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General Instructions.

i

A

A

A

Pages:This theoretical exam booklet contains fgages. There are 11 Problems
total.

Exam_ Reading: Students will have 15 minutes to read this exam booklet before
working onthe exam. Do not write or calculate during this period, otherwise
YOU will be DISQUALIFIED . The official English version of this examination is
availableuponrequest only for clarification.

Exam Time: Students will have dotal of 5 ADDITIONAL hours after exam
readingto complete the exam.

Start/Stop: Students may begin as soon asfih8 t acomintand is given and must
stop your work immediately when tfieS t @gmeand is announced.
1 Failure to stop the task by 1 minute or longer afterith@ t cc@mimandis
given will lead to nullification of your theoretical exam.
1 After thefi St a@minandis given,place your exam booklet back in your
exam envelope andait at your seat. The exampervisor will come to collect
your exam paper.

Answer sheets:All resultsanswers must be clearly writtenpen, inther respective
designated arador credit
1 Only use the providepens
1 You may use the backsid# these exam sheets as scratch paper, however,
nothing outside of designated areas wilhnbarked.

Calculator: For any calculationyou mayonly usethe 49" IChO calculator provided.

A Assistance:If you need assistance.{. more snacksgrinks, or you need to us¢éhe

restroom), wave the orange IChO flag on your desk and wait fex#masupervisor.
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A B C
Problem 1 Total
Problem 1 AT RS
6% of the total Total 4 11| 2 7 6 20
Score

Problem 1: Production of propene using heterogeneous catalysts

Propene or propylene is one of the most valuable chenicadghe world, as well as
i n T h apetroehangicalsndustryOne example of the commercial use of propenia is
the production of polypropylen®P).

Part A.

Propene can be synthesiagd the direct dehydrogenation of propane in the presence
of a heterogeneous catalyst. However, saiobection is not economically feasible due to its
thermodynamic propertieBased on the provided thermodynamic information below

Hbon&C:C) = 1.7Hb0nc(C'C),
Hbon((H'H) = 105Hbonc(C'H), and
Hbonc(C‘H) = 1.1g_|bon((C'C),

where Hpong refers tothe average bond enthalpyf the indicated chemical bond,
answer the following questions.

1-Al1) DETERMINE the enthalpy change dhe direct dehydrogenation of proparmad
EXPRESSyour answer in terms d¢pond C-C). SHOW all work and calculatios

Calculation:
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1-A2) For the dehydrogenation reaction above, raising ekiernal pressure at constant
temperaturdails to inaease the yield of propene

SELECT thelaw or principlethat bestexplairs this phenomenarMARK “V”  theaopen
circle for your answer

Boylla' s
Charlawe s’

Dal tlamn’ s

Raoulawt ' s

Le Chapriedpleer ' s

1-A3) After the dehydrogenation reaction is at equilibrium, changivegtemperature will
perturl{bezpokoyit) the equilibrium of the system when the partpressures of the
componentsreheld constant.

SELECT the correct set(s) of signs tfe thermodynamic variablegpplicable to the change.
MARK “V”  themopen circle(spr ALL your choice(s)

DH DS DG T

- + + lower
- + - higher
- - + lower
- - - higher
+ + + lower
+ + - higher
+ - + lower
+ - - higher

None of the above is correct

" Relative to the initial temperature at the same partial pressure.
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Part B.

A more efficient reaction whiclproduce large quantitie®f propene isoxidative
dehydrogenation (ODHysing solid catalysts, such as vanadium oxides, in the presence of
molecular oxygen gas. It is more promising for the industrial production of proibem
direct dehydrogenation.

L S 1
1-B) The overall rate of propane consumption in the reactiop is = -
3''8 o o A
S
0

gkred Pe, KoxPo, 2
wherekeq andkox are rate constants for the reductiortlod metal oxide catalyst by propane
and the oxidation of the catalyst by molecular oxygespectively.Standardpressureof 1
baris represented by’. The rateof oxidation of the catalyst is found to be 100,000 times
faster tharthat of the propane oxidation, and the experimeraté at 600 K is represented

pC3H8

by: T, = Kobs 0 wherekopsis the observed rate constant (0.062 il s

If the reactor containing the above catalyst is maintaated total pressuref 1 barwith
propane and oxygemETERMINE the value ofkeq and kox when the partial pressure of
propane i$.10 bar(Assume that the partial pressure of propene is negiyibl

Calculation:
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Part C.

The metal oxide catalyst contains oxygen atoms on its surface that serve as active
sites for the ODHOne of the proposed mechanisms for the ODH in the presence of the

catalyst can be written as followwherered* represents reduced site and §)(represents
an oxygen atoron the surface of the catalyst)

CsHsg(g) + Of) ¥3%- CsHe(g) + HO(g) + red* (1)
CsHe(g) + 906) ¥8%- 3COx(g) + 3H0(g) + 9red* (2)
0Ox(g) + 2red* ¥3%-  20(9) (3)

numbef reducedsites
totalnumbeof activesites

= kl ngHa (1' b) ,
r,= kz Pe,n, 1- b),
andr; =k;p, 0.

Givenb =

, the rate laws for the above 3 steps are:

1-C) Assuming that the amount of oxygen atoms on the suranainsconstanthroughout
the reactionDETERMINE b in termsof ky, kz, ks, Pc i, s Pey,» @and po, -

Calculation:
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A
Problem 2 Total
PrObIemZ Al | A2 | A3 | A4 | A5 | A6 | A7 | A8
6% of the total Total 2127|313 1|51 24
Score

Problem 2: Kinetic isotope effect (KIE) and zercepoint vibrational energy (ZPE)

Calculation of ZPE and KIE

Kinetic isotope effect (KIE) is a phenomenon in which the rate constant of the
reaction changes when one of the atoms in the reactaefdased by its isotop&IE can be
used to confirm whether a particular bond to hydrogen is broken in the reathen.
harmonic oscillator model is used to estimate the difference in the rate betwéamCCD
bond dissociation{ = ().

The wave numberrqj) represented by harmonic oscillator model is

.

wherek is the force constant andis the reduced mass.

The vibrational energies of the molecule are given by
é ~
=G+ G,
(; T

wheren is vibrational quantum number with possible values of 0, 1, 2, ...ran&l the
frequency. Thenergy of thdowest vibrational energy leveE{ atn = Q) is calledzero-point
vibrational energy (ZPE).

2-Al) CALCULATE the reduced mass of-& (mgn) and GD (mp) in atomic mass unit.
(Assume that the mass of deuterium is twice that of hydrpgen.

Calculation:

[If students are unable to calculate the valuesngrand mp in 2-Al), usemy = 1.008 and
mep = 2.016for subsequemuestiors. Note that the given values are not necessarily close to
the correct values.]
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2-A2) Given that the force constar) for C-H stretching is the same as that of th® (D =

Student Code
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deuterium) stretching and theKCstretching frequency expressedwave-numberunitsis
2900 cm', DETERMINE the corresponding-© stretching frequencin cm™).

Calculation:

Theoretical problemstd" IChO 2017, Thailand
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2-A3) Using the CH and CD stretching frequencies froquestion2-A2), CALCULATE
thezeropoint vibrational energies (ZPE) oflg and GD stretching in kJ mal.

Calculation:

[If students are unable to calculate the valueZRIE in 2-A3), useZPEcy = 7.23 kJ mot
andZPEcp = 2.15 kJ mof for subsequerguestiors. Note that the given values are not
necessarily close to the correct values.]

Kinetic isotope effect (KIE)

Dueto their difference in zerpoint vibrational energies, a naleuterated molecule
and its corresponding deuterated form are expected to react at different rates in chemical
reactions.

For the CH and CD bond dissociation reactiorthe energies of bothansition states
and both productare identical Thus the isotope effect is controlled byethlifference in the
ZPE's of the €H and GD bonds.

Theoretical problemstd" IChO 2017, Thailand 11
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2-A4) CALCULATE the differencen the bond dissociation energi@DE) between €D

and GH bonds (BDE, - BDE,, ) in kJ mol*.

Calculation:

2-A5) Assuming that the activation energ¥,) for the CGH/C-D bond cleavage is
approximately equal to the bond dissociation eneaigy theArrheniusfactor is the same for
both GH and GD bond cleaving reactiondDETERMINE the relative rate constant

(kcr/kep) for the GH/C-D bond cleavage at 28.

Calculation:

Theoretical problemstd" IChO 2017, Thailand
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Using KIE to study reaction mechanisms

The oxidation of nofmdeuterated andeuterated diphenylmethanol using an excess of
chromic acid was studied.

0

Excess NasCryOy Il

H o}
O =00
D) acetone-water, 20 °C

2-A6) Let Cy representhe initial concentration of either nateuterated diphenylmethanol or
deuterated diphenylmethanol a@dits concentration at timeé The experiment led towo
plots Plot 2a and Pla2b), from which the firstorder rate constant can be determined.

o

L

1.00 1.00
0.90 0.90
0.80 0.80
0.70 0.70
O 0.60 G’ 0.60
c 0.50 /‘/ @ 0.50 /‘/
= £
0.40 e e 0.40 3 v
0.30 0.30
0.20 0.20
§ ¢
0.10 A 0.10 e
0.00 0.00
0 100 200 300 400 500 0 15 30 45 60 75 90
Time / min Time / min
Plot 2a Plot 2b

DETERNINE which plotrepresentshe oxidation of nofmdeuterated diphenylmethanol and
which representshe oxidation otleuteated diphenylmethanol.

MARK “V” i n t he footheeCORRECT cortespsndimipt.
The oxidation of nofdeuterated diphenylmethanol: Plot2a Plot2b
The oxidation of deuterated diphenylmethanol: Plot2a Plot2b
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2-A7) Using the plots in questidA6), DETERMINE

ker (in min?),
keo (in minY), and
kch/kep of this reaction.

Calculation:

2-A8) The mechanism has beproposed as follows:

(1) Cr,07% + Hy,0 + 2H* === 2H,CrO,

N 0 N

(2) H=C=OH + HO-Cr-OH — H=C=0-Cr-OH + H,0
Ph o Ph
Ph O Ph

(3) H—G—0-Cr-0H + H,O —— \C=O + H30" + HCrOg5"
b o

Basedyour answersn 2-A6) and 2-A7), DETERMINE which step should be the rate
determining step.

MARK “V” on@of he open circlefor your choice
Step (1)
Step (2)
Step (3)

Theoretical problemstd" IChO 2017, Thailand 14
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A B Total
Problem 3 Problem 3 -5
6% of the total Total 71 31| 8|6 24
Score

Problem 3: Thermodynamics of chemical reactions

Part A.
Methanol is produced commercially from a mixture of carbon monoxide and
hydrogen gas over a zinc oxide/copper oxide catalyst:

CO(g) + 2H(g) - CHsOH(g).

The standard enthalpy &frmation OH;°) and the absolute entrop$’) for each of the three
gases at room temperature (298 K) ahd standard pressure of 1 bee given as follows:

Gas DH (kJ mol?) | S (J K*mol™)
CO() -111 198
H2(0) 0 131

CH3OH(g) -201 240

3-A1) CALCULATE DH° DS, DG andK, for the reaction at 298 K.

Calculation:
H° = kJ
5% = Jk?
0G° = kJ
Ko =
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[If you are unable to calculakg, at 298 K in problen3-Al), useK, = 9 x 10° for subsequent
guestions if needed.]

3-A2) A commercial reactor is operated at a temperature of 6AAKCULATE K, at this
temperature. (Assume thaH® andDS’ are independent of temperatire.

Calculation:

Kp =

[If you are unable to calculakg, at 600 K in problen3-A2), useK, = 1.0x10% in subsequent
guestions if needeld

Theoretical problemstd" IChO 2017, Thailand
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3-A3) Production of methanol ian industrial reactas carried out with a mixture of +and

CO ina 21 molar ratio The mole fraction of methanol in the exhaust gas from the reactor is
found to be 0.18. Assuming that equilibrium is established in the exhauSIAJaSULATE

the total pressure in the reactdra high temperature of 600 K.

Calculation:

Total pressure bar.
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Part B.

3-B) Consider the following closed system at 300 K. The systemtains2 compartments,
separated by a closed valve, which lasegligible volume. At the same pressure P,
compartment A and compartment B contain 0.100 mol argon gas and 0.200 mol nitrogen gas,
respectively. The volumes of the two compartmentsvarand Vg, and the gases behave as
ideal gases.

A

0.100 mol Ar
P,V, 300K

0.200 mol N,
P, V,, 300K

After openingthe valve slowlythe system is allowed to reach equilibrium. Assuming
that the gas mixture also behaves idealALCULATE DG (the change in Gibbs free
energy) in the mixing process at 300 K.

Calculation:
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A

Problem 4
Problem 4 (5%) T g T As Taq| T

5% of the total Total 4 1 5 6 16

Score

Problem 4: Electrochemistry

Part A. Galvanic cells

Thefollowing experiment is performed &0.00°C. Arelectrochemicatell is composed of a
hydrogen hakcell containing a metal platinum electrode immersed in a buffer solution under

a pressure of hydrogen g§Bt(s) | Xb) | ‘ag)]. This hydrogen haitell is connected to a
half-cell of a metal M) strip dipped in arunknown concentratioof M%*(ag) solution. The

two haltcells are connecteda a salt bridge as shown in Figure 1.

Note The standard reduction potentials are given in Table

H2 (g)___zl Salt bridge

Pe-r-- M|,

a.°°°°°
o, °,°

H*(aq) M?*(aq)

Figure 1: The galvanic cell
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Table 1.Standard reduction potensglange 298308 K)

Half-reaction Ex (V)

Ba™*(aq) + 26 Ba() -2.912
Sr(aq) + 26 Sr©s) -2.899
Cd'(aq) + 26 Ca@) -2.868
Er-f(aq) + 26 Er(s) -2.000
Ti%*(aq) + 26 Ti(9) -1.630
Mn“*(aq) + 2€ Mn(s) -1.185
V¥(aq) + 26 V(9) -1.175
Cr(aq) + 26 Cr(s) -0.913
Fef*(ag) + 26 Fe®) -0.447
Cd*(aq) + 2e Cd(s) -0.403
Co*(aq) + 2e Co(s) -0.280
Ni**(ag) + 2e Ni(s) -0.257
Srf'(aq) + 26 SnE) -0.138
Pf(aqg) + 26 Pb@) -0.126
2H'(aq) + 26 Ha(g) 0.000

Sr*(aq) + 2€ Srt*(aq) +0.151
Cu'(aq) + € Cu*(a0) +0.153
Ge*(ag) +26 Gep) +0.240
VO*(aq) + 2H'(aq) +& V¥ (aqg) + HO() +0.337
Cu(aq) + 26 Cu@® +0.340
Tc™(aq) + 26 Tc(9) +0.400
Ru"(aq) + 2€ Ru(©) +0.455
I2(s) + 26 2I'(aq) +0.535
UO,“*(aq) + 4H'(ag)+ 26 U*(aq) + 2H0() +0.612
PtClL*(aqg) + 26 Pt(s) + 4CI(aq) +0.755
Fe'*(ag) + € Fe(aq) +0.770
Hg,"*(ag) + 26 2Hg() +0.797
Hg’*(ag) + 26 Ho() +0.851
2Hg " (aq) + 26 Hg,"*(aq) +0.920
Pt (aq) + 26 Pt(s) +1.180
MnO,(s) + 4H'(ac) + 26 Mn®*(aq) +2H0() +1.224
Cr,0/”(ag)+ 14H (aq) + 66 2Cr'(ag + 7THO () +1.360
Co**(aqg) + € Co™(aq) +1.920
S,0¢”(aq) + 26 2SO (aq) +2.010

Theoretical problemstd" IChO 2017, Thailand
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4-A1) Whenthe reaction quotientQ) of thegalvanic cell is equal to 2.1810* at 30.0/C,
the electromotive force is +0.450 V.

CALCULATE the value othestandard reduction potentialfEa nd i dent iM’y. t he

Note DG=DG°+RTInQ

Calculations
\ The standard reduction potential\Mfis V

(answer with 3 digits after decimal point)
\Thereforem” t$ter i metias *“____ -

4-A2) WRITE the balanced equation of the spontaneous redox reaction of the galvanic cell.

Theoretical problemstd" IChO 2017, Thailand 21
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4-A3) The unknown concentration dhe M?*(ag) solution in the cell (Figure 1) can be
determinedby iodometric titration. A 25.00nL aliquot of M?*(aqg) solution is added to a
flask and an excess of Kl is addedo feach the equivalent pojr25.05mL of 0.800M
sodium thiosulfate is required.

WRITE all redox reactions associated with this titration a@ALCULATE the
concentration ofhe M?*(ag) solution.

Calculations

\ The concentration of thd**(aq) solution is M

(answer with 3 digits after the decimal point)

[If the student canot find the answer, thegan use 0.950 as the concentration &2 in
further calculation$.
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4-A4) Whenthe hydrogen haltell in Figure lis under 0.360 baof hydrogen gas and the

platinum electrode is immersed in a 500 buffer solution containing 0.050 mofF lactic

acid HCsHs0O3) and 0.025 mobf sodium lactate (€450sNa), themeasuredelectromotive

force of the celis +0.534 V.

CALCULATE the pH of the buffer solutioand the dissociation constari4) of lactic acid

at 30.00C (next page)

Calculations of thepH for the buffer solution

\ The pH of the buffer solution is
(answer with 2 digits after decimal point)

[If the studentcannotdetermine the answer, thean use 3.4@s the buffer pH for further

calculationd.

Theoretical problemstd" IChO 2017, Thailand
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Calculationsfor the dissociation constantK,) of lactic acid

\ The dissociation constant of lactic acid is

(answer with 2 digits after decimal point)

Theoretical problemstd" IChO 2017, Thailand
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Problem A C Total
Problem 5 o i Tazl B [eilcs| P
5% of the total Total 1 1 3 1 2 2 10
Score

Problem 5: Phosphate and silicate in soil

Distribution and mobility of phosphorus soil are usually studied by sequential extraction.
Sequential extraction is performed using acid or alkaline reagents to fractionate inorganic
phosphorus. A particular soil sample was extracted and analyzed as described below.

Part A. Determination of total phosphate (PQ*) and silicate (SiQ*")

A 5.00 gramsoil sample wasligested(i.e. dissolving allphosphorus and silicdrio
give a final volume of 50.0nL. The extractvasanalyzedand was found to contatk16 mg
Lt and5.35 mg L* of phosphorus and silicorespectively.

5-A1) DETERMINE the mass of P§J (in mg) per 1.00 g of soil.

Calculations

\ mass ofPO,> in 1.00 g soik mg
(answer with3 digits afterthe decimalpoint)

5-A2) DETERMINE the mass 08iOs* (in mg) per 1.00 g of soil.

Calculations

\ mass 0f5i0;* in 1.00 g soil = mg
(answer with3 digits after decimal point)
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Part B. Determination of available PQ;> in the acid extract

Phosphatén the acid extract can be analyaesingthe molybdenum blue methodn
this method, ne mole of phosphate is converted into anele of molybdenum blue.
Absorbance (A) and transmittance (Bluesare recorded at 800 nm. The molar absorptivity
of the molybdenum blue compound is 6Md cm™, andall meastements are carried out in
a 1.00cm cuvette.

Transmittance and absorban@dues are determinday the following equations:
T =1/
A= log (I/1)
where | is the intensity of the transmitted light apib the intensity of the incident light.

5-B1) When asample containing high concentrasoof phosphate is analyzed, a reference

solution of 7.5 x 18 M molybdenum blue is used to adjuke spectrophotometer &ero
absorbance( ber | en konsentr-g8i §hdakbjasbandyci jsilfc
alynmaly) Under these conditionthe transmittance of an unknown sampl@.&5.

CALCULATE the concentration of phosphatd)(in theunknownsample solution.

Calculations

\ phosphate concentration of theknown sample = M
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Part C. Determination of PO,> and SiO,* in alkaline extract

Both phosphate and silicate ions can react with molyldadtkaline solution, producing the

yellow molybdophosphate and molybdatosilicatespectively Further reduction with

ascorbic acid producean intensdy colored molybdenum blueolution Both compexes

exhibit maximum absorbance valuas 800 nm. Addion of tartaric acid helps prevent
silicateinterferencan phosphate determinatiafsk i sl ot anyn gosul magy f o
silikatyn garysmagynyn oénudni alyar)

Two setsf phosphate standagdre treated with and without tartaric acichereas a ses of
silicate standaslis not treated with tartaric acidLinear equations fronthose calibration
curves are as follows:

Conditions Linear equations

Phosphate with and without tartaric acid | y = 672qx,)

Silicate without tartaric acid y = 868Xy)

y is absorbance at 800 nm,
X1 IS concentration of phosphateMs
Xz IS concentration of silicate &4

Absorbancevalues at 800 nm of alkalirs®il extracs after treatmenwvith and without tartaric
acid are 0.267 and 0.510, respectively.

5-C1) CALCULATE the phosphate concentration in the alkaline soil extfiactM) and
CALCULATE the correspondinghmsphorous concentration (in mg)L

Calculations
\ concentration of P§J = M
\ concentration of P = mg L
(answer with2 digits after decimal poiht
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5-C2) CALCULATE the silicate concdration for the alkalinetreatedsoil sample in M)
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andCALCULATE the corresponding silicotoncentration (in mgt).

Calculations

\ concentration of Si¢y =

(answer with?2 digits aftethedecimal point)

\ concentration of Si =

(answer with2 digits aftethedecimal point)

mg L*

Theoretical problemstd" IChO 2017, Thailand
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Part D. Preconcentration of ammonium phosphomolybdate

A 100 mL aqueous sample of ammonium phosphomolybdate J@RM0;,040) is
extracted with 5.0nL of an organic solvent. The orgam@ter partition coefficient (k) is
defined as the ratiof the concentration of the compound in the organic phageo(that in
the water phase (& Kow Of the ammonium phosphomolybdate is 5.0. The molar absorptivity
of ammonium phosphomolybdate in the organic phase isg0agn™.

5-D) If the absorbance of the organic extrast0.200, CALCULATE the totd mass of
phosphorus (in mgn theoriginal aqueous sampleThe optical path length of the cuvette is
1.00 cm.

Calculations

\ totalamount of P in the original agueous solution = mg
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Problem 6 Pr?g%nfs AlAAZ B1 :2 B3 01C02 o

6% of the total ;géarlle 318 141355121425

Problem 6: Iron

l ron (Fe) is the fourth most hasbeemudea lbotmoel e me n

than 5,000 years.
Part A.

Pure iron is easily oxidizedimiting its use. ElemenX is one of the alloying elements that is
added to improve the oxidation resistance of iron.

6-Al) Below is some information about eleméqt
(1) Inthefirst ionization, an electron with quantum numbe¥s= 4—1; is removed.

(2) Inthesecond ionization, an electron with quantum numbers 5—1, is removed.
(3) The atomic mass of is lower than that of Fe.

DETERMINE elementX.
(Answer by writing the proper symbol according to the periodic table.)
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6-A2) Both Fe an crystallize in abody centere cubicstructure. Treatinghe Fe atoms as
hardspheres, the volume taken up by the Fe atoms inside the unit cell is 1258xf0The
volume ofthe unit cell ofX is 0.0252 nm. A complete substitutional solid solution usually

2 ¢ p Tt 18 less than or equal to 15, whd®g and R are the

occurs wherDR =
atomic radii ofX and Fe, respectively.

DETERMINE if X and Fe form a completsubstitutional solid soluticemdMARK “V” in
the appropriate boyXSHOW your calculatios. No credit is given without calculations. The

volume ofasphere is-pr°.

Answer (MARK “V” in an appropriate box.)
A Yes DR ¢ 15) A No (DR > 15)
Calculation:
Rre = nm Ry = nm DR =
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Part B.

Iron in natural water is in the form of Fe(HE@ which ionizes to Fé and HCQ'. To
remove iron from water, Fe(HGJ is oxidized to an insoluble compl&e(OH}), which can
be filtered out of the water.

6-B1) F€* can beoxidized by KMnO, in a basic solutiorto yield Fe(OH) and MnO,
precipitatesWRITE the balanced ionic equatidor this reaction irbasic solution.

Under theseconditiors, HCO; ions are converted to GO. WRITE the balanced ionic
equationfor this reaction irbasic solution.

6-B2) A covalent compoundA, which contains more than 2 atoms and is a potential
oxidizing agent, can be prepared by the reaction between diagtatogen molecule,) and
NaQO::

1Q; + xNaQO, - YA + zNaQ wherex+y+z <7
wherex, y and z are the coefficients ahe balanced equatioit. is known that emong the
binary compounds between hydrogen and halogénhhas the lowest boiling poinit is also

known that compound has an unpaired electron.

IDENTIFY Q andDRAW a Lewis structure of compourd with zero formal charge on all
atoms (Answer by writing the proper symbol according to the periodic table)

Q:

Lewis structure of compound:

DETERMINE the molecular geometry of compouAd(MARK “V” in an appropriate
box.)
Alinear A bent A cyclic A tetrahedral A trigonal planar A other
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6-B3) CompoundD is an unstable oxidizing agent that can be used to refeidCQ),
from natural waterit consists of elements, Z, and hydrogen and the oxidation numbeEof
is +1. In this compound, hydrogen is connected to the element having ther hig
electronegativity among the other tw®elow is some information about the elemeatand

Z:

(1) G exists in its normal state as a diatomic moledBle,

(2) Z has one proton fewer thah element andE exists as a gas under standard
conditions.Z; is a volatile solid.

(3) The compoun&G3 has a pyramidal shape.

IDENTIFY the element& andZ andDRAW a molecular structure of compouBd
(Answer by writing the proper symbol according to the periodic table.)

G= Z =

Molecularstructure of compoun®:
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Part C.

*Fe is a radiopharmaceutical isotope which is used to study iron metabolism in the spleen.
This isotope decays 6Co as follows:

"0Q bé+a+b 1)

6-C1) IDENTIFY aandb in equation (1).MARK “V” in the appropriate boxes.)

proton neutron beta positron alpha gamma

6-C2) Consider equation (1). If théFe isotope is left for 178 days whichrigimes of its
half-life (ty,), the moleratio of >°Co to>%Fe is 15:1. I is an integerDETERMINE the
half-life of **Fe in day(s)SHOW your calculation.

Calculation:

Half-life of >°Fe = dafgmswer with 1 decimal place)

Theoretical problemstd" IChO 2017, Thailand 34



Student Code

TKM-1

Problem 7 Problem 7 A Total
(6%)

6% of the total Al A2 A3 Ad A5
Total 4.5 1.5 6 6 2 20
Score

Problem 7: Chemical Structure Puzzles

Titanium complexeshave been investigated for their antitumor activity. Many facto
including isomerism and sizkave shown to affect the potency of the complexes. This

guestion deals with the synthesis and characteizaf some titanium complexes

7-Al) A reaction of2 equivalents of Zert-butylphenol, 2 equivalents édrmaldehyde, and
equivalent ofN,N-dimethylethylen€l,2-diamine under acidic conditions at 7& affords

three major products with the same chemical formula gH&N.O,, as shown in the

equation blew.

OH
Bu 9
2 + 2 H/C\H

DRAW the structure of each product.

H

H+

+ HSC\N/\/N\CHg EE— - C26|_|40N202 + 2H20

75°C, 24 h

Product 1

Product 2
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Product 3

7-A2) If 2,4-di-tert-butylphenol is used as a sulasérinstead of -2ert-butylphenol(assuming
the same stoichiometry as that/iA\1)), only one producX is obtained.

DRAW the structure oX.

Structure of X
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A reaction betweetX from 7-A2) and Ti(OPr) ['Pr = isopropyl] in diethyl ether under an
inert atmosphere resulted in thig-coordinateli complexY as a yellow crystalline solid and
isopropanol at room temperature.

aX + bTiOP), ———> dY + cPrOH

UV-Vis spectra analysisof X, Ti(O'Pr), andY revealorta ¢ykardy)that only productY

(equation 1)

absorbs at = 370 nm. By varying the volumed X and Ti(OPr), solutions each with initial

concentratios of 0.50M, and using benzene as the solyédm¢ absorbancealues at = 370

nmare given below:

Volume of X Volume of Ti(O'Pr), Volume of benzene Absorbance

(mL) (mL) (mL)

0 1.20 1.80 0.06
0.20 1.00 1.80 0.25
0.30 0.90 1.80 0.38
0.50 0.70 1.80 0.5
0.78 0.42 1.80 0.48
0.90 0.30 1.80 0.38
1.10 0.10 1.80 0.17
1.20 0 1.80 0.02

7-A3) FILL IN appropriate values in the table provided below.

i 101 A

i THAE T T1TAMEEO0O

Absorbance

0.06

0.5

0.38

0.%9

0.48

0.38

0.17

0.02

(2 digits after the decimal)
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PLOT a graph of absorbansersus : below.

1.00 ~
0.90 A
0.80
0.70 A
0.60 A
0.50 A

0.40 A

Absorbance

0.30

0.20

0.10 A

O-OO T T T T T T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

mole ofX _
mole of X+ mole of Ti((Pr)

The value of 7 i which maximizes the amount of the product

represents the stoichiometryXfin the chemical formula of .

Based on the graph abo@ETERMINE the molar ratio between H:in complexy.

The molar ratio between N:in complexy is
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7-A4) The Ti complexY is six-coordinate The IR spectrum oY does not contain a broad
absorbanceand in the range of 82-3600 cm™. Y exists as three diastereomers.

DRAW the structures of all three diastereomagepiing stereochemistry at N atoms.

Note: You do not need to draw the complete structure of the ligand. Only idelotiiyr
atomsthat areinvolved in coordinationwith titanium. Also,the ligand frameworlbetween
the donor atomsan besimplified. For example:

N N=
7/
)\
(2,2'-bipyridine)

can be drawn as: N N

**f you did not determine a structure of from 7-A2), use the following ligand symbol to
represenX (A andZ are donor atoms):

A/‘\Z/\Z/‘\A

Diastereomer 1

Diastereomer 2
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Diastereomer 3

7-A5) Under certain conditions, the reaction shown eguation 1 affords only one
diastereomer of¥. The'H NMR spectrum ofy in CDCl; showsfour singlet resonances at
d=1.25,1.30, 1.66,and 1.2 ppm corresponding to theert-butyl groups. These peaks can
be interpreted as in conventional organic spectroscopgsume that structuresf Y are
"fixed" (no intramolecular movement).

DRAW thestructure of the only possible diastereomeY of
(You do not need to draw the comiglestructure of the ligand. Only identifpnor ators that

involve in coordination and the ligand framewdrtween the donor atoms can be drawn as
shown in7-A4))

Diastereomer of Y:
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Problem 8 A Total
Problem 8 (5%) AL | A2 [ A3 | A4 | A5
Total 6 55 3 4 1.5 20
()
5% of the total Score

Problem 8: Silica Surface

Silicaexists in various formsuch asamorphous and crystalline. Silica can be synthesiized
a solgel process by using silicon alkoxides like tetramethoxysildiMOS) and
tetraethoxysilane (TEOS) as thieown in the schentzelow:

a.Hydrolysis
?R ?H
Si., + 4H,0 —_— Si., + 4ROH
RO”/ "OR : HO~ '/ “OH
RO HO
R= CH3 or C2H5
b. Water condensation
cl)H (|)H (|)H (l)H
i) + i —_— i, _Si, +  H,0
HO HO HO HO
c. Alcohol condensation
o oH o §H
i., + i., e — i, i + ROH
HO HO HO HO
OH
HO OH
= Silica
HO “SOH
OH
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In bulk silica, all silicon atomsare tetrahedrally bonded to four oxygen atomelding a
threedimensional solichetwork. The silicon environments foundside silica arepresented
below:

|
|
O

< Si.
\O/l
?
I

//O,/

8-Al) There arelireesilicon atom environments (similar to the example ab@ashmonly
observed at the silicsurface

DRAW the three structures dié silicon environments the provided boxes.

Silica can be used as an effective metal ion adsorbent in water. The proposed structure for
metatsilica complex is as follows:

OH OH, OH OH, OH
HO 8| ".OH, z HO 8., .8 OH
™Mn* y "Mn+
HO \O/ | \OH2 y HO \O/ ‘ \O ~OH
OH H OH, oH H OH,H  on
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8-A2) After Cu/" is adsorbed, the color of silica changes from white to pale blue. The
visible spectrum showa broad absorption band (with a should&r) max = 550 nm.Cu**
binds with silica adopihg a similarstructure tdl .

DRAW the splitting diagram fothe d-orbitals of the Cu?* ion, including the labed for the d
orbitals inthe complex and SPECIFY the corresponding electronic transition{e)y the
visible absorption

The splitting diagram:

The corresponding electronic transition(s) (indicate the lower energg-orbital and
higher energyd-orbital)

8-A3) Somefirst row transition metal ions form complexes with silihatareanalogous to
when it binds withC/?*. INDICATE which metal ion(s)have ananalogouselectronic
transition(s)to CL#*? The metal ion(s) must be the +2 or +3 oxidation state. Please note
that the silanol groups (®)H) and water are weak field ligands.

Interestindy, silica isnonspecific in bonding with metal ion®o increasehe selectivity, the
silica surface can be modified by grafting various organic molecules like- 3
aminopropyltrimethoxysilane and-rBercaptopropyltrimethoxysilane, as depicted in the
following scheme:
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HO OH OCHj,
| .
HO OH + _Si,
HO H3CO™ | “CH,CH,CH,NH,
OH OH OCH3
silica 3-aminopropyltrimethoxysilane
OH OH
HO OCHs
HO OH + i —
Ho” HsCO™ | “CH,CH,CH,SH
on O OCHg
silica 3-mercaptopropyltrimethoxysilane

OH

/////

HO O~XSi—(CH,)sNH, + 3CH,OH

HO O
OH

HO

silica-NH,

OH
HO o,
/
HO 6)
OH

silica-SH

8-A4) WhenHg®" binds exclusivelyto the sulfur sites in silicaSH, asymmetric complex

of [Hg(silicaSH),)*" is formed.

DRAW the structure of [Hg(silic®&H),]>* andSPECIFY the direction of the bond axes, and
DRAW the correspondingl-orbital splitting diagram (You may use FSH instead of

drawing the whole structure of silk&H.)

The structure: d-orbital splitting diagram:
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8-A5) MARK “V” true or false for the following statements:

a) A d-dtransition is found in [(Hg(silic®H))]**
A True A False

b) The [(Cu(silicaNH,),]?*, having a similar geometrio other copper(ll) amine
complexesis expected to havesamilar color.

A True A False

c) In the visible absorption spectiayayof [(Cu(silicaNH.),]** is greaterthan that
of [(Cu(silicaOH),]*".

A True A False
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A
Problem 9 Problem 9 1 a2 [ A3 Total
6% of the total Total 6 6 11 23
Score

Problem 9: Into the Unknown

9-Al) Organic compound\ is chiral and contains only three elementgh the molecular
weight (MW) d 149 (rounded to the nearésteger).

The’H NMR spectrum of compoundél shows among others, three types of aromatic
protonsandits **C NMR spectrum shows eight signals, of which four signals are in the range
of 120-:140 ppm.

CompoundA can be prepared by treating a carbonyl compouitd methylamine
followed byNaBH;CN. DRAW all possible structures famompoundA. No gereochemistry
is required go notinclude stereocisomexs

A1 A2 A3
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9-A2) One of thestructuralisomersof compoundA (structureAl, A2 or A3) can be
synthesizedrom compoundB or C and D as shown in the diagram beloBRAW the
structuesof compound$-F including the correct structural isomarA.

X (0]
©
e c-dro
N 1
PCC = I
H

Pyridinium Chlorochromate

H*, H,O
—_—
B E
(MW = 118)
PCC
Friedel-
(o3 Crafts
acylation 1. CH3NH;
+ E—" B
F
(MW = 134) Correspond to one correct
structure from A1-A3
D
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9-A3) CompoundA is the R)-form of one of structureA1l-A3. It can be prepared from
vicinal diolsX andY as shown in the diagram below. Both diols are structural isomers, and
each structure contains one carbon less than that of compound

DRAW the structures afompoundss-N, X, Y and the R)-form of compoundA. You must
show correct stereochemistryof all compoundsor full credit

7 Q
PivCI = o MsCl = HsC-$-Cl
0]
First Synthesis:
1 eq. PivCl, 1 eq. MsCl,
EtsN EtzN
X G H
(S)-diol (MW = 152) .
hydrolysis and
cyclization
1 eq. MsCl,
EtsN NaBH,
g
EtOH,
heat
K J I
excess CH.NH (S)-form (R)-epoxide (MW = 134)
3N, .
heat (cyclic ether)
(o]
1.
N
base
2. LiAlH,
then workup
A N
(R)-form . )
Second Synthesis: ydrogenoly
1. SOCl,,
EtsN PPh
- s
2. NaNjg,
acetone,
Y H,0, heat L M
(1S,2S)-diol (MW = 152) (1R,2S)-azido alcohol (R,R)-aziridine

(cyclic amine)
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Problem 10 | A B
Total
Problem 10 (6%) 51 52
7% of the total Total 20.5| 4 55 30
Score

Problem10: Total Synthesis of Alkaloids

Alkaloids are a class of nitrogaontaining natural products. Their structural
complexity and potent biologicalctivities hae drawn much attentionTwo represntative
examples of alkaloidssauristolactamand pancratistatinare highlighted in following
guestions.

Part A

Sauristolactam possesses excellent cytotoxicity against various cancer cell lines. It could be
prepared by following synthetic sequence bekhewn (‘H-NMR spectra were recorded in
CDCl; at 300 MHz.)
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10-A1) DRAW the structursof compoundsA-G depictedn thefollowing reactionsequence
on the answesheeton the next page

HO 1. PhCH,Br, NaClO,
K2CO3 NaH,PO,
L i e
MeO 2. POCls,
2-methoxy-4-methyl DMF
phenol C16H1603 Strong IR absorption in region of
The product has two aromatic rings: 1725-1700 cm™ and broad IR
a monosubstituted ring and absorption from 3300 to 2500 cm™"
0 a tetrasubstituted ring with two singlets
I in '"H-NMR
DMF = |, N~
| cat. H,SO,4
MeOH
reflux
B 1. Hy, Pd/C
E 2 D -2 C
2. ACzo
pyridine
"H-NMR signals of the entire molecule: In addition to the aromatic region, Strong IR absorption in region
7.59 (s, 1H), 3.88 (s, 3H), "H-NMR signals in region of 0-6 ppm: of 1750 - 1735 cm”’
3.87 (s, 3H), 2.68 (s, 3H), 3.87 (s, 3H), 3.84 (s, 3H),
2.35 (s, 3H) 2.63 (s, 3H), 2.31 (s, 3H)
Br
O N0
T nes)
hv
B(OH), o
CHO HO
excess M
N—Me
F CH3NH, G oo
then cat. Pd(PPhs), ‘
aqg. workup Cs,CO;4
O Sauristolactam
C12H12Br05

C1oH10BrNO3
TH-NMR signals of the entire molecule:
7.40 (s, 1H), 4.22 (s, 2H),
3.98 (s, 3H), 3.19 (s, 3H)
and a proton exchangeable with D,O

"H-NMR signals of the entire molecule:
7.74 (s, 1H), 5.19 (s, 2H),
3.93 (s, 3H), 3.91 (s, 3H),
2.36 (s, 3H)
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Part B
Pancratistatin, isolated fromrative Hawaiian plant, spider lily, exhibits poteint vitro and
in vivoinhibitory activity of cancer cell growth in addition to its excellent antiviral activity.

Pancratistatin

Pancratistatincan be synthesized via intermediatesl and X2. The synthesis of these
intermediates are shown in the followireactionschemes.

10-B1) DRAW the structures oA andB.

1. PPh3, benzene

<O Br reflux
o 2. n-BuLi, THF /@
-10 °C to RT

OMe OHC™ ©
SO3H
p-TsOH =/©/
X ©]
PCC = OC"

N
H

(E)-isomer of Compound A

1. H,O/THF, cat. p-TsOH

2.PCC H

®
0:=0=0

OMe

Intermediate X1

Compound B
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10-B2) IntermediateX1 (a single enantiomer with the stereochemistry shown) is labeled with
deuterium withthe configuration as indicated beloRROPOSEthe threedimensionakhair
structure of compount and the sticture of compound with stereochemisttyANSWER

whether or noY is a proton tH) or a deuterium?d) in intermediatex2.

(S)-configuration

2H
<O i Kls, NaHCO,
_ Kl NaHCOs
o COOH

OMe Compound E

Single enantiomer of
Intermediate X1

DBU,
benzene, reflux

Q\l\/j
DBU =

NS

N

NaOMe, MeOH
reflux
20 h

Compound F

Intermediate X2

Y=
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A
Problem 11 Problem 11 1 Ao Total
2% of the total Total 10 | 2 12
Score

Problem 11:Twist & Chirality

trans-Cyclooctenas achiral molecule witha high barrier for racemization. The double bond
of trans-cyclooctene is twistedand as a result, the molecule displays unusual reactivity in
cycloaddition reactions.

In 2011, Fox and coworkers ddeped a photochemical synthesis towards a varietyaok
cyclooctenederivatives. Thisprocess is nostereospecificand the synthetic scheme is
shown below

CO,Et
N2:\
CO,Et
© Rh,(OAC)s
1 cis fused bicyclic 2
hydride reduction

HO 1. hv HO

cis-trans

(photoisomerization)

2. Isolation of
trans-isomer out of
cis-isomer
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11-A1) DRAW all possible stereoisomers of compowithat could be obtained from the
reduction of compound. It is not necessany assigrabsoluteconfiguratiors.

Possible stereoisomers afompound 3:

11-A2) Assumingone of thestereoisomers of compourlis converted to compound,
WRITE how many stereoisomeric form(s) of compoundill be obtained.

Number of possible stereoisomeric form(s) of compotind

Now, assuminghereis more than one stereoisomer, is it possible to separate the
obtained stereoisomers of compouhioly achiral chromatography@ARK “V” yes or no.

1 1

Yes No
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