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ABSTRACT. Oxirane (C;H40) is an unsaturated heterocyclic compound and methyloxirane (C3HgO) is its
methyl derivative. Theoretical studies on catalytic hydrogenation of both compounds, in presence of aluminium
chloride (AICl3) catalyst, are carried out. The products of reactions are ethanol and propan-1-ol from oxirane and
methyloxirane, respectively. According to the variations of chemical parameters throughout the processes, the
mechanisms of both reactions have been proposed.
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INTRODUCTION

Catalytic hydrotreating process is a technique of purification of the crude oil with the aim of the
improvement of the quality and the stability of fuels and lubricants. This is performed by the
destruction of heterocyclic compounds and by the saturation of unsaturated hydrocarbons under
the effect of the hydrogen pressure in presence of catalyst and at high temperature [1, 2].
Several teams of researchers in chemistry are applying themselves throughout the world to
resolve this important economic problem which also touches to the health of people. The aim of
work is to provide to the industrialists, efficient catalysts and of best quality. Among
hydrotreating catalysts there are catalysts based on aluminium such as Al-Co-Mo, Al-Ni-Mo,
Pd/ALO;, PdS/ALO; [3-8]. In the present work, the catalyst used is the aluminium chloride
(AICL;). It is a Lewis acid able to form complex compounds with oxirane or methyloxirane
molecules which contain free electronic pairs. The modelling of hydrogenation process has been
carried out in order to determine the mechanism of hydrogenation of oxirane and its methyl
derivative. The simulations of the hydrogenation of oxirane and methyloxirane without catalyst
have been performed in a preliminary work, but they were not successful. That is the reason
which led to the need to consider the use of a catalyst for the hydrogenation of these molecules.

METHODOLOGY
Calculation methods and programs

The calculation methods used in the present work were HF, MP2 and DFT with B3LYP
functional in the lanl2dz basis set, using program Gaussian 98W program [9-15]. The transition
states were found using QST3 method. The drawings of chemical systems were produced with
ChemDraw or GaussView 3.09 and the curves of variation of interatomic distances, the curves
of variation of Mulliken atomic charges and the energy diagrams of system were plotted with
Microsoft Office Excel 2007.

The present work was carried out in the Laboratoire de Chimie Théorique et de
Spectroscopie Moléculaire (LACTHESMO) of Abomey-Calavi University in Benin Republic.
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Modelling of reaction

Two steps characterized each of the two reactions: (i) adsorption of reactant on catalyst and (ii)
reaction of hydrogen molecule with the complex (catalyst-reactant) formed at the adsorption.

The process simulation consists to approach the reactant to the catalyst until the adsorption,
and then to approach the hydrogen molecule to the complex formed until the optimization of all
the system. The structures of molecules contained in the chemical systems studied are
represented (Figure 1).
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Figure 1. Drawings of molecules contained in the chemical systems studied.

During the hydrogenation process of each molecule, one atom of the hydrogen molecule is
turned to the oxygen atom O of the adsorbed molecule. At the beginning of process, the distance
of OH between those both atoms was 10 A. Then, the second atom of hydrogen molecule will
be almost at the same distance to the two carbon atoms involved in the cycle of the molecule
(10.05 A on the average). During the process, this second atom of the hydrogen molecule was
free for taking the most suitable position on one or the other of two carbon atoms involved in
the cycle of each of the two molecules.

RESULTS AND DISCUSSION

Molecule of oxirane

During the adsorption stage, AI*O' is the geometric parameter of system for which the variation
is kept under control until the relaxation of the whole of system at the end of process. This
distance is progressively decreased from 10 A and in the optimized adsorptive geometry, it was

1.859 A. The HF adsorption energy was equal to -0.0783 Hartree (or -197.82 kJ). The obtained
complex structure is represented on the Figure 2.
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Figure 2. Structure of the obtained complex from the oxirane adsorption on AICl;.
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During the hydrogenation stage, the geometric parameter for which the variation is kept
under control is the interatomic distance O'H'> which was decreased from 10 A until to obtain
the best stability of all system. Other geometric parameters have varied too. Figure 3 shows the
energies of system, computed by HF method, at the main stages of the reaction.
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Figure 3. Energies of system at the main stages of oxirane hydrogenation in presence of AlCl;:
beginning of reaction (E;, = -200.225 Hartrees), transition state (Ey, = -200.171
Hartrees) and end of reaction (Ey;, = -200.332 Hartrees).

The energetic study of the reaction allowed to find the activation energy (0.054 Hartree or
136.427 kJ) and reaction energy (-0.107 Hartree or -270.34 kJ). This negative value of reaction
energy indicates that the reaction is exoenergetic.

Figures 4 and 5 show respectively the variations of some interatomic distances, calculated
by HF method, and those of Mulliken atomic charges during the hydrogenation process.
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Figure 4. Variation of HF interatomic distances during the catalytic hydrogenation of the oxirane
in presence of AlCl;.
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Figure 5. Variation of HF Mulliken atomic charges during the catalytic hydrogenation of the
oxirane in the presence of AlCl;.

During the process, H'?H'? distance remained practically constant until the O'H'* distance
became 1.500 A. At the end of process, H"H" reached 2.589 /QA, while O'H'? and C*H" became
0.953 A and 1.084 A, respectively. These bond lengths prove that the bond H'?H" is broken
while C’H" and O'H'? bonds are established, respectively. In addition, the distance O'C’ is
considerably increased to reach 2.469 A at the end. This result indicates the rupture of this
bond. The distances O'C* and C>C? practically remained constant during the process; this proves
that the concerned bonds did not vary.

On the basis of these observations, we see that the reaction between a hydrogen molecule
and an oxirane molecule is a reaction of addition which ends in the opening of the cycle with
formation of an ethanol molecule. However, we proceeded to a comparison of the geometrical
parameters of the obtained compound to those of the ethanol molecule (Table 1).

Table 1. Computed geometrical parameters of the reaction product and of ethanol molecule.

Parameters (HF) | Reaction product | Ethanol | Gap
Distances (A)

O'H"” 0.953 0.953 0.000
o'c? 1.443 1.444 -0.001
[ 1.529 1.521 0.008
C’H" 1.084 1.083 0.001
Angles (°)

o'cc’ 112.21 107.35 4.86
H"C'C? 113.60 114.05 -0.45
C*C’H" 111.25 110.24 1.01
Energy (Hartree) -154.0442 -154.0444 0.0002

The largest difference is observed for the angle O'C’C’ (approximately 4.5%). In addition,
these values are close to those recorded in the software “Cambridge Crystallographic Data
Center” (CCDC) [15, 16].
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We were also interested in the determination of the mechanism of the various
transformations intervened during the process. For this, we performed the analysis of Mulliken
atomic charges of H'?, H"”, % C’ and O' atoms from the beginning at the transition state of
reaction. The variations of charges have shown that from beginning to the transition state: (i) the
hydrogen atom H'? of the hydrogen molecule became poorer of electronic charge and the atom
H" gained it. Then the charge carried by H" is positive and that carried by H" is negative
(Figure 5). This translates a heterolytic rupture of the bond H-H in the hydrogen molecule, and
(ii) Simultaneously, the carbon atom C’ became poorer of electronic charge and the oxygen
atom O' gained it. Then the charge carried by Cis positive and that carried by 0'is negative
(Figure 5). This translates a heterolytic rupture of the bond O'C? of oxirane molecule.

Indeed, the electronic doublet forming the bond O'C’ appreciably moved towards the
oxygen atom O'. Simultaneously, the atom of hydrogen H'" with its negative charge underwent
an attraction towards the carbon atom C* which carried at this stage of the process a positive
charge.

Figure 6 shows the drawings of the system structure at the main stages of the process. The
transition state is characterised by a vibration with a negative frequency (-381.55 cm™) whose
the intensity is quite important (117.997 km/mole). The geometric parameters of this transition
state were 1.738, 2.172 and 0.759 A for C*'H", O'H'"? and H"?H"® bonds lengths, respectively.

By
)

9

(a) Beginning of reaction (Ia)

EXF R

‘wj
\
\‘

(b) Transition state (Ila)
wﬂ
& 7 y j

(¢) End of reaction (II1a)

Figure 6. Drawings of the system structure at the main stages of the hydrogenation of oxirane in
the presence of AICI;.
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On the basis of these results, a probable mechanism of the oxirane hydrogenation in the
presence of the aluminium chloride was proposed (Figure 7). The opening of oxirane ring is

occurred in accordance with the literature data [17-20].
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Figure 7. Reaction scheme (a) and probable mechanism of oxirane hydrogenation in the
presence of AlCI; (b).

Molecule of methyloxirane

The reaction coordinates handled during the simulation of various stages of process are the
distance Al''O' during the adsorption and O'H" distance during the hydrogenation. During the
adsorption stage the A1''O' distance varied from 10.00 to 1.8474 A. The adsorption energy

computed by HF method is -0.083 Hartree (or -208.94 kJ). Figure 8 shows the drawing of
structure of obtained complex at the adsorption.
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Figure 8. Structure of the obtained complex from the methyloxirane adsorption on AlCl;.
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Figure 9 shows the energies of system, computed by HF method, at the main stages of the
methyloxirane hydrogenation in presence of AICI;.
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Figure 9. Energies of system at the main stages of methyloxirane hydrogenation in presence of
AICI;: beginning of reaction (Ey, = -239.260 Hartrees); transition state (Ep, = -239.214
Hartrees) and end of reaction (Eyy, = -239.354 Hartrees).

The thermodynamic and kinetic data provided by the energetic study of the reaction are the
activation energy (0.046 Hartree or 116.216 kJ) and the reaction energy (-0.094 Hartree or -
237.485 kJ). Like in the first case this last reaction is also exoenergetic.

The variations of interatomic distances and Mulliken atomic charges of system atoms during
the catalytic hydrogenation of the methyloxirane in presence of AICl; are shown in Figures 10
and 11, respectively.
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Figure 10. Variation of HF interatomic distances during the catalytic hydrogenation of the
methyloxirane in presence of AlICl;.
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Figure 11. Variation of HF Mulliken charges on the atoms during the catalytic hydrogenation of
the methyloxirane in the presence of AlCl;.

During the hydrogenation process, the distance H"’H'® remained practically constant until
the distance 1.500 A of the reaction coordinates (O'H"). Then it reached 1.064 A when the
length O'H" became 1.000 A. This last length of HH'® proves that in the hydrogen molecule,
the H-H bond is broken. At this step of the reaction, we noted a sensitive stretching of the o'c’
bond, which can be the prelude to the rupture of this bond. From beginning to the same value of
the O'H" distance (1 A), we also observe a decrease of the distance C*H'®, on the other hand
(Figure 10). At the process end, when the system is completely relaxed, the values of these
geometric parameters showed that there have been ruptures of old bonds and formations of new
bonds.

Indeed, the O'C” bond of methyloxirane molecule and H"H'® bond of hydrogen molecule
were broken and the values of their lengths became respectively 2.476 and 2.489 A at the
reaction end. Simultaneously, the O'H" and C*H'® bonds were formed and their lengths were
0.953 and 1.088 A, respectively.

To confirm these results we have compared the geometrical parameters of the reaction
product to those of propan-1-ol (Table 2).

Table 2. Computed geometrical parameters of the reaction product and of propan-1-ol molecule.

Parameters (HF) Reaction product Propan-1-ol Gap
Distances (A)

O'H” 0.953 0.953 0.000
o'c? 2.476 2471 0.005
o'c’ 1.444 1.442 0.002
cc? 1.532 1.530 0.002
cic’ 1.536 1.537 0.001
C’H"® 1.088 1.084 0.004
Angles (°)

o'c’c? 112.62 112.43 0.19
H"0'C? 113.49 113.61 -0.12
C’C?H'® 109.27 108.62 0.65
Energy (Hartree) -193.0664 -193.0668 0.0004
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The results of the Table 2 show that the parameters of the reaction product are very close to
those of propan-1-ol. The small differences observed are probably the fact of interactions of the
catalyst on the reaction product at the process end. In addition, these values are also close to
those recorded in the software "Cambridge Crystallographic Data Center" (CCDC) [15, 21].

The study of the variations of Mulliken atomic charges carried by atoms H", H'®, C*, C’ and
O' showed that: (i) the hydrogen atom H" of the hydrogen molecule became poorer of
electronic charge and the atom H'® gained it. Then the charge carried by H" is positive and that
carried by H'® is negative (Figure 11). Then the rupture of the bond H-H in the hydrogen
molecule is heterolytic and (ii) also, the carbon atom C’ became poorer of electronic charge and
the oxygen atom O' gained it. Then the charge carried by C? is positive and that carried by O' is
negative (Figure 11). The rupture of the bond O'C” of methyloxirane molecule is heterolytic.

On the basis of this study, it appeared that, by electrostatic actions, the hydrogen atoms H'’
and H'® have been attracted respectively by 0' and C*. New bonds are formed between O' and
H'S, on one hand, and between C* and H'f’, on the other hand. Thus, the reaction between a
hydrogen molecule and a methyloxirane molecule is an addition reaction which preferentially
led to the formation of the linear molecule of propan-1-ol. This occurs because the methyl group
carried by a carbon atom C” of the methyloxirane molecule allows the formation of the most
stable carbocation (secondary) after the heterolytic rupture of the C*0' bond.

Figure 12 shows the drawings of the system structure at the main stages of the process. The
transition state is characterised by a vibration with a negative frequency (-598.0120 cm™) whose
the intensity is important (325.481 km/mole). The geometric parameters of this transition state
were 1.603, 1.796 and 0.784 A for C*H'®, O'H" and H""H'® bonds lengths, respectively.
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Figure 12. Drawings of the system structure at the main stages of the hydrogenation of
methyloxirane in the presence of AICl;.
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On the basis of these results, a probable mechanism of the methyloxirane hydrogenation in
the presence of the aluminium chloride is proposed (Figure 13). The opening of methyloxirane
ring is occurred in accordance with the literature data [17-20, 22].
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Figure 13. Reaction scheme (a) and probable mechanism of methyloxirane hydrogenation in the
presence of AlCl; (b).

CONCLUSIONS

The study performed in this work permitted to do the following observations: (i) hydrogenation
of both molecules (oxirane and methyloxirane) has need of a catalyst use, (ii) the hydrogenation
of both molecules in the presence of aluminium chloride catalyst is possible and the products of
reactions are ethanol and propan-1-ol respectively for the oxirane and the methyloxirane
molecules, and (iii) the values of activation energies (136.43 kJ and 116.22 kJ respectively for
oxirane and methyloxirane) reveal that the hydrogenation of the methyloxirane is the most
kinetically favored. Our next work will concern the same processes with a new approach which
takes into account the effect of the solvent as well as those of the temperature and the pressure.
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