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General Instructions.

A Pages:This theoretical exam booklet contai4 pages. There are 11 Problems in
total.

A Exam Reading:Students will have 15 minutes to read this exam booklet before starting
the exam. Do not write or calculate during this period, otherwise YOU will be
disqualified. The official English version of this examination is available on request
only for clarification.

A Exam Time: Students will have total of 5 hourgo complete the exam.

A Start/Stop: Students may lggn as soon as th@ St 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 afteriti®@ t agminandhas
been announced will lead to nullification of your theoreteam.
1 After theil St a@gminandhas been giverplace your exam booklet back in
your exam envelope amehit at your seat. The Exam Supervisor will come pick
up your exam paper.

A Answer sheetsAll results and answers must be clearly written in the apjateparea
on the exam papers for grading. Only answers written in pen will be graded.
1 Use only pens provided for you.
1 You may use the backside of the sheets as scratch papers. They will not be
marked.

A Calculator: For any calculation, use only the™&hO calculator provided.

A Need Assistance:lf you need assistance.. more snacks or drinks or go to a
restroom), Waive the orange IChO flag provided on your table.
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A B C
Problem 1 Problem 1 A Az A3 Total

6% of the total Total 4 | 1] 2 7 6 20
Score

Problem 1: Production of propene using heterogeneous catalysts

Propene or propylene is one of the most valuable chemicals for the petrochemical
industry in Thailand and around the world. One good example of the commercial use of
propene is for thproduction of polypropylenéPP).

Part A.

Propene can be synthesized via a direct dehydrogenation of propane in the presence of
a heterogeneous catalyst. However, such a reaction is not economically feasible due to the
nature of the reactioitself. Provide a concise explanation to each of the questions below.
Additional information: Hoond C=C) = 1.7Hpond C-C), HbondH-H) = 105Hnond C-H), and
Hbond C-H) = 1.1%Hmond C-C), whereHnond refers to average bond enthalpy of the indicated
chemical lond.

1-Al) What is the enthalpy change tife direct dehydrogenation of propane? Show your
calculation and express your answer in termdygfdC-C).

Calculation:
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1-A2) It is difficult to increase the amount of propene by increasing pressure at constant
temperature. Which law or principle can best explain this phenomenon? Select your answer by
ma r k M’h gandiof the open circles.

Boyle'slaw

Charles law

Daltorislaw

Raoultslaw

Le Chateliets principle

1-A3) Initially, the system is in equilibrium. Consistent with quesfiofl), what is/are correct

set(s) of signs for the following thermodynamic variables of the system for the direct
dehydrogenation of propane? VSeli eactanyo uorf anhs
circle(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 better reaction to produce large quantity of propene isxitativedehydrogenation
(ODH) using solid catalysts, such as vanadium oxides, under molecular oxygen gas. Although
this type of reaction is still under intense research development, its promise toward the
production of propene at an industrial scale eclipsefttae direct dehydrogenation.

o o 1
1-B) The overall rate of propane consumption in the reactiop,is = - ,
3''8 o o =4
L0, P8

KeaPey,  KocPo, &
wherekieq andkox are the rate constants for the reduction of metal oxide catalyst by propane
and for the oxidation of the catalyst tholecular oxygen, respectivelgnd p°is the standard
pressure of 1 baBome experiments found ththe rateof oxidation of the catalyst is 100,000

Pc,,
obs o

times faster thathatof the propan@xidation. The experimentat. ,, =k at 600 K,

wherekobsis the observed rate constant (0.062 mi9l K the reactor containing the catalyst is
continuouslypassed througtvith propane and oxygeat a total pressurgf 1 bar determine
the value okreqd andkox Wwhen the partial presseiof propane i6.10 bar. Assume that the partial
pressure of propene is negligible.

Calculation:
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Part C.

The metal oxide catalyst contains oxygen atoms on its surface that serve as active sites
for the ODH. Denoting red* asraduced site and ©(as an oxygen atom on the surface of the
catalyst, one of the proposed mechanisms for the ODH in the presence of the catalyst can be
written as follows

CsHs(g) + O@) ¥4%- CsHe(g) + HO(g) + red* 1)
CsHe(g) + 90() ¥¥%5- 3COx(g) + 3HO(g) + 9red* (2)
O2(g) + 2red* ¥3%- 20(9) (3)

. num fr i
Givenb = umbeof reducedsites , the rate laws for the above 3 steps are:

totalnumbeiof activesites

= k1 pQHB (1' b) )
r, =K,pcu, @- 6),
andr; =Kk;p, 6.

1-C) Assuming that the amount of oxygen atoms on the surface stays constant at any time of
reaction, calculated as a function ok, kz, ks, pcy. s Py, @nd pg, -

Calculation:
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A
Problem 2 Problem 2 1 A2 a3 aa | AS T A6 [ A7 AS Total

6% of the total Total 212|713 3|1|5|1 24
Score

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

Calculation of ZPE and KIE

Kinetic isotope effect (KIE) is a phenomenon associated wathaage irrate constant
of the reaction when one of the atomseplaced by its isotop&IE can be used to confirm
whether a particular bond to hydrogen isken in the reaction. Harmonic oscillator model is
used to estimate the difference in the rate betwekina@d GD bond activation = ().

The vibrational frequency represented by harmonic oscillator model is

=1 |k
20\ m’
wherek is the force constant anmis the reduced mass.
The vibrational energies of the molecule are given by

E =%+
C 2=

wheren is vibrational quantum number with possible values of 0, 1, 2, ..efbay of the
lowest vibrational energy leveEf atn = 0) is calledzero-point vibrational energy (ZPE).

2-A1l) Calculate the reduced mass oHJm,eH) and GD (/72p) in atomic mass uniAssume
that the mass of deuterium is twice that of hydrogen.

Calculation:

[If students are unable to calculate the values#grand mep in 2-Al), usengn = 1.008 and
ngo = 2.016 for the subsequent parts of the question. Note that the given values are not
necessarily close to the correct values.]
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2-A2) Given that the force ewstant k) for C-H stretching is the same as that for théC
stretching and the <@ stretching frequency is 2900 dmnfind the corresponding -O
stretching frequency (in ch).

Calculation:
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2-A3) According to the €H and GD stretching frequencies in questi2¢iA2), calculate the
zeropoint vibrational energies (ZPE) ofig and GD stretching in kJ mdi.

Calculation:

[If students are unable to calculate the valueZREin 2-A3), useZPEcH = 7.23 kJ/mol and
ZPEcp = 2.15 kJ/mol for the subsequent parts of the question. Note that the given values are
not necessarily close to the correct values.]

Kinetic isotope effect (KIE)

Due to the difference in zeqmoint vibrational energies, a protondtsompound and its
corresponding deuterated compounds are expected to react at different rates.

For the CH and CD bond dissociation reactiorthe energies of both transition states
and both productareidentical Then, the isotope effect is controlled by the difference in the
ZPE's of the €H and GD bonds.
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2-A4) Calculatethe difference in the bond dissociation energy (BD&jveen €D bond and
C-H bond BDE_, - BDE, ) in kJ mot.

Calculation:

2-A5) Assume that the activation enerd@i)for the GH/C-D bond cleavage is approximately
eqgual to the bond dissociation energy andAhéeniusfactor is the same for both- and
C-D bond cleavage. Find the relative rate constant for tRIED bond cleavagekén/kep) at
25°C.

Calculation:
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Using KIE to study reaction mechanism

The oxidation of nondeuterated and deuterated diphenylmethanol using an excess of
chromic acid was studied.

O
OH Excess NayCr,O7 g

acetone-water, 20 °C

2-A6) Let Co be the initial concentration of either nondeuterated diphenylmethanol or
deuterated diphenylmethanol a@dts concentration at tiet. The experiment led to two plots
(Figure 2a and Figure 2bfrom which the firstorder rate constant can be determined.

o
[

1.00 1.00
0.90 0.90
0.80 0.80
0.70 0.70
G 0.60 G 0.60
@ 0.50 /‘/ Q’ 0.50 /‘/
= =
0.40 i e 0.40 3 /
0.30 0.30
0.20 0.20
K §
0.10 il 0.10 e
0.00 0.00
0 100 200 300 400 500 0 15 30 45 60 75 90
Time / min Time / min
Figure 2a Figure 2b

Which plot should be for the oxidation of nondeuterated diphenylmethanol and which one is
for theoxidation of deuterated diphenylmethanol?
For each statemenglecty our an s we rV” b gneohtae oken airgles.

The oxidation of nondeuterated diphenylmethanol: Figure2a Figure2b

The oxidation of deuterated diphenylmethanol: Figure2a Figure2b
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2-A7) Determinekcr, kep (in min't), and thekcn/kep of this reaction from the plots in question
2-A6).

Calculation:

2-A8) The mechanism has beproposed as follows:

(1) Cry07% + Hy0 + 2H* === 2H,CrO,4

% 0 0

(2) H=C=OH + HO-Cr-OH —= H=C=0=Cr=OH + Hz0
Ph 0 Ph
Ph O Ph

(3) H—C—0-Cr-OH + H,O ——> \C=O + H3O* + HCrO5"
Lo ol

According to the information i2-A6) and2-A7), which step should be the rate determining

step?

Sel ect your aws wamaoftheyppemaraek.i ng
Step Q)
Step @)
Step B)

Theoretical problems (official Englistersion), 48 IChO 2017, Thailand 14




Problem 3

6% of the total

A Total
Problem 3 A A2 A3
Total 71 3|8 24
Score

Problem 3: Thermodynamics of chemical reactions

Part A.

Methanol is produced commercially by using a mixture of carbon monoxide and

hydrogen over zinc oxide/copper oxide catalyst:

CO(g) + 2H(9) -

CH3OH(9).

The standard enthalpy of formatiodH:°) 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) | & (J K*mol?)
CO@) 111 198
H2(0) 0 131

CHsOH(g) 201 240

3-Al) CalculateDH°, DS, DG°, andKp for the reaction at 298 K.

Calculation:

[H° =¢éé é éé kJ

153y —é¢ééé. éé JK1

0G° = ¢ééécé. kJ
Kp —é. ééée

If you are unable to calculakg at 298 K in problen3-Al), useK, = 9 x 10° later on
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3-A2) A commercial reactor is operated at a temperature of 600 K. Calculate the vidjue of
at this temperature, assuming tB&t’> andDS’ are independent of temperature.

Calculation:

,,,,,,,,,

Kp = eeeeééececee.

If you are unable to calculakg at 600 K in problen3-A2), useKp = 1.0x10? later on.
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3-A3) Production of methanol in industrybssed on flowing of the gas comprising 2.00 moles

of Hz for each mole of CO into the reactor. The mole fraction of methanol in the exhaust gas
from the reactor was found to be 0.18. Assuming that equilibrium is established, what is the
total pressure in threactor at a high temperature of 600 K?

Calculation:

Tot al pressur e T e bar .
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Part B.

3-B) Consider the following closed system at 300 K. The system comprises 2 compartments,
separated by a closed valve, which has negligible volume. At the same pressure P, compartment

A and compartment B contain 0.100 mol argon gas and 0.200 mol nitrogeesyestively.

The volumes of the two compartments,andVs, are selected so that the gases behave as ideal

gases.

After opening the valve slowlyhe system is allowed to reach equilibrium. It is assumed
that the two gases form an ideal gas mixture. Calculate the change in Gibbs free energy at 300

K, DG.

A

0.100 mol Ar
P,V,300K

0.200 mol N,
P, V, 300K

Calculation:

/////
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A
Problem 4 Total
Problem 4 EFYENCANY!
5% of the total Total 4 1 5 6 16
Score

Problem 4: Electrochemistry

Part A. Galvanic cell

The experiment is performed at 30.00°C. The electrochemical cell is composed of a hydrogen
half-cell [Pt(s) | X) | ‘ag)] containing a metal platinum electrode immersed in a buffer

solution under a pressure of hydrogen gas. This hydrogefwdibis connected to a hatkll
of a metal K1) strip dipped in an unknown concentratafrivi 2*(ag) solution. The two haif

cells areconnectedsia a salt bridge as shown in Figure 1.

Note: The standard reduction potentials are given in Thble

H2 (g)___zl Salt bridge

Pe-r---pll |,

M?*(aq)

Figure 1 The galvanic cell
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Table 1. Standard reduction potential (range-208 K)

Half -reaction EY(V)

Ba?*(aq) + 2e — Ba(s) -2.912
Sr*(ag) + 2e — Sr(s) -2.899
Ca*(aq) + 26 N Ca@) -2.868
Er¥*(ag) + 2e — Er(s) -2.000
Ti%*(ag) + 26 N Ti(9) -1.630
Mn?*(aq) + 2¢ — Mn(s) -1.185
VZi(agq) + 2e N V(9 -1.175
Cr?*(ag) + 2e N Cr(s) -0.913
Fet*(aq) + 2e — Fe@) -0.447
Cd(aq) + 26 . CdE -0.403
Co?*(aq) + 2¢ N Co(s -0.280
NiZ*(ag) + 2€ N Ni(s) -0.257
Srf*(ag) + 26 N SneE) -0.138
Pk’*(aq) + 2¢ — Pb@) -0.126
2H (aq) + 26 . Ha(q) 0.000
Srt*(aq) + 2e — Srt*(ac) +0.151
Cuw*(aq) + € N Cu'(ac) +0.153
Ge*(aq) +2¢e — Ge@) +0.240
VO?*(aq) + 2H'(aq) +€ N Vv3(ag) + H0()) +0.337
Cu?*(aq) + 2¢ N Cu(©s +0.340
Tc?*(aq) + 2e N Tc(s) +0.400
R (aqg) + 2e — Ru(©) +0.455
I(s) + 26 . 2I(ag) +0.535
UO2%*(aq) + 4H'(ag)+ 2e N U*(ag) + 2H0() +0.612
PtCl?%(aq) + 2€ N Pt(s) + 4Cf(aq) +0.755
Fe*(ag) + e — Fet*(a) +0.770
Hg»?*(aq) + 2e — 2Hg() +0.797
Hg?*(ag) + 26 . Hg() +0.851
2H?*(aq) + 2e — Hg.?*(aq) +0.920
PE*(aq) + 26 N Pt@©) +1.180
MnOz(s) + 4H"(aq) + 2¢ — Mn?*(ag) +2HO() +1.224
Cr.07%(ag)+ 14H (aq) + 66 2Cr* (ag) + 7THO () +1.360
Co*(ag) + e — Co**(aq) +1.920
S:06%(aq) + 26 N 2SO (aq) +2.010
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4-Al) If the reaction quotientQ) of the whole galvanic cell is equal to 2@&0* at 30.00C,
the electromotive force is +0.450 V. Calculate the value of standard reduction potefjtial (E
and identiM'y the metal ¢

Note; DG =DG° + RTInQ

Calculations

The standard reduction potentialdfi s ....... C e e e e V
(Answer with 3 digits after decimal point)

ThereforeM” thter imgtiad ... . ...

4-A2) Write the balanced equation of thgontaneous redox reaction of the galvanic cell.
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4-A3) The unknown concentration bf?*(ag) solution in the cell (Figure 1) can be analyzed

by iodometric titration. A 25.00 chaliquot ofM?*(ag) solution is added into a conical flask
and anexcess of K| added. 25.05 émf a 0.800 mol dni sodium thiosulfate is required to
reach the equivalent point. Write all the redox reactions associated with this titration and
calculate the concentration BI?*(aq) solution.

Calculations

The concentration d¥1>*(ag) s ol ut .i.o.n...i.ma.l3 dm

(answer with 3 digits after decimal point)

If student cannot find the answer, the student can use m8banT® as the concentration of
M?2* for further calculations.
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4-A4) In Figure 1, if the hydrogen hatell is under 0.360 bar hydrogen gas and the platinum
electrode is immersed in a 500 tnuffer solution containing 0.050 mol lactic ackiGzHs0s)

and 0.025mol sodium lactate (£1s0sNa), the electromotive force of the galvanic cell
measured is +0.534 V. Calculate the pH of the buffer solution and the dissociation constant
(Ka) of lactic acid at 30.0€C.

Calculations of pH of the buffer solution

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

If student cannot find thanswer, the student can use 3a& the buffer pH for further
calculations.
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Calculations of the dissociation constantKa) of lactic acid

,,,,,,,

The dissociation const &reté éc@fé éléa&ct i

Theoretical problems (official Englistersion), 48 IChO 2017, Thailand
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Problem 5 Problem A B C D Total

5 Al | A2 Cl|C2
5% of the total Total 1 1] 3 112 ]| 2 10
Score

Problem 5: Phosphate and silicate in soil

Distribution and mobility of phosphorus in soil are usually studied by sequential extraction.
Sequential extractioms performed by the use of acid or alkaline reagents to fractionate
inorganic phosphorus in soil. Soil sample was extracted and analyzed as follows:

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

A 5.00 gram of soil sample is digted to give a final volume of 50.0 taligesting
solution which dissolves total phosphorus and silicon. The extract is analyzed for the total
concentrations of phosphorus and silicon. The concentrations of phosphorus and silicon are
found to be 5.16 mg diand 5.35 mg dm, respectively.

5-A1) Determine the mass of ROin mg per 1.00 g of soil.

Calculations
\ 1 g of soil contains PO = mg (answer witt8 digits after decimal point)
5-A2) Determinethe mass 086iOs* in mg per 1.00 g of soil.
Calculations
\ 1 g of soil contain§iOs* = mg (answer with3 digits after decimal poin})
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Part B. Determination of available PQ?3 in acid extract

Phosphate can be analyzed by using molybdenum blue method. One mole of phosphate
is converted into one mole of molybdenum blue compound. This method is used for
determination of phosphate in the acid extract. Absorbance (A) and transmittance (T) are
recaded at 800 nm. The molar absorptivity of the molybdenum blue compound isi6¥20
moltcnrtand all measurement is carried out ih.@0-cm cuvette.

Transmittance and absorbance are given by the following equations:
T=1/
A= log (/1)

wherel is the intensity of the transmitted light andid the intensity of the incident
light.

5-B1) When the sample containing high concentration of phosphate is analyzed, a reference
solution of 7.5 x 18 mol dn1® of molybdenum blue compound is used for adjusting zero
absorbance.The transmittance of the sample solution is then measured to be 0.55. Calculate
the concentration of phosphate (mol§nm the sample solution.

Calculations

\ concentration ophosphate imn unknown sample = mol dm?3

Theoretical problems (official Englistersion), 48 IChO 2017, Thailand 26



Part C. Determination of PQy® and SiQs* in alkaline extract

Both phosphate and silicate ions can react with molybdate in alkaline solution, producing the
yellow molybdophosphate and molybdatosilicate. Further reduction with ascorbic acid

produces intense color molybdenum blue compounds. Both complexes exhibit maximum
absorption at 800 nm. Addition of tartaric acid helps preventing interference fronesitica

the determination of phosphate.

Two series of phosphate standard are treated with and without tartaric acid whereas a series of
silicate standard is not treated with tartaric acid. Linear equations obtained from those
calibration curves are dsllows:

Conditions Linear equations

Phosphate with and without tartaric acid |y = 6720%

Silicate without tartaric acid y = 868x%

y is absorbance at 800 nm,
X1 is concentration of phosphate as moftim
X2 is concentration of silicate as mol dm

Absorbance at 800 nm of the alkaline fraction of the soil extract after treated with and without
tartaric acid are 0.267 and 0.510, respectively.

5-C1) Calculate the phosphate concentration in the alkaline soil extract in mdluih
calculate theorresponding phosphorous in mg@m

Calculations

\ concentration of P& = mol dm?3

\ concentration of P = mg dm?
(answer with2 digits after decimal point
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5-C2) Calculate thailicate concentration from the soil sample in t the alkaline fragtianol

dnand calculate the corresponding silicon in mgdm

Calculations

\ concentration of Sigy = mol dm?

(answer with2 digits after decimal point)

\ concentration of Si = mg dm?®

(answer with2 digits after decimal point)
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Part D. Preconcentration of ammonium phosphomolybdate

A 100 cn? of aqueous sample of ammonium phosphomolybdate 4j@RM012040)
compound is extracted with 5.0 &afi an organic solvent. The organi@ter partition coefficient
(Kow) is defined as the ratio of the concentration of the compound in the organic phase (c
that in the water phaseuwlc Kow Of the ammonium phosphomolybdate is 5.0. The molar
absorptivity of ammonium phosphomolybdate in the organic phase isiB$@eaol cn.

5-D) If the absorbance in the organic phase is 0.200, calculate the total mass of phosphorus (in
mg unit) in the original aqueous sample solution. The optical pathlength of the cuvette is 1.00
cm.

Calculations

\ total amount of P in theriginal aqueous solution = mg
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Problem 6 Problem 6 = T A2 TB1 B2 [ B3 | C1 | C2 | o
Total 38| 4|35/ 5] 2| 4] 295

0,

6% of the total Score

Problem 6: Iron
l ron (Fe) is the fourth most hasbeemudea fotmoel e me n

than 5,000 years.

Part A.
Pure iron is easily oxidized, which limits its utilization. Elem&his one of the alloying
elements that is added to improve thedaxion resistance property of iron.

6-Al) Below is some information about the elem¥nt
(2) In first ionization, an electron with quantum numbeis= 4—1; is removed.
(2) In second ionization, an electron with quantum numipers5—1. is removed.
(3) The atomic mass &f is lower than that of Fe.

What is the elemerX?
(Answer by writing the proper symbol according to the periodic table.)
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6-A2) Both Fe anX crystallize in the body centered cubic structure. Approximating the Fe
atoms as hardpheres, the volume taken up by the Fe atoms inside the unit cell is 259x10
cm®. The volume othe unit cell ofX is 0.0252 nm. A complete substitutional solid soioin

usually occurs wheBR = 2 : p T @ less than or equal to 15, whéteandRre are

the atomic radii oKX and Fe, respectively. Catiand Fe form a complete substitutional solid
solution? Show your calculatiomNo credit is given without calculation presented The

volume of sphere i8/3pr°.

Answer (MarkV in anappropriate box
A Yes OR ¢ 15) A No (DR > 15)

Calculation

Re=. . . tiieees o . NM R = o, nm DR =
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Part B.

Iron in natural water is in the form of Fe(Hg@ which ionizes to Fé and HCQ". To remove
iron from water, Fe(HCE¢)2 is oxidized to an insoluble compl&e(OH}, which can be filtered
out of the water.

6-B1) F&* can beoxidized byKMnOs in a basic solutiorto yield Fe(OH} and MnO;
precipitatesWrite the balanced ionic equatifor this reaction in a basic solution.

Under this conditionHCOs™ ions are converted to G®. Write the balanced ionic equation
for this reaction in a basic solution.

6-B2) A covalent compouné which contains more than 2 atoms and, a potential oxidizing
agent, can be prepared by the reaction between diatomic halogen maeg@ed N&QO-.

1Q2 + xNaQO2 - YA + zNaQ wherex+y+z <7
wherex, y andz are the coefficients for the balanced equation. Among the binary compounds
between hydrogen and halogerQ Has the lowest boiling point. Identify and if A has an
unpaired electron, draw a Lewis structure of compdumdth zero formal charge on all atoms
(Answer by writing the proper symbol according to the periodic table.)

Lewis structure of compouné

What is the molecular geometry of compoukei(Mark V in an appropriate box.)

Alinear A bent A cyclic A tetrahedral A trigonal planar A other
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6-B3) Compound is an unstable oxidizing agent that can be used to reFe(\#CQ)> from
natural waterlt consists of elements, Z and hydrogen and the oxidation numbeZa$ +1.
In this compound, hydrogen is connected to the element having the higher electrayegativi
among them. Below is some information about the elent&iaisdZ:
(1) G exists in its normal state aglmtomic molecule(o.
(2) Z has one proton fewer than that of elentenE exists as a gas under standard
conditions.Zz is a volatile solid.
(3) The compoun&Gs has a pyramidal shape

Identify the element& andZ and draw a molecular structure of compoind
(Answer by writing the proper symbol according to the periodic table.)

Molecularstructure of compoun®
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Part C.
%Fe is a radiopharmaceutical isotope which is used in the study of iron metabolism in the
spleen. This isotope decays’t€o as follows:

OQR O0¢+a+b Q)

6-C1) What area andb in equation (1)? (Mark in the appropriate boxes.)

proton neutron beta positron alpha gamma

6-C2) Consider equation (1), if tiéFe isotope is left for 178 days whichnisimes of its half
life (t12), the moleratio of*°Co to*%Fe is 15:1. Ihis an integer, what is the hdife of >°Fe
in day(s)? Show your calculation.

Calculation:

Half-life of Fe =................cooen.. d a(y decimal place)
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Problem 7 Broblem 7 A Total

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 complexes have been investigated for their antitumor activity. Many factors including
isomerism and sizes hagbown to affect the potency of the complexes. This question deals
with the synthesis and charactetiaa of some titanium complexes

7-Al) A reaction of2 equivalents of 2ert-butylphenol, 2 equivalents dbrmaldehyde, and
N,N-dimethylethylenel,2-diamine under acidic conditions at 7& affords thee major
products with the same chemical formula@#gHN202, as shown in the equation below.
Draw the structure of each product.

OH
Bu i HaC N H'
2 +2 _C..*F A N NS —————>  C,gH4gN,0, *+ 2H,0
H H H CHj; 75°C. 24 h 26M40N2V2
Product 1:
Product 2:
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Product 3:

7-A2) If 2,4-di-tert-butylphenol is used as a sulagér instead of -Rert-butylphenolusing the
same stoichiometry as that7rA1), only one producK was obtained. Draw the structure of
X.
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A reaction betweeX from 7-A2) and Ti(OPr)k ['Pr = isopropyl] in diethyl ether under an inert
atmosphere resulted in tlex-coordinateTi complexY, as a yellow crystalline solid and
isopropanol at room temperature.

aX + bTi(OPr), ——>» dY + cPrOH

Et,O

(equation 1)

UV-Vis spectra o, Ti(O'Pr), andY reveal that only the produtthas an absorption dt =
370 nm. By varying the volumes ¥fand Ti(OPr), eachwith the concentrationf 0.50 mol
dm3, and using benzene as the solydrg absorbancgata al = 370 nmare given below:

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

(cm’) (cm’) (cm’)

0 1.20 1.80 0.06
0.20 1.00 1.80 0.5
0.30 0.90 1.80 0.38
0.50 0.70 1.80 0.59
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.

mole of X

mole of X + moleof Ti(O' Pr),

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 showing a relationship between mole of X and absorbance

mole of X + mole of Ti(O'Pr),

in the space provided below.

1.00

0.90 A

0.80

0.70

0.60

0.50 A

Absorbance

0.40 A

0.30 A

0.20 A

0.10 o

0.00 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(@®rk

The value of mole of X which maximizes the amount of the prodiyct

mole of X + mole of Ti(O' Pr),

represents the stoichiometry Xfin the chemical formula of. Based on the graph above,
what is the molar ratio between Xiin the complexy?

The molar ratio between K:in the complexy iS ........coovuiviiiiiiiiiiiiiiie e
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7-A4) The Ti complexY is six-coordinated. The IR spectrum ¥fdoes not contain a broad
absorption band in the range of0B23600 cni’. Y exists as three diastereomers. Ignoring
stereochemistry at N atondraw clearly the structures of all three diastereomers.

Note that ypu do not need to draw the complete structure of the ligand. Only iddotifyr
atomsthat involve in coordinatiomwith titaniumand the ligand frameworetween the donor
atomscan be dawn adollows:

N N=
For example: 2 \ can be drawn as: N N

NS

(2,2'-bipyridine)

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

K 7 a

Diastereomer1:

Diastereomer2;
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Diastereomer3:

7-A5) Under certain conditions, the reaction shown equation 1 affords only one
diastereomer of. Given that structuresf Y are"fixed" (no intramolecular movement), the
'H NMR spectrum o¥ in CDCk showsfour singlet resonances at1.25,1.30, 1.66,and 1.2
corresponding to theert-butyl groupsDraw a structure of the only possible diastereomer of
Y.

(You do not need to draw the complete structure of the ligand. Only iddotifyr ators that
involve in coordination and the ligand framewdsktween the donor atonean be drawras
shown in7-A4))
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Problem 8 Problem8 ™A1 T A2 [ A3 | A4 | As | o@
Total 6 5.5 3 4 15 20

()

5% of the total Score

Problem 8: Silica Surface

Silicaexists in various forms like amorphous and crystalline. Silica can be synthesized
gel process by using silicon alkoxides like tetramethoxysilane (TMOS) and tetraethoxysilane
(TEOS) as the details below:

a.Hydrolysis
cl)R (l)H
Si., + 4H,0 e Si., + 4ROH
RO/l //OR 2 HO/l //OH
RO HO
R = CH3 or C2H5
b. Water condensation
cl)H ?H ?H (|)H
i, + i., e i, i, + H,0
HO HO HO HO

c. Alcohol condensation

(.?H OH H

9
. i _si, + ROH
HO/? /O/f ‘OH
HO HO

'
'

OH

I
i, + i,
HO HO

= Silica
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In bulk silica, all silicon atomsaretetrahedrally bonded to four oxygen atogiging three
dimensional solichetwork.The silicon environments foundsidesilica is presented below:

l.
N ‘O/?L"O’ _
?

8-Al) Threesilicon atom environments (similar to the example aboae commonly
observed at the silicgurface The three structures of the silicon environments mudtd®sn
in 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
H H H
HO O, | OH, 0., | <O OH
.M,l 'Mn+\
HO ~o” | Son, ~o” | o SOH
oH H OH on H OHH oy

8-A2) After Ci?*is being adsorbed, the color of silica changes from white to pale blue. The
visible spectrum showa broad absorption band (with a shouldsr) max = 550 nm.If Cu?*
canbind with silica and adopt the structigieilar toll, draw thesplitting diagram of thel-
orbitals of CU** ion including the label of thel orbitals inthe complex andpecify the
corresponding electronic transition{e) the visible absorptian

The splitting diagram:

The corresponding electronic transition(igdicate the lower energy-orbital and
higher energyl-orbital)
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8-A3) If the first row transition metal ions form complexes with silicalogous tCu?”,
which metal ion(s) d@9 have theanalogous telectronic transition(sio Cu?*? The metal
ion(s) must be in +2 or +3 oxidation state. Please note that the silanol gre@s)(@&nd water
are weak field ligands.

However silica is randomly bonded to various types of metal ion. To increase the selectivity,
modification of silca surface has been performed by grafting with various organic molecules
like 3-aminopropyltrimethoxysilane andrBercaptopropyltrimethoxysilane.

OH
OH
HO OH OCH3 HO /O’//,/,"
HO OH * /Sli'f HO O=Si—(CH)sNH, + 3CH;0H
) H3CO k //CH2CH2CH2NH2 HO
Ho™ [ OH OCHs on ©
silica 3-aminopropyltrimethoxysilane silica-NH,
OH oH OH o
HO OCH; HO “,
HO OH  + Sli, ’ HO O~ISi—(CH,);SH * 3CH3OH
HsCO™ | “CH,CH,CH,SH
HO HO
silica 3-mercaptopropyltrimethoxysilane silica-SH

8-A4) If Hg?* is only bonding to sulfur binding sites in sili&H, thesymmetric complex

of [Hg(silica-SH),]?" is formed. Draw the structure of [Hg(silkSH)]?*, specify the direction
of the bond axes, and draw the correspondhagbital splitting. (You may use48H instead

of drawing the whole structure of silk&H.)

The structure: d-orbital splitting diagram
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8-A5) Specify true or false for the following statements:
a) d-dtransition is found in [(Hg(silic&®H)X)]**
A True A False

b) The [Cu(silicaNH2)x]?" in a similar geometry, is expected to have a color similar
to other copper(ll) amine complexes.

A True A False

c) In the visible absorption spectilagax of [Cu(silicaNH.),]?" is greatetthan that
of [Cu(silicaOH)]?*.

A True A False
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A
Problem 9 Problem 9 i 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) of 149 (rounded to an integer).

'H NMR spectrum of compound shows among others, three types of aromatic
protons andits 13C 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 by NaBHsCN. Write all possible structural formulae of compouAd No
stereochemistry is required, add notinclude stereoisomers

A1 A2 A3
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9-A2) One of the position isomers of compoukdstructureAl, A2 or A3) canbe synthesized
from compoundB or C and D as shown in the diagram below. Write down the structural
formulae of compoundB-F, and theposition isomer of compound. A

X 0
N O
|®/ Cl=Cr-0
PCC = |
H

Pyridinium Chlorochromate

H*, H,0
—_ >
B E
(MW = 118)
PCC
Friedel-
C Crafts
acylation 1. CH3NH;
+ — > —
AICI5 2. NaBH;CN
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 structure&1-A3. It can be prepared from vicinal
diols X andY as shown in the diagram below. Both diols are structural isomers, and each
structure contains one carbon less than that of compduwdite down the structural formulae

of compounds$s-N, X, Y and the R)-form of compoundA. You must show stereochemistry

of all compounds.

9 Q
PivCl = ol MsCl = HzC—S-Cl
o
First Synthesis:
1 eq. PivCl, 1 eq. MsCl,
EtzN EtzN
_ _
X G H
(S)-diol (MW = 152)
hydrolysis and
cyclization
1 eq. MsCl,
Et;N NaBH,
EtOH,
heat
K J [
excess CH-NH (S)-form (R)-epoxide (MW = 134)
3NHz, .
heat (cyclic ether)
(0]
1.
N
base
2. LiAIH,
then workup
A N
(R)-form . )
Second Synthesis: ydrog y
1. SOCl,,
Et;N PPhs
2. NaNjs,
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 Problem 10 1 TB1 83 Total
7% of the total Total 20.5| 4 55 30
Score

Problem10: Total Synthesis of Alkaloids

Alkaloids are alass of nitrogeftontaining natural products. Their structural complexity
and potent biological activities has drawn attentions. Two representative examples of alkaloids

—sauristolactam and pancratistatin are highlighted in following questions.

Part A

Sauristolactam possesses excellent cytotoxicity against various cancer cell lines. It could be

prepared by following synthetic sequence beld#-XIMR spectra were recorded in CR@t

300 MHz.)
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10-A1) Draw the structuieof A-G in the sequencdrovideyour answers on the following

blank sheet.
HO 1. PhCH,Br, NaClO,
:@\ KoCOj A NaH,PO, B
MeO 2. POCls,
2-methoxy-4-methyl DMF
phenol C46H1603 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
in TH-NMR
DMF = H)J\N/
| cat. H,SO,4
MeOH
reflux
B 1. H,, 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
oﬂro
(NBS)
hv
B(OH), o
CHO HO
excess "
N—Me
F CH3NH, G oo
then cat. Pd(PPha), ‘
aq. workup Cs,COs
Sauristolactam
C12H12Br;05 C1oH1oBrNO;

"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)

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
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The structures oA-G.
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Part B
Pancratistatin, isolated from a Hawaiian native plant, spider lily, exhibits potent in vitro and in
vivo inhibitory activity of cancer cell growth in additida its excellent antiviral activity.

OH O

Pancratistatin

Pancratistatin could be successfully synthesized via intermediat@sdX2. The synthesis of
these intermediates are shown in the following schemes.

10-B1) Draw the structures @& andB.

1. PPh3, benzene

<O Br reflux _
e} 2. n-BuLi, THF Q
-10 °C to RT

OMe OHC™ O
SOzH
p-TsOH=/©/

X
Jer-

(E)-isomer of Compound A

o 1. H,O/THF, cat. p-TsOH
-0 2.PCC l l

@ /=
0:=0=0

PCC =

N
H

OMe

Intermediate X1
Compound B
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10-B2) IntermediateX1 (a single enantiomer with the stereochemistry shown) is labeled with
deuterium with configuration as indicated below, propose #ecBair structure of compound

E and the structure of compoufgl with stereochemistryls Y a proton tH) or a deuterium
(?H)?

(S)-configuration
\r 2H

<O O Kls, NaHCO,4
—_—
o COOH
OMe

Single enantiomer of
Intermediate X1

Compound E

N
DBU, DBU = Q\/j
benzene, reflux SN

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-Cyclooctene has a chiral plane and a high barrier for racemization. The double bond of
trans-cyclooctene is twisted, as a result, the molecule displays unusual reactivity in
cycloaddition reactions.

In 2011, Fox and coworkers developed a photochemycdihasis towards a variety thns
cyclooctene derivatives. The process is-stareocontrolled and the synthetic scheme is as
follow.

CO,Et
N2:\
CO,Et
© Rh,(OAC)
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-Al) Draw all possible stereocisomers of compo@rkat could be obtained from the
reduction of compound. Not necessary to assitS configuration.

11-A2) If one of thestereoisomers of compourddis converted to compourd] how many
stereoisomeric form(s) of compouddvill be obtained?

Number of possible stereoisomeric form(s) of compotird

If there are more than one stereoisomer, is it possible to separate the obtained
stereoisomers of compouddy achiral chromatography?

1 1

Yes No
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