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PART |. THEORETICAL PROBLEMS

Problem 1. Polar and non-polar molecules

1. The net dipole moment p is calculated as follows:

A >
w
C
2 2 2
M=+ + 2, cosa (1)
2.
<€ >
O C 0]

2.1 The geometry of CO,:

Because two bond moments of pco have opposite directions and cancel each

other out, the net dipole moment for CO, is zero. Therefore:

Heo, = 0

2.2 The geometry of H,S:

From the general equation (1),
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/112{23 =l  Higs + 2l HiysCOSQ = 2 f1yg (1 + COS“) = dt5c08’ %

(24
Hyy,s = 2 fy35€O8 B}

=30
Therefore,  y, = Zx&m_wxcos% =1.09D
? 3.33x10 2

W

3.2 Since x. >y, » Mey has the direction showed in the above plot, and
Wyen = 2uCHcos% =2x04x05=04D

L., also has the direction toward the O atom. Therefore, the net dipole moment p

of the molecule is

Huen = Hycn + o= 0.4 +2.3=2.7D

4. We can plot the geometry of the three molecules involved in this problem in the

following scheme:
H CHj
e <

/ 0
0\2050 0\21 0 o\&x
H

H
H,0 CH,-O-CH, CH,-O-H

CH,
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- The dipole moment p is a vector which can be calculated by adding individual
bond moments p; and p,
M= 1+ 15 + 24441, cos @ (1)
a 1s the angle formed by the individual bond moments.
- The dipole moment p in the water molecule with the bond angle a formed by
the two bond moments of O-H can be calculated as follows.

From equation (1) we have
H= (2:uéH + 2:”311 COS“)I/Z

1/2
= [Z,uéH (1+ cosoz)]l/2 = [4;1&{ cos’ %}

o
=2 oy COSE
Given a = 105°, the bond moment oy in water can be calculated:
1.84=2u,, cos% - Uyy =151 D
Similarly, we can calculate the bond moment for O-CHj; in dimethylether:
110
1.29 =2ty cosT > Hocw, =1.12 D

- In methanol, the individual bond moments are given as p; = g, and W,
= tocy, @8 1In water and dimethylether. The bond angle a is formed by the two

individual bond moments.

From equation (1), cosa is:

(12 =15 =153)
cosg =——F
24
(1.69° —1.51°-1.12) o a=?
= —
2x151x1.12 \\\
H

a =101°57

Therefore, the bond angle C — O — H in methanol is of 101°57
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Problem 2. Calculations of lattice energy of ionic compounds

[,

1.1 Lithium reacts with water:

2 Li(s) + 2 H,O(l) = 2 Li'(aq) + 2 OH (aq) + H(g)
1.2 Lithium reacts with chlorine:

2 Li(s) + Cly(g) = 2 LiCl(s)
1.3 Lithium reacts with sulfuric acid:
With dilute sulfuric acid: 2 Li(s) + H,SO4(aq) = 2 Li'(aq) + SO42'(aq) + Hy(g)
With concentrated acid: 2 Li(s) + 3 H,SOy4(c) = 2 LiHSO,4 + SO,(g) + 2 H,O(1)
2.

2.1 To calculate U, in accordance with Born-Haber cycle, the following cycle is

constructed:

. 1 AH .

LI(S) + ?Clz(g) > LlCl(S)

AsH 1
S E ADH UO

. 1 "

Li(g) » Li'(g) + Cl-(g)

E }

2.2 Based on this cycle and Hess’s law, we have:
1
4,H = ASH+EADH+I+E+UO
or U0=AfH—(ASH+%ADH+I+Ej

After converting all the numerical data to the same unit, we have:
Up=-402.3 — 159 — 121 — (5.40 — 3.84)x1.6x10""x107x6.022x10*
Uy = - 832.56 kJ/mol.
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3. U, = -2870 222 (1_ 0.345 j

r,+r ro+r

For LiCl crystal, we have:
U. —-2872 Ix1x2 (1_0 0.345

o . =-201.43 kcal/mol
0.62+1.83 .62+1.83

To conveniently compare the results, we convert the obtained result to SI units:

U, = —201.43x4.184 =—842.78 kJ/mol
4.

According to the Born-Haber cycle and Kapustinskii empirical formula for

lithium chloride crystal structure, both methods are close to the experimental

value.

5.
5.1 The geometry diagram for octahedral holes is shown below.

where, R and r are the radii of CI and Li" ions, respectively.

Based on the diagram, we have:

cos4s5°o=_2R - R
2R+2r R+r

0.707=RR > R=0707(R+r1) — r=0414R
+r

- The body edge length of the unit cell LiCl = 2R +2r=5.14 A
2R +2(0.414R)=5.14A — R=1.82A (radius of CI')
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2(1.82A)+2r=514A — r=0.75A (radius of Li")
5.2 Based on the experimental and theoretical data for the radii of Li" and CI ions,

it is realized that:

¢ Both calculated radii of lithium and chloride ions are close to the

experimental values.

¢ Only the calculated radius of lithium ion is close to the experimental value.

¢ Only the calculated radius of chloride ion is close to the experimental value. [ X

Problem 3. A frog in a well
1.

1.1 The general expression is given by: A

B ey = LY |:(§+1j2(§]2i| b’ (N+1) Est -+ Lumo

2 = 2 AE
g2 || 2 2 2) | 8ul S0 Bl W
h
AEumm:@<N+l) Q) E; | %
1.2 From Planck’s quantum theory: E, | %
hc .
== (2 : L
AE == (2) A can be given by E, %
2 2
L A .
A 8mL h o (N+1)
2.
2.1

> For BD: L =(2x2+1)0.140 nm = 5x0.140x10"m=7x10""m=7.0 A
> For HT: L=(2x3 +1)0.140 nm = 7x0.140x10°m=9.8x10""m=9.8 A
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> For OT: L =(2x4 +1)0.140 nm = 9x0.140x10"m = 12.6x10"" m=12.6 A

2.2 From the general equation (3), the wavelength A for each of the dyes are given:

2 -31 8 2 2
i=8mcx L' _809.11x10 )(14x10) L 330x10" L
h  (N+1) 6.626x10 (N+1) (N+1)
2 —10N2
<+ BD: ,1:3.30><1012L:3.30x10‘2w:3.234x10—7m:3234 nm
(N+1) (4+1)
2 —10\2
< HT: 1=3.30x10" L =3.30x10'2w=4.528><10_7m=452.7 nm
(N+1) (6+l)
2 —10\2
< OT: /1=3.3O><1012L—=3.30><1012M=5.82x10‘7m=582.0 nm

(N+1) (8+1)

3. The box length can be calculated based on the geometry of the C — C

— C chain as follows:

The box length is a combination of a number of the length of % which
is given by
%= le.cx sin60 = (0.140x10)xsin 60 = 1.21x10™° m.

Therefore, the box length for the three dye molecules can be calculated

as follows:

For BD, the box length is consisted of 5 lengths of %:
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X

(A

S BD: L=121x10"mx5=6.05x10"m=6.05A

Similarly, the box length for HT has 7 lengths of %:
“ HT: L=121x10"mx7=847x10""'m=28.47 A
The box length for OT has 9 lengths of %:

S OT: L=121x10"mx9=10.89x10""m=10.89 A

4.

2
Sme L , and therefore:

(N+1)

[ /ﬂxhx(N+l)
B 8mc

. \/thx(N+1) [(328.5x107)(6.626x107*)5
8(9.11x107°")(3x10%)

4.1 From equation (3), A=

«* For BD:

=7.06x10""=7.06 A
8mc

«* For HT:

=8.63x107"" =8.63 A

L \//1><h><(N+1) ~ \/(350.95><109)(6.626><1034)7
8mc

8(9.11x10°")(3x10%)
«* For OT:

. \//Ixhx(N+1) ~ \/(586.1><109)(6.626><1034)9
8mc

8(9.11x107")(3x10%)

4.2 The following table shows the values of the box length for the

=12.64x107"° =12.64 A
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investigated dyes calculated with different methods.

L
L
calculated Experimental
L=(2k+1)0.140 calculated
Substance based on L
nm (1) from
the bent o
chain (2) e (3)
BD 7.0 6.05 7.06 7.66
HT 9.8 8.47 8.63 8.64
oT 12.6 10.89 12.64 -
» Method (1) is the best fit
» Method (2) is the best fit [ ]
» Method (3) is the best fit x
» All methods (1), (2) , (3) are best fit

Problem 4. Electron in a 2 or 3 — Dimensional Box
1.

2 2 2
1.1 AE=n’ h -1 h ~= h ~(n’-1?
8mL 8mL” 8mL

)

1.2 According to Planck’s equation:

he _(6.626x10™ J5)(2.9979x10° m/s)

- =1.446x107 J
1.374 x10° m

AE =
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So AE =1.446x10% J=

(6.626x107* J 5)? ( - 1)
8(9.109x10”" kg)(10.0x10~° m)*

1.446x102 J=6.025x10™> (n2 -1)
— n2-1=24.00 —n?=25.00 — n=5.00

n=>5
2.
2.1 The quantum numbers are:
Ground state (E;;) — n=1,n,=1
First excited state (E,;) —  ne=2,n,=1
Second excited state (E;») — n=1,n,=2

Since the energy levels, E,,, are inversely proportional to L?, then the ny,= 2, ny=1
energy level will be lower than the n,= 1, n,= 2 energy level since Ly> L,.

The first three energy levels, Ey, in order of increasing energy are: E,; <E, <E;
2.2 Calculate the wavelength of light necessary to promote an electron from the

first excited state to the second excited state.

N .. 2 2 1’12
E,; — E;,1s transition. E, :8h (nx n yJ

L L
b’ 1 27 1.76x10' h*
E, = 52 o 2 | T
8m ((8.00x107" m)” (5.00x107" m) 8m
_h? 2’ 1’ 1.03x10" h*
E, = o o2t o 2 |~
8m | (8.00x107 m)~ (5.00x107" m) 8m
17 1,2 17 1,2 16 1,2
AE=E12—E21=1'76X10 h” 1.03x10"h =7.3><10 h
8m 8m 8m
16 -2 -34 2
AE - (7.3x10" m )(6.63216><10 Js) CA44x102']
8(9.11x107" kg)
34 8
5 — he _ (6.626x10™" Js) (2.998x10° m/s) —45%10° m

AE 4.4x107" ]
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3.
2 2 2 2 2712
3.0 gt 61931020
8mL 8mL
2
n’ = SIZZL E

IfL°=8.00 m’, then L* =4.00 m*

P (6.626x107)
Sml*> 0.032

8 23
6.022x10

, 6.173x107"

n=——-""—

2.582x107%

=2.582x107%J

=2.39x10%; n=1.55x10"

Q AE=E,  ~E, = E1.55><10”+l _El.55><10”
n 1 n 31
AE =(2n+1 =[2(1.55x10")+1 =8.00x10™"J
( )8mL2 [ ) ]8mL2

4. The energy levels are

_ (] +n3 +n)h’

_ 2, 2, 2
nyny g N =E (n; +ny +n;)

where E; combines all constants besides quantum numbers. The minimum value
for all quantum numbers is 1, so the lowest energy is

E;11=3E;
The question asks about an energy 21/3 times this amount, namely 21FE;. This

energy level can be obtained by any combination of allowed quantum numbers
such that

(> +n>+n)=21=4+2"+1
The degeneracy, then is 6, corresponding to (n;, n,, n;) = (1, 2, 4), (1, 4, 2), (2, 1,
4),(2,4,1),(4,1,2),0r (4,2, 1).
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Problem 5. Tug of war
1/2

Py, P,
1. Ak G = A G° + RTIn—2-2%

S0,

(j}g 46" International Chemistry Olympiad

1/2

At equilibrium: Ay G = Ay G° + RTIn2-%_ =0
50,
P P1/2
AG® =- RTIn—2-%-=-RTInK,,
50,

T/K=T/C+273;
T/K 800 825 900 953 100
InK,, -3.263 -3.007 -1.899 -1.173 -0.591

2. Plot InKp against 1/T:

0 .
-0.5 1

InKp1
I\

- 4 T T T

y =-10851x + 10.216
R%=0.9967

9.0E-04 9.5E-04 1.0E-03 1.1E-03 1.1E-03 1.2E-03 1.2E-03 1.3E-03 1.3E-03
T (K)
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Assuming that AH® is temperature independent, the slope of this plot is -A;H/R,
so that A,,xH® =90.2 kJ/mol.

3. 2505(g) = 2S0,(g) + O2(g) 2)

A best-fit equation is InK,; = - 10851(1/T) + 10.216 with R-squared value of
0.9967. We can use this equation to estimate the K,,; at (651.33 +273) =924.33 K
because A, H® is temperature independent.

InK,; =-10851(1/924.33) + 10.216 — InK,,; =-1.523313881 — K,,; = 0.218

For reaction (2), the equilibrium constant is expressed as:

2

P P
__50,"0, _ (Kp1)2 =(0.218)* = 0.047524

»~7p
4. Reaction (3): 2 FeSO4(s) = Fe,05(s) +SO3(g) +S0O,(g)

Decomposition: - - -

Equilibrium: P-a P+a

Reaction (4): 2 80;5(g) = 280,(g) + O,(g)

Initial P: P P 0

Change -a +a +a/2

Equilibrium P-a P+a a/2

At equilibrium: partial pressure of oxygen =21.28/760 = 0.028 atm
a/2 =0.028 atm —  a=0.056 atm

Equilibrium constant for (4):

2

P, P
_150,"0, _ (Kp1)2 =(0.218)* = 0.047524

p4 2
P, SO,

_PLP,  (P+a)(al2) (P+0.056)0.028

= =0.047524
P, (P—a) (P—0.056)
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(P +0.056)70.028

=0.047524
(1’—0.056)2
2

_y PHO056)_ 6973

(P—0.056)
_y (P£0056) 303 — P+0.056=1.303P - 0.073

(P—0.056)
— 0.303P = 0.12896 — P=0.425atm

Equilibrium constant for (3) 2 FeSO4(s) = Fe,05(s) + SO;(g) + SO, (g)
Kp3 = Pso3P502 = (P-a)(P+a) = (0425 - 0056)(0425 + 0056) =0.177

5. Calculate the percent of FeSO4 decomposed?

Mole number of SO; = SO, comes from the decomposition of FeSOy:
PV =nRT, n=PV/PT = (0.425)1 /(0.082x924.33) = 5.6x10” moles
Molar number of FeSO4 decomposed = 2ngo3 = 0.0112 mol

Mass of FeSO, decomposed = 0.0112 x151.91 = 1.70 grams

Percent of FeSO, decomposed = 1.70/15.19 = 11.21 %.

Problem 6. Radiochemistry

204Pb 2O6Pb 207Pb 208Pb

2. Assume that the mineral initially contained n;, moles of 238y, nyo moles of

204 . : 238
2%pp_and n; moles of **Pb; and at present, it contains n; moles of U, n, moles
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of **Pb, and n; moles of ***Pb (this isotope is not generated by the decay of **U
and °U). The age of the zircon mineral is usually very large, and we can consider
that the century equilibrium for the decay process has been reached (i.e. loss of 1

81 will lead to formation of 1 mole of °Pb). By conservation of mass,

mole of
we have the following equation:

np+tn;=ngp+tny (1)

Dividing (1) by nj:

n/n; + ny/nz=n; o/n; + nye/n;

— Ny/N3=1n;,0/n3 -1n1/n3 + Ny /03 2)

In addition, we have n; = n,e™, where A is the decay constant of 280, and t is the

age of the mineral,

— 1’12/113 = nleM/n3 - 1’11/1'13 + Il270/1'13 = (nl/n3)( eM - 1) + 1’1270/113 (3)

- n,/n,—n,,/n
—>6M—1= L] 2,0/ 3
n /ny

w1, / ns -y, / ny

— M =
n, / n,
St =i T e 4)
A n, /n,

According to the data given:

14.30 24.10
n, 206 "0 206
2 - <£Y0 _45112: =22 =<4V _1705
n, 0277 o, 14

204 204

99.275
mo_ 238 _
" 0577 307.19

204

9 _

:4.47><10 1n(1+51'12 17.05):6.78“08 years

0.693 307.19
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s 0.693 8><6.78><108

moy(“U) = 0.721 x ¢7:038x10 =1.406 g
- 0.693 8x6.78x108

my(~°U) =99.275 x e447x10 =11028 g

my(*°U)/ me(**U) = 1.406/110.28 =0.0127

3. After 99% of Fe’* precipitated, the concentration of the remaining Fe’* in the
solution is:

[Fe’1=2x0.05x10%2=1x10" M

The concentration of hydroxide ions necessary to maintain a Fe’" concentration of
10~ M in the solution is:

1 1
Ty 3 (3.8x107% )3 Lo
o 1= T | o X555 <9t

Thus, the pH value of the solution can be calculated as follows:

pH = - log{10™/[(38)"*x107"*]} =2 + (1/3)log38 = 2.53

At this pH, the reaction quotient of the dissociation of UO,(OH), in 0.01 M of
solution is:

[UO,”"[OH T = 0.01x[(38)"*x107*]* = 1.13x10 *< 10 *

Since the ionic product is much smaller than the solubility product of UO,(OH)p,,

we can conclude that uranium cannot precipitate under these conditions.

4. Volume ratio of the two phases: V,q/Vo, = 1000 : 500 =2
Let x represent the equilibrium concentration of UO,(NOs), in the aqueous phase.

Let C, represent the initial concentration of UO,(NOs), in the organic phase.
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The equilibrium concentration of UO,(NOs), in the organic phase is calculated as

follows:

Corg = (Vaq/ Vorg)( CO - X)

D= S _2AG=9 g (©6)
X X

x:C,=1:6=16.67%.

5. 500 mL of organic solvent may be divided into n equal portions for extraction.
Volume ratio of the two phases: V,q/Ve = 1000 : (500/n) =2n
- After the first extraction:

D= Cog _ 2n(C, —x,)

X

~10 (7)

X

2nC,
D+2n

(8)

- For the second extraction, the initial concentration of the aqueous phase is xj,
while the equilibrium concentration is x,. Using equation (8), we replace x, with

x1, and x; with C, to obtain the following expression:

2
X, = 2nx; _ ( 2n j C 9)
D+2n D+2n
- After n extractions, the concentration of UO,(NOs), remaining in the aqueous
phase is:
2n Y
X, = C 10
! (D+2nj ° (10)
% UO,(NOs), remaining in the aqueous phase after n extractions is:
X 2n ' o
2100% = 100%
0 D+2n
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n= 1 2 3 4 5 6

(2” leO%Z 1667 | 816 | 527 | 39 | 3.1 | 2.63
D+2n

n=>5 — ﬁlOO%:( 2n j<4%
C, D+2n

Thus, the optimal approach is to divide 500 mL of solvent into 5 portions and
extract 5 times.

Other schemes are acceptable, if all calculations and justifications are reasonable.

Problem 7. Applied thermodynamics

1.

1.1 Based on the above data:
AG°r = AH’1 - TAS 1

Reaction (1): AG°1 (1) = (- 112298.8 + 5.94T) — T(54.0 + 6.211nT)
AG°r(1)=-112298.8 —48.06T — 6.21TInT

AG®r (1) decreases with an increase in temperature.

Reaction (2): AG°r(2) = (- 393740.1 + 0.77T) — T(1.54 - 0.77InT)
AG°r(2)=-393740.1 — 0.77T + 0.77TInT

1.2 AG°1 (2) increases with an increase in temperature.

2.

2.1 C(graphite) + 2 O(g) — CO(g) (D
C(graphite) + O,(g) — CO,(g) (2)

(2)—(1) = CO(g)+ 20, — COx(g) 3)

We have, AG% (3) = AG’r (2) - AG: (1)
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2.2 Substitute the values in:

AG®; (3) = (- 393740.1 — 0.77T + 0.77TInT) — (- 112298.8 — 48.06T — 6.21TInT)

AG®; (3) = - 2814413 + 47.29T — 6.98TInT
At 1673 K: AG% (3) = -115650 J/mol

2.3 Since AG® = -RTInK,, the equilibrium constant K, for reaction (3) can be

calculated as follows:

_AGy(3) _ 115650
RT 8.314x1673

— Ky 1673 (3) = 4083

INK, 6(3) = —8.313457

3.
3.1
CO(g) + 72 Ox(g) — COx(g) )
NiO(s) + CO(g) — Ni(s) + COx(g)  (4)
(4)-(3)  NiO(s) — Ni(s) + 2 Ox(g) )
3.2

At 1673 K, we have:

For reaction (4): K (4) = Peo, _99

(¢[¢] 1

Po, K, 99

For reaction (3): K, (3)= Peo, =4083 or pgf =

172
coPo,

2 _ Pco, :Kp(4)
“ peoK,3) K,

For reaction (5): K (5)=p

K (4
o _ 99 004247 = 2.4247x10°

K,(5)=po, ===
P K,(3) 4083

Hence, p,, =[K,(5)] =(24247x107)

Po4083 4083 4083

and po, =5.88x10™ bar =58.8 Pa
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Problem 8. Complex compound

1. How many atoms of EDTA are capable of binding with the metal ions upon

complexation?
Ll [] Ll L]
2 4 6 8
1.2
o N e
y:
T
/O/g,_,_gz CH,
I
g
= %
=5k |,
C/C e
3 S "
2.
2.1 Let [H'] be h and at pH = 10.26:
B'=p aMg2+ Oy 4-
IS D VR T ! 1071020
1+ ph~! h+K 14+1.58x107"2 x 101026 19710-26 1 1071026

B'= B oy 2 Oy = 10599 x1x0.5=2.45x10°
2.2 AtpH = 10.26:
Mg®) + (Y5) —>MgY”
(Mg g
0.05 0.05
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: - 0.05
MgY> =Mg* ) + (YY) () =(245x10°%)
0.05 -x X X

=C. »=x=143x10"(M)

CMg2+ Mg

2 2
72 510374\ _ 1n-12.32 _ 10-10.95
Corg [OH } — 1.43x10 (10 ) = 10777 < K ng(om), = 10

Hence no Mg(OH), precipitate appears

L]

Precipitation No precipitation
3.
3.1
K, _ 1400 x 1000 1073

CNh+K, 65 x20.00 10710-5041(9935

1 1
[CNTH 14103897 <14

[CN']=C = 1.00 (M)

—=1.00x1073897

O 2+ =
+ )
BHg(CN)i

K 10-10:26

a4

Oy 4 R = =0.635
Y h+Ka4 10—1050+10—1026

Brigy? = Brigy> gzt Gy =10710(1.00x107%77)0.635 = 4.29x 107"

B2 is very small, Hg”" is cannot be titrated in the experiment 2.
HgY ry g p

3.2 Chemical equations:
Experiment 1: Hg™ + Y* - HgY”
Mn®" + Y* - MnY”
Mg™ + Y*(excess) = MgY”
(C, T €2 )¥20.00 = 25.00 x 0.040 — 12.00%x0.025 (1)
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Experiment 2: Hg” + 4CN°  — Hg(CN)s”
Mn*" + Y* - MnY?”
Mg™ + Y*(excess) = MgY”
C,, . > 20.00 =25.00x0.040 — 20.00%0.025 2)

According to (1) and (2): €. =0.025M; C . =0.010 M
4.
4.1 As K3/Kgs> 1x 10* and K4, <107 only one endpoint can be determined for the
titration of H,Y*:

Titration reaction: H,Y* + OH — HY’ + H,0
4.2 pHgp = pHHY") = (pKo3 + pKos)/ 2 =8.21

4.3 pHgp = pH phenol red), hence the most suitable indicator 1s phenol red

] L]

Bromothymol blue ~ Phenol red Phenolphtalein
4.4
If the final pH is 7.60 the percentage of H,Y”™ that is titrated:
3- -6.16
K
[2HY ] = ——2—100= 61160 —5100=96.5%
[H Y] +[HY] [H ]+Kg3 107" + 107"

The volume of NaOH solution needed to reach pH of 7.60 is:
Vaon = Vi =(0.25 x10 x 0.965)/0.2 = 12.06 (mL)
Vep =V, =(0.25 x 10)/0.20 = 12.50 (mL)
g= 12.06-12.50 < 100% ~ —3.5%
12.50
(As 96.5% of H,Y? is titrated, 3.5% of the analyte has not been titrated, or the

error q = - 3.5%.)
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Problem 9. Lead compounds

3.
3.

)

C

Pb>" (2)

PbSO4 . C

PbC204 - C

PbIz : C

Pb(IOg,)z: C

PbClzZ C

<C

<
Pb** (4)

Pb2+(1)2
py X ————
Po™ @) 50x1073
a2
P37 (9.7x1073)>2
2 —
PO (0.001)2

Pb* (5) = (0.05)2

C

[] []

(II) (I10) (Iv)
[] [] []
(IT) (I1I) Other

1 Condition for precipitation of:

-7.66
0 1 09x10° (M)

-10.05
10 =1.78x10 (M)

-7.86
10 = 1.47x10™% (M)

-12.61
10 =2.45x107 (M)

-4.8
0 _634x107 (M)

C C — The order of precipitation:

Pb** (1) < Pb2+(3)< Pb%* (5)

PbC204, Pb(IO3)2, PbSO4, PbIz and PbClz
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3.2 When Pbl, begins to precipitate (assume I has not reacted)

Kyppso,) 10790

B 4
Cpprgy  147x10

_ _ .
= JKsepso,) = 1.48x107" (M) = Spy,50,

(S is the solubility of PbSO, in saturated solution). Hence PbC,0,4, Pb(IOs), and

[SOT 1= =1.49x10 (M)

PbSO, have precipitated completely.

—21.60 x CPb(NO3)2 =20.00 x (C .+ 2XCIO§ + CSOi_)

C,05
=20.00(5.0 x 107 + 2 x 0.0010 + 0.020)
—> CPb(NO3)2 = 0025 (M)

4, PbCrO, == Pb*" + CrO> Kqp
C S S
CH;COOH == CH;COO + H" K,=10"*"
Pb*" + CH;COO = Pb(CH;CO0)" B, = 10*%®
Pb>" + 2CH;COO == Pb(CH;CO0), B, =10*%
Pb*" + HLO == PbOH + H* p=10""
cro>+ H" == HCro, K, =10°%
2¢r0r +2H" == Cr07+H,0 K'=10"*
Let 4 be [H'], a conservation of mass requires that:

S = Coor = [CrO; ]+ [HCrO;] + 2.[Cr,03]=[CrO7 ](1 +K; . h) +2 . K. h*. [CrO] ] (1)
S = C,..= [Pb”"] +[PbOH ] + [Pb(CH,COO) ] + [Pb(CH,CO0), |

=[Pb>J(1 + "B h™' +B,[CH,CO0 ] + B,[CH,COO™ ")
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S

—[Pb*]= — - —
1+ "Bh '+ B,[CH,COO ]+ B,[CH,COO ]

2

Because S = 2.9x107° M << Cencoon=1M — pH of the solution is largely

dependent on the dissociation of CH;COOH:
CH;COOH == H' + CH;COO K,=10"*"
[] 1—h h h
—[CH;COO]=[H"]=h=10">*(M)

Substitute [CH;COO ] =[H]=/=10">*(M) and S =2.9x10 into (1) and (2),
we have:

[CrO2]=2.194 x 10 ° (M) and [Pb*'] =9.051 x 10°° (M)

— K, = [Pb*][CrOI ]=1.99 x 10°'*.

2(1.455)
5. Cathode: PbO, + 4H" + 2¢ == Pb>" + 2H,0 10 0.0592
HSO, = SO,/ + H' 107
Pb** + SO, = PbSO, 10766

Cathode reaction:

PbO, + HSO, +3H" + 2¢e == PbSO, + 2 H,0 K, (*)

~2(-0.126)
Anode: Pb == Pb* + 2e 10 0.0592
HSO, == SO,” + H' 10
Pb’" + SO, = PbSO, 107
Anode reaction: Pb + HSO, = PbSO, + H' +2¢ K, (*¥)
Overall reaction as the battery discharges:
PbO, + Pb + 2HSO, +2H = 2PbSO, + 2 H,0 (F*%)

Cell diagram: (a) Pb|PbSO, H', HSO, | PbO, (Pb) (¢)
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2E 0, /pbsoy 2(1.455)
6.1 According to (*¥): 10 00592 =K, =10 00592 1072 10"%

0 —
— Eppo, /pbso, = 1.62 (V)
According to (**):

10 00592 =K,=10 00592 10210 — Epyso, pp =-0.29 (V)

6.2 According to (***):

0.0592 5

_ _ 0 0 N,
V=E¢ - Ew= Eppo,pbso, - Epvso, bt log[HSO,J°[H ]

In which [HSO,], [H']are calculated as follows:
HSO, = H" + 807 K,=10"
[] 1.8—x 1.8 +x X
[SO; ]=x=9.89x10" (M) —[H"]=1.81 (M); [HSO; ] = 1.79 (M)

0.0592

V=1.62+029+ log(1.79)*(1.81)* = 1.94 (V)

Problem 10. Applied Electrochemistry
1.
1.1

0 +7 +2 +4

C6H1206 + KMHO4 =+ HzSO4(_—_> KzSO4 + MHSO4 + C02 =+ HzO
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5 « 6C— 6C + 24¢

+7 +2
24 ~ Mn + 5¢ —= Mn

5 C¢H1206 + 24 KMnO4 + 36 H,SOs—— 12K,SO,4 + 24MnSO, + 30CO, + 66H,0
1.2

5x 2Fez+<_—_> 2Fe* + 2e

2x MnO, + 8H' + 5¢ == Mn*" + 4H,0

2MnO, + 10Fe*" + 16H = Mn*" + 10Fe’" + 8H,O
Overall reaction:
2KMIIO4+ 1OFCSO4+ 8st()4(__:> 2MHSO4+ 5FCz(SO4)3+ 8H20
1.3

- Atanode: 2Fe*'== 2Fe’" + 2¢

At cathode: MnO, + 8H' + S¢ =— Mn*" + 4H,0
The cell diagram:
Pt

Pt\Fe”,Fe2+ MnO;,Mn** H*

1.4 Electromotive force E of the cell can be calculated as follows:

g 0059 [Mn” J[Fe" T[1.0]

5 [Mno; ][Fe | [H]

2.

2,
2.1 In order to determine the reduction potential of the pair MnO; %In 0. we need
2

to use the below diagram: MnO, AG; = MnO,
AG\& AG3
According to Hess’ Law: MnO 42'
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AGoz = AGol + AGO3
AG03 = AGOQ - AGol

We have AG) =-nFE’ ->E]=227V=E’

MnO3~
MnO,

2.2 Similarly, we have: MnO, —2% 5 Mn**
AG’y = AGs+ AG% AGs \ /G6
We have AG” = - nFE° .

AE,, S 0.95V=E! Mn*"

3.
3.1 According to the standard reduction potential diagram, we have:

MnO,” +2¢ + 4H == MnO, + 2H,0 3) AG% (E%=227V)
2MnO, +2e == 2MnO,* (1) AG, (E",=0.56V)

3MnO,” +4H == 2MnO, + MnO, + 2H,0O AG’

3.2 In order to know if the reaction is spontaneous, AG must be considered.

The reaction that is considered can be obtained by subtracting (1) from (3):

AG" = AG’; - AG’. We have AG’ = - nFE® where AE’ccion = 1.71 V, or AG3< 0
and the reaction is spontaneous.

3.3 The equilibrium constant can also be calculated:

0
logK, = ’SAO‘Zg > logk, = 2(;35‘791 K, =9.25x10"

The large value of K confirms the reaction to be spontaneous.
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Problem 11. Phosphoric acid

1. H is used instead of H;O" for clarity. The activities of the ions are ignored. [H']
1s abbreviated as / in all calculations and acid constants for H;PO, are written as
K, K> and K.
As K, >> K, >> K3, only first dissociation step is considered.

H;PO, — H' + H,PO,
As

_ [H"][H,PO,] _ h? —1021 = (10_1'14)2

' [H,PO,] C,—h C, —1074

o

Solving for C, gives C, = 0.200 M
The concentrations of the forms:
I8 C,
W +WK +hK K, + K KK,
h3C0 hC, 1074 %0.2
P+iPK h+K, 107 +107"

[H,PO,]= (hK K, + K ,K,K, 1s ignored)

=0.1653 M

Similarly, we have:

WKC, KC, = 107%x0.2

H,PO,]= = = =0.0346 M
[H,PO.] R +rPK, h+K, 1074107
-2.14 -7.20
[HPOi_]: h3KlK22CO - IilKZCO - 1—?46 2 XIO—l 46XO.2—2 14 =6.29x10" M
R +h*K, R +hK, (107%)? +10"*x10>
KK K -2.14 -7.20 -12.38 )
[PO; ]=— iC, 107 x10 710 77 X025 56,10 M

- h3 _'_th1 - (10—1.46)3 +(10—1.46)2 ><10—2.14
2. We have:
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Ny 0, =0.2x0.050 =0.010 mol

Ny, =0.4x0.050 = 0.020 mol

Hence the following reaction occurs: H;PO, + 2 NH; — (NH,4),HPO,

0.010
And [(NH,),HPO,]=——=0.1M
[(NH,),HPO, ] = =0

In solution B: (NH,),HPO, — 2 NH," + HPO,>
02M 0.1M
We have the following equilibria:
NH, ==NH; + H"
HPO,” + H = H,PO,
H,PO, + H == H;PO,
HPO,” = H' + PO,*

A conservation of protons requires:
[H'] + 2[H;PO,] + [H,PO,] = [OH] + [PO,”] + [NH;]
In which [NH;] + [NH,1=02M
[H;PO,] + [H,PO, ] + [HPO,* ]+ [PO,]=0.1 M
We also have:
L] Ky, X0.2
h+K

NH;

h*x0.1

H,PO,]=
[H,PO.] B+ 1K, +hK K, + KKK,

K, x0.1
W +h*K, +hK K, + KKK,

[HZPO;] =

(D
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_ hK K, x0.1
[HPO} |=—5—5—1-2
h>+h' K, +hK K, +K K, K,
(PO} ] = K K,K,x0.1
4

n+h’K, +hK K, + K,K,K,

As pH of the solution is of about 7 — 9 so we can ignore the [H'], [OH], [HsPO,]
and [PO4”] in the equation (1):

[H,PO,7] = [NH;]

h2K1 X 01 . KNHZ X 02
P+rPK +hK K, +KKK, h+ K\

hx0.1  hx0.1 107°%%0.2

= = h+ K K, K, is ignored
h+K, h+1072°  pa107°% ( RSN g )

Solving for / gives = 8.81 x 10® M and pH = 8.06.
3. Mixing of B and Mg(NOs), solution leads to precipitation reaction:
NH,'(aq) + Mg*(aq) + PO,” (aq) - NH;MgPO4(s)

[Mg*]1=0.2/2=0.1M
As B is a buffer solution when it is diluted to twice the original volume, pH is
virtually unchanged and is 8.06.

hC _ 107 %0.1
h+ K 107 +107*

4

[NH;]= =0.094 M

KK,K,xC, K,KC,  107%x10"*%*x0.05

= = =2.06x10"° M
WK, +hK K, B +hK, (10°%%)+10"%° %107

[PO; 1=

The ionic product:
[NH, J[Mg*[PO,]=0.1 x 0.094 x 2.06 x 10°=1.93 x 10*>2.5x 10"
Therefore, the precipitation occurs.

4. We have: Cay(PO,), == 3Ca’" + 2P0~
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Assume that the hydrolysis of PO’ can be ignored, the solubility S, of Cas(PO4),
can be calculated as follows:
Ky, = [Ca” T[PO, T = (3S,)’(2S,)* = 108S,” =2.22 x 10
Solving for S, to gives S, =4.6 x 10 °M
However, the hydrolysis of PO,> cannot be ignored due to its rather strong basicity
(pKy, =14 —pK,=14-12.38 =1.62)

PO, + H,0 == HPO,” + OH (1)

We can ignore the hydrolysis of HPO4> (pKy, = 14 — 7.20 = 6.80) and H,PO,” (pKo
=14-2.14=11.86).
According to (1): [HPO,*] + [PO,]=2S (2)
As [PO47] is very small (the calculation above), it can be ignored in (2). It can
alternatively be calculated as follows:
Let x be the concentrations of HPO,> and OH', [HPO,*]=[OH] = x

2
We have: _ —107=0.024
2x4.6x107° —x
Solving for x gives x =9.19 x 10° — [PO4]1=10.01 x 10°M
Therefore we can assume that [HPO,”] = [OH] = 2S and [PO,’] is determined

based on Kj:

[H7][PO7]_ 10"  [PO;]

K :10—12.38 — —
’ [HPO;]  [OH] [HPO;]

-12.38
= [po;] -2 g7

The solubility S of Cas(POy),: Ky, = 2.25 x 107 = (3S)’(2 x 167S%)* = 30120125’
=S8=3.6x10" M.

We can see that solubility of Ca;(PO,), increases about 10 times due to the
hydrolysis of PO,

Note: Students may use logarithmic concentration diagram to get the relationship

[HPO,*]=[OH] = 2S.
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Problem 12. Kinetic Chemistry

1. To determine t;», the time taken from the initial concentration of N,Os
(3.80x10” mol.dm™) to fall to one-half of its value:
t12 = 180 s corresponding to [N,Os]t;, = 1.90x 10” mol/dm’

2.
2.1
351
, //,
3L v
//
25+ //'
= /
g -
> 2T ///'
\: /
S 15+ //
z A
= P
— 1 T /r/
/
0.5+ A
o~
0 p *{ | | | | | | | | |

0 100 200 300 400 500 600 700 800 900

Time/ s

Figure 2. A re-plot of the data in Figure 1 as function of In {[N,Os]o/[N,Os]t}
versus time

The plot of In {[N,O5]¢/[N,Os]t} versus time is linear for a first order reaction.

22 r=k[N;Os]
The form of integrated rate equation:

(N0 _,,
[M,0;],

In

or [N,Os]; = [Nzos]oe'kt

3. The 1% order reaction:

k =1n2/t;, =1n2/180 s = 3.85 x 107 s™!
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4.

E, is independent of temperature:

-3
In Kasox :ﬂ[i——l }:ln3'85><104: % [3.145x107 -2.97x10° |
ki R |318 336.6 5.02x10*  8.314J / mol. K
E,= 97.46 kJ

Pre-exponential factor (A):

5. The intermediate concentrations can be treated by the steady-state
approximation:

_ d[NO]

Tno 7:kz[NOQ][NO3]_k3[NO][NO3]:O — [NO]=k2[NO2]

3

(Eq.1)

Substituting this equation into the below equation:

o, = L [,0,1- K, [NOLJINO, |- K [NOLIINO, |- K [NOI[NO, =0 (Eq. 2)

= K[N.0,]- £ [NO,JINO,] - kINO.IINO,] - &, 2o, =0

— k[N,O,]-k ,[NO,][NO,]-2k,[NO,][NO;]=0

_, kN0

k_1 +2k2 =[N02][N03] (Eq3)

The reaction rate:

d[N,O.
h=Tyo, = —% =k [N,O]1-k_,[NO,][NO,]

= kl[NZOS] - kl%
L+ 2k,

__2kk o
k  +2k,

=k[N,Os]
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Problem 13. Kinetics of the decomposition of hydrogen peroxide

1. Chemical reaction: 2 H,O, 2 2 H,O+ O,

The reaction rate is proportional to the volume of oxygen gas released in a unit of
time.

In experiments #1, #2, and #3 when the volume of H,0O, solution doubles while
keeping the same volume of KI solution, the reaction rate also doubles. Therefore,
the rate is directly proportional to the concentration of H,O,. Hence, the reaction is
the first-order with the respect to H,O,.

Similarly, from experiments #2, #4, and #5 the rate is directly proportional to the

concentration of I'. Hence, the reaction is the first-order with the respectto I .

2. Chemical reaction: 2 H,O, 2 2 H, O+ O,
The rate law: v=C, , C,.
3. In the experiment #4, the solution of H,0, is diluted three times; therefore, the
concentration of H,O, was reduced three times.

Co=10gH,0,/ 1 L=10/34 =0.294 M.
Because the reaction proceeds slowly, the reaction rate (or the rate of releasing
oxygen gas) is considered to be unchanged after of short period of time (4 min).
The volume of oxygen released after 4 min is equal to 4.25 x4 =17 (mL O,).

PV ()(A7x107)
: RT  (0.082)(298)

At the beginning, n,,, = (0.294)(0.15) = 44.1x10” (mol)
After 4 min, n,,, =44.1x107 —2(0.695x107) = 42.71x10” (mol)

Hence, n, 0.695x107° (mol)

~0.04271

Therefore, after 4 min C,, , = =0.285M.

4. The overall reaction: 2 H,O, 2 2 H, O+ O, (*)
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_1d[H,0,]
2 dt
Consider three different cases:
a) If step (1) is slow and determines the overall rate, the rate of the overall reaction
(*) will be the same as the rate of step (1):

14,0 _
V= ) d k[H,0,][1"]

which corresponds to the overall rate law as determined in section 2.
b) If step (2) is slow, hence

__1d[H,0,] _ -
V= > dt k,[H,0,][107] (a)

Assume that the steady-state approximation is applied for IO", we have

WO k1,0, 1- k10 11,01 =05 110 1= 211] (b)
Replace [107] from (b) in (a), we have:
__1dlH,0,] _ -
=TT 4 k[H,0,][1"]

which is also appropriate to the overall rate law.
c) If the two steps have similar rates:

1 d[H,O 1 _ _
= BN (11,0, 1+ 1,0,110°)

2 dt 2
Let us assume that the concentration of IO is in steady-state condition. Similar to
the case b), we have:

—— O] _gpmo)
which corresponds to the overall rate law.

Among the three cases, case a) is the most appropriate to the overall rate law

because no assumption is made. Besides, in the case b) the assumption of the

steady-state 10" is not valid since the step (2) is considered slow.
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Problem 14. Magnetism of transition metal complexes

1. Two compounds are octahedral complexes of Mn*" (d°).
1.1 K4[Mn(CN)¢].3H,0 is low spin, 1 unpaired electron.
K4[Mn(SCN)g] 1s high spin, 5 unpaired electrons.
1.2 CN' is strong field ligand, electronic configuration is (tzg)s(eg)0
SCN' is weak filed ligand, electronic configuration is (tzg)3 (eg)2
2. Ni*" (d*) in octahedral field has electronic configuration of (tzg)6(eg)2 with two

unpaired electrons. The spin only Y, is 2.83 MB.
4(-315)
3. =2.83%x|1-——— | (BM
Hor X( 8500 j( )

Thus, peris 3.25 MB

4.

4.1 d®in square planar field is diamagnetic.

4.2 C is neutral, DBM is monoanionic form. M, = 504 (g/mol). A should be
hydrate form of C, M, = My / 0.932 = 540.8 (g/mol), corresponding to two
molecules of H,O per [Ni(DBM),]. Thus, the formula is [Ni(DBM),].2H,0

4.3 Water should coordinate to Ni center due to the change of color and magnetic
property. U value of A is close to that of [Ni(H,O)s]CL. So, an octahedral
complex is expected for A.

4.4 There are three isomers, the trans isomer and two optical cis isomers.

4.5 B should be an octahedral complex, due to the color and magnetic moment are
similar to those of A. Octahedral geometry can be formed by oligomerization /

polymerization of B on heating, the DBM may play as bridging ligand.
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Problem 15. Structure and synthesis of Al-Keggin ion

[

1.1 AlL,Clg has sp’ hybridization

[E—
\]
N

- Al =2(Al - Cl)c0s(39.5%) = 2x 221 pmx 772 = 325.63 pm

|.

_ 2x(Al- Al)
2

S

An=7+

n
.2 The Alycianedral/ Aletranedral 18 €Stimated ~ 12/1. The center Al atom at number 7 1s

[\®)

tetrahedral; the other atoms are octahedral.

2.3 and 2.4 The Al-Keggin cation structure is composed of one Aliganedral

cation surrounded by four oxygens. This Al atom is located centrally and caged by
12 octahedral AlO¢-units linked to one another by the neighboring oxygen atoms.
There are a total of 24 bridging oxygen atoms that link the 12 adjacent atoms. The
cations centered in the 12 octahedra are arranged on a sphere almost
equidistant from each other. The formula can be expressed as

(A104Al1;(OH)54(H,0)10) "™

2.5

13A1C13 + 32 NaOH+ 8 HzO = [(A104A112(OH)24(H20)12)7+]C17 + 32NaCl
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3.1
13A1 [(H,0)]Cl; + 16(NH,),CO; + 24H,0 =
[(AlO,4Al2(OH)»4(H,0),,)ICl, + 32 NH,CI + 16 CO, 1 + 54 H,0

3.2 Volume of a ball = (4/3) nir’ = (4/3)x 3.14 x (0.542)* = 0.667 cnr’.
Volume of 3 balls =3 x 0.667 = 2.00 cm’.

Inner volume of crucible = 15 ¢m’

Volume of gas =13 -2 =13 cm’.

PV =nRT — n = 1x13x107/0.082 x 298 = 5.32 x 10" mol.

After reaction:

Z ngases = nbefore +n co,
PV =ngRT — n=(2.50 atm) ><(13.10‘3 L)/ (0.082 L.atm.mol‘l.K‘l) x (298 K) =
1.33 x 10™ mol

Mo, = Muer = Mpgiore = 1.33x107 =5.23x10™ =8x107 mol
Molar number of Al;;-Keggin cation = 8x10™ /16 = 5x10™ mol.
Number of Al;-Keggin cations

=5x10” mol x 6.023x10% = 3x10" ionic molecules
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Problem 16. Safrole

1.

Reaction

Balanced equation

1 K[PtCL,C,Hy] + CyoH; 00, — K[PtCl3(CyoH;00,)] + C,Hy

2 |2 K[PtCIy(CyoH190,)] — [PtCL(C1oHe05),] + 2 KCI1 + 2 HCI

3 [Pt,CLy(CoHoO,),] + 2 CsHsN — 2 [PtCI(C,,HO,)(CsHsN)]

2.
nA in B in C
From the IR | C9 and C10 bond C9 and C10 bond C9 and C10 bond
data with Pt with Pt with Pt
From the 'H | safrole coordinated | safrole lost H5, safrole lost HS,
NMR data with Pt C5 bonds with Pt C5 bonds with Pt
3.
A B C
0] =z
o el B X
(LT o o G
0] Cl I /< Cl Pt\
JON
Pt Pt Cl
NA7 N\
Cl 4 0]
o o
\_o0
4.
Reaction | Driving force

1 K[PtCI;C,Hy] + CyoH 00, — K[PtCl3(CioH;00,)] + C;Hy 1
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Ethylene (C,H,, gas) is more volatile than safrole (C,oH;,0,, liquid).

2 2 K[PtCl3(C;oH;90;)] — [Pt,Cly(CoHy0,),] + 2 KCI + 2 HCI
The chelate complex [Pt,Cl,(C;oHyO,),] is more stable.

3 [Pt,Cly(C1oHyO,),] + 2 CsHsN — 2 [PtCI(C1HoO,)(CsHsN)]

In the dinuclear complex [Pt,Cly(Ci0HyO,),], two bridging Cl weakly
bond with Pt but in [PtCI(C,,HyO,)(CsHsN)] the ligand CsHsN strongly
bonds with Pt.

5. This reaction was controlled by steric effects rather than the trans effect.
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Problem 17. Imidazole

1.
Structure aromatic or not
N
Imidazole (CsH4N,) A/T\i\ aromatic
H
Imidazol-1-ide anion [ "\' '
N aromatic
(GsH;3Ny) ©
Imidazolium cation NH ,
[) aromatic
(CsHsNy) N
N .
Oxazole (C3H;NO) 4/;\ aromatic
. N .
Thiazole (CsH3NS) / S \ aromatic
2.
Melting point Imidazole > Thiazole > Oxazole
Imidazole is the first because of intermolecular hydrogen
_ _ bonding. Thiazole is placed before oxazole because
Justification ' o
thiazole’s molecular mass and polarizability are lager than
those of oxazole.
Boiling point Imidazole > Thiazole > Oxazole
Imidazole is the first because of intermolecular hydrogen
_ _ bonding. Thiazole is placed before oxazole because
Justification ' o
thiazole’s molecular mass and polarizability are lager than
those of oxazole.
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3.

Equation  for N NH
o B - ( W+ HO

the ionization N H

[

[O§+H-OH 4/;@"2 HO

[SN»+H-OH‘——~[S'§H+HO‘

K, Imidazole > Thiazole > Oxazole

Justification Conjugate acid of imidazole is symmetrical delocalized, forms
stronger hydrogen bonding with water, i.e. more stable, thus
imidazole more basic than oxadiazole and thiazole. Atom O is
more electronegative than N and S, it decreased electron
density at N of oxazole, decreased stability of oxazole’s

conjugate acid making oxazole less basic than thiazole.

4.

Reaction mechanism:

) . i
[ by TR\C//O =\ 9D ron = Qmon, = o) (
HNS N=CTOR' Ny N—C HN \JC ~OH Y+ R- C

R R “oH

Explanation: Atom N-3 (N at 3-position) is strong nucleophile; The positive

charge is delocalized; The imidazole is good leaving group.
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5.
. (0] ~/\ . e)
N: 0 o . 0 _ _
CY R O B et = e e
N~ ¢’ INCTGT TN NC SN"GTN N N o
H Cl Cl (i
6.

P AN Fcg oo

i N

The pair of electrons from N-1 and | The pair of electrons from N-I
four electrons of the remaining four | conjugate with C=0O decreasing the
atoms form a sextet of m-clectron of | bond order of C=0, hence decrease its
aromatic system. They do not | IR stretching frequency.

conjugate with C=0O, thus do not
affect the bond order of C=0.

7.

4 C3H4N2 + COClz - (C3H3N2)2CO+ 2 [C3H5N2]C1 (1)
2 mol of imidazole react with 1 mol of phosgene to form 1 mol of CDI and 2

mol of HCI; the other 2 mol of imidazole are used to react with the HCI.

2 CG;H4N, + COCl, +2 NaOH — (C3;H;3N,),CO +2 NaCl +2 H,O (2)
In imidazolyl groups of CDI the pair of electrons from N-1 and four electrons of
the remaining four atoms form a sextet of m-electron of aromatic system. They
do not conjugate with C=0. Two electron-withdrawing imidazolyl groups make
C=0 more active, the imidazole is good leaving group, hence CDI readily
reacts with water from reaction (2):

(C3H3N2)2CO + Hzo — 2 C3H4N2 + COz (3)
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8.
8.1
R= CH3(NH2)CH
0 oY) 0
PN . A PN | AN PN | Ay
N N/C\N SN N7 N/C\N NNH N7 N/C\N ONH
\—/ \—/ ) T\ ) \—J — O \
’ L (A% -0
n QT H e R, | ©
o o (B) l
- o (o
O 0]
o 3 P A de
e
N“ONH + &+ NOONTUOR Hﬁé\'/,\?/c\'/(;\/(i\N/%N N7 N o/< "R
= § \—/ R\—/ =
H—N" "N
(E) (G) (F) \—/ (B)
8.2
@ . O) HN—CH,  HiC-CH-CO-NH-CH, COOH
! H,N—CH, N | ]
NN I + X )C_ COOH NH,
N”"N" “CH-CH, COOH HN” "N “CH-CHs 2~
\—/ i 3 . _ | + N7 °NH
NH, NH, _
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Problem 18. Small heterocycles

1.
Scheme 1:
(Ph
/\ N
Chocho _-FOH 1‘i Ph . cHcooc,H;
+CHO ————3 e
2. PhCH,NH, BF;, (CH;CH,),0
Toluene, t°C F3C/\H v 78 30C ’ KC COOG,H;y
B
(Ph H
| |
LiAlH,, THF PA(OH),. H, N
- OH CHZHZ — OH
F5C F3C
D E
T|s
Ts
> _OH
TsCl, (C,Hs)sN N @ N
— T —
Catalyst — OTs K,CO;3
FC
3 F3 O~pn
F G
Scheme 2:
Bn Bn
N\ AN
I‘\]H @) NH
BV g
- FCTN\"\ F
CM . AcOH 3 Opt FOH THF  ©3 “oH
H |
(C13Hi4NOF3)
Bn Bn

SOC12 LiHMDS |
CH2C12 M CF
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2. Reaction mechanism for the transformation from B to C:

N h
N [

h
b [
P C2H50\||/éH'/—}I D) T}
N=N=—CH— —_— —_— =N
0C,H o ' el \c‘ﬁ\N)
\"/OCZH;
(o}
-N,

&
F;;CAOOCZHS

3. Reaction mechanism for the transformation from F to G:

'T‘s

Problem 19. Vitamin H

1. The chloride acid was reacted with the amino group of the “bis(L-cystein)” (A) to give
amide (B). Zn powder in acetic acid solution reduced the S-S bond of (B) to give an
intermediate containing a thiol (-SH) group. Under normal condition, the -SH group
added spontaneously to the terminal alkyne group to yield (C) with a ten-membered ring,

of which the newly formed C=C double bonds had (Z) configuration.
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cl 1S —
(s 4/\/\([)( MeO,C_ ! S N

2\ W Zn, AcOH oo
M -
€0L —6aR CsHsN, CH,Cl, //\/\”/NH Khéng khi, 25°C B
NH, 0°C = NH
A g ©
o)
@)
Meozcsﬁr
—
NH
o)
c

2. Diisobutyl aluminium hidride (DIBAL) partially reduced ester (C) into aldehyde (D)
which was condensed with benzylhydroxylamine to give nitrone (E) with (E)
configuration. In the intramolecular [4+2] cyclization reaction of (E) (note that ‘4’ and
‘2’ are the numbers of w electron of the nitrone and the double bond involved in the
cyclization, respectively), the configuration of the double bonds C=C and C=N remained
unchanged. The resulting compound (F) had three new chiral centers, two of which were
(3aS, 4R). They were the configurations of the corresponding C3 and C4 in the skeleton
of (D)-(+)-Biotin. The third chiral carbon which was attached to the oxygen atom had an

(R) configuration.

/
MeO,CS (i-Bu),AH OHC S b nHOH 0\%’\\Sﬁv

ot . N e
EH PhMe, -78°C NH CH,Cl, fjf\\

(e X@)
O O
o
>

O(R) 4(S)
A N 3a ST

LG

- \gr“”

F

3. (F) was reduced by Zn in acetic acid to give (G) containing one —OH group and a

second-order amino group. The amino group was reacted with chlorofomate in the
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presence of Na,CO; in THF solution produce (H). Under basic condition, the ten-
membered ring of (H) was opened to give 6-hydroxy acid (I). The configuration (6aR) of
(I) resulted from the (R) configuration of the chiral carbon in L-cysteine. Therefore, L-

cystein is chosen as the starting material for the synthesis.

(R) 4(S)

@‘T Zn, ACOH, Hzo HO Sﬁ\‘ C|COZMe jﬁ‘?
//J S 70°C NH ’ “Na,COy, THF

NH J
NH
Ph T Ph Y Meq){»o 0
O
F G
X1

1
) Ba(OH), NN
Dioxan, H,0 z = Ph

——— 6a (R); "3a (S)

2) HyO
s's) [ o
OH

4. The sulfur atom caused an anchimeric effect by which the configuration of the carbon
attached to the —OH in compound (I) remained unchanged as this —OH group was
replaced by the halogen atom to yield (K). The halogen atom was then replaced when (K)
was reduced with NaBH, in which the “pentanoic acid” branch of (D)-(+)-biotin was
formed. The hydrolysis of ester (M) in the aqueous solution of HBr, followed by the
removal of the benzyl group resulted in the formation of the target molecule, (D)-(+)-

Biotin.
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1 X )i

HN’: y/\Ph SOCl, H,\% _y/\Ph - S0, HN_: ;N/\Ph
4 o 1y, & v,
OH /)
| EI/\|S| & Cle
B 0 ]
)i 1 i
PN —
N N veor Y N7 NaBH, N N7 en
= .
D) ) DMF, 80°C
S "”f‘/\Acom S ""‘/\/\COOMe 57 " CO00Me
Cl cl M
K L
0
1 2
HBr, H,0 HN™ “NH
6a R —.3a S
els Y4S
S~ "">COo0H

(D)-(+)-Biotin

Problem 20. No perfume without jasmine

1. In a [4+2] cycloaddition reaction (Diels-Alder reaction), the configuration of the
dienophine (B) remained unchanged: the two ester groups —COOLac of compound
(C) were placed in different sites in comparison to the six-membered ring. The
hydrolysis of these two ester groups in LiOH solution gave the two corresponding

trans carboxyl groups.
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O  COOEt
vl COOLac COOH
+ O A LiOH
| — — =" .
\‘\\\\O THF/H,0
A fooe O COOLac COOH
B C D

2. When dicarboxylic acid (D) was treated with I,/KI, it was transformed into y-
iodolactone (E) of the endo —COOH. This lactone then underwent a
decarboxylation-cyclization in basic solution step to give lactone (F) containing a
three-membered ring. The secondary —OH group which resulted from the

hydrolysis of (F) was oxidized by NalO, to form a carbonyl group.

(0] rLo
COOH ) ’S/H o
1 Kl; KOH 1. NaOH
DMSO, 175°C 2. NalOy4, RuO
’ o) 4 4 (e}
COOH (0] -C0O,, -H,0 O COOH
0] G
D F

3. The addition-ring opening step of the cyclopropane ring with HI oriented by the
(-C) conjugation effect of the carbonyl resulted in the formation of y-iodo acid (H)
containing only five-membered rings. The reductive elimination of the iodine atom
by Zn in acetic acid produced ketoacid (I) which underwent a Bayer-Viiliger
oxidation to yield lactone (K) (the main product) with one carboxyl group. The
carboxyl group was treated under Rosenmund reduction condition in which lactone
(L) with an aldehyde functional group was obtained. Vinyl ether (M) was
separated from the Wittig reaction between the aldehyde and the ylide
Ph;P=CHOMe.
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5 THF/H,0 0 g
COOH 0 COOH  KHpO, O COOH COOH
G H | K
.(COCl), l% Ph;PCHOMe _
2 H2 Pd/BaSO, OZ(— :(_ om
CHO NANe
L M

4. Methyl vinyl ether (M) was hydrolyzed in acidic medium to give lactone (N)
containing an aldehyde functional group. From the Wittig reaction between (N)
and the ylide Ph;P=CHCH,CHs;, lactone (O) with a cis carbon-carbon double bond
was separated. The hydrolysis of the lactone (O) followed by treatment with
diazomethane produced ester (P) which was oxidized with pyridine dichromate to

give the target compound (Z)-(3R, 7S)-methyl jasmonate.

. 1. NeOH Q
P N
ey __ACOH O:( 3 _\_ coome
0 S TTHFIH,0 /. CH2N2 |

. _OMe |

M P
Py.Cr,0; Q“‘\\\C OOMe
—_—
CHQC|2 "/,/ —
J T

(2)-(3R,7S)  methyl jasmonate
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Problem 21. Viethamese cinnamon

1. Give the structure for A, B, C.

A B C
H
Q_\\_\<O H @MOCZ% MH
@) O @)

2. Assign 'H NMR signals in first spectrum to appropriate proton groups of C.

C 9.0 7.4-7.3 5.5 4.2 2.8 ppm, | 2.6 ppm,
ppm,s | ppm,m | ppm,s | ppm,t dd dd
Hq
N~NH,
He C6H5 Hd Hc Ha Hb
Hc (@)
Hb Ha

3. Propose a reaction mechanism for the formation of C from B.

. +
*NH,-NH, NH,-NH., NH-NH., NH-NH, H\NH
Ph—\\f)_<OEt —>Ph‘<__<OEt — Ph ( om — Ph CoEt = Ph
o)
o o 0> S ©)
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4. Among four given below structures, select one for D and give the reasons for

your selection.

The structure for D | Reasons for your selection.

D3 derives from C and corresponds with the given '"H NMR

HCI@N o, | spectrum.

rJlrl D1 and D4 do not derive from C.

N

Z

o (©3) | D1 does not correspond with second 'H NMR spectrum (For
example in the spectrum there are not two ethylenic
protons).

D2 and D4 seem corresponding to the given 'H NMR
spectrum, but D2 contains three members and D4 contains

four members cycles, which cannot exist after reflux for 12

h.

5. Assign 'H NMR signals in second spectrum to appropriate proton groups of D.

D 9.6 8.3 7.6 7.4- 3.0 2.9 2.6
ppm, s | ppm, | ppm, |7.3 ppm, t | ppm, | ppm,
d d ppm, dd dd
m
e f
Hy~
EI_@NOZ H, |2H, |2H. |CHs |H. |H, H,
+\N
He
Hp Hy °
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Problem 22. Cinnamic acid

1.
1

[E—

46" International Chemistry Olympiad

Reaction mechanism for the isomerization

O coon 2 g —
COOH —COOH
HOOC

1.2
Ph HOOC Ph HOOC Ph H Ph HOOC
COOH Ph H H H H H Ph
a-truxillic acid

H HOOC

H Ph
1.3
Ph H Ph HOOC Ph HOOC Ph HOOC
H COOH H H H COOH Ph H

B-truxinic acid

Has an enantiomer

Has an enantiomer

Ph HOOC
H H
Ph COOH

H HOOC

=]

1y

H COOH

Has an enantiomer

Has an enantiomer
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1.4

The packing arrangement of a-type of trans-cinnamic acid which leaded to the

formation of a-truxillic acid

Ph Ph
COOH H COOH
H
H—y/ ’ // COOH hy COOH
COOH // H // H COOH L // 174}\H
Ph
COOH COOH
Ph Ph

The packing arrangement of B-type of trans-cinnamic acid which leaded to the

formation of B-truxinic acid

Ph

Ph
H Ph

H—y/
H hv

COOH 74 COOH H

COOH

COOH
COOH COOH
L5

In solution all molecules of cinnamic acid were solvated and randomly arranged.

S

COOH

OH

COOH

Optically active since A

has  four  asymmetric

carbons and has no

Optically active since B has
three asymmetric carbons

and has no symmetrical

Optically inactive since
C has symmetrical

plane although has two
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symmetrical plane and no

symmetrical center.

plane and no symmetrical | asymmetric carbons.

center.

2.2

MeOOC

COOMe

Optical active since each bicyclooctane
moiety has four asymmetric carbons and
their configurations are exactly the same as
in A thus a-truxilline has no symmetrical

plane and no symmetrical center.

Problem 23. Tris(trimethylsilyl)silane and azobisisobutyronitrile

The products from the each reaction:

2.1 A, B and C from the compound (I):

O
BusSnH
! ‘ AIBN
CGHE reflux
)

2.2 D from the compound (II):

(Ir)

TTM

VEVE®

C,60%

0]

D
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2.3 E from the compound (III):

N3 NH
/@f (TMS),SIH/AIBN
MeO
MeO MeO N R
"H " 0oBn
E

|

N

Ms OBn

[}

(i) - 65%

{+/-}-vindoline
Murphy et al. Org Lett. 2002, 4, 443-445.

2.4 1 from the compound (IV) through radicals F and G:

Bn
Bn
B | g
0o N
= [o) —0
TTMSS / AIBN MeO
—_— — >
AN Benzene,A MeO ) © .
MeO | ® o N—N=N
N N=N=N G
3
+H*
(V) l-Nz

(+/-)-Horsfiline

Problem 24. (-)-Menthol from (+)-8-3-Carene

Catalytic isomerisation of 6-3-Carene provides (+)-0-2-Carene (A) which then

was pyrolysed to cleave the cyclopropane ring forming diene (B):
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Pl

1S, 6R-(+)-delta-3-Carene A
Treatment of the unconjugated diene (2,8-menthadiene, B) with HCI to give C and
then, dehydrochlorination led to a conjugated diene ((+)-2,4(8)-p-menthadiene, D).
Treatment of (+)-2,4(8)-p-menthadiene with hydrogen chloride affords 8-chloro-3-
p-menthene (E):

Chg CHs s

Ch
HCl HO Hﬂg
o Ha
Z

B
E reacted with sodium acetate and acetic acid to give mixed (cis/trans) pulegol
esters (F) via allylic displacements. Hydrolysis F affords (-)-cis and (+)-trans-
pulegol (G). Reduction of either pulegol isomer provides menthol isomers which

can be readily equilibrated to predominently (-)-menthol.

CHs CHs CH3
e feo o e
AcO ‘ HO' ‘ HO'
F G (-)-Menthol
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Problem 25. Cefalotin

1. Synthetic scheme:

HO,LC

HO,C HOZC M602C
2 acetone '‘BUOH CHzNz
H - HN -~ BuO_ - BuO_
H,N SH COCl, <
Me® Me O Me” Me O Me" Me
B Cc D
MeOzC\ MeOzC
N MeO,C N—NHCO,Me MeO,C OH
N‘COZMe l‘BuO7]/N Pb(OAC)4 _ tBuo)]/N
o Me Me NaOAc, MeOH o Me Me
E F
MeO,C Ns MeO,C NH, j\:NH
MeOSO,Cl ¢ Al(H f Al(O'B f
2 BuO_ 4 % (Hg) BuO77/N 5 ( u)z BuO N 5
NaN3 O Me” Me O Me&® Me O Me
G H |
CI3CHZCOZC
OH
OHG 4 CO,CH,CCl,
>=CHCO,CH,CCls o CHO
OHC ‘BUO CF3COzH N
- N_ _S _—
S
MeXMe HzN
K L
CO,CH,CClg CO,CH,CCly
7 N, coci SN CHO SN CH,OH
S 2 - o) | B,Hg ] |
w@is =y 3
S H S H
M N
CO,CH,CCl; CO,CH,Cl;
CH,0Ac 0 CH,0Ac
0] N i 0] NS i
Ac,0 | Pyridine
Y A NS 4»@\},\, s
S S H
(0] P
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2. Reaction mechanism for the transformation from K to L

Cl3CH,CO,C OH CO,CH,CCl,
0 74 0 s
oG A

7R ..

'B“OW/N s He Me. o n_ S5 9
x> we Ty T N

O Me" Me 4 O Mé Me
K
CO,CH,CCly CO,CH,CCly
O CHO O CHO
—_— N —_— N

" h | ]\:L |
= S S

v N H,N

3. There are two asymmetric carbon atoms on cefalotin, so we should expect to

have four optical isomers.

CO,H CO,H
@) )
N CHzoAC N CHQOAC
@) @)
S H S H
CO,H CO,H
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Problem 26. Heterocyclic compounds

1. Synthesis of A from levunic acid:

)CL/\ EtOH j)\/\ Ho ™" O><O/\
Me COH oo, ™ Me COEt — > Me CO,Et
lHZNNH2
o_ 0
Me></\CONHNH2
A

The purpose of 1.3-dioxolan formation was to protect the carbonyl group from the
reaction with NH,NHo,.

TsOH preparation from toluene:

Me H2804 SO3H

A

Me

2. Synthesis of B from A:
o__0

o. 0 H o. 0 HoD
H PhN=C=S H L gy NaOH N
Me NH, A Me H N A Me ~ °NH
0 0 N—
PH

A S
_ _ |
o_ O o_ 0O —\
Me Z N - Me ~ °N - N
o T e
PR g P s — N
CO,Et Ph SH
CONHNH, 2
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The reaction of A and PhNCS is nucleophilic addition of the -NHNH, group to the
—NCS group.
PhNCS preparation from aniline:

PhNH, + CS, + NH,OH — PhNHCSNH, + H,0

S
PhNHCS,NH, + Pb(NO;), —> PhNCS + NH,NO; + HNO; + PbS

3. Synthesis of C from levunic acid:

PhCHO 0

iperidine H,NNH Ph N-NH
0 _Pereme /\)v BN Wo
J\/\ AcOH Ph CO,H A
Me CO,H

3'NOQCGH4SO3N3
-2H

Ph—\  N-N H,NNH, Ph N-N CICHQCOZEt Ph—\ N NH
_ 2 3
C

3-O,NCH;SO;Na is a dehydrogenation (or oxidation) reagent to convert dihydro-
piridazine into piridazine ring.
3-O,NC¢H,;SO;Na preparation from benzene:
© HNO3 1) Oleum SOzNa
—_—
H2804 02N 2) NaQCO3 02N
'H-NMR spectrum:

Before the reaction, the heterocyclic should provide 2 resonant signals with 2H

intensity in the strong field of the two CH, groups (experimental: 2.57 ppm and
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2.83 ppm). After the reaction, these 2 signals should disappear, and two new
signals in with 1H intensity the weak field of the two CH groups should appear
(experimental: 7.01 ppm and 7.64 ppm).

4. Reaction mechanism of R-CONHNH, with PhCHO:

@)

0
PhCHO
- Ny _Ph
RJ\NHNHQ A —HO RJ\H X

First, the hydrazide -NHNH, group performed nucleophilic addition to the C=0O
group of benzaldehyde, then the dehydration step occurred:

O_

0 0 OH
'Y C R Hﬁ R H
R NH[\IU =\ TN — TN
0 0

The electron-withdrawing group —NO, facilitates the reaction, while the electron-

donating group —NH, retards the reaction.

4-M62NC6H4CH:O < C6H5CH:O < 4-N02C6H4CH:O

156



(Mmg 46" International Chemistry Olympiad
Hanoi, Vietnam — 2014

Problem 27. Lotus

1. Structural formulae and the reaction conditions for (a3) and (b3):

MGOD/\/ N02 MGOD/\/ NH2 \/ N02 EI\/ N02
MeO MeO : :Br Br
B, B,

Aq Ay

MeO. MeO.

MeO COOMe MeO ‘ COOMe

‘ Br ‘ (a3) MeOCOCI, THF
X,

X, (b3) 1. NaOH/EtOH 2. H,SO,

2. Reaction mechanism:

a. A, from 3,4-dimethoxibenzaldehyde: aldol condensation, the water elimination,

(crotonation).

H H OH
0¥
N CIENO, NG
O H OH
— —> > A
H -H,0

b. Reaction mechanism for the formation of X;: Addition-cyclization as Pictet-

Spengler reaction mechanism.
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3. Structural formule for Yia, Yip, Y32

MeO MeO
O NM62
MeO MeO
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Problem 28. NMR Spectroscopy

1. A molecule can undergo fluxional process by interchanging two or more sites. If
the rate of exchange is faster than the NMR time scale, the two different groups
will appear at an average shift. As temperature decreases the rate becomes lower
and separate shift can be obtained.

Rapid equilibration at room temperature between chair conformations leads to one
peak. As one lowers the temperature, the interconversion is slowed down until, at
temperatures below -66.7 °C, peaks due to the axial and equatorial hydrogens are

observed. Axial and equatorial hydrogens have different chemical shifts under

H, k
1 H,
H, K,

k at coalescence (at -61 °C):
k = TAvA2

these conditions.

Heq Hax

A %0.4&-\;«0

ba—— 29 Hz —}

-90 °C low temperature limit

VAN ~y 2.4 H2

-78 °C slow exchange regime

/S N\

-61 °C coalescence temperature

7/.\—2.8 Hz

-43 °C fast exchange regime

~A— 0.5 Hz

0 °C high temperature limit
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2. The t-butyl-substituted rings are conformationally locked. The hydrogen at C1
has different chemical shifts, depending upon whether it is axial or equatorial. 4-
Bromocyclohexanes are conformationally mobile. No difference between axial and
equatorial hydrogens is observed until the rate of chair—chair interconversion is

decreased by lowering the temperature.

Problem 29. Infrared Spectroscopy (IR)

1. Resonance (conjugation) effect: the amino group pushes electron density into
the ring and into the carbonyl group resulting in a lower frequency carbonyl group
(more single bond character). A nitro group withdraws electrons resulting in higher

frequency carbonyl absorption (more double bond character).

2. Conjugation of a C=C double bond with either a carbonyl group or another
double bond provides the multiple bond with more single-bond character (through
resonance, as the following example shows), a lower force constant K, and thus a
lower frequency of vibration. For example, the vinyl double bond in styrene gives
absorption band at 1630 cm™'. Esters show a very strong band for the C=0 group
that appears in the range of 1750—1735 cm™' for simple aliphatic esters. The C=0

band is shifted to lower frequencies when it is conjugated to a C=C or phenyl

group.

o<pelt — Egmi]

(Hint: v =2L\/E, w: reduced mas u=mmy/(m;+my), c: speed of light).
e\ p
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Therefore,

Spectrum A: Methyl acrylate. The absorption band appears at 1726 cm™' belong to
the C=0O group that conjugates to double carbon-carbon double bond. Similarly,
the C=C bond in this molecule has the absorption bond at 1639 cm™' due to the

stretching vibration.

Spectrum B: Allyl acetate. The stretching vibrations of C=0 and C=C double
bonds appear at the normal positions for these vabrations, at 1743 and 1650 cm ™',
respectively.

There are only the separated C=C and C=0 double bonds in vinyl propionate

and allyl acetate, so the stretching bands appear at the normal positions.
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PART 2. PRACTICAL PROBLEMS

Problem 30. Condensation between vanillin and benzylamine

2. Mechanism

H2N

-HZO f
OCHs OCH, OCH3

3. Na,SO, is a water-adsorbing substance. It removes water preventing H,O attack

OH

to the product (imine).

Problem 31. Synthesis of eugenoxy acetic acid

1. Reactions in steps 1a, 1b and 2:
OCH, OCHj

) + NaOH EE— + H,O
H20=HCH20 OH H20=HC Hzc ONa

(2) 2CICH,COOH + N, CO, ———» 2CICH,COONa + CO, + 2NaCl

OCH, OCH;

®) + C|CH2 COONa —» + NaCl
H2C=H CH2C ONa H2 C=HCH2C OCH2COONa
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OCH3 OCHs

+ HCl —— + NaCl

@ H,c=HCH,C OCH,COONa H,C=HCH,C OCH,COOH

3. The reaction in step 2 follows a Sy2 substitution:

OCH, OCH,
oO® 5 )8t - NaCl
H20=HCHZC UHZCOONa —_— H2C=HCHZC OCHQCOONa

4. In alkaline media, eugenol is transformed into eugenolate which has adequate
nucleophilicity to replace the chlorine atom of monochloroacetic acid. An excess
amount of alkaline, however, should not be used as the hydroxide ions can
compete with the eugenolate ions to form the hydroxide derivative of acetic acid.

5. The carboxyl group, on the one hand, provides for an (-I) effect to increase the
positive charge density at the alpha carbon, facilitating the attack of nucleophiles.
On the other hand, the carboxyl can delocalize the negative charges appearing in

the transition state of the Sy2 reaction.

5

v ,
H ,
H ,
.
., O
’
’

Brd

6. Crystallized water in the product re-crystallized from hot water lowers down its
melting point. Re-crystallization of the product from dry benzene helps eliminate
water and increase the melting point. Titration or TGA can be used to determine

the amount of water crystallized in the product
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7. In basic condition, eugenoxyacetic acid is subjected to isomerization in which
the terminal C=C double bond is moved in and conjugated with the benzene ring to

yield isoeugenoxyacetic acid as shown in the scheme below:

o
OCH; "o } OCH;§
+ KOH 5 - H0
H,C=HCH,C OCH,COOH W’ H,C=HC-HC OCH,COOK g
-2
OCH
CHs H(;\—H‘\e ’
A~ H .
—> H,C=C—C OCH,CO0K — H,C—C=C OCH,COOK
H L& H H
OCHj OCH,

_Ho® HCl
T HCC=C OCH,COOK — > HC—C=C OCH,COOH

Isoeugenoxyacetic can exist in form of two configuration isomers (Z) and (E):

OCH,COOH OCH,COOH

OCHj OCHj
HaC H
H H HiC  H

(Z) (E)
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Problem 32. Complexometric titration of iron, aluminum, and
magnetism in the aqueous solution

1. The chemical equations of the reactions used in the titration:
1.1 Titration of Fe**
The stability constant of FeY is much larger (= 10*>") >> The constants of
complex of AI’" (10 '*" ) and of Mg**( 10*”) therefore in the solution with pH of
2 only ion Fe’* totally titrated:

Fe' + NaH,Y — FeY +2Na" +2H"
1.2 In the solution with pH of 4.7 only ions Fe’"and A’ are totally titrated:

Fe’" + Na,H,Y (extra) — FeY + Na,H,Y

Al +Na,H,Y (extra) — AlY + NaH,Y
1.3 Separate and titration of Mg*":
In the buffer NH; + NH," (pH = 9.2) only AI(OH); and Fe(OH); are precipitated
and total Mg”" ions are existed in the solution. After the filtration of AI(OH); and
Fe(OH); we can titrate Mg2+ in the filtrate:

Mg™" + Na,H,Y — MgY” + 2Na'+2H"

2. The formulae for calculation of ion concentrations (in mol / L)
Creamy = Vi 0.05/25.0
Caiamny = [(50.0-V,-V,) 0.05]/25.0
Cwmean = V30.05/25.0
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Problem 33. Determination of zinc and lead in zinc oxide powder
1.
1.1

Zl’lO(s) + stO4 (aq) — Zl’lSO4(aq) + HzO(])
PbO(S) + 2 HNO; (aq) — Pb(NO3)2 (aq) + HzO(l)
Pb>" + SO,” — PbSO, (white ppt.)

1.2

PbSO, () + 4 NH,CH;COO g —> Pb(CH3CO0)s(NH,): (aq) + (NH,),SO4

1.3

2Pb(CH;CO0)(NHy) (uq + KoCrO7 ag + HyOgy = 2PbCrO4 (yetiow ppry +
2KCH;COO ) + 4NH,CH;COO o) + 2 CH;COOH

1.4

2PbCrOy + 4NaClg + 4HClq — 2NaPbClygg + HyCryOgaq) + HaOy

1.5

Cr,0> + 6 Fe*" + 14H" — 20" + 6FeT + 7H,0
H,Cr,O,+T +12H" —» 2C" + 31, + 7H,0
Iz +2 N328203 (aq) — 2 NaI(aq) + N&zS406 (aq)

2.

Mass of zinc oxide powder = a (g). The volume of standard solution is recorded

in mL.

YoZn =V pp %X Crpr ) x10x100

%Pb :%x207.02><(VF62+ xC, ..)x100
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3.

The half reactions  Cr,O;,” + 14H' + 6" — 2Cr’" + 7TH,0O E°=133V
L+2e—2T E' = +0.54V;
S406 " +2¢ — 28,05 E. . . =+0.08V

As K,Cr,05 1s a strong oxidant, it can oxidize S,05% to form S;04° and SO,*. The

reactions are not stoichiometry.

s

1

Pb(OAc)(aq) + Ky;CrOg4(aq) — PbCrOy(s) + 2KOAc(aq)

Then PbCrO4(s) < Pb* + CrOs

[Pb*]1=0.1x107/0.12= 8.3x10™° mol/L

[CrO,>]=0.02x1.0%x107/0.12= 1.7x10* mol/L

Therefore Q = 8.3x10° x 1.7x10™=1.4x10" > K, So a precipitate will occur.

4.2

Since [Pb*"] = 8.3 x 10° and [CrO,~] = 1.7 x 10™ and there is a 1:1 stoichiometry,

Pb>" is completely reacted.

PbCrO,(s) <  Pb*" + CrOs*
I. (after ppt.) 83x10° 1.7x10"-83%x10° =1.7x10"
C. X X
E. X 1.7 x 107 +x

Ko = [x][1.7 x 107" + x]= 1.8x107"*
Solving for x gives x= 1.1x10™'°, so the concentration of Pb*" remaining in

solution is very small.

167



(‘mmg 46" International Chemistry Olympiad
Hanoi, Vietnam — 2014

Problem 34. Preparation of copper(ll) acetylacetonate
1. Cu(acac),

2. There are four main equilibria involved the complex formation:

Hacac (aq) + H,O

H;0" (aq) + acac (aq)

H;0" (aq) + OH (aq) 2H,0 (1)
Cu’" (aq) + 2acac (aq) [Cu(acac),] (s)
Cu*" (aq) + 20H (aq) Cu(OH), (s)

At a low pH, acac™ is not sufficiently concentrated to precipitate complex or to
form the complex with a high yield. On the contrary, at high pH regions, Cu(OH),

can be competitively precipitated and an impure product can be obtained.

3. Square planar complex with two six-membered chelate rings.

Problem 35. Kinetic analysis of the hydrolysis of aspirin
1.

The theoretically obtained amount of aspirin is:

H(salicylic acid) = 2.00g/138.1 = 0.0145 mol

Maspiriny = 0.0145 mol x 180.2=2.6129 g

Experimentally, the amount of aspirin obtained is 2.0132 g

— The yield of the reaction is: (2.0132/2.6129) x100 = 77.04 %

2. Magnesium hydroxide, magnesium carbonate and aluminum glycinate, when

mixed into the formulation of the aspirin will reduce the irritation.
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Ignoring the volume change upon mixing and supposing that aspirin occupies
only negligible volume:

In the 5%10* M solution of acetylsalicylic acid, the concentration of NaOH =

(5.0 x 10”° mol L'x 40 mL)/50 mL — 5.0 x 10° mol L' =3.5 x 10® mol L

4. Determine the order with respect to the concentration of aspirin and the pseudo -

order rate constant of the reaction.

The UV-Vis absorption obtained in the experiments is given below:

Time/minute 5 10 20 30 40 50 60 o0
Absorbance
A 0.549 | 0.829 | 1.178 | 1.389 | 1.506 | 1.569 | 1.602 | 1.653
1.2 . o5
1.0 Z: i .\\.\\
0.8 1 i R N
< 27101 AN
g 0.6 - . é: e \.\\
041 E -2.0 4 y = -0.056x + 0.372 \.‘\
02 | ° . 25 | R?=0.999 \\.\
00 i ° -3.0 1 “e
"0 10 20 30 40 5 60 70 35

Figure 1. Plot of (A, - A) versus time

t /minutes

10 20 30 40 50 60

t /minutes

70

Figure 2. Plot of In(A, - A) vs. t
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[U(A, - A) - 1/A,]

25

20 +

0 10

20

30

40

t/minutes

50

60

70

In[(A, - A (A, - A)]
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3.5

3.0 4

2.5 4

2.0 4

1.5 A

1.0 A

0.5 4

0.0

20

30

(t,-t,)/minutes

40

50

60

. . A, —-A
Figure 3. Plot of( ! —Lj vs.t  Figure 4. Plot of In—=—"= vs. (t,-t;)
A, -A A A, —-A

5. Experimental results showed that the reaction obeyed the pseudo-first-order rate
law (figure 2 and 4), but not the second-order (figure 3). Based on the equation

A, —-A . . .
In—=—" = kt and the results in figure 4, as well as in figure 2, we can easily

© t,

calculate k., = 0.056 min.”'. Hence, the half-life is 17.85 minutes and the reaction

time is 3.36 times greater than the half-life.

6. From the obtained experimental results the reaction is first order with respect to
both [asp] and [OH], therefore the rate law may be given as
Rate =k [asp]l[OH']l.

According to this mechanism, in step 1, the hydroxide nucleophile attacks at the
electrophilic C of the ester C=0, breaking the ¢ bond and creating the tetrahedral
intermediate. In step 2, the intermediate collapses, reforming the C=0O and, the
last step (step 3) is an acid-base reaction which takes place very fast, a very rapid
equilibrium. Hence, it is not the rate-determining step of the reaction.

Let denote the tetrahedral intermediate as I and (2-HOCsH,COOQO"), a product in

step (2) as P. The rate of formation of product may be given as
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Rate = M =k,[1]
dt

With regard to the stability of the intermediate I, the two possibilities, which may be
considered, are
1) If k., » k,, means the rate of reconversion of I into asp and OH" is significantly
greater than the rate with which it undergoes to give the P, the concentration of
intermediate I, [I] can be calculated by considering equilibrium (1) alone
[1] = KTasp][OH]
Where equilibrium constant K = k;/k_; and, therefore
Rate of the reaction = k,K[asp][OH]
which is matching well with experimental results.
1) If intermediate complex I is much less stable species, means the rate of its
conversion to product (step 2) is not small compared with the reverse rate in step 1. In
this case, the concentration of I must be calculated by using steady-state treatment.
By applying the steady state with respect to [I], we get

klaspllOH 1=k [I]+k,[]]

or [1] — kl[asp][OHi]
k , +k,
and, therefore

kik,[asp][OH ]
k,+k,

Rate of reaction =

However, when k., > k,, the rate law becomes same as case 1. Thus, the steady
state treatment is the general one, and reduces to the equilibrium treatment when £
> k.

Conclusion: if the equilibrium in step 1 is controlled throughout the reaction

process (step 1 is very fast and represents rapid pre-equilibrium to the rate), the
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given mechanism agrees with the rate law and in this case the step 2 is rate-
determining step of the reaction.
The obtained rate laws clearly show the rate is dependent on the NaOH
concentration. For a given concentration of NaOH, we may write
Rate of reaction = kg, [asp]

Where &, - Lﬁj] or kK[OH] (when k. » k)

2
Constant ks 1s proportional to [OH'] and is known as catalytic coefficient for the

catalyst.

Problem 36. Complex formation of ferric ion and salicylic acid

1. n = 1, thus the empirical formula is Fe’"(H,Sal)
2.
2.1 The chemical equation:

H,Sal + Fe¥* -

[Fe(Sal)]” + 2H" (1)

_[FeSax[H'Y = o _ K XH'T

22 K, =K, xK,xK,, = '
L= B / al a2 [HzSal]x[Fe3+] / K,xK,,

[H'] need be calculated from initial concentration 0.0025 M and dissociation
concentration during complex formation:
[H']eq = 0.0025 + 2 x [Fe(Sal)]”

2.3 The average value is about 1.4 x 10'°
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2.4 The average Ky value is not the same with literature values which vary from
2.2x10" to 2.7x10' (ref. 2) due to the simplifications of the equilibrium as

mentioned, and also using concentrations instead of activities in the K¢ equation.

[1]. D. R. Lide. CRC Handbook of Chemistry and Physics (84" Ed). CRC Press, 2003, pp. 1247.
[2] Z. L. Ernst; J. Menashi. Complex formation between the Fe’ ion and some substituted phenols. Part

1. Spectrophotometric determination of the stability constant of ferric salicylate. Trans. Faraday Soc.,
1963, 59, 1794-1802.
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