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PART |. THEORETICAL PROBLEMS

Problem 1. Polar and non-polar molecules

1. The net dipole momentis calculated as follows:

K= L+ g+ 24, cosa (1)

N

)
<

O C =0

2.1 The geometry of CQ

Because two bond moments oo have opposite directions and cancel each

other out, the net dipole moment for £Os zero. Therefore:

Heo, = 0

2.2 The geometry of b5:

From the general equation (1),
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a
ﬂlizs://as+ﬂas+2//Hsle§osa: 2Usz( i COS): AZHS CO?SE

a
Hs = ZuHSCOSE

30
Therefore, 4, .= 2x2'61x—1030x cos22=1.09 D
z 3.33x 10 2

w W
H

3.2 Sincey. >y, , u.y has the direction showed in the above plot, and
e :2uC_Hcos%): 2 0.4 050.4 D
Lo also has the direction toward the O atom. Theretbeenet dipole moment

of the molecule is
Hecn = Hicn T He-o= 0.4 +2.3=2.7D

4. We can plot the geometry of the three moleculeslired in this problem in the
following scheme:
H /CHs /

/ 0 (0] '
o<1050 0\210 \&X
H

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

CH,
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- The dipole moment is a vector which can be calculated by addingviddial
bond momentgl; andp,
M2 = ]+ + 2, cosa (1)
a is the angle formed by the individual bond moments
- The dipole momenp in the water molecule with the bond angléormed by

the two bond moments of O-H can be calculated l&snfs.
From equation (1) we have

H= (ZIUCZJH + 2445, Com)m
1/2
=[ 242, (1+ cosr) " { 4%, coé%}
a
=2
Hon 005

Givena = 105, the bond momentoyin water can be calculated:

1.84= 2, 0031%5 - Moy = 1511

Similarly, we can calculate the bond moment for B;@ dimethylether:

1.29= oy, cosl%0 - Moy, = 112 1

- In methanol, the individual bond moments are gias [1; = g, and
= lloe, @S I water and dimethylether. The bond anglis formed by the two

individual bond moments.
From equation (1), cass:

CH;
(P - )
cosq =—————————=
2441t
(169 -1.51- 1.12) ol a=7?
T 2x151x1.12 - \
a=10r57 H

Therefore, the bond angle C — O — H in methanalfig 0157
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Problem 2. Calculations of lattice energy of ionic compounds

1.
1.1 Lithium reacts with water:
2 Li(s) + 2 HO(l) = 2 Li*(aq) + 2 OHaq) + H(9g)
1.2 Lithium reacts with chlorine:
2 Li(s) + Ch(g) = 2 LiCl(s)
1.3 Lithium reacts with sulfuric acid:
With dilute sulfuric acid: 2 Li(s) + bBO«(aq)~> 2 Li*(aq) + SG*(aq) + H(g)
With concentrated acid: 2 Li(s) + 3:80,(c) 2 2 LIHSO, + SO(g) + 2 HO(l)
2.

2.1 To calculate | in accordance with Born-Haber cycle, the followicyrle is

constructed:
AH
Li(s) + %Clz(g) i » LIiCl(s)
1
ASH EADH UO
. I .
Li(9) > Li*(g) + Ct(g)
z }

2.2 Based on this cycle and Hess’s law, we have:
AfH:ASH+%ADH+I +E+U,
1
or U,=A.H —(ASH +§ADH +1 +Ej

After converting all the numerical data to the sam#, we have:
Uo= - 402.3 — 159 — 121 — (5.40 — 3.84)x1.6X°K10°%6.022x16°
Uy = - 832.56 kJ/mol.
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3.Up= - 28722 22V (1— 0345j

r, +r_ r,+r.

For LiCl crystal, we have:

Uy =-287.2 xlx 2 £1— 0 0.345 l: — 201.43 kcal/m

0.62+1.8 .62 1.8

To conveniently compare the results, we converbthtained result to Sl units:
Uy, = —201.4%4.184 = — 842.78 kJ/mol

4.

According to the Born-Haber cycle and Kapustingknpirical formula for

lithium chloride crystal structure, both methods elose to the experimental

value.

5.
5.1 The geometry diagram for octahedral holes is shioslow.

where, R and r are the radii of @hd Li" ions, respectively.
Based on the diagram, we have:

2R _ R

cos 48 = =
2R+ 2r R+r

0.707 :% L R=0.707(R+r)- r=0414R

- The body edge length of the unit cell LiCl = 2Rr=5.14 A
2R +2(0.414R)=5.14A. R=1.82A (radius of QI
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2(1.82 A)+2r=5.14 A~ r=0.75A (radius of [)
5.2 Based on the experimental and theoretical datthéoradii of L and Cl ions,

it is realized that:

4 Both calculated radii of lithium and chloride ioa® close to the
experimental values.

¢ Only the calculated radius of lithium ion is cldeghe experimental value

¢ Only the calculated radius of chloride ion is clés¢he experimental valug %

Problem 3. A frog in a well
1.

1.1 The general expression is given by: A

oo~ {3 ey ] 4= Luwo

sm?|\ 2 2) | 8mb AE
) B+ 4= Homo
h
=——(N+] (1
A vo-+ovo 8rrL2( ]) @ Es | %
1.2 From Planck’s quantum theory: B | %
_hc - :
AE = y (2) A can be given by: E + %
hc K 8mc. LB
7 Tamz (N Y “IN+]) (3
2.
2.1

> ForBD: L =(2x2 +1)0.140 nm =%0.140x10m = 7x10°m =7.0 A
> For HT: L =(2x3 +1)0.140 nm = %0.140x10m = 9.8x10°m = 9.8 A
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> For OT: L =(2x4 +1)0.140 nm =90.140x10m = 12.6x10°m = 12.6 A

2.2 From the general equation (3), the wavelegtbr each of the dyes are given:

y=8me L _8091x 10" )3 10) E _,.0 .4
h (N+1) 6.626< 10  (( Nv L (N)
2 —1012
<+ BD: 1=3.30x 162ﬁ: 3.3k m%: 3234 10 m 3234 |
2 10 \2
< HT: 1=3.30x 1dzﬁ: 3.3& 1&3%: 4528 10 m 452.7 |

2 10
% OT: 1=330x16° = = 33 15428<107F

(N+1) (8+1)

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

= 582 10 m 5820 1

— C chain as follows:

60°

I c-C

D)
N
@)

d
The box length is a combination of a number of ldregth of% which
is given by
%: lc.cx Sin60 = (0.140x18)xsin 60 = 1.21x18° m.

Therefore, the box length for the three dye molesudan be calculated

as follows:

For BD, the box length is consisted of 5 Iength%o
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N

(A

& BD: L=1.21x10"mx5=6.05x10"°m =6.05 A

Similarly, the box length foHT has 7 lengths og—:
& HT:  L=1.21x10"mx 7 = 8.47x10"m = 8.47 A
The box length foOT has 9 lengths o%:

% OT: L=1.21x10"mx 9 =10.89x10m = 10.89 A

4.

. 8mc 2
4.1 From equation (3),4 = —
4.1 q (3)A== N

L= [Axhx(N+1)
- 8mc

9 4
L_\//]xhx(N+ ): (328.5¢ 10 )(?.628 19 )Eé?_oex 10° = 7.06 ~
8mc 8(9.1% 10" )3 1b)

, and therefore:

< ForBD:

% ForHT:

Axhx(N+1 P )
L=\/ xhx(N+1) _ (350.95¢ 10 )(16.626 18 )7 g aa10 = 863 -
8mc 8(9.1k 10" )8 1b)

< ForOT:

Axhx(N+1 ° )
L:\/ xhx(N+1) _ ((586.1x 10 )(?.628 10° )9 15 6ax 10° = 12.64 -
8mc 8(9.1k 10" )3 1b)

4.2 The following table shows the values of the borgi for the

10C
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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 Ao (3)
chain2) | ="
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.
_zhz_zhz_h2 2 _ 2
1lag=n smZ T emi sme " 1)
1.2 According to Planck’s equation:
A4
Ag = he _(6.626¢ 16* Js)(2.9979 10 m/s) Lads 18

A 1.374x 10 m
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So AE =1.446 168° J= (6.626< 10" J3) (n2 —1)
8(9.109« 16" kg)(10.8 I8 )

1.446x 10° J=6.026 1B (n2— )1
L n?-1=24.00 - A =25.00- n=5.

n=>5
2.
2.1 The quantum numbers are:
Ground state (k) — n=1n=1
First excited state (&) - n=2,n=1

Second excited state | — n=1n=2
Since the energy levels,/are inversely proportional tofLthen the p= 2, n=1
energy level will be lower than thes1 1, n,= 2 energy level sinces> L,.
The first three energy levels,Ein order of increasing energy arej; E E;; < By,
2.2 Calculate the wavelength of light necessary to mtenan electron from the

first excited state to the second excited state.

Ex1 — Ey,is transit A L
— IS TransItion.E,, = X4+ 2
2T v em| 2

h? 12 2 _1.76¢ 107 H
E12 - 9 + -

8m | (8.00<10° mj (5.08 18 m) 8m
h? 22 12 _1.0% 16" R

2 T m [(8.00< 10° m3+ (5.08 10 n%)j 8m

AE=E12—E21:1'76>( 10’ hz_ 1.0% 18 I2|: 78 19 h
8m 8m 8m

_(7.3x10° m?)(6.62& 10*Js)

- 8(9.11x 10°* kg)

_ hc _(6.626¢ 10* Js) (2.998 10 m/s)

A= 4510 m
AE 4.4x 107 J

AE =4.4x10% )

10z
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3.
2 2 2 2 2112
3.1e= +;‘an@ " gr:lf = 6.173x 107
2
n’ = 8r:2L E

If L3 =8.00 m, then 2= 4.00 M

h2 _ (6.626x 10* §

= =2.582x 10*°J
8mL? 8( 0.032 j

6.022x 16°
21
n® :%:2_3% 16°; n= 1.5% 18

3.2 AE=E,,-E = B sscae 1™ Eios o

h2
8mL?

2
AE =(2n+1) =[2(1.55¢ 16" + 1 hE = 8.0x @
m

4. The energy levels are

B, = 0 +;2n4|;2r5) s E(rf+ g+ )

whereE; combines all constants besides quantum numbersmimienum value
for all quantum numbers is 1, so the lowest enesgy

Ei11=3E:
The question asks about an energy 21/3 times thisuat, namely 2H;. This

energy level can be obtained by any combinatiomllmwed quantum numbers
such that

(Hm+m)=21=4+2+ 1
The degeneracy, then is 6, correspondingiiprg, nz) = (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

P Pl/Z
LAwG =A G +RTIn-—2-%_

Pso,

P P1/2
At equilibrium: Ay G =Apx G° + RTIN22_ =0
SQ

P Pl/2
AG® =- RTINS2° = - RTInK,,
so

T/K=TFC + 273;

T/K 800 825 900 953 100

INKp1 -3.263 -3.007 -1.899 -1.1/3 -0.591

2. Plot InKp against 1/T:

0 -
-0.5
-1 4
-1.5
-2 4
-2.5
-3 4
-3.5

= 4 T T T T T T T 1
9.0E-04 9.5E-04 1.0E-03 1.1E-03 1.1E-03 1.2E-03 1.2E-8B-D3 1.3E-03

1T (K)

y =-10851x + 10.216
R? =0.9967

InKp1
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Assuming thatA\,H° is temperature independent, the slope of this iplet,H/R,
so thatA,,H° = 90.2 kd/mol.

3.

25Q4(9) = 25Q(g) + & (9) (2)

A best-fit equation is Injg = - 10851(1/T) + 10.216 with R-squared value of
0.9967. We can use this equation to estimate thet{651.33 + 273) = 924.33 K
because\,,H° is temperature independent.

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

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

4.

— PSZQ P02 — 2 _ 2
K, = =(K,)? = (02187 = 0.047524

p2 Pszq

Reaction (3): 2 FeS@s) = Fe0s(s) + SQ(g) +SQ(9)
Decomposition: - - -
Equilibrium: P-a P+a
Reaction (4): 29@) — 2SG((@ + OG(9)
Initial P: P P 0
Change -a +a +a/2
Equilibrium P-a P+a al2

At equilibrium: partial pressure of oxygen = 21.28) = 0.028 atm
a/2 =0.028 atm — a=0.056 atm
Equilibrium constant for (4):

K — PSZQ Poz —
p4 — PZ -
so

(K,)? = (02182 = 0.047524

PZ P 2
_PoPy _(P+a)(a/2) _ (P+0.056§ 0.028 oo,

P, (P-a)? (P-0.056)

10¢
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(P + 0056Y 0028

(P— 00567 =0.047524
2
O o
- % = 1303 — P+ 0.056 = 1.303P - 0.073

— 0.303P =0.12896 — P =0.425 atm
Equilibrium constant for (3) 2 FeS(8) = Fe0s;(s) + SQ(g) + SQ(Q)
Koz = PsoPso2= (P-a)(P+a) = (0.425 - 0.056)(0.425 + 0.056) H@.

5. Calculate the percent of FeS@ecomposed?

Mole number of S@= SQ comes from the decomposition of FeSO
PV = nRT, n = PV/PT = (0.425)1 /(0.082x924.33).65& 0° moles
Molar number of FeS£decomposed = 25;=0.0112 mol

Mass of FeS@decomposed = 0.0112 x151.91 = 1.70 grams
Percent of FeS{lecomposed = 1.70/15.19 = 11.21 %.

Problem 6. Radiochemistry

204Pb ZOEPb ZO/Pb ZOEPb

2. Assume that the mineral initially containegdormoles of?**U, n,, moles of
2%pp, and pmoles of’*Pb; and at present, it containsmoles of***U, n, moles

10¢
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of 2°%Pb, and pmoles of*®Pb (this isotope is not generated by the decay of
and?*). The age of the zircon mineral is usually veasgk, and we can consider
that the century equilibrium for the decay procdeas been reached (i.e. loss of 1
mole of U will lead to formation of 1 mole d®Pb). By conservation of mass,
we have the following equation:
N+ =N+ o 1)
Dividing (1) by n:
Ni/Ng + /N3 =My, d/ng + e o/Ng
— /g =y g - /g + np /g (2)
In addition, we have = mn€e", wherel is the decay constant ofU, and t is the
age of the mineral,

— Mg = MmE"Ng - ny/ng + Mg = (/ng)(€'-1) +npgns  (3)

N e-M 1= nzlns_nz,ol n,
n/n
— et :1+n2/ns_n2,0/ n
n/n,
In—-n,./
— t =1|n(1+—nz 5~ o n3) (4)
A n/n,
According to the data given:
14.30 24.10
n, __206 _ . Mo _ 206 _
n, 0.277 °1.12, n, 14 - 70
204 204
99.275
&: 238 = C
n 0277 307.1¢
204
[ = 447 16 In(L+ 51.12 17.055= 6.78¢ 16 year
0.693 307.19
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0.693

x6.78< 16
me(?**VU) = 0.721 xe7.03&16 =1.406 g
0-693 .65 78¢168
me(>3%) = 99.275 xe44710 =110.28 g

mo(ZU) m(3%U) = 1.406/110.28 = 0.0127

3. After 99% of F&" precipitated, the concentration of the remainirj fh the
solution is:

[Fe®] = 2 x 0.05x107 = 1x10° M

The concentration of hydroxide ions necessary tmimia a F&" concentration of
10" M in the solution is:

1 1
T 3 383 1
[OH-]{ F(e’j :[3'81"0?30 j =(38)°x107% M

Thus, the pH value of the solution can be calcdlafollows:

pH = - log{10™¥[(38)*x10™*9} = 2 + (1/3)log38 = 2.53

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

[UO,|[OHT]? = 0.01x[(38]°x107%%? = 1.13x10%< 10°%

Since the ionic product is much smaller than tHekslity product of UGQ(OH),,

we can conclude that uranium cannot precipitateeutitese conditions.
4. Volume ratio of the two phases;¥ oy = 1000 : 500 = 2

Let x represent the equilibrium concentration of {NIDs), in the aqueous phase.

Let G, represent the initial concentration of N0Os), in the organic phase.

10¢
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The equilibrium concentration of UMNQOs), in the organic phase is calculated as

follows:

Corg = (Va({Vorg)( C:0' X)

D= mw_2C6X - g (6)
X X

X:G=1:6=16.67%.

5. 500 mL of organic solvent may be divided into mi@&gportions for extraction.
Volume ratio of the two phasesy¥ oy = 1000 : (500/n) = 2n

- After the first extraction:

D= Cog - 2n(C, - %) =10 (7)
X X
2nC
Xy = 0 8
- X D+2n ( )

- For the second extraction, the initial concemdgrabf the aqueous phase ig x
while the equilibrium concentration is.XJsing equation (8), we replace with

X1, and % with G, to obtain the following expression:

_ 2nXx _( 2n ?
X2 = - Co (9)
D+2n D+2n
- After n extractions, the concentration of ¥R0O3), remaining in the aqueous
phase is:
2n Y
Xp = C 10
=50 (10)

% UO,(NOs), remaining in the aqueous phase after n extracigons

ilooo/o:( 2n j100%
0 D+2n



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

n= 1 2 3 4 5 6

(2” leO%Z 16.67| 8.16| 527 39/ 31 268
D+2n

n=5— ilOO%z( 2n j<4%
C D+2n

0

Thus, the optimal approach is to divide 500 mL olfvent into 5 portions and
extract 5 times.
Other schemes are acceptable, if all calculatiodgastifications are reasonable.

Problem 7. Applied thermodynamics

1.

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

Reaction (1): AG% (1) = (- 112298.8 + 5.94T) — T(54.0 + 6.21InT)
AG’r (1) =-112298.8 — 48.06T — 6.21TInT

AG’; (1) decreases with an increase in temperature.

Reaction (2): AG’(2) = (-393740.1 + 0.77T) — T(1.54 - 0.77InT)
AG’ (2) = - 393740.1 — 0.77T + 0.77TInT

1.2 AG’% (2) increases with an increase in temperature.

2.
2.1 C(graphite) + %2 elg) — CO(g) (1)

C(graphite) + @g) — COx(Q) (2)
(2) - (1)— CO(g) +¥2 @ — COx(9) ()

We have, AG% (3) =AG’s (2) -AG (1)

11C
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2.2 Substitute the values in:

AG’; (3) = (- 393740.1 - 0.77T + 0.77TInT) — (- 112298.48.06T — 6.21TInT)
AG’; (3) = - 281441.3 + 47.29T — 6.98TInT

At 1673 K:AG’ (3) = -115650 J/mol

2.3 Since AG® = -RTInK,, the equilibrium constank, for reaction (3) can be
calculated as follows:

_AGY(3) _ 115650

INK, 16:43) = =8.31345]
’ RT 8.314x 1673

— Kp,1673 (3) = 4083

3.

3.1
CO(9) +¥2 Q(g) — COx(9) 3)
NiO(s) + CO(g)— Ni(s) + CQ(a) (4)

(4)-(3)  NIO(s)~ Ni(s) + 2 Q(9) (5)

3.2

At 1673 K, we have:

For reaction (4):K(4) = ';COZ =99

(o] 1

- K (4
For reaction (3):K(3) = p°°2/2 =40830r p'?= Peo,  _ Ke(4) _ 99
PeoPo, > p.o4083 4083 408

i : Pco K,o(4)
For reaction (5):K (5) =pg’ = 2 =P
OFH&=p5 Peok,(3)  K,(3)

Hence,p,, :[Kp(5)]2 :(2,4247s< 102)2 and po, =5.88 10" bar 58.8F

111
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Problem 8. Complex compound

1. How many atoms of EDTA are capable of bindinghwtite metal ions upon

complexation?

11 L] L] L]

2 4 6 8
1.2

2.
2.1Let [H'] be h and at pH = 10.26:

B! = B (ngz+(1Y4.

10—10.26

1 K _ 10869 1

B =P opygeity s =107 % 1x 0.5= 2.45 1€
2.2 At pH = 10.26:
(Mg + (Y*) - MgY®
0.05 0.05
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- - 0.05
MgY? =(Mg?") + (Y*y B) 1= (2.45x 1Py
0.05 -x X X
Cg2 = CfMg2+ =x=14% 18 (M

-2 _ 5( 1~3.74\% _ 12.32 _ 10.9
Cygee | OH | = 143¢10°( 10°7)" = 102%% 00 = 10

Hence no Mg(OH)precipitate appears
[l

Precipitation No precipitation

w w
H

K, _1.400x 1000 1%

. = =1.00 (M

[CN]=C

1 1 38.97
o, or = = =1.00x 10
Hg -14 38.97_ 14
1+BHg(CN)§.[CN 17 1+10 x1
-10.26
Ka“ = 10 =0.63E

R AR K 1071080, 1g 1026

Bgvs= Bugy 2 dpgzty « =10°-%0(1.00< 10%897)0.635 4.29 IO

[S'Hng. is very small, H§'is cannot be titrated in the experiment 2.

3.2 Chemical equations:
Experiment 1: He Y* -~ HgY?*
Mrf* + Y* -~ MnY*
Mg + Y*(excess) - MgY?
Cos* Cy)X20.00 = 25.00 x 0.040 — 12.00x0.025 1)

Mn

11¢
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Experiment 2: Hg 4CN - Hg(CN)~*
Mrf* + Y* -~ MnY?*
Mg+ Y*(excess) - MgY?*
C, .. * 20.00 = 25.00x0.040 — 20.008@5 (2)

According to (1) and (2)¢,,»= 0.025 M;C_..=0.010 M

4.
4.1 As KgKoe> 1x10 and Ky, < 10° only one endpoint can be determined for the
titration of HY?>":
Titration reaction: ;¥ + OH - HY® + H,0
4.2 pHep = pH(HY®) = (pKas + pKad/ 2 =8.21
4.3 pHep = pHphenol reqy hENCE the most suitable indicator is phenol red

[l [l
Bromothymol blue Phenol red Phenolphtalein
4.4
If the final pH is 7.60 the percentage ofYH that is titrated:
3 -6.16
[HY "] = Kas  q19p-__10 100 = 96.5¢

[H,Y 2] + [HY 3] _[H T+ K 3 10 6164 10 760
The volume of NaOH solution needed to reach pfA.60 is:
Non = V1 = (0.25 x10 x 0.965)/0.2 = 12.06 (mL)
¥ =V, = (0.25 x 10)/0.20 = 12.50 (mL)
_12.06- 12.50x
12.50
(As 96.5% of HY? is titrated, 3.5% of the analyte has not beentét, or the
error g = - 3.5%.)

100%= - 3.5%
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Problem 9. Lead compounds

1.
[l [l [l
(1 (11 (1) (V)
2.
Ll Ll L
()] (1) (1) Other
3.
3.1 Condition for precipitation of:

10—7.66

PbSQ: Coppr )2 oo - Lo% 16 M
10—10.05
PBGOs : Cppr (2 Coniod - 1.7& 16 (M
10—7.86 ‘
Pblz: CPb2+ (3)2 m =14K 161 (M
10—12.61 ,
PB(I0D):z: Coppr (42 0007 =245 10 (M
10—4.8
PBCL: Coppr 5,2 0057 6.3% 100 (M

Cop+ ) < Cpp+ @ < Cpop+ ) < Cpp+ (3)< Cop+ 5) " The order of precipitation:
PbGO,, Pb(IG;),, PbSQ, Pbband PbGl

11t
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3.2When Pbj begins to precipitate (assuméds not reacted)
Ksppbsq ) _ 1076
B 4

=/ Kpbsq )= 148 18 (M) =$ysp

(S is the solubility of PbSQOin saturated solution). Hence P, Pb(IG), and

[SOF ] = =1.4% 1¢ (M

PbSQ haveprecipitated completely.
- 21.60 xCppng,), =20.00 x CCZOi'+ 2><CIO.3+ Csoﬁ')

= 20.00(5.0 x 18 + 2 x 0.0010 + 0.020)
— CPb(NOs )2 = 0.025 (M)

4, PbGri== PE"* + cro? Kep
C S S
GBOOH == CH,COO + H"  K,=10""®
Pb + CHCOO —= Pb(CHCOOY By = 1078
PH + 2CHCOO == Pb(CHCOO) B, = 10+
Pb+ HO == PbOH + H  p=10"°
cror+ H == Hcro, K'=10"°
@z +2H == Cr0/+ H,0 K'=104%
Let h be [H], a conservation of mass requires that:

S=C,, =[CrG; 1+ [HCO, 1+ 2.[Cs G ] =[Crd JA K Eh)+2 KL . [CG P (1
S =C,,. =[P ] +[PbOH ]+ [Pb(CH COO) ] + [Pb(CH@D),]

=[PB"](1 +B h™ +B,[CH,LOO | + B[CH,LCOO T)

11¢
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S
1+ h™+p,[CH,COO |+ B,[CHLCOO }

L [P*]= 2

Because S = 2.9xI0M << Cencoor= 1M — pH of the solution is largely

dependent on the dissociation of {LKDOH:
QEOOH == H + CHCOO K,=10""°
[] 1h- h h
- [CHsCOQ] = [H] = h=10%%*M)

Substitute [CHCOO] =[H]=h=10%%*¥(M) and S = 2.9x1Tinto (1) and (2),
we have:

[CrO¥] = 2.194 x 10°(M) and [P'] = 9.051 x 10° (M)

- Kgp= [PF][CrOZ] = 1.99 x 10",

2(1.455)

5. Cathode: PO+ 4H + 2e=—= PH" + 2HO 10 0.0592
HSC— SQ? + H' 18
Pb+ SQ* = PbSQ 16

Cathode reaction:
Pb©+ HSQ +3H + 2e== PbSQ + 2HO K, *)

-2(-0.126)
Anode: Pb== PG + 2e 10 0.0592
HS(== SQ* + H' 102
Pb+ SQ* = PbsSQ 16°
Anode reaction: Pb + HSD= PbSQ+ H + 2 K (*)
Overall reaction as the battery discharges:
PbQ + Pb + 2HSOQ+2H = 2PbSQ + 2HO (***)
Cell diagram: a Pb|PbSQ, H', HSQ | PbG (Pb) (c)
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o

2Epbo, Ipbsq 2(1.455)
6.1 According to (¥):10 0.0592 =K, =100.05921072 10"

~ Eppo, iposq = 1.62 (V)

According to (**):

— — : 0 —
10 00592 =K,=10 00592 10%10"* - Eppgq spt=-0.29 (V)

6.2 According to (***):
0.

_ _ 0 0 059 P
V=EBo—Ea= Epoo, posq Epbsq ptt — AoglHSO, FIH')

In which[HSO,], [H"]are calculated as follows:
Hso, = H + sof K.=107
[] 18-x B8 X
[SOf] = x=9.89x1C0 (M) - [H*] = 1.81 (M); [HSO,] = 1.79 (M)

V=162+ 0.293%9409(1.79)2 (1.815= 1.94 (V)

Problem 10. Applied Electrochemistry

=
=

0 +7 +2 4+
CeH1206 + KMNO, + H,SO, 0@ K,SO, + MnSQ, + CQ, + H,0

11¢
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5 x 6C 0@ 6C + 246
24 x I\;I7n + 56 U I\;Izn

5 CsH1,06 + 24 KMNnQ, + 36 SO, 0 12K,SO, + 24MnSQ + 30CQ + 66H,0
1.2
5 EeliB 2F€* + 2e

2x Mn@ + 8H + 5e U Mr®" + 4HO

2MnGQ + 10F€" + 16HUE Mn*" + 10F&" + 8HO
Overall reaction:
2 KMnQ+ 10FeSQ+ 8H,SO, Uiy 2MnSQ+ 5Fe(SQy)s+ 8HO
1.3
- Atanode: 2PF80% 2Fe" + 2¢e
At cathode: Mn@ + 8H + 5¢ Ui Mn* + 4HO
The cell diagram:

Pt{Fe" ,Fé& F

MnQ ,MA" i

1.4 Electromotive force E of the cell can be calcudas follows:

—E°— 0-059|0g[|\/|n2+][|:e3+}5[ qu4
S [MnO;][Fe2+]5[|-r]8

2.
2.1In order to determine the reduction potential & gair MnO;* Mno, we need
to use the below diagram: Mno," AG; MnO,
A(& AGs
According to Hess’ Law: MnO,?
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AGOZ = AGO]_ + AGO;;

AGog = AGOZ - AGOJ_

We have AG; =-nFE’ - E= 2.27\F E__

2.2 Similarly, we have: MnO, 0 1941, Mn*
AG’, = AG’s + AG AGs \ /ZG6
We haveAG® = - nFE .

A EMn%ny =0.95V=E Mr?*

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

MnQ? +2e + 4H == MnO, + 2HO () AGY% (B;=2.27V)
2MnQ" + 2e = 2MnO# (1) AG% (B, =0.56V)
3MnQ” + 4H" == 2MnO, + MnG, + 2H,0 AG°

3.21In order to know if the reaction is spontaned\(S,must be considered.

The reaction that is considered can be obtaineslibgracting (1) from (3):

AG’ = AG% - AG®,. We haveAG® = - nFE whereAE eacion= 1.71 V, 0rAG; < 0
and the reaction is spontaneous.

3.3 The equilibrium constant can also be calculated:

_ nAE° K. = 2x171

logK, = 005¢ logK, = 005¢ K, = 925x10"

The large value of K confirms the reaction to bergpneous.

12C
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Problem 11. Phosphoric acid

1. H" is used instead of4@" for clarity. The activities of the ions are igndr¢H’]
is abbreviated ab in all calculations and acid constants foP8) are written as
Ki, Ky andKs.
As K; >> K, >>Kj3, only first dissociation step is considered.

HPO, = H" + HPO,
As

— [H][ H,PQ,] — h —10724 = (10_1'14)2

= HPO]  Goh G-10"

(]

Solving for G gives G = 0.200 M

The concentrations of the forms:

h’C .

H.P = o hK K, + K K.K
[H,PO,] P IPK + K K+ K1K2K3( K K, + KK K, is ignored
RC, _ hG _ 10™x0.2

= h3+h2|<1 - h+ K1 _10—1.46+102.14

=0.1653 M

Similarly, we have:

WK.C, _ KC, _ 102“x0.2

[H.PO, =57 K ht K 10°®5107% 0.0346 M
—2.14 7.20
Hpor 1= KIKG, | KIKG, | 107HX1072% 02 oo 0oy
h3 + h2 |<1 h2+ h|<1 (10 1.46) 2+ 10— l.46>( 10- 2.14
—2.14 7.20 12.38><
POy = KKKL, (10710723 102%% 0.0, o1 oo
h3 + h2 I(1 (10 1.46)3+ (10— 1.46)2>< 10 2.14
2. We have:
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Ny,po, = 0.2¢ 0.050= 0.010 m«

Ny, = 0.4% 0.050= 0.020 m:

Hence the following reaction occurs;0, + 2 NH; - (NH4),HPO,

0.010
=————=0.1M
And [(NH,) HPO,] 700" °
In solutionB: (NH,),HPO, — 2 NH," + HPQ?

02M 0.1M

We have the following equilibria:

NH;  ==NH; + H'

HPO + H = H,PO;

H.PO, + H = H;PO,

HPQ” — H'+ PQ*
A conservation of protons requires:

[H'] + 2[HsPO) + [HPOy] = [OHT] + [PO,”] + [NH]
In which [NHs] + [NH,]1=0.2 M

[HsPOJ + [H.PO,] + [HPOSA] + [POS2] = 0.1 M
We also have:

_ KNH; x0.2
INH = —
_ h®x0.1
[H,PO,]=

W+ h°K + hiK K, + K KK,

h*K,x0.1

H,PO,]=
O] W+ 1K + hK K, + KKK,

(1)
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HPOE ]= hK,K,x0.1
PR R+ hK K+ KKK,
(PO = K,K,K,x0.1
A

h*+h°K + hK K, + KKK,
As pH of the solution is of about 7 — 9 so we agmoie the [H], [OH], [HsPQJ]
and [PQ’] in the equation (1):
[H2PO4] = [NH3]
hZKlXO.l - KNHZ x0.2
h°+h°K + hK K+ KKK, he K

hx0.1_ hx0.1 _ 10°*x 0.2
h+K, h+10"*° h+10°**

(h® + K K,K, is ignored

Solving forh givesh = 8.81 x 160 M and pH = 8.06.
3. Mixing of B and Mg(NQ), solution leads to precipitation reaction:

NH,'(ag) + Mg*(aq) + PQ*(aq) -» NH,MgPOx(s)
[Mg*]=0.2/2=0.1 M
As B is a buffer solution when it is diluted to twideet original volume, pH is
virtually unchanged and is 8.06.

hC _ 10%%x0.1

NH;] = =
[ 4] h+ |‘<NH+ 10—8.06+ 10—9.24

=0.094 M

KKK, xC, _ K,KC, _ 10"°x10%*x 0.05 — 5 06x10° M

PO; ]= = = =
[ 4 ] h2 Kl + h|<1 K2 hZ + th (10—8.06)2+ 10— 8.06>< 10 7.20

The ionic product:

[NH,[Mg?[PO,*] = 0.1 x 0.094 x 2.06 x 10=1.93 x 10 > 2.5 x 10"
Therefore, the precipitation occurs.

4.\We have: C§PO,), == 3C&* + 2PQ*
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Assume that the hydrolysis of FOcan be ignored, the solubility, 8f Ca(POy),
can be calculated as follows:
Ksp = [CET[POST = (39)%(2S)° = 108%° = 2.22 x 107
Solving for S to gives $= 4.6 x 10° M
However, the hydrolysis of R® cannot be ignored due to its rather strong bgsicit
(pKp =14 — K, =14 - 12.38 = 1.62)

PO + H,0 == HPO” + OH (1)

We can ignore the hydrolysis of HFO(pK, = 14 — 7.20 = 6.80) and,FO, (pKs,
=14 -2.14 = 11.86).
According to (1): [HP@] + [PO*] = 2S (2)
As [PQ?] is very small (the calculation above), it canigeored in (2). It can
alternatively be calculated as follows:
Let x be the concentrations of HFFOand OH, [HPO,*] = [OH] = x

X2

2x4.6x 10° - x
Solving forx givesx = 9.19 x 16 - [PO,*] = 0.01 x 10° M
Therefore we can assume that [HP[O= [OH] = 2S and [P@] is determined
based orKs:

We have: =10"%2=0.024

[H'][PO3] _ 10™ [PO}]

K :10—12.38: -
3 [HPO?] [OH] [HPO?]

-12.38 s
10 (:38. S= 1678

= [PO;]=

The solubility S of CEPQy),: Ks, = 2.25 x 16° = (3S)(2 x 167%)* = 30120125

= S=3.6 x 10 M.

We can see that solubility of ¢RGO,), increases about 10 times due to the
hydrolysis of PQ".

Note: Students may use logarithmic concentration diagaget the relationship
[HPO,#] = [OH] = 2S.
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Problem 12. Kinetic Chemistry

1. To determine if, the time taken from the initial concentration N{Os

(3.80%10° mol.dni®) to fall to one-half of its value:
t1,~ 180 scorresponding to [MDs]t1, = 1.90x10° mol/dn?

2.
2.1

IN{[N 205]0/[N 20s]+}

07\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}
0 100 200 300 400 500 600 700 800 900

Time/ s

Figure 2. A re-plot of the data in Figure 1 as fiorcof In {{N,Os]o/[N-Os]t}
versus time
The plot of In {{N,Os]o/[N,Os]t} versus time is linear for a first order reactio

2.2 r=k [N205]
The form of integrated rate equation:

|n—[[’l:||zg55]]:’ =kt or [N2Os]: = [Nzos]oe_kt

3. The f'order reaction:
k = In2/t,, = In2/180 s = 3.85 x 10s?

12¢
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4.

E. is independent of temperature:

in K —5[i—i}:> n 38510 _ E, [3.145¢10° -~ 2.9% 10|
kne R[318 336.6 5,082 10  8.31% mol K

Ea= 97.46 kJ

Pre-exponential factor (A):
k A eEa/RT at 336 3 KA k éEa/RT_ 3 85 X 1(5} 97460/8. 3145><336.3__ 528 Xléz Sl.

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

_dINC]
NO — dt

k[NO,]

3

=k,[NG,][NG,] - k;[NOJ[NG,] =0 — [NO] = (qu)

Substituting this equation into the below equation:

_d[NO]

no, = g~ KINOsJ KA [NGIING] ~ I [NG, JING] ~k[NOJ[NG,] =0 (Ea. 2)

— K[N.0] -k [NOJINO] - k[NOJINO] -k ‘2 no =0

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

_, kING]
k + 2, =[NG,][NQ,] (Eq.3)
The reaction rate:

= o, =~ L2 = KIN.O] -k [NOJINO]

_ K[NO]
L s

__2kk,
itz N0

=K\, Q]

12¢
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Problem 13. Kinetics of the decomposition of hydrog en peroxide

1. Chemical reaction: 248, 2 2 HO+ O,

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

In experiments #1, #2, and #3 when the volume @),Hsolution doubles while
keeping the same volume of Kl solution, the reactiate also doubles. Therefore,
the rate is directly proportional to the concemrabf H,O,. Hence, the reaction is
the first-order with the respect tgGh.

Similarly, from experiments #2, #4, and #5 the iatdirectly proportional to the
concentration of | Hence, the reaction is the first-order with tespect to'l.

2. Chemical reaction: 240, 2> 2 H,O+ O,
The rate lawv =kC, ., C

3. In the experiment #4, the solution 0§ is diluted three times; therefore, the
concentration of KD, was reduced three times.

Co=10gHO,/ 1L =10/34 =0.294 M.
Because the reaction proceeds slowly, the reactitsm (or the rate of releasing
oxygen gas) is considered to be unchanged aftgtart period of time (4 min).
The volume of oxygen released after 4 min is etudl25 x 4 = 17 (mL §).

Hence,n, = PV _ 0Q7x107) _ 0695x10°°(mol)
: RT (0082(299

At the beginningn,, , = (0.294)(0.15) = 44.1x10(mol)
After 4 min, n,,, = 44.1x10° — 2(0.695x10) = 42.71x10 (mol)

Therefore, after 4 mic, , = 0.841271: 0285M.

4. The overall reaction: 240, > 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 ovesdt rthe rate of the overall reaction
(*) will be the same as the rate of step (1):

__1dH.0,]
2 dt

which corresponds to the overall rate law as detexthin section 2.

=k[HO,][17]

b) If step (2) is slow, hence

__1d[H0G,] _ -
=75 k[H.0,][107] (a)
Assume that the steady-state approximation is egpdir 10, we have
O] - k.01 -klI0TH01=0 - 10T =501T  (b)

Replace [IJ from (b) in (a), we have:

__1d[H0,] _
2 dt

which is also appropriate to the overall rate law.

k[HG][17]

c) If the two steps have similar rates:

= —l—d[HZOZ] = 1(
2 dt 2

Let us assume that the concentration ofifOn steady-state condition. Similar to

k[H,0,][1 7]+ k,[H,0,][107])

the case b), we have:

__1dHO] _ :
V= S =k H O]

which corresponds to the overall rate law.
Among the three cases, case a) is the most apatepo the overall rate law
because no assumption is made. Besides, in thebjagee assumption of the
steady-state Qs not valid since the step (2) is considered slow

12¢
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Problem 14. Magnetism of transition metal complexes

1. Two compounds are octahedral complexes of ).
1.1 K4Mn(CN)¢].3H,0 is low spin, 1 unpaired electron.
K4Mn(SCN)] is high spin, 5 unpaired electrons.
1.2CN is strong field ligand, electronic configuratian(ky)>(e,)°
SCN is weak filed ligand, electronic configuration(is)®(e,)>
2. Ni** (&) in octahedral field has electronic configuratimin(t,y)®(e,)” with two
unpaired electrons. The spin only is 2.83 MB.

4(-315)

3. =2.83| 1- BM
/ueff ( 8500 j ( )

Thus,per is 3.25 MB

4.

4.1 o in square planar field is diamagnetic.

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

4.3 Water should coordinate to Ni center due to thengle of color and magnetic
property. ue value of A is close to that of [Ni(kD)]Cl.. So, an octahedral
complex is expected fax.

4.4 There are three isomers, tinensisomer and two opticalis isomers.

4.5B should be an octahedral complex, due to the @ldrmagnetic moment are
similar to those oA. Octahedral geometry can be formed by oligomedndt

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

1.

1.1 Al,Clg has sphybridization

1.2 Al-Al :M:Z(AI —-Cl)cos(39.5 F % 22amx 772 325.G8r

2.

21n=7+

2.2 The AbctanedrdAltetranearallS €Stimated ~ 12/1. The center Al atom at nunmbier

tetrahedral; the other atoms are octahedral.

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

cation surrounded by four oxygens. This Al atorfotated centrally and caged by
12 octahedral Al@units linked to one another by the neighboringgety atoms.

There are a total of 24 bridging oxygen atoms lin&tthe 12 adjacent atoms. The
cations centered in the 12 octahedra are arrangedaosphere almost

equidistant from each other. The formula can be resqed as
(AIOAI 1(OH)24(H;0)12) ™.

(with the permission of Aleksandar Kondinski, Jaddhasersity)
2.5
13AICl; + 32 NaOH+ 8 KO = [(AIO,Al 15(OH),4(H,0)1,)]Cl; + 32NaCl

13C
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3.1
13AI [(H,0)]Cl5 + 16(NH.),COs + 24H0 =
[(AlO 4Al 15(OH)»4(H20)12)ICI; + 32 NH,CI + 16 CQ 1 + 54 HO

3.2 Volume of a ball = (4/3)r* = (4/3)x 3.14 x (0.542) 0.667 cm
Volume of 3 balls = 3 x 0.667 = 2.00 tm

Inner volume of crucible = 15 ¢m

Volume of gas = 15 — 2 = 13 ém

PV = nRT— n = 1x13x10/ 0.082 x 298 = 5.32 x 0mol.

After reaction:

Z ngases = nbefore + nCO2
PV = nseRT — n = (2.50 atm) x(13.10L) / (0.082 L.atm.mct.K™) x (298 K) =
1.33 x 10 mol

Neo = Moo = Moo =1.33% 10° - 5.2% 10 = 8 I0mol

o,
Molar number of Al-Keggin cation = 8x16/16 = 5x10° mol.
Number of Als-Keggin cations

= 5x10° mol x 6.023x18& = 3x10d° ionic molecules
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Problem 16. Safrole

( g46th International Chemistry Olympiad

1.
Reaction Balanced equation

1 K[PtCLCzHy] + C1oH100; — K[PtCly(C1oH1002)] + CoHy

2 2 K[PtCh(CloHlooz)] — [PtZCIZ(CIOHQOZ)Z] + 2 KCI + 2 HCI

3 [PLClx(Ci0HO,),] + 2 GHsN — 2 [PtCI(GoHyO,)(CsHsN)]
2.

in A in B inC
Fromthe 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 H5,
NMR data with Pt C5 bonds with Pt | C5 bonds with Pt
3.
A B C
0 %

O 7 Cl ’\ 4
K| < ﬁ}mﬁ ) ° AN Ny |

O Cl Cl /< cl Pt\

rt’ Pt cl
NA7 N\
Cl V4 0
o \_0
\_0

4.
Reaction Driving force

1 K[PtCLC,H,4] + C1H100; — K[PtCl3(CyoH100,)] + CoH4 1
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Ethylene (GH,, gas) is more volatile than safrole,;{8.,0,, liquid).

2 2 K[PtCk(C10H1002)] — [PLCIy(C10Hg0Os),] + 2 KCI + 2 HCI
The chelate complex [{l,(C10HO5),] is more stable.

3 [PLCIy(CioHg0,),] + 2 GHsN — 2 [PCI(GoHyO2)(CsHsN)]
In the dinuclear complex [Rl>(Ci0HO5),], two bridging Cl weakly
bond with Pt but in [PtCI(¢HO,)(CsHsN)] the ligand GHsN strongly
bonds with Pt.

5. This reaction was controlled by steric effectbeathan thérans effect.

13¢
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Problem 17. Imidazole

1.
Structure aromatic or not
N
Imidazole (GH4N,) [N» aromatic
H
Imidazol-1-ide anion N
L/:]» aromatic
(C3H3N2) S)
Imidazolium cation ﬁH _
[) aromatic
(CsHsNy) N
N .
Oxazole (GHsNO) [d \ aromatic
- N .
Thiazole (GH3NS) / .S.\ aromatic
2.
Melting point Imidazole > Thiazole > Oxazole

Imidazole is the first because of intermoleculadriogen

bonding. Thiazole is placed before oxazole because

Justification _ o
thiazole’s molecular mass and polarizability lager than
those of oxazole.
Boiling point Imidazole > Thiazole > Oxazole
Imidazole is the first because of intermoleculadriogen
o bonding. Thiazole is placed before oxazole because
Justification

thiazole’s molecular mass and polarizability agelr than

those of oxazole.
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3.

Equation for

the ionization

N +
/ N\ + moH = J N1, -
ql) ql)+Ho
H H
& B}
+HOH = [ 3
o) Q)+Ho

[S§+H—OH‘——‘[S§H+ HO_

Ko Imidazole > Thiazole > Oxazole

Justification Conjugate acid of imidazole is symmead delocalized, form

)

stronger hydrogen bonding with water, i.e. morélstathus
imidazole more basic than oxadiazole and thiazdlem O is
more electronegative than N and S, it decreasedtrefs
density at N of oxazole, decreased stability of zokals

conjugate acid making oxazole less basic thanaleaz

4.

Reaction mechanism:

= ©) .rou (,/‘OH —
[)*RC// HNtN(|:OR N/\_\Nlclz . \NJCOH ()+RC

|
R R R OH

Explanation: Atom N-3 (N at 3-position) is strongldeophile; The positiv

D

charge is delocalized; The imidazole is good leggroup.

13t
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5.
NN o) (0 N\ 0) 0

03+ M = T \d 2 A\ SN =y = cHe Y T
N c” al HNVN—?DC:I VN_CI: NVN—Cll—N\&NH NvN—C—NVN
H cl Cl @

6.

0
|

(o 3 o}
NSy OFEAN Oy =iy

The pair of electrons from N-1 andhe pair of electrons from N+l
four electrons of the remaining fouconjugate with C=0 decreasing the
atoms form a sextet of-electron off bond order of C=0, hence decrease its
aromatic system. They do ndR stretching frequency.
conjugate with C=0, thus do not
affect the bond order of C=0.

7.

4 GHuN, + COCh —  (GH3N),CO + 2 [GHsN,JClI (1)
2 mol of imidazole react with 1 mol of phosgengdon 1 mol of CDI and 2

mol of HCI; the other 2 mol of imidazole are useddact with the HCI.

2 GHyN, + COCL+ 2 NaOH — (GH3N»),CO +2 NaCl +2 kD (2)
In imidazolyl groups of CDI the pair of electronsrh N-1 and four electrons of

the remaining four atoms form a sextetnedélectron of aromatic system. They

D

do not conjugate with C=0. Two electron-withdrawingdazolyl groups mak
C=0 more active, the imidazole is good leaving grouhence CDI readil

<

reacts with water from reaction (2):
(C3H3N2),CO + HO — 2 GHN, + CO, (3)

13¢
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8.
8.1
R = CH(NH,)CH
i 2 2
NPIN—C~N" Ny NP N—C—N" i N7 N—CLN ik
— + — ) — ) — + — \ —
7 (A7) .0
r QT « o0 R-CS,  ©
- o (o
. ¢ P 9o
. IO\
N“ONH + &+ NOONT SR HN%?/CQ/R\N/%N NTONT 0T OR
= - VN = L
H—N" N
(E) (G) (F) \—/ (E)
8.2
¢ g 0.) HN—CH, H3C—~CH—CO—-NH—CH,-COOH
HoN—CH, N '
o CL | + {C_ COOH NH,
N N"cH-cH, COOH HN” "N CH-CH; . NPONH
\=/ NH, > — NH, \—/
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Problem 18. Small heterocycles

1.
Scheme 1:
(Ph
N/\ Ph
CF,-CHO 1. EtOH ” N,CHCOOC,Hy /\
2. PhCH,NH BF;; (CH;CH,),0
Toluene,zt °C2 F3C/\H ’ - 78 3°C ” COOC,H;
B C
a |
LiATH,, THF Pd(OH),. H, N
- OH CHH, /_\/OH
F5C FsC
D E
"T"s
Ts
N ©/OH
TsCl, (C,Hz)sN
—_— —
Catalyst /—\/OTS K,CO;
F;C
3 F3 O~pn
F G
Scheme 2:
Bn Bn
AN AN
Il\IH ? NH
BnNH, NaBty
NN\ >
Q\O e ot EOH THF F3 oH
H |
(CrathaNOF3)
Bn Bn

13¢
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2. Reaction mechanism for the transformation fi®rno C:

O N
N=—N—CH—/ —_— || ¢ — > |3 ‘=N
OC,H; F3c/ \c{l‘
\"/oczm
o
_N2

RACOOCZHS

3. Reaction mechanism for the transformation filemo G:

'T‘s

Problem 19. Vitamin H

1. The chloride acid was reacted with the amino grofughve “bis(L-cystein)” A) to give
amide B). Zn powder in acetic acid solution reduced th8 Send of B) to give an
intermediate containing a thiol (-SH) group. Unaermal condition, the -SH group
added spontaneously to the terminal alkyne groypetd (C) with a ten-membered ring,
of which the newly formed C=C double bonds hadd@)figuration.
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cl o(S —
(s /V\fo( MeO,C._ S NN

23 N Zn, AcOH Moo
MeOC—6aR ™ C.H.N, CH,Cl, //\/\”/NH Khong khi, 25°C TN
NH; 0°C = NH
A o)
B 0o
2)
/

OO0

2. Diisobutyl aluminium hidride (DIBAL) partially recied ester @) into aldehyde D)
which was condensed with benzylhydroxylamine to egiwitrone E) with (E)
configuration. In the intramolecular [4+2] cyclizat reaction of E) (note that ‘4’ and

‘2" are the numbers of electron of the nitrone and the double bond inedhn the
cyclization, respective)ythe configuration of the double bonds C=C andNGemained
unchanged. The resulting compoufid Kad three new chiral centers, two of which were
(3aS,4R). They were the configurations of the correspogdd3 and C4 in the skeleton
of (D)-(+)-Biotin. The third chiral carbon which was attached to tkiggen atom had an
(R) configuration.

Me0,CS (-Bu),AH OHCS T prnHOH A

W

\\\\\\\\
jNH PhMe, -78°C j\,H CH,Cl, 4\?\\ T

0o
o O
,3
>
ol
4
I

(R) 4 (S)
0o s
A \N 3a\ °T
PhMe Z, )

o \or”“

F

3. (F) was reduced by Zn in acetic acid to gi¥&) (containing one —OH group and a
second-order amino group. The amino group was edaatith chlorofomate in the

14C
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presence of N&O; in THF solution produceH). Under basic condition, the ten-
membered ring ofH) was opened to givé&hydroxy acid (l). The configuration (Ba of
(1) resulted from theR) configuration of the chiral carbon in L-cysteinéherefore, L-
cystein is chosen as the starting material foisiehesis.

(R) 4(8)

HO HO
\ 3a Zn, AcOH, H,0 S— CICO,Me ST

- ot —_—
Zj’\”/NH 70°C J“H Na,COs, THF P
Ph T (,Oo
F G
X

1) Ba(OH
) Ba(OH), NN
Dioxan, H,O Ph

——— "> 6a(R); 3a (S)

2) Hs0
Stsy ™ oo
OH

4. The sulfur atom caused an anchimeric effect by ke configuration of the carbon
attached to the —OH in compound ¢emained unchanged as this —OH group was
replaced by the halogen atom to yigtd.(The halogen atom was then replaced wien (
was reduced with NaBHin which the “pentanoic acid” branch dD):(+)-biotin was
formed. The hydrolysis of esteM) in the aqueous solution of HBr, followed by the
removal of the benzyl group resulted in the forowatof the target moleculeD}-(+)-
Biotin.
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0 O 0
A —~ HN)LN/\ A N
HN N™pp SOCl, N -s0, HN" NNy
6a (Rj— 3a (S) Et,0 > | 6a(R) 43a () —CT» O
4 ” @ J.
iy " i, NN
s(s)’[ > coH Sql/\/\ cocl S 7 Ccocl
OH Cly ,9>
! <8 cP
L 0 _
0] 0 0]
HNJKN/\ HN)LN/\ HNJLN/\
i s Ph MeOH = s Ph NaBH, i s Ph

B B
{ \ [\ DMF, 80°C [ )
s’ s ™ s~ N"SCo0Me

T/\V/\COOMe

Cl Cl M
K L

NH

b
2
]
HN_ N
6a R *— 3a
6<5>4
S

" SCO0H

D

(D)-(+)-Biotin

Problem 20. No perfume without jasmine

1. In a [4+2] cycloaddition reaction (Diels-Alder m#@n), the configuration of the
dienophine B) remained unchanged: the two ester groups —COOGt.aompound
(C) were placed in different sites in comparisonte six-membered ring. The
hydrolysis of these two ester groups in LiIOH santgave the two corresponding

trans carboxyl groups.
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O  COOEt
@ o“‘"k . coolac COOH
+ | 1 LiOH 7
\‘\\\\0 THF/H,0
A E0OC 5 COOLac COOH
B C D

2. When dicarboxylic acidl¥) was treated withAKl, it was transformed intq-
lodolactone [E) of the endo —COOH. This lactone then underwent a
decarboxylation-cyclization in basic solution stepgive lactoneK) containing a
three-membered ring. The secondary —OH group whigsulted from the
hydrolysis of F) was oxidized by Nal@to form a carbonyl group.

o] ro
COOH N it o
] Ky _KoH 1. NaOH
. g DMSO, 175°C 2.Nalo, Ruo, g Soon

_COZ’ -Hzo (@)
D o F

3. The addition-ring opening step of the cyclopropang with HI oriented by the
(-C) conjugation effect of the carbonyl resultedhe formation ofy-iodo acid H)
containing only five-membered rings. The reductlieination of the iodine atom
by Zn in acetic acid produced ketoacid {(vhich underwent a Bayer-Viiliger
oxidation to yield lactoneK() (the main product) with one carboxyl group. The
carboxyl group was treated under Rosenmund reductadition in which lactone
(L) with an aldehyde functional group was obtainednyV ether M) was
separated from the Wittig reaction between the hglde and the ylide
PhP=CHOMe.
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HI Zn m-CPBA
5 - THF/H,0
COOH o} COOH  KH,PO, 0 COOH
G H :
1. (COCl), :(_ PhsPCHOMe _ :(_
2 Hy, Pd/BasSO,  © oM
CHO NN
L M

4. Methyl vinyl ether M) was hydrolyzed in acidic medium to give lactohy (

containing an aldehyde functional group. From thetigVreaction betweenN)
and the ylide P{#iP=CHCHCHj;, lactone Q) with acis carbon-carbon double bond
was separated. The hydrolysis of the lacto®¢ followed by treatment with

diazomethane produced estBj (vhich was oxidized with pyridine dichromate to

give the target compound)((3R,73-methyl jasmonate.

1. NaOH

PhsP= o
o:(_ __AcOH 0:( i _\— |
THF/HQO
O \ OMe | 3. CH2N2

M
Py,Cr,0; “~~COOMe
CH20|2 Q'w,//:\_

0
(2)-(3R,7S) methyl jasmonate
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Problem 21. Viethamese cinnamon

1. Give the structure foA, B, C.

A B C
H
Q_\\_\<OH @MO'C2H5 MH
0] O 0]

2. Assign'H NMR signals in first spectrum to appropriate progroups of.

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,
H¢ 0 He CGHS Hd Hc Ha Hb
Hb Ha
3. Propose a reaction mechanism for the formatio@ fsbm B.
*NH,-NH, NH,-NH, NH-NH, NH-NH, H\NH
Ph—\\1<0,5t — Ph‘<__<OEt — phA<_(\<oEt — ph{%‘ga — Ph‘wo
(@) 0] OF) e} (9

14=
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4. Among four given below structures, select onedoand give the reasons for

your selection.

The structure fob

Reasons for your selection.

HCI@NOQ

1
N

~

P4

o (D3

D3 derives fromC and corresponds with the givid NMR
spectrum.

D1 andD4 do not derive fronC.

D1 does not correspond with secdtiNMR spectrum (Fo
example in the spectrum there are not two ethyl
protons).

D2 and D4 seem corresponding to the giveH NMR
spectrum, buD2 contains three members abd contains
four members cycles, which cannot exist after reflur 12
h.

s

enic

5. AssignH NMR signals in second spectrum to appropriatéoprgroups oD.

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~
i EI‘@N% He |2H |[2H. |CeHs |H. |H. |H,
+\N
HC
Hp Hao

14¢
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Problem 22. Cinnamic acid

PR

1

46" International Chemistry Olympiad

Reaction mechanism for the isomerization

mer

O ooon 2 0 goon e I
COOH ~—COOH
HOOC
12
Ph HOOC Ph HOOC Ph H Ph HOOC
F}@L HOO HOOOOH HoOC H
COOH Ph H H H H H Ph
a-truxillic acid
H HOOC
H Ph
13
Ph H Ph HOOC Ph HOOC Ph HOOC
B COOH PTM& Ph H H b
H COOH H H H COOH Ph H
B-truxinic acid Has an enantiomer Has an enantio
Ph HOOC H HOOC
Ph COOH H COOH

Has an enantiome

r

Has an enantion

ner
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1.4

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

formation ofa-truxillic acid

Ph Ph
COOH ! COOH
H Ph Ph
H—/ ’ / H COOH hy COOH
H H
COOH / Vam coon L / Va
Ph
COOH COOH
Ph Ph

The packing arrangement @ftype of trans-cinnamic acid which leaded to the

formation ofp-truxinic acid

Ph
Ph
H Ph
H—/ H
H hv
SooH 74 ’ COOH H
COOH
COOH
COOH COOH
15
In solution all molecules of cinnamic acid werevatéd and randomly arranged.
2.
2.1
A B C
COOH COOH
o}
OH o)

Optically active sinceA | Optically active sinc® has| Optically inactive since

has four asymmetricthree asymmetric carbon€ has symmetrica

carbons and has na@and has no symmetricaplane although has tw

14¢
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symmetrical plane and nglane and no symmetricehsymmetric carbons.

symmetrical center. center.
2.2
MeOOC 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
COOMe plane and no symmetrical center.

Problem 23. Tris(trimethylsilyl)silane and azobisis obutyronitrile

The products from the each reaction:

2.1 A, B andC from the compound :

O
BusSnH
! ‘ AIBN
CGHE reflux
Q)

C,60%

2D from the compound]():

TT™M

AIBN, A
L —— A
,f

0
(m D

14¢
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2.3 E from the compound|( ):

N NH
@\/l (TMS),SiH/AIBN
MeO N MeO N MeO
Ms OBn "Ho oBn
(1 E (*/-}-vindoline

- 65%
Murphy et al. Org Lett. 2002, 4, 443-445.

2.4 | from the compoundY ) through radical& andG:

Bn \

| o N
= (@]
TTMSS / AIBN o
Me
N Benzene, Benzene, &> .
MeO | N—N=N

N=N=N G
N3 "
N
(Iv) l N,

; o
[o) N
MeO - —0
C\NMe MeO C\
|

(+/-)-Horsfiline

=z
I

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

Catalytic isomerisation a3-3-Carene provides (#)-2-Carene &) which then

was pyrolysed to cleave the cyclopropane ring fogrdiene B):

15C
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Pl

1S, 6R-(+)-delta-3-Carene A

Treatment of the unconjugated die@eB{menthadiendéd) with HCI to giveC and
then, dehydrochlorination led to a conjugated digng2,4(8)p-menthadiened).
Treatment of (+)-2,4(8p-menthadiene with hydrogen chloride affords 8-abH8f

p-menthenek):

CHs Crs ok

CHy
Ha HO HCl
HO HO
a | a
%

E reacted with sodium acetate and acetic acid te gnxed €is/trang pulegol
esters If) via allylic displacements. HydrolysiE affords (-)-cis and (+)-trans-
pulegol G). Reduction of either pulegol isomer provides rhehisomers which

can be readily equilibrated to predominently (-)nthel.

AcONa_ HO Hz
AcOH

(-)-Menthol
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Problem 25. Cefalotin
1. Synthetic scheme:

HO.C HO,C HO,C MeO,C
|_2| acetone ‘BUOH o o CHoNz o o
T HN_ _S /o~ T NS — > N_ _S
H,N SH COCly
Me® Me O Me Me O Mg Me
B C D
MeO,C. MeO2C
N MeO,C N—NHCO,Me MeO,C OH
N t Pb(OAc t
cone' BuO77/N><S (OAC)4 _ BuO7Z/N><S
NaOAc, MeOH
O Me® Me abAac, Ve O Me® Me
E F
o)
MeO,C N3 MeO,C NH, NH
MeOSO,ClI t Al(H t Al(O'Bu t
2 BuO_ % (Ho) BuO_ ( )3 Buo77/N><S
NaNs O Me~ Me O Me® Me O Me~ Me
G H I
CI3CH,CO,C
OH
OHC, Ny CO,CH,CClg
»=CHCO,CH,CCls S o CHO
OHC tBUO. CF3COzH N |
- N_ S —_—
HoN S
O Me® Me 2
K L
CO,CH,CCly CO,CH,CCly
@\ N CHO N CH,OH
s~ ~CH,CcoCI o h | B0, o j\: |
@\)\\N s — [\ N s
S H S H
M N
CO,CH,CCl, CO,CH,Cl,
CH,OAC Q CH,0Ac
o} N | i o} NS i
Ac,0 Pyridine
A0 ey s ) s
S S H

P
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2. Reaction mechanism for the transformation firto L

CI3CH20020 OH CO,CH,CCl,
(0] S~
)\C/ \ j O/H
/' O
BuO N S .QH
X Me>L/ W\* \GH*
O Me Me
K
CO,CH,CCl, CO,CH,CCly
0 CHO 0 CHO
 — N e N
ve 1] g
= S S
Me)\N H,N
L

3. There are two asymmetric carbon atoms on ceffglst we should expect to

have four optical isomers.

CO,H CO,H
0 0
N CH,OAc NN CH,OAC
0 0
S H S H
CO,H CO,H
0
N CH,OAc s\ CHz20Ac
0
S H

15¢
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Problem 26. Heterocyclic compounds

1. Synthesis oA from levulic acid:

)(J)\/\ EtOH )(J)\/\ HO/\/OH O><O/\
B — —_—
Me COH fso,” Me CO,Et v Me CO,Et
iHZNNH2
o_ 0
Me></\CONHNH2
A

The purpose of 1.3-dioxolane formation was to priotiee carbonyl group from the
reaction with NHNH,.
TsOH preparation from toluene:

©/Me H,SO, /©/SO3H
A Me

2. Synthesis oB fromA:

[\

o. 0 H 0. 0 oS o. 0
q PhN=C=S H I py NaoH .
Me NH, A Me H H A Me “ °NH
0 0 N—(

A P Vg
- — L
o__0 o_ 0 —
N HoNNH, N CICH,COEt 4 ¢
Me></\(/ ‘N - = Me Z°N -2 \
N £ N 00y Me” N N
PR g PR s N
CO,Et P ‘sH
CONHNH, 2
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The reaction oA and PhNCS is nucleophilic addition of the —NHN#oup to the
—NCS group.
PhNCS preparation from aniline:

PhNH, + C$ + NHOH—— PhNHCSNH + H,0
S
PhNHCSNH, + Pb(NOy), — PhNCS + NHNO; + HNOz + PbS

3. Synthesis o€ from levulic acid:
PhCHO 0

0 plf\ircljdl-llne PhWCOzH Hz—"\IANHZ Ph_\\—<N_I>I-|:o
MeJ\/\COZH
3-NO,CgH,SONa
~2H
—CONHNH, —CO,Et

Ph \ N-N H2NNH2 Ph \ N-N CICHQCOQEt Ph \ N NH
_ _ 2 3
C

3-O,NCeH;SO;Na is a dehydrogenation (or oxidation) reagentaiovert dihydro-
pyridazine into pyridazine ring.

3-O,NCgH,SO;Na preparation from benzene:

© HNO, /@ Oleum SOgNa
H2804 O N Na2003 02N

'H-NMR spectrum:

Before the reaction, the heterocyclic should previ&dresonance signals with 2H

intensity in the strong field of the two GHroups (experimental: 2.57 ppm and

15¢
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2.83 ppm). After the reaction, these 2 signals Ehalisappear, and two new
signals in with 1H intensity the weak field of th@o CH groups should appear
(experimental: 7.01 ppm and 7.64 ppm).

4. Reaction mechanism of R-CONHMith PhCHO:

i PhCHO 1
M . RJLH,NvPh

RTONHNH, “A po

First, the hydrazide -CONHNHyroup performed nucleophilic addition to the C=0
group of benzaldehyde, then the dehydration steprosd:

l e

H
RTN\N/
o
The electron-withdrawing group —NG@acilitates the reaction, while the electron-
donating group —NMgeretards the reaction.

4'M82NC6H4CH=O < QH5CH=O < 4‘NQC6H4CH=O

15¢
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Problem 27. Lotus

1. Structural formulae and the reaction conditiong&3) and (b3):

Me Me @; Br
Aq A, Bl B2

(a3) MeOCOCI, THF
(b3) 1. NaOH/EtOH 2. k80,

2. Reaction mechanism:
a. A; from 3,4-dimethoxibenzaldehyde: aldol condensatiba water elimination,

(crotonation).

H H OH
% NG
O H oH G .
—> > _ A]_
H HO

b. Reaction mechanism for the formation Xf. Addition-cyclization as Pictet-

Spengler reaction mechanism.
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K8, ¢

. o _l_p

3. Structural formule folY 15, Y1, Yo

15¢
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Problem 28. NMR Spectroscopy

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

Rapid equilibration at room temperature betweenrauwanformations leads to one
peak. As one lowers the temperature, the interasiore is slowed down until, at
temperatures below -66.7 °C, peaks due to the axidlequatorial hydrogens are

observed. Axial and equatorial hydrogens have miffe chemical shifts under

Ha k
— H,
H, <7
e k—l
H a

k at coalescence (at -&):
k, = TA/V2

these conditions.

Heq Hax

A %0.4&-\\/0

o209 Hz —»1

-90 °C low temperature limit

VAN ~y N~ 2.4 H2

-78 °C slow exchange regime

/S N\

-61 °C coalescence temperature

7/.\—2.8 Hz

-43 °C fast exchange regime

‘j&— 0.5 Hz

0 °C high temperature limit
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2. The t-butyl-substituted rings are conformationally lodkdhe hydrogen at C1
has different chemical shifts, depending upon wérethis axial or equatorial. 4-
Bromocyclohexanes are conformationally mobile. Mtetence between axial and
equatorial hydrogens is observed until the ratehadir—chair interconversion is
decreased by lowering the temperature.

Problem 29. Infrared Spectroscopy (IR)

1. Resonance (conjugation) effect: the amino grough@si®lectron density into
the ring and into the carbonyl group resulting iloaer frequency carbonyl group
(more single bond character). A nitro group withdsaelectrons resulting in higher

frequency carbonyl absorption (more double bondazttar).

2. Conjugation of a C=C double bond with either a oasth group or another
double bond provides the multiple bond with moregka-bond character (through
resonance, as the following example shows), a Idaree constank, and thus a
lower frequency of vibration. For example, the Vidguble bond in styrene gives
absorption band at 1630 cmEsters show a very strong band for the C=0 group
that appears in the range of 1750-1735"dor simple aliphatic esters. The C=0
band is shifted to lower frequencies when it isjegated to a C=C or phenyl

group.

o<pelt — Egmi]

(Hint: V=ﬁ\/%, U: reduced mas p=pp/(m+my,), c: speed of light

16C
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Therefore,
Spectrum A: Methyl acrylate. The absorption band appear§a6m® belong to
the C=0 group that conjugates to double carbonecadouble bond. Similarly,

the C=C bond in this molecule has the absorptiomdbat 1639 crit due to the
stretching vibration.

Spectrum B: Allyl acetate. The stretching vibrations of C=@daC=C double
bonds appear at the normal positions for theseatiabs, at 1743 and 1650 Tmn
respectively.

There are only the separated C=C and C=0 doulnldsba vinyl propionate
and allyl acetate, so the stretching bands appehe aormal positions.
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PART 2. PRACTICAL PROBLEMS

Problem 30. Condensation between vanillin and benz  ylamine

2. Mechanism

H2N
-HZO f
OCHs OCH; OCH;
OH

3. N&SG, is a water-adsorbing substance. It removes waésrepting HO attack
to the product (imine).

Problem 31. Synthesis of eugenoxy acetic acid

1. Reactions in steps la, 1b and 2:
OCHs OCH;,

(1) + NaOH E—— + HO
H20=HCH20 OH H2C=HCH2C ONa

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

OCH; OCH;

3) + C|CH2000N8 e + NacCl
H20=HCH20 ONa H20=HCH20 OCHchONa
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OCH; OCHj

- - + NacCl
@) H,c=HCH,C OCH,cooNa *+ HCI H,C=HCH,C OCH,COOH

3. The reaction in step 2 follows @&substitution:

OCH; OCH,3
0® - &t - NaCl
H20=HCH2C @HZCOONa —— HQC=HCH20 OCHQCOONa

4. In alkaline media, eugenol is transformed intoeswgate which has adequate
nucleophilicity to replace the chlorine atom of mohloroacetic acid. An excess
amount of alkaline, however, should not be usedth&s hydroxide ions can

compete with the eugenolate ions to form the hyidexerivative of acetic acid.

5. The carboxyl group, on the one hand, providesafof-1) effect to increase the
positive charge density at the alpha carbon, fatitig the attack of nucleophiles.
On the other hand, the carboxyl can delocalizentgative charges appearing in

the transition state of the&reaction.

5

T .
H .
H ,
/
‘e, N
s
’

s
Br
6. Crystallized water in the product re-crystalliZzesim hot water lowers down its
melting point. Re-crystallization of the producbrn dry benzene helps eliminate
water and increase the melting point. TitrationT@&A can be used to determine

the amount of water crystallized in the product

16<
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7. In basic condition, eugenoxyacetic acid is sulegdb isomerization in which
the terminal C=C double bond is moved in and caajed with the benzene ring to

yield isoeugenoxyacetic acid as shown in the scHextmv:

7y
OCH;§ HO™ [ OCH,
+KOH |) 'HQO,
H,C=HCH,C OCH,COOH W H,C=HC-HC OCH,COOK
-2
OCH
OCHs HO—H“, ’
A~ H .
—> H,C=C—C OCH,COOK ~— HzC—ﬁ—ﬁ OCH,COOK
H Lo
OCHj OCHj

_HO® HCI
T HCg=e OCHCOOK = H,C—C=C OCH,COOH

Isoeugenoxyacetic can exist in form of two confagion isomers4) and E):

OCH,COOH OCH,COOH
OCHj; OCHj3
H4C H
H H H,C H
(Z) (E)
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Problem 32. Complexometric titration of iron, alumi num, and
magnetism in the aqueous solution

1. The chemical equations of the reactions used itititagion:
1.1 Titration of Fé&"
The stability constant of Fé¥is much larger (= 8% >> The constants of
complex of AP ( 10*°*%) and of Mg*( 10%7) therefore in the solution with pH of
2 only ion F&"totally titrated:

FE" + NaH,Y — FeY+2Nd +2H
1.21n the solution with pH of 4.7 only ions Fand AF* are totally titrated:

F& + NaH.,Y (extra) — FeY + NaH,Y

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

Mg" + NaH,Y — MgY? + 2Nd + 2H"

2. The formulae for calculation of ion concentratigimsmol / L)
Geany = V1 0.05/25.0
Gy = [(50.0 -\ -V;) 0.05]/25.0
Goay = V30.05/25.0
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Problem 33. Determination of zinc and lead in zinc

=

[EEY

oxide powder

ZnO(S) + H,SO, (aq) — ZnSQ(aq) + H20(|)
PBQg) + 2 HNG; (aq) » PB(NQ)2 (ag) + H2Op)
Pb2+ + SQZ - PbSQ(white ppt.)

1.

N

PbSQ ) + 4 NHCHsCOOQuq —~ PB(CHCOOX(NH.) (aq+ (NH)2SO

1.3

2Pb(C|‘§COO)4(NH4)2 @ag) T K,Cr,0O, @ag) T HZO(I) —
2KCH;COO g + 4NH,CHyCOQuq + 2 CHCOOHq
1.4

2PbCfQ(S) + 4NaC[aq) + 4HC|(aq) - ZNEQPbChaq) + H2Cr207(aq) + H20(|)

15

2PbCrQ (vellow ppt) T

Cr,0> + 6 F& + 14H - 2Cft + 6F&

H,Cr,O, + I+ 12H - 2Cf* + 3} + 7HO
[, + 2 NaS,03 (aq) — 2 Nalaq) + NaxS,04 (aq)

+

7H0O

2.

Mass of zinc oxide powder = a (g). The volume ahsgtard solution is recorde

in mL.

%Zn = (\/EDTAX CEDTA)X:I'O>< 10(

P = x207.0% ([, X G, X 10

2d

16¢€
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3.

The half reactions @D~ + 14H + 66 — 2Cr* + 7TH,0 E°=1.33V
,42e— 2T E, = +0.54V;
B +2e 2505 El., ,=+0.08V

As K,Cr,0; is a strong oxidant, it can oxidize(®> to form SO¢> and SG*. The

reactions are not stoichiometry.

aop

1

Pb(OAc)(aq) + KCrO4aq) — PbCrQ(s) + 2KOAc(aq)

Then PbCr@s) = PB* + CrQ*

[Pb*] = 0.1x10%0.12= 8.3x10 mol/L

[CrO,*] = 0.02x1.0x16/0.12= 1.7x10 mol/L

Therefore Q = 8.3x10D x 1.7x10'= 1.4x10° > K¢, . So a precipitate will occur.

4.2

Since [PF] = 8.3 x 1¢° and [CrQ”] = 1.7 x 10" and there is a 1:1 stoichiomet

Pt**is completely reacted.

PbCrQ(s) - P+ Crgg™
. (after ppt.) 83x90 1.7x10-83x10° =17x1d
C. X X
E. X 1.7 x TO+x

Kesp=[X][1.7 X 10* + x]= 1.8x10"

Solving for x gives x= 1.1xI8, so the concentration of Pbremaining in

Y,

solution is very small.
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Problem 34. Preparation of copper(ll) acetylacetona te
1. Cu(acag)

2. There are four main equilibria involved the comermation:

Hacac (aqg) + kO H;O" (aq) + acadaq)

H30" (ag)+ OH (aq) 2H,0 (1)
CU* (aq) + 2acadaq) [Cu(acac)] (s)
CU** (aq) + 20H(aq) Cu(OH)(s)

At a low pH, acacis not sufficiently concentrated to precipitate gbdax or to
form the complex with a high yield. On the contraay high pH regions, Cu(OHK)

can be competitively precipitated and an impurelpob can be obtained.

3. Square planar complex with two six-membered cheaiags.

Problem 35. Kinetic analysis of the hydrolysis of a  spirin
1.

The theoretically obtained amount of aspirin is:

N(salicylic acia)= 2.009/138.1 = 0.0145 mol

Maspiimy = 0.0145 mol x 180.2 = 2.6129 g
Experimentally, the amount of aspirin obtained.@s.32 g

— The yield of the reaction is: (2.0132/2.6129) x£007.04 %

2. Magnesium hydroxide, magnesium carbonate and alumiglycinate, when

mixed into the formulation of the aspirin will regkuthe irritation.

16¢
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Ignoring the volume change upon mixing and supp#iat aspirin occupies

only negligible volume:

In the 5x10 M solution of acetylsalicylic acid, the concentatiof NaOH =

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

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

order rate constant of the reaction.

The UV-Vis absorption obtained in the experimesatgiven below:

Time/minute, 5 10 20 30 40 50 60 o0
Absorbance
A 0.549| 0.829| 1.178] 1.389 1506 1.569 1.602 1.653
1.2 . 05
1.0 0.0 1 '\\.\\
N S
:('(E 0.6 1 fa:s | .
041 ’ % 201 y=.0.056x +0.372 \.\\
02 | ° o5 | R®=0.999 \\.\
0.0 : : : . . hd 307 T

t /minutes

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

0

10 20

30 40

t /minutes

50

60

70

Figure 2. Plot of In(AA) vs. t
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\
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[ 2
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0 e @ : : : : . 0.0 : : : : ‘
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Figure 3. Plot o( ! —ij vs. t Figure 4. Plot ofM vS. (b-t1)
A .-A A, A, -A,

00

5. Experimental results showed that the reaction ethelie pseudo-first-order rate
law (figure 2 and 4), but not the second-orderufiig3). Based on the equation

A, -A L - :
®* 4 = kt and the results in figure 4, as well as irufg 2, we can easily

[ t2

In

calculate k,s = 0.056 min?t. Hence, the half-life is 17.85 minutes and thectiea

time is 3.36 times greater than the half-life.

6. From the obtained experimental results the reactidirst order with respect to
both [asp] and [OHi therefore the rate law may be given as

Rate =k [asp{[OHT"
According to this mechanism, in step 1, the hydiexnucleophile attacks at the
electrophilicC of the esteC=0, breaking thes bond and creating thtetrahedral
intermediate. In step 2, the intermediate collapses, refornthmg C=0 and, the
last step (step 3) is an acid-base reaction wlakast place very fast, a very rapid
equilibrium. Hence, it is not the rate-determingtgp of the reaction.
Let denote theetrahedral intermediate asl and (2-HO@H,COQO), a product in

step (2) a®. The rate of formation of product may be given as

17C
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_d[F _
Rate—T— lg[!

With regard to the stability of the intermediatéhle two possibilities, which may be
considered, are

) If ky » ky, means the rate of reconversionl ahto asp and OHs significantly
greater than the rate with which it undergoes te gheP, the concentration of
intermediatd, [I] can be calculated by considering equilibri{th alone

[l = Klasp][OH]

Where equilibrium constaift = ki/k; and, therefore

Rate of the reaction ksK[asp][OH]

which is matching well with experimental results.

ii) If intermediate complexd is much less stable species, means the rate of its
conversion to product (step 2) is not small congbarigh the reverse rate in step 1. In
this case, the concentrationlahust be calculated by using steady-state treatment

By applying the steady state with respect to [§,yet
k[asd[ OH] = k[ ]I+ K ]I

o (1] = lasdl OH]
k, +k,
and, therefore
Rate of reactior <12l 8L OH]
k,+k,

However, wherk; = k,, the rate law becomes same as case 1. Thus,dheyst
state treatment is the general one, and redudés &quilibrium treatment wheqg

» Ko.

Conclusion: if the equilibrium in step 1 is conteal throughout the reaction
process (step 1 is very fast and represents rapigquilibrium to the rate), the
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given mechanism agrees with the rate law and is thise the step 2 is rate-
determining step of the reaction.
The obtained rate laws clearly show the rate iseddent on the NaOH
concentration. For a given concentration of NaOH,may write
Rate of reaction &y,s [asp]

Wherek,, = kl:z?[?H ]

-1

or kK[OH'] (whenk; = ky)

Constantk,,s is proportional to [OH and is known as catalytic coefficient for the

catalyst.

Problem 36. Complex formation of ferric ion and sal  icylic acid

1.n = 1, thus the empirical formula is*fgi,Sal)

2.
2.1 The chemical equation:
H,Sal + & — [Fe(SaDI + 2H (1)
2.2 Ky =K xKy XK, _LFe(Sal HI® K, _ KegX[HT
[H,Sal x| F€'] K_xK_,

[H'] need be calculated from initial concentration02® M and dissociation
concentration during complex formation:

[H"]eq = 0.0025 + 2 x [Fe(Sal)]
2.3The average value is abdutt x 16°
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2.4 The average Kvalue is not the same with literature values whiahy from
2.2x10° to 2.7x16° (ref. 2) due to the simplifications of the edoilum as

mentioned, and also using concentrations insteagtofities in the Kequation.

[1]. D. R. Lide. CRC Handbook of Chemistry and Rtg$84" Ed). CRC Press, 2003, pp. 1247.

[2] Z. L. Ernst; J. Menashi. Complex formation betm the F& ion and some substituted phenols. Part
1. Spectrophotometric determination of the stab#ibnstant of ferric salicylate. Trans. Faraday Soc
1963, 59, 1794-1802.
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