =

o 433 23a]) Legd ) 5 Alan A3l Lgie La g ylae g Abedl) 4881 jiall <l 5 iSIY) dlead A0S0 A8 a3 30 48 )

5 Sy
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.
ds me h ANy elldy AE; cpdisall A G A8a e e

AE, =

Juaa B sai il pdin Jas (a2 51 (pad saill )
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 CMY Mlarinly Gl sull 5 jal 4yl RN

}_|204\¢CH2

(b LS @l 5 B sl muad 2z saill Jiand 5 g (O S ) 3 alie e YL 33U S
L5 0 cldha) gn pasio sa5 Lo allaaall Jshll
JTL/8 5L/ 3L/8 <L/8 iilasyl vie daagia g Sl )Y @
T e sall Ul G5 N (s sl S
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.
For each level n, the © wavefunction is:

51st IChO — Theoretical Exam 9
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2 . mmx
Yn(x) = ﬁsm (—L )
and the 7 electron density for a system with N 7 electrons is:
1o Ul N 7 el Alaal p 45 iSHY) A6
N/2
p() = 2 ) ()P
i=1
(1 sde i (38 5) olinl Aaiim ga 77 Aleall Ay sl il ladl) (38 5 3 o ,Y1 7 A sall a1
The four m wavefunctions, which correspond to the molecular orbitals of the © system, are depicted

below (arbitrary order).

)
>
;

W(x)

Y(x)
Y(x)

6. Sort the energies of the four &= wavefunctions (Ea, Es, Ec and Ep).
( EpsEc Eg Ea) @¥) masasal) wl sill s

< < <

7. Give the labels (A, B, C or D) of the orbitals that are filled with electrons in butadiene.
O#a gl 8l 5 Lelads (D sl C B eA) @l laad) eland e

51st IChO — Theoretical Exam 10
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8. Within model 3, give the values of the © wavefunctions ,, for occupied levels at positions 0, L/4 and
L/2, forn =1and n =2, as a function of L.
N=2sn=1lacclldy /25 cL/4 ¢0 a8l sall vic diliaal) iy gicsall 1 Aan sal) a) sl a8 Jaef (3 23 saill @lilaninily

4’1(0) =

Y, (0) =

51st IChO — Theoretical Exam 11




Candidate: SYR-2

9. Within model 3, give the value of the 7 electron density at positions 0, L/4 and L/2.
L/2 5114 ¢ 0 @) sl xie g4 5 5SIY) AAGS) Ao oo (3 22 saill lilamindy

p(0) =

10. Draw the ©t electron density between 0 and L.
L 50 ool g ST AAUS anay)

~| co

~lo

&

~N

11. Sort the following CC bonds (B1, B2, ..., B5) by increasing length, using the symbols = or <:
2> 5l = sl axtivea s sidll JI sl Wi el (BS.... <B2 «B1) 4l CC sl 5l
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 12
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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
%

Score

plall aludily (a9 gl i) Al Alawal)
Problem T2: Hydrogen production by water-splitting

Data:

Compound Ha(g) | H0(l) | H20(g) | O2Aq)
AH® (kJ mol ) 0 | —2858 | —241.8 | ©

Sm® (J mol 1K™ 130.6 69.9 188.7 | 205.2

4nl) AdSS i Ha & (e s 0p s SI) 2T 8 Galay 522850 e S 058 of (Hp) Gonll e sl (e
Bac] 5 A —aldas elall aludil aey cJlaall 138 a1 S Tians iy LD ) 5391
Molecular hydrogen (Hz) 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.

Slall 10,38 (5 jia S s Jalbaa lllanialy slall Il A5 5 5 pall Alalaal) i)

2. Using only the provided thermodynamic data, justify numerically whether this reaction is
thermodynamically favorable at 298 K.
298 K e LSualin g 5 Niae Jelail) 13 S 13) Lot Lady 5 odlef sUanal) ASualing o jill cililanall lilaily

Calculations:
cllaal)

Reaction thermodynamically favorable?
aalinn sa i Tima Jelil

O Yes

O No

51st IChO — Theoretical Exam 13
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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.

el el (1 JSal) Al jeS A sa e sa (sl slall Ga plas (8 (35 S Jlatinds Ll eS slall Jlni Jlad) (S
s YIS e sl

-+

(1) (2)

Fig. 1 — Water-splitting electrochemical cell.

3. Write down the balanced net electrochemical half reactions occurring at each electrode.
A S JS die alialall eSSl Cplelill cpiduail) cpilaleal) GiSS)

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 AEappiied COMpared to a value AEw 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.

AEspplied (33 58Y) G Geladl) sgal) e Lol geiian) ¢(2 JVsadl 5f) g 5 3l Aialipn go i) lidanall Lo lileninly

sl el of gall JS (5585 Ladie @lld 5 (298 K ie LiSialia sa 55 8liae Llea) ol (s 21) AE e 45 lially

A e i) e O Lpaaal) Al oo 5 unliall Ja il die s pud Apulidll Leilla 3

Calculation:

O AEn= (e 8l e 3 Al Jae)
O AEn> .l \Y (give the result with 3 decimal places)
O AEn<

Alaall 8L 3 Jad) 2511 1,200 V el Jariad @lilSaly (AE Gl adainsi o 13)

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

51st IChO — Theoretical Exam 14




Candidate: SYR-2

N ) seall G (Pt e (dasg) 2588 Als 8 elall sl Jgmn 2aaBl S el aga et a5k by 53

Sl J ) 8 i ge 58 LS (2raall) 3 ) dagalay 3l AEpjn <ol aluil J sacan]
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:

2adlAnode AEmin (V)
IrO« 1.6
NiO 17
CoOx 1.7

Fe203 1.9

el g cleluall ge Jssas AR 5 AEmin ca GUA &

The difference between AEmin and AEw is responsible for losses in the device.

5. Give the expression of the device power efficiency reec (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;Osanode are used. Give the most efficient
anode.

il G ) 8l AEmin 5 AEg A2 el 5 (slell Jalail Alaniasall 48l o jumall jusll) 7701 Slend) 58 4llad 3 e Jas

Alladll (53 meadl ol SY FeyOsz (e daall s il (e Jasgall (58 Ladie elall Jalas 3 )08 dllad qaa) o] Bas) 5 dasd

Jsaall 85, 5SS (g (ga Juad)

Nelec =

Power efficiency when a Pt and a Fe2Oz electrodes are used:

Telec = %

Most efficient anode:

Alall 8L 8 Jall Ul pgiec = 75% dailll Janiisd SISl ¢ 7gjeq s adaiast ol 13)

If you could not calculate 7k, the value 7eiec = 75%

can be used in the rest of the problem.

51st IChO — Theoretical Exam 15
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alind (Kay JH s 48 Hhall 028 Joxind 3 0l Ligun Siaall slall gl oo elall 3 jeSl Jalatll (e 4y 43 5l lllia

oyl paliaidy

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

2.0 A

znS SiC

Z102
KTaO3 SrTiO3 —_ €

—7Zn0 — TiO2 MoS2 T =
0_,________,_________?L—____WQS___F_EQ_OS____:; _gI H+fH2
> > = > >T 2| = ol = —
S| o = <| = L"‘ =
w|_ o] o o™

o = I I
N 1.0 - Y 223 G I =
" . | ) _ o] o)l o). ool el SN = ___ 02fH20
> . . .
> 2.0 1
3.0 1 R —

Xo— G
40 o e e R TN RY- N O
£ Jmill ¢ ) (e Lial) 2L

-t

xeV

Sl 3 Y1 ) a8

Fig. 2 — Activation condition and equivalent electrode potentials of different semiconductors. Dashed
lines correspond to water oxidation and reduction potentials. SHE = Standard Hydrogen Electrode
&l ) 5 3auS] Cli gaS (381 3 Aadaiall o ghadl) J8) sill Cilail Calinal SN Cila g SIS gaS 5 Jandil) T 8 2 JSY)

=l (a5 pngll 25 5iSl) - SHE slall

56— 100
- 4—/\ ________ i > |
af HHA 80
E 3 b 60
- i i’ 180
Nm | e =
© ol 4 | A 0
X b ’ U 1
o T ]
1[ IPY
Z/ g I \/ i
0 a'l” | 1 1 1 1 | 1 1 1 | 1 1 L | l l 1 1 1 ]
500 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).

Balg g mhandl asl g A b gsill e s g5 sl (381 el g8 8 (AT ikl ¢ 56l s slenll gaall 3 JS
J1shY) a5 58 sl 3831 (e e (5l aSI 5 55 i) (80 s pdaiall ekl 5 pad) ) gal) BN o e Jaal gl g 1)

() dan sall
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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.
N abaall Jpailly 5 238 TiO2, CdS, Si Adall J8 sill Cabail Juniti aadaion (3 usnlill i gdll G2 (e el 0
cblaal) 8 dlasical) culaal fll

Explanation / calculation:

Approximate
fraction
TiO, %
Cds %
Si %

bt (035 SIS (i saS 4l e o lie) (S 4 Gy rdand) il S 8 CDlans JEL Caial el e aay
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.

A il g5 Of oS Leliadi (5 san ( Le (il AN A3 (ge J8 5 sl AR 0 S 6 clianall clllastinly

slall Jlas Jelas 8 agilS 28l s

0ZrOz 0 ZnO O TiO2 0 WO3
acds 0 Fe203 O CdSe O Si

51st IChO — Theoretical Exam 17
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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.
annll il ot oLl Jlas 8 Alad SV 4ol gt ¢(a5il 5 2508 il e aad g b desind (3 J) Caad ) as]
smaddl

Allaninly Byan (g )3 8 oy Jasaal) s T = 25 °C e sadill ¢ guiall ey SIS Gl aanaii (5 g Ledic O 5 Hp (33Ul &)
At =1 hour 3= Ha(g) = pa> ool s > «S = 16 mMM2 s s 35 58] s P = 1.0 KW m2 delaiady 1o )5 T sua

el How e
The evolution of H, and O, when a semiconductor is irradiated by simulated solar lightat T =25 °C at
Pam Was recently studied. Using an incident power light of P = 1.0 kW m™ and a photoelectrode with a
S =16 mm? surface, the production of V = 0.37 cm? of Hy(g) was measured after At = 1 hour of reaction.

9. Calculate the power efficiency 7iect Of the conversion.
Hdirect Jagaill e 3 yaall d0led aaal

Calculation:

Hdirect = %

alia él-’ @ dall @Gﬂ Hdirect = 10%Aedll Jleatind SISl ¢ Hdirect lasa C‘L‘:‘“‘s r“j 13)

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

Aidald 5 g8 A ol @lld g yilie e (giam e Jilat s pilie s it 50 () Guedl] A ) gl D] lllia

panels = 200 25353 8 (3 sl 3 Aiald 5 il a0 Al ) e il Sl o
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 7jpnels = 20%.
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10. Compare the power efficiencies of the two modes, 7irect and 7indirect, USINg Fe203 and Pt electrodes
for the electrolysis.

L;’L')Gsn Jalaill a5 i) Laghaa o Pt 5 FeoO3 clllantinly Tindirects 7)direct ¢ g gail) 3408 gr‘:‘j\"-‘" oR Q

Calculation:

O Ndirect = Mindirect | Ndirect =~ Tindirect O Ndirect < 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

Ladll uy el Jea HAEIAY Alawal)
Problem T3: About silver chloride

Data at 298 K:

pKs1(AgCl) = 9.7; pKs2(Ag2CrOy) = 12
Formation constant of the complex [Ag(NHs)q]*: = 1072

Potentials against the standard hydrogen electrode:
Standard potential of Ag*/Ag(s): E°(Ag*/Ag(s)) = 0.80 V
Apparent potential of O2(agq)/HO(aq) (in seawater): E'(O2(aq)/HO(aq)) = 0.75 V

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

gl sl iz jon (ol ally plaasSh) s (e cililaiia 1Y) 5 jad)
s ) 4 (5 (17781850 omi o 5 sa€) sl oo i sm ot sl a3 (30 o ] i)
Asaill 3y ) IS (al &

Gaa b oo W ke Jpeanll (Ko o) cudall ol Abia aale g docaill 3,518 (e Y Canalal A (uli)

" il ) e ile Jslae b )i nel) Gman

O A e Y andal Gl mlall 1281 o B abi)

Al ) S el el )5IS g pagl) mes oLl (aleal) 8 a5 Lalai Jpasll 8 LA QB e S pall 138 1 C b

" A g

" LY e e Jslae (o2 Al Gl g3l QU8 i) 5 61 ¢ AT Aals e 1D ki)

" 5aY) pn Jeliy Gaen Aila) Gasb e AT B e ety il 2y 551 (e of Uiy ¢ 3 any" 3 E )

B s 3ae ¢ A 32 amageall 3,08 o Jianid dalld) janll sl Al Al (e Lo gicas sl g cdal 13" F (uli@Y)

" o) culall o5l Ala salay

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.”

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.”

1.Quote A: Write the balanced chemical equation of AgCI(s) synthesis.
AGCI(S) el 4355 sall Al Allaal) iiS) A Gl
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2.Quote B: Calculate the solubility s of AgCI(s) in water at 298 K in mol L.
.mol L13L 3,18 298 K aie clall o3 AGCI(S) - S (AMai¥l) 4l o) sl B ()

Calculation:

s= mol L1

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.
S A el e 12 & o S i 585 Lol i yma e JS0 51U i gl (00 S e sl (o 1C oull
OsSE Al 5 il i ) AilaasSl g 1531 dihaie JS B i o(Gadl ) Jbead) G pCI (e B siall will (385 o paall 5)
sl die PO af s elie callal ¥ (Aadial) ol sall Als 353 53 50 5f) Al

-

pCl = —log[CI—]

N4 fie S gin (385 I ddae dae JE dcadll K ) L geY) calioad Ladie 1D (uliiB)
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(NHz3)n]*™ from silver
chloride and calculate the corresponding equilibrium constant.
LG sall () sl il i g Aadll 3y ) IS e elaial [AQ(NHg) ]t 2daall ¢ lilaal A8 9o 43 g ) 9o Aalas GS)

Equation:

Calculation:

K = 103 Ulewall 3l 6 il Lol Jlario] diSesd K lon ghain af 1/

If you could not calculate K, the following value
can be used in the rest of the problem: K = 102
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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.
OS Adaalll bda (b Ada A Al cid) sl e ] 8 Al 308 e Jse 0.1 G LiseY) il
el elilealy sdeall 4 jia € gis aaa . [NH3]= 1.78 mol L™

Calculation:

6. Write the balanced chemical equation corresponding to quote E.
E O AE) sall 455 ) gall Ailaassl) Ablaal) (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 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.

e S iy plall oda Jia (b SV an o S Al Gama (5 e0pnnSVL i 5 DB sl el olbie o (yal iy

en) ] a8 iSO 4 fie 5 gine JUl AL o8 F (Y 85 sS ) Aball alall S5 e (38 55 45 g Ao

298 K aie o)l sill i

Equation:

Calculation:
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Part B: The Mohr method
Mohr 4&, )k :B ¢ 2l
EDE ddla) i L (2KY, CrOg2) poslisal cilas S 3sas AgE lisls CIm 2 &sll) 8 el e Mohr 48 sk aiad
&+ Vo = 20.00 mL 4eaas Jslaa ) 5 7.76-1073 mol L1 2gass 38 55 KoCrOy Jstae e (~ 0.5 mL) & ks
2SS vie (Ag', NOgz) il &l i Jslaall 3 pae lld 3y 5505 Cop psbre 2 53S0 amisall 2 K
Vag = 4.30 ML xie (B cla) jeal a5 Jeday A lia's e JS0E Cag = 0.050 mol Lt
The Mohr method is based on the colorimetric titration of ClI~ by Ag* in the presence of potassium
chromate (2K*, CrO4*"). Three drops (~ 0.5 mL) of a K,CrO4 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*, NO3) 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.

8. Write the balanced equations of the two reactions occurring during the experiment. Calculate the
corresponding equilibrium constants.
Lagie JSI (a8 sall ()3) i) S uen) A yail) ol cpplialal) Galeill (5 9o (pilalae )

9. Identify the solids.
Okl (50l Sus

Solid A:

Solid B:

10. Calculate the unknown concentration Cc of chloride ions in the sodium chloride solution.
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pdsmall ) 5IS Jslan 8 sISH il 53 Coy Jseaall 58Sl e

Calculation:

Cal = mol L
Cci=0.010 mol Lt Ulewalf 3l 5 Lllil] Lol Jlanins] LiSasd Cop s whaiiad af 13/

If you could not calculate Ccj, the value Cci=0.010 mol L™t
can be used in the rest of the problem.

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

AGCI(S) exie a5y 53 Vag(min) el asall gl

Calculation:

Vag(min) = mL

12. Calculate the residual concentration [Cl7]ws of chloride ions when silver chromate begins to
precipitate. Justify why CrO4>" is a good titration endpoint indicator by comparing two values.
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el s T ynia CrOg> 2 13l Jlo o illy duadl) a5 S T Ladie [C1]res oS gl ¢y iall 35,01 !

Ol s ey Je il

Calculation:

[Cl ]res =

CrO4* is a good titration endpoint indicator because:

mol L1

OY Jelall il sa yaiia 58 CrOg%”
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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
%

Score

35l L) LY 2 gl (e rian) ) Al
Problem T4: From gunpowder to the discovery of iodine

el il sdia 8 pasiual) (MA(NO3)m) A S e U] (8 s Sl slall a5 51 55 ) 58 Ganadi ¢ e auldl) o) ) 8
i W C S el g Jaal Jelis Juaninds (Mg(NO3)n) B oSy allasins) &5 &5 el e ol ISy 3753 OIS (25,40))

Akl e 4de J saall
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(NO3)n) using exchange reaction with compound C, obtained from algae.

1. Eind the formulas of nitrates A and B knowing that they are anhydrous salts of alkaline or alkaline-
earth metal (M a 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.

Ol < il S se aal (Ms Ma) Al 5 458 o 45 418 (oleal bl de 5 a3 (10 Lagsl Cadle 1) B A g 339
Tl el ay L) (9 3 W) 5o il e (s my A Laiy (1 W) G et 2 35 Y AineaY il e (5 5mg
S e Mg rall A5 (38.4 WOb) (o Al i sall il S ja (8 Ma nall A O alal) ga (L5 %12 ) %6 O

LShbuall dida) aod) (224 W) o4 4 G sall il il
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A: and B:

O alall ga B S pall (50 (442.8 @) sle 5 st Jslase ) C bl S5l (56 (262.2 @) i (A S all Jo J paaal
s bl 5k e daaly D gl il (e (190.0 g) o daiilly Jeasi Auailh 43S asil) i B Sl
paa 058 (NOz ™ e oy il e (5t Al 5) Al A1 S i 45808 oy Al B alia g 3o o Joani g Aal )
ing) a1 sl e gradis e o g Jelall 550 a da o dic (60.48 L) CreanS V) s Al s gidl aa ) i)

(W T e e )
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, 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.

Al s ol i gl Gsn By A oaS el Lo ki g e 4l el s (in W) 4 s & s awiS E g el (i  quual
sl de 5 e dgill ailla 8 C S all 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 egquation between
B and C.
.C 5B ondis)sall deliill dales iS) s D 5 C 028 sall gua 232
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C: and D:

Reaction between B and C:

¢ _allall 038 ay OIS Laiy szl (e g pusl alaill el 5 o) i) () 155 )5S Jaa cclladall ala ) aa Jandl 6l 5 <181 1 ale
e (1) sle sl (e Bl iy i Glhil ddiaadl Qlladall sl ) o 58 pall cy HSll Gaes CuSuy il 4l calin
inbi Cunn s Ja S e (2) sl gle 5 (JSU) o) jial caus s 35l 5 1(p) 2l GlEES) 3 p(aS 50 el g <y )
(3) 05N le aae calladall Jelis (e 2 gl 2 USY Taaa Slasa 153558 8 ¢ aall Jlaall 3 3 5al)
(5)(1057, 1", H) o (4) (NOs", I, H") <Dl liiall (o Ao sane (o o3 Ll (82 5al) jumnt
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~, 17, H*) (4) or (1037, 17, HY) (5).

4. Write balanced equations for reactions 1-5.
51 o e ldll Y alea LS

5

delall & LS O 3 gl ()l Laguiany ae OISE 3 5l (sl Adlica) die prial 9 JS30 310 35 colall 8 Tan Adinin 3 gall AU
sl
‘ I"(aq) + I12(aq) = 1s7(aq) (6)
oMY (137) 5 (17) o dladl g Glisall IS A Aol 53 (1) 253l Gadaind JA G (6) ) siall Jeliill dul j (Say
30a 15 2 slally o 38 i e e liaall IS A 86 38 5 5 Galiion Laie 5 (1) dady Jilally (815 4 pamal) Elaal)
The solubility of iodine is very low in water but significantly increases when iodide ions are added.
Together they form ions such as triiodide, 157
I"(aq) + I12(aq) = 1s7(aq) (6)
Equilibrium (6) can be studied through the extraction of I, with dichloromethane. Indeed, 1" and 15~ do
not dissolve in organic solvents but I, does and, when extracted, it is 15 times more concentrated in
dichloromethane than in water.
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sl sall 2 g Ll J slaall e Ja 50 (2 Aabeaall 3 gl ks mmy i o AW Jslaall el AN £ il sl o
e Ayl A8l Juab ey 0315 s T g all ol jad o5 (sl IS S e Ja 50 i) caad o ¢(0.1112 @)
il s (e (g oball Jolaall e (8.00 ML) - Akl dikally (16.20 ML) = &y samall ddida JS 3 plae i Al A8k

Ay il Lalads o &;L“A\ Jal el v g (&LA” < 1.000 L @ 14.9080 g) L) ‘;ul.qa eﬁd}.al\
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:

32032- add
2 4 starch 6 titration
until near \uitil end
phase aqendpomt 8
+CH,CI i
initial 2Clo R separation
solution
org 9
S, 0.2 add
2~3 starch o
3 7 titration
until near until end
endpoint
Blue Dark Brown Yellowish Yello- CLess
Brown i Pink | Blue ka pul‘plg Dk Purple CLess kPink ) wish \CLeSSJ
a b C d e f g h i

CLess = coulourless Dk = dark

sl S oaiada (7)

5. Find the correspondence between the stages on the scheme (1-9) and the schematic pictures
representing them (a—i).
4 il lalade 85 shad JI (38 sal) (ALY dagisy o slll) Ads sall B ) sl

Stages Picture
1

OB WIN
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OIN®

9

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

o Alindl) o5l o) 5l gy s 0 3 plaall oL Alall ARl A CpiSaall GuilasSll Cple Wl & ) sall Jeléll Y alaa GiS)
a5 saall il 55

7. Calculate the mass of iodine used to prepare the initial solution.
SV Jslaall jpcaatl antind) 3 ol ALS Gual

m(l2) = g

8. Calculate the equilibrium constant K° for equilibrium of reaction (6).
(6) Jeliall K )3 5l cald usa)
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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

4l YY) Sl o yieSal) s — B -0 s ) Ciltixa Al Al

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

Alia o sl JlalS cliplail 4 il S ja Y sdeme (g A8 Jysat e 508 iy jad maend O 3 jle o 4 il YY)

&l At (R-N=N-R”) 55¥) oS sl (e 30¥) 83 58) Slaill <Ble s Juntnd 31 4 glll YY) o ]l
Nanomachines are molecular assemblies that enable the transformation of an energy source into a hano-
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 (HsCe—N=N-CsHs) and draw a line between the two carbon
atoms that are the furthest apart. Compare these two distances (dirans and dcis).

Mgy (e 2V O SN (G0 O lad aelg (H5Co-N=N-CoHs) s 2 (5 simall (& (o2l Al e Y1 IS5 pua)
(lirans s Oeis) CmS el (8 Legin ddluall ¢\

trans cis
Comparison: dtrans dcis
NH2
NH,
COOH
O
Bl T

COOH
" J
~
N P (:

Fig. 1 — Possible reactants for the synthesis of M.
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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 aqueous hydrochloric acid is used as reagent for the first step of the synthesis.

e Aa el e il (e SR ] Galaad) JSEN A e Ay LS e (e DRI (il yey M oSyl g lidanal Sy
Jslae A 2 523 seall 53 et «(Very high regioselectivity) (e 353 e M S all glaiiy (il culelaiall Q J) N
Jeldll o (Y Ala al) oLy Jass o slall IS (men (40 250 Sle

Reactants: and

Determination of the association constant Kt
(Kt) bla ¥ @ aaas
JS o Saall (g 5 ¢ 5Slal) (e s sl Aol Al e 3 e g 2 JSEN 8 e gl (CpinSial) Bla — B) C oS all
CMirans aall J531 (380 gall Jag) il Culd yaay e)s-’ Cigu 6 I 3 e DUkl gﬁ OoR s GS &a (gl Lexa
A gual) Adldaal) 48 jlay 2 JSEN & (o goan gl

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 CMans as depicted in Fig. 2.

C Mtrans CMtI’anS
Fig. 2 — Formation of the CMrans inclusion complex.ciesaill siae 855

o 3S Of Gus [Migrans]os [CloAtall 81 ill J saa sl Adlida s 8323 Migrans s C O el dallaa 83e jpuiant o
IS O AA Lpalaia¥) puad Cylida s J b die @l i) 8 [Clo- (Al Sl 5 Jlladll ISV s 58 [Mgrans]o 2
Mirans & S all Jslaa s Jslas

4l pall dpaliaia¥) Culil eptrans 5 CMtrans - 4 sall dpaliaial) Culil eopprans tesl WS Apaliaiadld 4d 5 jeall oyl 8l 3 53
C (£c) <Sall dpealeaial)) Jagh Anall Jala Jguall glaill s Jsha e L sess . Migrans -

Several solutions are prepared by mixing C and Myans in different proportions to reach initial
concentrations [Clo and [Mrans]o. While [Mtrans]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 Mirans SOlution. We note the molar absorption coefficients of CM trans and Mirans,
ecmrrans and emans, respectively. L is the path length of the beam through the sample. The absorbance of
C (ec) is negligible.
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3. Demonstrate that AA= o -[CMurans] and express a in terms of known constant(s).

Demonstration:

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

[C] = ‘t‘-‘t‘ B C )‘S):’ ulﬂ ([C]O >> [Mtrans]o) Lﬁi |V|transJ ML’ il :\:““S-’ C ‘—‘S‘)‘M C))S.-.‘ Ladie 45L L C)A;Jé

[Clo

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

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

e bl 5 Ad = - %u\ﬁ ([CJo>> [Mirans]6) Mirans - familly il 13083 € S sall ¢ 55 Lavie 1 Lie 3
t 0
) S Al S

Demonstration:
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6. Determine K;using the following experimental curve (Fig. 3).
(3 JSall) ) 2 ) Jaadie Slastioss (Ky) dagh 333
20 -

183 | - Z(1000,17.2)—
16

! I ! I ! 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]o.

Calculations:

Kt =
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Determination of the association constant K¢
(Kc) Bl ¥ @yl ayaas
S (63 Mgis daall JSE5 (381 53 (o35 K Bl V) il jpasty A pall Al 3k e asfin 9 ) 7 e lllall
8303 a i [Mcis]o (i) 38 Sl <3 Mgis (30 4 sbae 48 (e Jumnid (Mlprans sle 18 5 i de iy o 58, CMicis
ddee (8 «C Sl 23058 e s (B Mirans a2 M Tl (dnad) e 3 5nsall 1 sall) Mg S all 33le) (o
Al sda & Jelaill 48 n A 55a0Y) Alee (g g ud 2ail) il 5 IS Ky Syl (W) As Al e S a i 5 5a Y]
(4 Jsall) ; Jull JSElL dsa sa

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 Myrans is irradiated, thus
producing a known amount of Mcis, [McisJo. Mcis (free or within the inclusion complex) then thermally
isomerizes into Mans. 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.

e
./ N _— N
"N
COOH
COOH
C

\Y CMj
Kc
C+ Mcis - CN[cis
kl kz
K
C+ Mtrans - = CMtrans

Fig. 4 — Kinetic scheme for the isomerization of Mc;s in the presence of C.

A A8DMally a3 (il 51 ) M S sal) 40eS QS olii V) Joma
The rate of disappearance r for the total amount of M (free and complexed) is defined as
r= kl[M cis] + kz[CMcis]

A ABMa) 8 emga 58 LS cKops (g ad Culd ga (5 An ) e A a r oliAY) e iy Ly ad

Experimentally, r follows an apparent first order Kinetic law with an apparent rate constant Kobs:
r= kobs([Mcis] + [CMcis])
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7. Demonstrate that kyps = %"ﬁ] and express y and ¢ in terms of known constant(s).
C
. PR . Y+8k,[C] .5 .
AS all ) A Al 05y U= X9« kobs = 1+K—CZ[[C]] 0 Rx
Demonstration:
y = and 0=

8. Choose in which condition(s) the half-life ti» corresponding to kos Can be expressed as
tij = 1;1_2 (1+ K.[C],) given that [C]o >> [Mcis]o. Mathematically justify your answer.

e ety = B2 (14 K[Clo) B0 Kaps J St iosll e 0o e of e b e )

sl dlids) Jle . [Clo >> [Meis]o

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

CMcis very stable

CMurans Very stable

oooagd

Demonstration:
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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.

Ahaiul Ry J oall 85 s gall il lall asfiiall Jadl) Aalas LS (33 5k e chh‘é@gqﬁig%‘moiubﬂ
JSEN sy sl Asuladl Y

[Clo(mol L) tiz (3) [Clo(mol L) tio ()
0 3.0 3.0-10° 5.9
1.0-10* 3.2 5.0-10°3 7.7
5.0-10* 3.6 7.5-10°° 9.9
1.0-10°% 4.1 1.0-10°2 12.6

Equation of the linear regression:
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Formation of nanomachines
4 it Y Jusda

/ /
/Qm F 0 @
Tl el
o e A o s D

*7_, azobenzene (trans)

*)  azobenzene (cis) @

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

Jal G LS SGhad) e Gl 5 Sl 4l 3 ga sall 5 (Ko << K4 058 o) @m s )Y) LS e (e JAT S e ppaldai o
S5 «C Sl sl i (5 S b ey S5 g sall <B el 55 ) 05b oS ey bl 8 sl oe 5.5

O T aay s il sadll (Blay (53l 5 adeal)
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.

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.
3y WAl a s ((C) S el 3 g 50 Aol 8 ol il (3E) oy Alal (e (g2 5 o(daltd aal 5 la) Aeedle JSYI) Lyl

_@Lﬁﬂ\

Ki>>1
Ki>>1land Kc<<1
Ki/Ke<<1
Ki>>1land Kc>>1
Ke<<1

Ooooono

83 5ol wai oy J slaall () JEBY (e Lgmial g 6 SN B LS AN A o) 5 3 ¢ slall Alasall ¢ 35 H1-SGLal) 350 0 g g o
Jslaall dpaliaial (i 40 guall ddlidaally 0 LAl 5y jaill 13 481 jal (5 JS) il sadll (e (g slall ) al 3éail 1) A 50 J sy

A3 sall J sl die
This azobenzene-silica powder loaded with a dye is placed in the corner of a cuvette (Fig. 6) so that the
it cannot move into solution. The powder is irradiated at a wavelength 1 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 1.
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270 nm 330 nm 550 nm

| J‘

fr, Cc
hv, |

A.(nm)

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

11. Determine As.

trans-azobenzene (full line Juaiall Laall ),
cis-azobenzene (dotted line ki) Lall )
rhodamine B (dashed line ghasiall Jaall),

Al dad s

A= nm

12. Determine A».

A2 A daa

Ao= nm
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Problem Question 5 6 Total
T6 Points 10 48
8% Score

(block-copolymer) il jad il Cana 5 dalud) Al
Problem T6: Characterization of a block-copolymer

Alall s2a b (A S G ) AalaS Bane gal s Jany @215 Adlide Gl jad g Jay ) o Bl aad sl iy

(edn iy n) paad 0 1388 Cina o g g lihal (o jai
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
A8 Aadadl) A

0
HZN/\’< \/>OCH3
n
1

Adlbhaay Jalaill il o] (JsSale Gl (s sisal - 0— (onS siae — o) elall JOasB QAN jpad sall a6 jadl o2a
1 saalls Ania gall alial) cadae i 5 pall puaslalinall (i )

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

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 3.3 0.9
c 34 0.6
d ~35 133.7

Table 1, *in the presence of DO, the signal at 2.7 ppm disappears.
1. Match the *H NMR signals (a, b, ¢, d) from Table 1 with each of the corresponding protons.

S e i) ¢35 ) go 2l A gall pusalliseall ¢ il il L) ik

o o o ogU

H H H H H I:l
D H\N OﬁokH
/ 4 []
H
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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 Aocnz of the NMR peak of the methyl end group. Calculate n.
Aalise 53 il sas gl (ge Al g sdalinall ()l Casla & Agcopg Gl Aalisal gl Ao siall 0 5peldl A 0 e g
NAad qua) A ) diiall 5 e ) oo Aadlill 5 udalizall Gl Casda (8 Agcpz dadl)

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) (il dladl e sl 4 )

2 Soally 1 Bl el e (A1 Aadall o Jeliill JOA e elladll pad sl (e A dadadll g ldaal A
3 A8l el sl ZY (209 A1 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.

H O
_N o]
H \/© : ”)l\/é \/tOCHS
N NH\”/O g
0—4\0 8
(@)

2: C45H4gN,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.

s dSE ) g2 deldll (e gl 55lall 2 ) ] Al Jelii o (A5¥1 8 shall 8 IS (2 s sl) S el ana )
L am ) G e

HZN/\’<O\/>\HOCH3 + %iI\NNHWgOVG o ?
1

© 2

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

352 ¢ 1Sl ae &0 Caguall Gilda «lS pall Capa sl jaal) s Adlilas aladiul a3
100

80 Compound:

= 60

= a0 0102 O3
20

400 3500 3000 2500 2000 1500 1000
o (em™)

100

50 Compound:

60

“ 01 02 O3

%T

20

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

5 w - Compound:

60

2w O1 02 O3

20

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...).

il il 5 el (<l L) aad IS 5 amy plakinly 3 lail el (3555 ) pusallinal) i) i 1 S el
Jsn 5000 aea ) clibibn Jal (e .2 Ol el G 1 e Jlanials My dpaall 3o sidl) RESH queal ¢« 2 Jgoall b daia all
(”” Bc Q)QJLH&J\){J\k&{jhkmiamu\GJ\;JJJ\AQJA;A

€ Table 2

Peak Area

o 22.4

R 119

*

1 * y 23.8

1 B o S 47.6

a J\ Y A M £ 622
| 2 el

8 4 5 : 3 3 3 H 3

6 (ppm)

Fig. 1 — signals marked with * correspond to the solvent and water.
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H™ <§LN>/\/Q \/\>OCH3
H n
m
HNT]/O\/©

@)

M = kg mol
Provide your answer with two decimal places. ddualil) sy ¢yad 3 dlida) b
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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~ Aa ) 2ie Jelddl) e delu 30 20 3¢ debu 25 20 3 delu 20 22 3a (8l pad gl 2 ae [ Jel& (e i
SEC (ulaall (38 5 dlains¥) Ll 2 gila s Sy Jadaill il D JSA mida gy (u gnslins 4 )2

O ULt U BRSSO S DU SO AU St U AU S SO OV A N A

60 61 62 83 64 65 Tee 67
V. (mL)

Fig. 2 — SEC chromatograms of 3a, 3b and 3c as a function of the elution volume, V.
6. Match the signals in Fig. 2 with the copolymers 3a, 3b and 3c.
.3¢ «3b 3a il Gl yrad gall a2 JSEN A il (Gl

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

3, 30, 130, 700 and) AESH s el Gl Copaddsd)l e o gon dde giles S il 3lae Chdgs
3 R A daia all 5 (7000 kg mol™?
Ve cdpad) das aaad bl 4l g8 4 gal) ALISY) a3y )12 o
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, Ve.

7.0

6.5

| 60
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.

Aa o ) daddiad g (X paddsall Jaladial Qi) Coyall Jslae aaa Ve 338 (3 JSl) 85 2 Sl 8 CalaY) (e D)

i) Adlae pua sl Al Jadldl sy of Asaladl ATV alasind eliCay eelilian = ) m 4Gl dadadll 5 5l

Ve= mL
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Triblock copolymer synthesis
O Blatll el sl £ likual

Gaddll Jla) JMa e (micelles) cidtal) Sl zlind il s Al sul) ligill 9 D i)yl g likaual o

5 pasisall Jlexinly B Audan 1)
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
catalyst
H3C/O<\/\O%H -+ p5 —— H3C/O<\/\09GJ\/\/\/O>H
n 110 °C n p
4: A 6: A-B

MsCI/NEt NaN Pd/C, H
3 3 2 7 m 2 8 + mG

0 L CaHeNH,
CF3COOH/HBr H3C\O</\/O\><7‘/\/\/\O>JJ\/\/\/N6H)\N>H
8 n 0 p-1 0 H'm
9: A-B-C
MsCl: gl
' 0=8=0
CH,

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

87 ¢5 S all 84 pa)

5 (no other products than 6:A-B are obtained)

7 (agas is formed in the final step)
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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.

O3 S e A s il Gany @3 5 dlal) ikl 8 A-B-C 9 rad 5l\S A81Y) soanie i) Oy sl padiius
A 500 JelaS dalasind Ky 2l 5 ((PH = 7) slall b lgania g 2ic

GaY) Lginals ae B e gl e Akl JS il

A: 1 hydrophobic 1 hydrophilic
B: ] hydrophobic 1 hydrophilic
C: ] hydrophobic 1 hydrophilic

A \WW\ B === C ---

S g

bownwe”
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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 5 54
6% Score

[2] oLl B Aial) 48 o pdagbad) Alawal)

Problem T7: Ring motion in a [2]catenane

glibial g manai 4 B, L. Feringa «J.-P. Sauvage, Sir J. F. Stoddart :¢» JS12016 ale sl 3 Ja 538 Hila Cinia
o s Ay Sle ddla alas) cpilalaie (yils (e (558 s(sn a5 [2] GLslSU eld e AV saa] 5 A5 hal) SIS jaall
Gudl (D) Gpa il el Al il pe e 0D d8lal) (g giaS Wiy (el JUS bidentate) cals ) (salsl
Jseandl 5 m o(+l or +1) oelaill 5l A jal T8 g 3y 5 Sl il JS (e cpihasi el (s2a) e elaill o sl ilusy (tridentate

1 dSAL e e GalSS e
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 +11), two configurations are obtained (Fig. 1).

Fig. 1 — Multi-stability of a ring in a [2] catenane.

The synthesis of the macrocycle is the following:
Ay Sl dalal) g lilanal ol shad 3] babid) a gy

Br\/\o/(j

¢
Cc
[N N7 LDA __ THPO (N N7 OTHP ?
NI (2 equiv.) [ B ] (2 equiv.) AN AN E
© -
A D

MsCI LiBr
(2 equiv.) F (2 equiv.)
Et;N C23H27N306S:
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B JSill awy)
B
2. Draw the structures of E, F and G
JEEY) aniy)
E
F
G

3. Out of the following the reaction conditions, choose which one(s) can produce E from D:

D Sl e E S pall e J sanll olinl 555830 dag 8l e ST i Taal 5 J5d)

O H*, H0

O OH-, H20

0 NaBH4, CH30OH
O Hgz, Pd/C, THF
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In the synthetic strategy, MsCl is used to obtain: )
& Jseasll g llaal) il sl 8 MSCI Jlexial o Likaa) dpal jinY Tad

a leaving group

a protecting group

a deactivating group
a directing group

aOoOooo

G is obtained by the reaction between F and LiBr in acetone. This reaction is:
:Jelil) 138 Jia ¢ sian) A LIBr 5 F S oall G Jeliil) 4o G Sl o J sl 550

electrophilic aromatic substitution
nucleophilic aromatic substitution
Snl
Sn2

LiO0O0Ooao

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.

Jia (Sa vy Jelii S e Jah Jia 2l A5 il Laiaga F — G Jeliil Ao jud saasall dlayall IG5V QNS paa )

R e gana JSE e gunss ) i 5 0 L)

Transition state:

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

7.

) sl s Ll | [2] LSl g ldacal Jasias

L

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.
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s A JSE ) ) sl b Gelaill 30T Aa 0 S3 (Cu(0) aill dpa 1 ANSN b g sSIY) Sl i)
LA G sall all Galaill 0 53y

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.

, (L) & sl 053 Apanigl) Al i)

oshll Jandl 4y il e g of i jlaall A SIY) il gudl an ) i Guladll S 50 Ja ildasi jall Fpusigh 4l of (a0
< laall alada Y

el 138 8 (S) Guedl adiall el s

The geometry of Cu in L is:
I Octahedral

LI Tetrahedral

[0 Square planar

I Trigonal bipyramid

Splitting and filling of d orbitals:

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

& catenane[2] e Jsasll L oS yall 8 Gulaid) o5l A1 3Y 55 5S3a ClS yall e (L3ST ) Tanl g 4

NH,
O CHsCN
O NH4PFs
O KCN HN >SN,
O tren
tren
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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).

Adlide 4pnildi 5,8 Jamy Legia S5 ¢(+11) 5 (+]) 32uSY) Jilla 3 Gulsill aa) 5y of oSy ([2]catenane L) oSl d
(i) e xilal et el )

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 30 25 Y1 Al e i SN Lt 0 iy CU(1) i) A8 2 (S

10. Eill in the blanks with a number or a tick:

il Sl a s Ll A Gl g a6 YL cile 3 Sl
The Cu'Ns complex has ... electrons in the coordination sphere of the metal.
The Cu'Ns complex has ... electrons in the coordination sphere of the metal.

The Cu'Na complex is I more / O less stable than the Cu'Ns complex.

11. FEill 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: @ (rotation); + e ;—e".
Dsa ) Slarinse Alaall iliasS e8I oSl ) J gucn ol ALudiad) JaSig 2 K11 3 sl Cliansay obial Aialad) Goaiall Skl
O ey sl e @ — e rpdaiia) Jadd) <l ey jall 8 ASY)

,,,,,,,,,,,,,

Cu'N, —

,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,
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Problem | Question | 1 /2|3 456 |7 |8]|9]|10|11 12|13 |14 | 15| Total

T8 Points 2/6|2|2|11,2 4,3 ,4|2|6]|8|2]|6]|4 64
6%

Score

O sl Cia i g £ Lkl 1ALl Alawal)
Problem T8: Identification and synthesis of inositols
(oY) I asall S sle Uil (S el i LS Ay ) glaiall Al g el 25560 L) Alisal) 028 8 (o jas

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

3D structure perspective formula

lala 3 jle @lS jaloda sy (cyclohexane-1,2,3,4,5,6-hexols) d ssSell 162¢3¢4¢5¢6- Ghalel) Ala sa J sins siY)

don o) gl lleall e el 8 Jany (5315 J i s sale S e L a5 Al Ai gy S
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.

Structure of myo-inositol
J s o) gala Ay
1. Draw the structural formula of inositols, without stereochemical details.
At Al Al Jaalds ¢ 50y J g 50 Al l) Al awn )

This family of molecules contains 9 different stereoisomers, including enantiomers.
CBllaiall L Loy dlaine 402 ) 8 ClSlas i o i jaldl (e Alilal) o2 (5 gind
2. Draw all 3D structures of the stereoisomers that are optically active.
L gun Alladl) e slaall 3D il pran pn)

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
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obtained at 600 MHz in D2O. No other signal from that compound was observed in the spectrum. The
integration is indicated on the spectrum below each signal.

Ly i Sy g Bl (A s jSI Al ) sall ASDUSES (o Baal 5 Jadh | (J s 5ol sile Blase Aipe J s sl Ay Ui o
JE eldll cwla (& MHZ 600 2253 Slea e obial ) sShall Caulall Jomasi o505 5 all (555l ousrlaliseall (piall ddldaey
Calal) LS Jamie IS pall) a5 e il QS5 ae b oK1 ¢ Cilall (8 S all 5 AT el Jali 5 Laad o] (D0)

(Y

<+ o < © O < M 0 O — 1 O
w <t N —H S M N~ 0V © 10
S o o © © B Id I I 1o NN N
< < < e R B B o o) e e
i ST = ST
d c b a

T ST h )\

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
S (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.
dldan 3 sl i g5 pl) de ga G g Al oda 3 s sl sbe (e (Sdiall Ll (S yall A Sl Al Jas]
055l (5 5 5ill (prnlaliaall (pilall

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 ol 138 853 5a gall Ll il giie dae SY) ol Cadall 8 G il L) el ae 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.

iy (a, b, ¢ or d) censoe I il Jasll aua Gl any o st si silall TS SEY) QN obal ) slaiall oy JaSi

) DA Al sl el A8 138 5 8 (s SI ) @ 055 sa) asmy . odke zasall NMR A ciha e Talaie |

3D structure:

51st IChO — Theoretical Exam 57



Candidate: SYR-2

Synthesis of inositols

Jsiam g1y pUidaial

0o 2 O st glidanal (i el Chgus 68 mS Claey Jians i) i 8 CUS je am glidaal adall (e dplall cliplaill

1 J 52250 55

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.

OH Br OH
HO,, _~_.OH OH HOL_~_.OH
=, == JX
HO” ™ ~OH OH HO” ™ ~OH
OH OH
2 1 3

6. Choose the correct structural relationship(s) between 2 and 3.
32 OnS el (Al a5 A Al i) A1 A

O enantiomers
1 epimers

O diastereomers
[ atropoisomers

Inositol 2 can be obtained from compound 1 in 7 steps. )
A ghad Aapy | SOl e lens 2 J i si¥) e J sl (Say

______________________________

Br O E O E
| . I

oH A m-cpa _ | MCPBA: g o

4 5 |

OH p-TsOH CHCl; : o

1 p-TsOH: Oé—oH

1 n 1

| 0] |
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Bn-OH, BF3*OEt BusSnH, AIBN °
n-OH, . n-BusSnH,
5 3 2» C16H1gBrO4 3 - ><
o BnO” Y~ O
-10°C THF E
6 OH
7
OH
0sO4 NMO HCI (aq) A HO,, _~_OH
7 »> § ——————————®» 9 ————
Acetone / H,0 EtOH, 25°C HO®™ ~~ “OH
e, OH
i o ! 2
| \ 0 :
: C
! > NCXNoN CN [@] !
: s N :
5 Bn-{ AIBN NMO |
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7. Draw the 3D structure of 4.
4 S all 22l A5 Al ana )

4

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.

g gl acneall e s 0T Allad) 5 Y ARSI 3 AN Al ) e 5 S el e Jpemnll ga3all Jeliil anay

A Ll 0 A Al 505 5l lans oyl 4 S el (g0 4 5 A & Ul bromo-1,3-cyclohexadiene-1 S ll
a5l 3ailall A 5 IVl wres Sl dliadie JISET e oY) 45 Iy

Br

9. Draw the 3D structure of the major diastereomer 5.
5 S all st N e siasdpall a1 AU Aidl e )

5

10. Give the total number of stereoisomers of 5 possibly obtained by this synthesis, starting from
enantiopure compound 1.
1S el ) Jaidl e Ty g Lidaia¥) 13gs Lale J sand) oSy A1 5 (S jall Sl 400 e sadl) sxe o]

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°.
) 6 — 5 5kl e JEBY) sie i3y 26 Sl 4 Ll 5 A8 el Ll Gy e Jseanl) (Sar AT e 3
6 56 (S sall aa ) LE dyl
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12. Draw the 3D structures of major diastereomers 8 and 9.
9 58 S yall At )11 il e silall el 430 4l aua )

13. Select the right conditions A to obtain 2.
2 &Sl o Jpaall A S pall dapaall L gyl 54

Ho, Pd/C
K2COs, HF
HCOOH, H20
O BF3-OEt:

OO0

14. 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 stereoisomer and give its relationship with 2.

L) Spas el Al ¢ bas o Jsasdl (S elld die @ S all ALYl ool e s ginn Y T Sl 1)

2 S pall b LS Sl s s e (g sk 8D @l ghadl) (5 st 6 50 i g liaal) dlae 8 Jeliill ) i

(s Al Slaall aa ) AEBEN i) anay)
2 S all e A8l Jae

enantiomers
epimers
diastereoisomers
atropoisomers

HO000

During the synthesis of 2 from 1, choose the removal step(s) of protecting or directing groups.
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1-4
4 -5
5—-6
6—7
7—8
8—9
92

OO0O0O0O0a0a
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Problem Question 1123|456 7189|1011 | 12 | 13 | Total
T9 Points 212143211711 ]|2]| 4 2 2 2 44
% Score

levobupivacaine JI gliaal Axulil) Al
Problem T9: Synthesis of levobupivacaine

Part I.

:dj\ﬂ\ ;j;j\

daall daliial &y ) 5 puall 3y 50Y) Al (yaa Marcaine - blad a2l s anesthetic bupivacaing s sall jaaall s}

3 bupivacaine <Oilie (sas) o G (S e ) e s pualall Gl 8 Jexisal) o) sall () e a1 e dgallal)

Uaeall (e Levobupivacaing g (Sar e I oS jall ae 4 jlie Ll a5 il e S8 levobupivacaine =

Ol -d gahll )

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.

- NH,*
Cl ER
+ (0]
HBN/\/\/\H/
(0]

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.

(oAl O smiall 2 5all) Cppull 3 im0yl S 5l (3l Juiill
Al i i (385 g yall Canat elifls) Jle

Configuration: Priority 1>2>3> 4:
D R + + -

2. The prefix L in L-lysine refers to relative configuration. Choose all correct statements:
Aagaall @l jlal) maan SE) ol QSN ) L-lysine 8 L Al 3 e
0 All natural L-amino acids are levorotatory.
O Natural L-amino acids can be levorotatory or dextrorotatory.
0 All natural L-amino acids are (S).
OO All natural L-amino acids are (R).

Loy (8 o533 peall 2S5 08 (e (2 ae Guladll #3d 0aY (Say Jelal [-lysine 2 A el sas) ) pliss Llle
Jelilldalia NHy oYl o) (saa) L laxie () o5 dbnall (oS ey Aia) a3l aa Y A dladll 40850 Caaay of Sl

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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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.

g Ot L-lysine i) pmeal o (o ol 5 ol S Jelity L-lysine (i) paaesll o e W) (s 3391 e
(e sl) el Ay ) 2S5 Huel) (e le Jans g AU Gelaill (g a5 sl

Complex

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

il ) o CL‘ sy pdmy ‘:_\;i_).x:x.q‘j\ de ganall (i Jelili Cua ¢ levobupivacained &LLLMA\ sLial e sl sl

- NH3*
Cl R - 1)1 eq. LIOH 1) NaOH, Cbz-Cl B

HN © A
3 /\/\/\W 2)1 eq. PhCHO 2) diluted HCI C14H20N204

0O 3) aqueous buffer

L-Lysine
hydrochloride pH 6.2
NaNO,, NaOAc C NH, D 1) KoCO3, Ho,O E
AcOH C16H21NOg DCC 2) TsCL NEt;  CygH34N,06S

___________________

NH
Hy, Pd/C reagent H N S
' F - . —— > Levobupivacaine

NE
t3
C4gH-gN>O
Cy1HgN,0,4S G 187728772
reactive intermediate

0
A %
Coa-Cl= go “ DCC = TsCl = /©/ Re)

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

From this point on, you can use the abbreviations proposed in the scheme above.

e e sall Taladall b Led) Jliiall il yeaidiall Jlanio liSay ddaiill 038 (s o)tk

51st IChO — Theoretical Exam 64



Candidate: SYR-2

4. Draw the structure of compound A, including the appropriate stereochemistry.

Aonlial) ) ) Al aam s A S all s aaa)

A
5. Transformation of L-lysine into A is (choose proper answer(s)):
(idl gl 3al) s A S pall ) L-lysine oS pall Jsas
O an enantioselective reaction.
[0 an enantiospecific reaction.
[0 aregioselective reaction.
6. Draw the structures of compounds B-F, including the appropriate stereochemistry.
B—F . S yall &Sadll a2 ] Jall il o )
B C14H20N204 C Ci6H21NOs
D E C29H34N206S
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F CoiHogN204S

7. What is the role of DCC in the transformation C — D?
SC > Dy ds~ill ADCC Ly 58

[0 Protecting group for the amino group.
O Protecting group for the hydroxy group.
O Activating agent for the amide bond formation.
8. TsClis used in the synthesis to enable:
I Nucleophilic substitution of an amino group.
[0 Electrophilic substitution of an amino group.
O Nucleophilic substitution of a hydroxy group.
I Electrophilic substitution of a hydroxy group.
9. Mark all possible reagents which could be used as reagent H:

H Syl Lages S LgTlaxind (Saall (e 1 30 sall gaen ) i
O diluted HCI O Zn/HCI
O KoCO3 0O HSO4
O diluted KMnOg4 O diluted NaOH
0O SOClI; O PCls

10. Draw the structure of levobupivacaine, including the appropriate stereochemistry.

levobupivacaine 4! &l 4l au )

Levobupivacaine CigHzsN20
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Part Il.

Al el aaall 35165 2l daial) dalall 48y jhall o | el e 85 Jdaie Jlesind levobupivacaing glidaal cillaiy
(JSE)) b daim se paeall 13g] S agll) Mosher's paes Juexiuly 2 Jsadll s

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).

0O, CF;3
HO. X
(S)
@)
(S)-Mosher's acid

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.
L) il L) mamy o(S)-Mosher’s aes (0 L-lysine i) (aeall de gane 8L a1 Laxie (Sl 20Y) 43y )
S S dd

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)?

(Oxll) (3 -aMINO Ao gana Jadh BELE e W) cpay 33) € 5l ga paes 5 (ol I Gl (e AR ) gil) 230 AL

Two diastereoisomers.

Four diastereoisomers.

A racemic mixture of two enantiomers.

Four compounds: two enantiomers and two diastereoisomers.

oOooOod

[ERY
w

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

hisa Gmen g GELIY] 2 JilAtall 5 gl oS anill Lellantinnd (Say S (330 hal) A

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

oooa
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