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In this work, we conducted a theoretical study on the addition reactions

Keywords between ozone O3 4 and double bonds of monoterpenes molecules such as Cis-
“; Monoterpene, Ocimene 1, trans-ocimene 2, and Myrcene 3. In order to compare the reactivity
D &3:2222’ of these monoterpenes molecules with the ozone, we discussed from
v DET/B3LYP. thermodynamic and Kkinetic points of view, the possibility and the

stereoselectivity of these reactions. The study of the frontier orbitals have been

sameh.ayadi@instm.rrt.n calculated and discussed.

1. Introduction

Monoterpenes have enough high atmospheric concentrations and a low life time. Librando and tringali
[1] have shown that monoterpenes, due to their relatively high atmospheric concentrations for some of
them, and their short life time, contribuate greatly to the formation of secondary organic aerosols (SOAS)
in the troposhere [1]. These secondary organic aerosols (SOASs), which account for a large part of
ambient tropospheric aerosols, affect atmospheric processes, climate, and human health [2-6].
Generally terpenes are hydrocarbons found in plants. Several research studies have been carried out on
the ozonolysis of terpenes [1-4]. Indeed, this ozonolysis reaction takes place in two stages; the first stage
is the addition of ozone on the double bond. This result in the formation of an intermediary called
molozonide. Subsequently this molozonide opens to lead to the formation of a carbonyl compound and
a biradical intermediate. Finally, the second stage by internal rearrangement of this intermediate, one
obtains the formation of carbonyl compounds such as aldehydes, ketones and carboxylic acids,..etc.

In this work, we studied theoretically the ozonolysis reactions between the ozone Oz on double bonds of
monoterpene molecules such as cis-ocimene 1, trans-ocimene 2 and myrcene 3. These monterpenes
molecules of the molecular formula (CioH1s) and each have three doubles bonds, a first double bond
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C1=C, substituted by three hydrogens atoms, a second double bond C3=Cs substituted by a
single hydrogen and two methyl groups and a third double bond Cs=Ce substituted by two groups in the
case of molecule 3 and substituted by three groups in the case of molecules 1 and 2. (Figure 1).
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Figure 1: Different monoterpenes molecules such as cis-ocimene 1,trans-ocimene 2 and myrcene 3

As shown in Figure 2, Figure 3 and Figure 4, we studied the reactivity of these three double bonds C1=C5,
C3=C4 and Cs=Cs belonging to the same monoterpenes molecules against the molecule of ozone 4.

We first discussed from the thermodynamic and orbital point of view, the possibility and the
stereoselectivity of these ozonolysis reactions. Finally, in each case of these reactions, we determined

the corresponding transition states.
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Figure 2: Ozonolysis reaction between the molecule cis-ocimene 1 and the ozone molecule 4
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Figure 3: Ozonolysis reaction between the molecule trans-ocimene 2 and the ozone molecule 4
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Figure 4: Ozonolysis reaction between the molecule myrcene 3 and the ozone molecule 4
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2. Calculation Methods

Calculations (the GAUSSIAN 09 program [7]) were performed at the DFT method « density functional
theory » with the B3LYP hybrid functional and using the 6-311G standard basis set [8-10]. The harmonic
vibrational frequency calculations were performed to verify the nature of the stationary points. In the
absence of imaginary frequency, the fixed points are classified as minima. For each transition state, we
found only one imaginary frequency [11]. In order to verify the reliability of the transition states, we
determined the IRC « Intrinsic Reaction Coordinate » at transition state for each reaction [11-13].

3. Results and discussion

3.1. Thermodynamic study

In order to compare the reactivity of these monoterpenes molecules 1, 2 and 3 with the ozone molecule
4, We determined under standard conditions of temperature and pressure (298,15 K ; P=1atm), the
variation of Gibbs free energy ArG , the variation of energy ArE , the variation of enthalpy ArH and ZPE
(Zero point energy) of reactions (1), (11), (111), (1V), (V), (VI), (VII) ,(VIII) and (IX).

As shown in Table I, the values of Gibbs free energy ArG are negative, so these reactions are possible
and promotes from thermodynamic point of view. We noticed that the values of Gibbs free energy ArG
corresponding to reactions (I11), (V1) and (1X) are respectively higher in absolute values, than those
correspond to the reactions (1), (V) and (V111), which are greater than those correspond to reactions (1),
(IV) and (V1I). This implies that reactions (111), (V1) and (IX) are more favorable than reactions (I1), (V)
and (VIII) which are more favorable than reactions (I), (IV) and (VII) from thermodynamic point of
view.

Consequently, the double bonds type Cs=Cs are respectively more reactive than the double bonds type
C3=C4 of the monoterpenes molecules 1, 2 and 3, which are more reactive than the double bonds type
C1=C: belonging to these same molecules.

Moreover, we noticed that the reaction (Il1) is more favorable thermodynamically than the other
reactions (V1) and (1X), since we found a greater value of the Gibbs free energy ArG in absolute value
than that which corresponds to the reactions (V1) and (1X).

Table I: Calculated values in (kcal.mol?) of internal energy variation ArE, Gibbs free energy variation ArG, enthalpy
variation ArH and the zero point energy ZPE calculated at the (B3LYP/6-311G).

Reactions ArE | ZPE | ArH | ArG
Cis-ciméne + O3
Reaction (I11) -151.68 -150.72 -114.19 -119.88
Reaction (I1) -111.34 -111.92 -113.95 -101.51
Reaction (1) -96.67 -97.29 -96.38 -102.09
Trans-cimene + O3
Reaction (V1) -102.32 -103.40 -102.62 -103.52
Reaction (V) -98.25 -98.87 -97.95 -97.74
Reaction (1V) -98.00 -98.87 -97.45 -96.92
Myrceéne + O3
Reaction (1X) -101.89 -101.63 -98.15 -97.56
Reaction (VI111) -130.45 -131.14 -125.89 -129.11
Reaction (V1) -87.28 -88.45 -87.63 -85.23

3.2. Frontier molecular orbital study

We determined the LUMO and the HOMO of the ozone 4, by the DFT/B3LYP with the 6-311G standard
basis set, and as well the LUMO and the HOMO of monoterpenes molecules such as cis-ocimene 1,
trans-ocimene 2 and Myrcene 3 (see Table Il) [14-16]. As shown in Figure 5, the difference of energy
HOMO-LUMO is smaller in the case of the reaction between the ozone 4 with the molecule cis-ocimene
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1 that in the case of the reaction between the ozone 4 with the molecule Myrcene 3. Therefore the
reaction should be easier in the case of the ozone 4 addition on the molecule 1.

We also calculated the index of global electrophilicity ow=p? (2n) [16,17] of these monoterpenes
molecules 1, 2 and 3. To determined this electrophilicity, we calculated the electronic chemical potential
[u~ (EHomo+ELumo)/2] [17] and the chemical hardness n= (ELumo-Eromo) [17,18], All these parameters
are given in eV in Table II.

As shown in Table II, we found a significant value of electrophilicity for the ozone molecule 4
(w = 6.105). On the other hand, the electrophilicity values of the monoterpene molecules 1, 2 and 3 are
less important than the molecule of ozone 4. Moreover, the electrophilicity value of cis-cymene 1 is less
important than the electrophilicity value of myrcene 3 which is less important than the electrophilicity
value of trans-cymene 2.

This explains reasonably that the addition reaction of ozone 4 on cis-cymene 1 is more favored than the
reaction between of ozone 4 on Myrcene 3. These results confirm the results previously found by the
thermodynamic study.

Table I1: Global indices in (eV) of the monoterpénes 1, 2 and 3 and the 0zone molecule 4.calculated at the (B3LYP/6-

311G)
Products | LUMO HOMO | p~(Enomo+ELumo)/2l8 n=ELumo- o=p%/(2n)"*
Enomoll’8!

Os -5.024 -9.121 -7.072 4.096 6.105
1 0.894 -5.875 -2.490 6.769 0.458
2 -0.357 -5.831 -3.094 5.474 0.874
3 0.764 -6.139 -2.687 6.903 0.523
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Figure 5: Orbital diagram between monoterpénes 1, 2, 3 and the ozone molecule 4. Energies in (eV), value of the
isocontour = (0.003 a.u)
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3.3. Transition states

We optimized the transition states of the addition reaction between ozone 4 and cis-ocimene 1. We
obtained six conformations of the transition states 20* (endo), 20*(exo), 21*(endo), 21*(exo), 22*(endo)
and 22*(exo0).The transition states 20* (endo) and 20* (exo) respectively obtained with an approach of
ozone 4 in endo and in exo of the double bond C1=C: in the molecule cis-ocimene 1. The transition states
21* (endo) and 21* (exo) respectively obtained with an approach of ozone 4 in endo and in exo of the
double bond C3=C,4 in the molecule cis-ocimene 1. The transition states 22* (endo) and 22* (exo)
respectively obtained with an approach of ozone 4 in endo and in exo of the double bond Cs=Cs in the
molecule cis-ocimene 1 (Figure 6).
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Figure 6: Energy profile of reactions leading to compounds 5, 7 and 9 (energy in kcal.mol). (using the DFT/B3LYP with
the 6-311G standard basis set)

Theoretical calculations show that the formation of the compounds (9 + 10) is more favorable than the
formation of the compounds (7 + 8) and (5 + 6) (Figure 6). We found a high activation energy for the
formation of the compound (5 + 6) respectively of 3.57 kcal / mol. These values are respectively higher
than the activation energy for the formation of the compounds (7 + 8) and (9 + 10) (Table IlI). This
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confirms again that the double bond Cs=Cs of the molecule cis-cimene 1 is more reactive than the double
bond C3=C4 and C1=C; of the same molecule 1. We also noticed that the double bond C3=C4 is more
reactive that the double bond C1=C:.

Table I11: Energies E* (kcal.mol?) of transition states relative to reactants energies (using the DFT/B3LYP with the 6-
311G standard basis set)

Products E* (B3LYP/6-311G)
1
4
22*(endo) 1.10
22*(exo) 3.06
21*(endo) 2.37
21*(exo) 3.57
20*(endo)
20*(exo)
2
4
23*(endo) 1.45
23*(exo) 3.39
24*(endo) 2.66
24*(exo) 3.91
25*(endo)
25*(ex0)
3
4
26*(endo) 151
26*(exo) 3.46
27*(endo) 2.73
27*(exo0) 3.98
28*(endo)
28*(ex0)

In the same way, we optimized the transition states of the addition reaction between ozone 4 and trans-
cimene 2 and myrcene 3. We obtained six conformations of transition states in each case of these
reactions.We obtained the transition states of 23* (endo) and 23* (exo) respectively by an approach of
ozone 4 in endo and in exo of the double bond C1=C: in the molecule of trans-cimene 2. The transition
states 24* (endo) and 24* (exo) are respectively obtained by an approach of ozone 4 in endo and in exo
of the double bond C3=C4 in the molecule trans-cimene 2, 25* (endo) and 25* (exo) are respectively
obtained by an approach of ozone 4 in endo and in exo of the double bond Cs=Cs in the molecule trans-
cimene 2. We also obtained the transition states 26 * (endo) and 26 * (exo) respectively by an approach
of ozone 4 in endo and in exo of the double bond C1=C: in the molecule of myrcene 3.We obtained the
transitions states 27* (endo) and 27*(exo) by an approach of ozone 4 in endo and in exo of the double
bond C3 = C4 in the molecule myrcene 3, 28* (endo) and 28* (exo) are respectively obtained by an
approach of ozone 4 in endo and in exo of the double bond Cs = Cs in the molecule myrcene 3. We also
compared the lengths of links in formation; we note that the C>-O bonds are shorter than the C1-O bonds.
We also found that the bond lengths in the C4-O formation are shorter than the Cs-O. Indeed, we note
that the bond lengths in the Cs-O formation are shorter than the Cs-O, for the reaction between ozone Os
and the terpenes 1, 2 and 3.

As shown in Table 3, we noticed that the value of the activation energy of the transition states 22*(endo)
is less important than the values of the transition states which correspond to the 21* (endo) and 20*
(endo). This explains why the formation of the compound 22 is more favorable than the formation of the
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compounds 21 and 20. We have noticed that our results are very close to the results found by Chan et al
[19] and Vayner et al [20]. This implies that in each case of these reactions, the activation energy for the
formation of compounds from the endo forms are always lower than the activation energy for the
formation of compounds from the exo forms. This explain that the double bond Cs = Ce of the molecules
1, 2and 3 is respectively more reactive than the double bond Cz = C4 and C1 = C; of these same molecules
vis-a-vis the ozone molecule 4.

Conclusion

Our theoretical results were carried out using the DFT / B3LYP method with the 6-311G standard basis
set, show that these ozonolysis reactions are possible and favorable thermodynamically. The
thermodynamic values show that the reaction between ozone 4 and cis-ocimene 1 is more favorable than
the reactions between ozone 4 and other monoterpenes molecules such as trans-ocimene 2 and Myrcene
3.

The transition states clearly shown that the kinetic products of the ozonolysis reactions obtained from
the addition of ozone 4 on the double bond Cs=Cs of the monoterpenes molecules 1, 2 and 3 and not the
products from the addition of ozone 4 on the double bond C3=C4 and C1=Co.In this context, we concluded
that the double bond Cs=Cs is always more reactive than those double bonds Cs= C4 and C1=C; of the
monoterpenes molecules 1, 2 and 3.

The calculations confirm that the products obtained with an approach of ozone 4 of the monoterpenes 1,
2 and 3 coming from the endo forms takes place easier than the products obtained with an approach of
ozone 4 of the monoterpenes 1, 2 and 3 coming from the exo forms.
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