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Problem 1 Physical Chemistry

L. Gibbs free energy G is defined with enthalpy H, temperature T, and entropy S by
the following Equation (1).

G=H-TS (1)

Also, enthalpy H is defined with internal energy U, pressure P, and volume V by the
following Equation (2).

H=U+PV )

Based on these relationships, answer the following questions.

1. Figure 1.1 is a schematic that shows the relationships between Gibbs free
energy and pressure of a substance in each gas, liquid, and solid phase in a
closed system in the absence of non-expansion work with constant temperature.
Answer which phases correspond to lines X, Y, and Z in Figure 1.1, respectively.
In dddition, explain the reason from the viewpoint of pressure dependence of
Gibbs free energy. Here, the density of the substance decreases in the order of
solid phase > liquid phase > gas phase.

| X
G
Y
7 |
P
Figure 1.1
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2.

Under constant pressure, temperature dependence of Gibbs free energy is

- described by Equation (3).

From Equation (3), derive Gibbs-Helmholtz equation described by Equation (4).

8(G/T)] _ H
T or

P_'_F - : ®)

The relationship between the standard Gibbs free energy of reaction AG®
and the equilibrium constant of reaction K is described by Equation (5). Here,

R is the gas constant.

AG® =—RTInK - - | NG

From y Equation (5), derive van’t Hoff equation under constant pressure

described by Equation (6). Here, AH" is the standard enthalpy of reaction.

dinK  AH°
d7  Rr?

(6)

We consider the reaction in Equation (7) in which gas B is generated from
gas A.

Alg) 2 2B(g) Y

The standard enthalpies of formation for A and B are -+10 kJ mol™! and
+20 kI mol ™!, respectively, and the equilibrium constant of the reaction at 7'=
200 K is Ka00 = 0.15. Calculate the natural logarithm of the equilibrium constant
of this reaction at 7= 500 K, In Ksqo. Also describe how you arrived at your
answer. Here, the gas constant R is 8.3 J X! mol™, In (0.15) = —1.9, and the
temperature dependence of the standard enthalpy of reaction is negligible.
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II.  The Michaelis-Menten mechanism is a model to explain enzyme kinetics. Here,
the enzymatic reaction, according to the Michaelis-Menten mechanism, is
represented as Equation (8).

ko k
E+S2ES2E+P (8)
ky, ko

E, S, ES, and P represent enzyme, substrate, enzyme/substrate complex, and
product, respectively. k;, k_;, k;, and k, are the rate constants of individual
reactions. Assume that there is a large excess of substrate over enzyme, and the
change in the ES concentration is negligible. Also consider the condition &, <« k,.
Answer the following questions. -

1. Express the velocity of product formation v using [S], [E ], and the rate

constants shown above. Here, [S] represents the concentration of suBstrate,
and [E,] represents the initial concentration of enzyme. Also describe how you

arrived at your answer.
/

2. Express the velocity of product formation v obtained in Question IL.1 using
Vinaxs Km, and [S]. Here, Vi, (=& [E;]) represents the maximum velocity
of product formation when all of the enzyme in Equation (8) is present as ES.
K, (=, '+,k2') / ky) represents the Michaelis constant. In addition, express
the velocity of product formation v using ¥,,, when [S] is equal to K.
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3.

Regarding the enzymatic reaction according to the Michaelis-Menten
mechanism described by Equation (8), the velocity of product formation v is
measured at three different initial concentrations of substrate [S;], and the

relationship between 1/v and 1/[S,] is obtained as shown in Table 1.1.

Determine ¥, (umolL™' s7') and K,, (umol L), Also, explain how ¥,

and K, are determined based on the equation of v obtained in Question I1.2.
Here, assume [S,] = [S].

Table 1.1
1/[S,] 1y
(umol' L) | (umol™ Ls)
1.00 100
0.50 70
0.25 55

. . The measurements of the temperature dependence of the rate constant £ for

a reaction in an aqueous solution without an enzyme reveal that the plot of the
natural logarithm of the rate constant Ink versus the inverse temperature 1/T
can be represented by a negatively-sloped line. When an enzyme is added to this
reaction solution, the activation energy of this reaction becomes ten times lower
than that without the enzyme. Then, the reaction is greatly accelerated.
Regarding this reaction, determine the temperature theoretically required to
non-enzymatically achieve the same reaction rate as the rate with the enzyme at
T= 298 K. Also describe how you arrived at your answer. Here, the frequency
factor A is assumed to be constant and the temperature dependence of the
activation energy is negligible.
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Problem 2 Inorganic Chemistry

I.  Answer the following questions. When it is necessary, the following values can be
used. ' ' :
atomic numbers: V, 23; Cr, 24; Mn, 25; Fe, 26; Cu, 29; Pt, 78

1. Draw the energy levels of the d-orbitals of the metal ions placed in the regular
tetrahedral and octahedral crystal fields using the ligand field splitting
parameter A.

2. Briefly explain the frans effect in square-planar complexes.

3. Show the all possible orders in which NHs, pyridine (py), and I" must be
reacted to' synthesize the following compound A from the square-planar
complex [PtCls]*". Here, the order of the trans effect of ligands is NH; < py <
CI” < TI'. Also, we assume that ligand exchange occurs for only the chloride
ligands.

BN, PR

o

A

/ ~ H5N

4. Draw the §tfuctures of the following complexes B, C, D, and E. Also, answer
the number of valence electrons in each complex. |

[Cu(NH3)a}**  Fe(CO)s  Fe(n>-CsHsy  [PtChi(n>-CoHa)]
B c D " E

5. Arrange the following carbonyl complexes F, G, and H in ascending order of

the wavenumber of CO stretching vibration in the infrared absorption spectra.
Also, briefly explain the reason for the order.

[V(CO)s} Cr(CO)s [Mn{CO)¢]*
F G H
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II.- Manganese exists in various oxidation states. Answer the following questions.

When it is necessary, the following values of standard electrode potentials E° in the
standard state can be used. Here, in the standard state, the temperature is 25 °C, the

pressure is 10° Pa, and the activity of H* is 1. The activity coefficient is 1.

MnO4~ +e — MnO,>

MnO,” +4H" + 26— MnO, + 2H,0
MnO, +4H" + &~ — Mn**+ 2H,0
Mn** + e — Mn**

Mn*" + 2e~ — Mn

E°=+0.56 V
E°=4226V
E°P=10.95V
E°=+151V

°=-1.18V

1.  For the reaction in which MnO; is produced from MnQOs", give the half-

reaction equation.

- 2. For the reaction in which MnQ: is produced from MnQO4 ™, calculate E°. Also,
show the electrode potential £ using pH, temperature 7, gas constant R, Faraday

constant F, concentration of MnOs~, [MnO4], and concentration of MnO,,

[MnQO2-].

3. Briefly explain the expected reaction when Mn** is dissolved in an acidic

aqueous solution ' using the reaction equations and standard electrode potentials.
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III.  For oxidation reactions of metals and carbon, Figure 2.1 shows the temperature
dependence of the standard Gibbs free energy of reaction AG®. Answer the following
questions concerning Figure 2.1. '

0 500 1000 1500 2000 2500
Temperature (°C)

Figure 2.1

i.  Briefly explain the factor that determines the slope of each line in the figure
from the viewpoint of thermodynamics. .

2. The bold lines X and Y in the figure correspond to either of the following two
reaction equations (1) or (2). Answer which reaction equation corresponds to
the bold line X. Also, briefly explain the reason.

- 1
CO(g) + 5 Oa(8) — CO(e) (M

1 1 1
2 C(s) + 3 0,(g) — 3 CO,(g) 2)

3. Theslopes of lines corresponding to the formation reactions of CuO and MgO
change at a certain temperature. Briefly explain the cause of these changes.

4.  Answer whether SiO; can be reduced by carbon at 2000 °C. Also, briefly

explain the reason from the viewpoint of thermodynamics using reaction
equation(s).
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Problem 3 Organic Chemistry

I. Answer the following questions.
_1. Draw the structures of the following compounds (i), (ii), (iii).

(i) (bromomethyl)cyclohexane
(i) 2,6-bis(1,1-dimethylethyl)-4-(1-methyl-1-phenylethyl)phenol
(iif) (Z)-1-bromo-1,2-difluoroethene

2. Arrange the following compounds A, B, C in the order of the chemical shift
of the signals observed in the '"H NMR spectra. Place the compound with the
largest chemical shift on the left side.

H3C _CH3 H3C_O'_CH3 ©

A B C

H

3. “Imidazole contains two nitrogen atoms N* and N°. Answer which nitrogen is
more electron-rich, Also, explain the reason.

N7 N

imidazole

~H

4. Arrange the hydrogen atoms (H?, H®, H¢, HY) in the following compounds in
descending order of acidity. Place the most acidic hydrogen on the left side. Also,
explain the reason for the order.

0 O O 0

Ha\)J\OCH3 HyC-HE )J\()I\ HQLCI
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II. Answer the following questions.

1. - Arrange the compounds D, @), @ in groups (i), (ii), (iii) according to their
reactivity toward electrophilic aromatic substitution reactions. Place the
. compound with the highest reactivity on the left side.

(i) (D bromobenzene, @ o-dibromobenzene, @ benzene
(ii) @ p-chloronitrobenzene, @) nitrobenzene, @ phenol
(iii) @ iodobenzene, @ benzaldehyde, 3 o-xylene

2. The reaction of (R)-2-bromobutane with sodium formate is carried out in
dimethyl sulfoxide. Draw the structures of the transition state and product for
this reaction. ' '

i

3. Design a route to synthesize compound D using only materials containing no
more than four carbon atoms. Also, indicate all required reagerits.

" OH
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III. Answer the following questions.

1. Design a route to synthesize compound E using toluene as a starting material.
Also, indicate all required reagents.

" CN
E

2. To synthesize 4-butyl-1,2-dichlorobenzene using chlorobenzene as a starting
material, the following route of reactions is considered. The first step is the
Friedel-Crafts reaction using chlorobenzene and 1-chlorobutane in the presence
of a catalytic amount of AICl3. The second step is the reaction with Cl> in the
presence of a catalytic amount of FeCls.

/(1)  Give three reasons why this proposed route is not appropriate.
(i) Design an appropriate route to synthesize 4-butyl-1,2-dichlorobenzene
using AICl; and FeCly as catalysts and chlorobenzene as a starting
material. Also, indicate all required reagents.
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