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1. Introduction

The computational chemistry is useful tool for suggesting reaction mechanism and
selecting the energetically favourable reactions. It is rather important in the case of radical
reactions, since they are fast and non-selective in general. It is even true for the reaction of
hydroxyl radical, since it is an aggressive oxidatizing agent.

Here, reactions of unsaturated and polyunsaturated hydrocarbons with hydroxyl
radical were in my focus of interest, since this kind of reactions can occur in combustion
processes, in chemical destructions of atmospheric organic compounds as well as in lipid
bio-oxidation.

Formation of monoallyl and biallyl radical by hydrogen abstraction reaction is

discussed mostly in my thesis since their nature is relatively unknown in the literature.

2. Applied Methods

The most crucial point in the quantum chemical calculation is the choice of the proper
level of theory which should be accurate and fast. These opposing requirements are achieved
in such a way that the optimization of molecular geometry (including the vibrational analysis)
is treated at relatively low level of theory separately from the high level calculation of the
total energy.

In order to find the proper level of theory for further optimization, the calculated geometry
is compared to experimental and/or high level ab initio results (CCSD or QCISD). Several
hibrid functionals and low level ab initio methods were tested to choose an appropriate
methods for geometry optimization.

While a reasonable geometry can be obtained using relatively low level method, one has
to choose another strategy for accurate thermochemistry, for instance, as follows:

1. carring out single point calculation using highly accurate methods (QCISD(T) or

CCSD(T)) with extended basis set.

2. usage of composite methods such as G3MP2. These methods mostly are based on the
fact that the difference in treatment of correlation energy between MP2 and QCISD(T)
is nearly basis set independent. In this case, one can calculate the total energy at MP2
level using an extended basis set and then the correction of correlation energy can be

done at moderate basis set.



In the case of isomerization of the 1,4-pentadien-3-yl radical, the unimolecular reaction rates
were carried out using convetional unimolecular transition state theory (TST). For reactions of
2,5-heptadiene, the convetional bimolecular TST was employed to calculate the reaction rate

constants at room temperature.



3. New Scientific Results

Propene + *OH reactions [1,5]

I.

I1.

I11.

IVv.

Benchmark calculations were carried out on the allylic hydrogen abstraction
reactions of propene with hydroxyl radical using B3PW91, B1B95, BILYP,
MPW1PWO91, PBE1PBE, BHH, B3LYP, BH&HLYP hibrid functionals and ab
initio HF, MP2, CCSD methods at 6-31G(d) basis set. I found that CCSD/6-31G(d)
level of theory is able to reproduce reasonably well the available experimentally
observed geometries. At this level of theory, two different transition states of allylic
hydrogen abstraction were explored. B3LYP/6-31G(d) was not able to characterize
the indirect transition state. Amongst the remaining low-level methods, I found that
only the BH&HLYP/6-31G(d) and the CCSD/6-31G(d) geometries are in good

match.

Using intrinsic reaction coordinate method, I have proven the existence of an
indirect allylic hydrogen abstraction reaction mechanism which started from a van
der Waals complex. I have found that this van der Waals complex is identical to the
prereaction complex of the *OH-addition. Furthermore, I have also explored a

co-existing direct allylic hydrogen abstraction reaction.

The calculations at QCISD(T)/cc-pVTZ, QCISD(T)/6-311++G(3df,2p) and G3MP2
levels of theory had been able to reproduce the experimental heat of formation value

for the allylic hydrogen abstraction.

My calculation at G3MP2//BH level of theory showed that the allylic hydrogen
abstraction reactions have small activation enthalpy. For the direct abstraction, this
barrier was found to be 0.7 kJ mol™. In the case of the indirect reaction, the enthalpy
of the transition state was below by 0.9 kJmol' than that of the reactants
(propene + *OH). Consequently, it can be regarded as a reaction with pseudo

negative activation enthalpy.



VI

VIIL.

Amongst the remaining direct hydrogen abstraction reactions, the non-terminal
abstraction (from the vinyl position) was found to be energetically most favoured

since its activation enthalpy turned out to be only 6.3 kJ mol™.

I have also explored the low-lying consecutive reaction channels starting from the
products of the *OH-addition (namely, 1-propanol-2-yl and 2-propanol-1-yl). The
most preferred reaction (A*H° =125,6 kJ mol™) is the methyl dissociation from the

2-propanol-1-yl radical which results methyl radical and vinyl alcohol.

The temperature dependence of the propene +*OH reaction was described

quanlitatively based on my calculated potential energy surface.



1,4-pentadiene + *OH reactions [2,3]

VIII. I have explored the van der Waals complexes which did correspond to the reaction

IX.

XI.

XII.

of 1,4-pentadiene with *OH. I have shown that only the outer van der Waals
complex can be the springboard for the terminal, non-terminal *OH-addition and

biallylic hydrogen abstraction reactions.

My calculations at QCISD(T)/cc-pVTZ//BH&HLYP/6-31G(d) level of theory did,
in fact, support the concept that terminal and non-terminal *OH-addition as well as
biallylic hydrogen abstraction reactions have pseudo negative activation enthalpy.

So they are all expected to be fast.

I have studied possible consecutive reactions starting from the products of terminal
and non-terminal *OH-additions (4-pentenyl-1-ol and 4-pentene-2-ol-1-yl). I have
found that two reactions of 4-pentene-2-ol-1-yl radical were energetically favoured.
The first channel is a five-membered ring closing. The second channel is bond
scission, which results in an allyl radical and a vinyl alcohol. The enthalpy for
transition states of both consecutive channels was found to be below that of the
1,4-pentadiene + *OH  (AH°(TS) <0). The ring closing reaction resulted
cyclopentanol-3-yl was found to be exotermic (AH° = -78.4 kI mol™"). However, its
activation enthalpy seemed to be as high as 70.5 kJ mol”, but its relative enthalpy
was a value of 45.4 kJ mol'. My calculations had shown that the relative enthalpy of
the transition state corresponded to bond scission reaction was -25.5 kJ mol™'. The

heat of this reaction was slightly endothermic (AH° = 20.3 kJ mol™).

An analogous reaction pathway, in which arachidonic acid takes the place of
1,4-pentadiene, was suggested as an alternative radical pathways for non-enzymatic

fatty acid oxidation.

I have studied the whole conformational space of 1,4-pentadien-3-yl radical, which
is the product of the biallylic hydrogen abstraction. I have found that its ring closing
reaction resulted cyclopenenyl radical, have four steps mechanism. The highest

activation enthalpy belonged to the ring closing step (149.0 kJ mol™).



2,5-heptadiene reactions [4]

XIII.

XIV.

Allylic hydrogen abstraction reactions of 2,5-heptadiene with hydroxyl,
hydroperoxyl, methyl, and isopropyl had been explored and van der Waals
complexes had been characterized in all the cases, except for the reaction with
methyl, where no van der Waals complex were found. The most stable complex was
the +OOH-heptadiene complex (AHCcomp~-20kJ mol™), then <OH-complex
(AH®comp = -10 kJ mol'l). The weakest complex belonged to the van der Waals of

1sopropyl radical (AH®comp = -5 kJ mol™).

The heat of reactions were not so sensitiv to the cis-trans isomer of 2,5-heptadiene,
the largest difference in reaction and activation enthalpies between (Z,Z) and (E,E)
isomers was found to be less than 4,5 kJmol”. The largest activation enthalpy
belonged to reactions of hydroperoxyl radical (Table 1). Then, methyl and isopropyl
reactions had second and third largest activation enthalpies in my study, repectively.
In the case of hydroxyl reactions, reactions were found to be pseudo negative

activation enthalpy.

Table 1. The thermochemistry of the allylic hydrogen abstraction reactions calculated at G3M2//BH level of
theory. The AH°és A*H® stands standard heat of reaction and activation enthalpies in kJ mol™, respectively. The
standard reaction and activation entropies (A.S° and A*S8°) are also listed in J mol K.

cis —cis (Z,7) trans — trans (E,E)
X monoallyl biallyl monoallyl biallyl
*OH AH° -130.5 -178.7 -127.3 -174.3
AYH® 4.6 -14.1 3.7 -13.3
A,S° 12.4 11.8 12.4 8.3
A*S° -113.6 -128.0 -112.9 -116.0
*CH; AH° -72.7 -120.9 -69.5 -116.5
AYH® 44.9 29.6 46.9 30.9
AS° -13.3 -13.8 -13.3 -17.3
A*S° -123.5 -133.7 -126.1 -127.1
«iso-C3H; | AH° -49.6 -97.8 -46.4 93.4
A*HP 41.9 23.9 45.8 25.1
AS° -16.5 -17.1 -16.5 -20.6
A*S° -158.6 -169.1 -152.6 -159.6
«OOH AH° -0.5 -48.7 2.7 443
A*HP 58.7 40.8 60.6 40.9
AS° 0.2 -0.3 0.2 3.8
A*S° -143.8 -159.4 -147.1 -148.8




XV. The biallyl radical is found to be more stable by 47.6 + 0.4 kJ mol™ than monoallyl
radical.

XVI. Due to the Evans-Polanyi diagram, the allylic hydrogen abstraction reactions studied
were classified as follows:
(1) direct allylic hydrogen abstractions by methyl radical;
(2) indirect allylic hydrogen abstractions with large activation barrier. This is the
case for reactions of isopropyl and hydroperoxyl radicals and
(3) indirect allylic hydrogen abstractions with pseudo negative activation enthalpy
by *OH radical.

XVII. By means of conventional transition state theory, the reaction rates of 2,5-heptadiene

reactions had been calculated at room temperature. I found that the biallylic
hydrogen abstraction reactions are more than an order of magnitude faster than the
monoallyl hydrogen abstraction reactions. (Table 2). The abstractions by hydroxyl
radical were found to be about seven orders of magnitude faster than the other

reactions studied.

Table 2. Calculated bimolecular reaction rates using expression of conventional transition state theory
(cm® molecule ). In parenthesis, rates are relative to the rate for monoallylic hydrogen abstraction of
(E,E)-heptadiene isomer.

cis —cis (2,7) trans — trans (E,E)
X monoallyl biallyl monoallyl biallyl
k%1% (G3MP2//BH)
OH | 7.65x10"" | 6.19x10" | 5.84x10" | 1.92x10?
«CH; | 1.48x10™" | 2.07x10"7 |4.90x10%° | 2.80x10"7
*is0-C3H; | 2.45x1072" | 9.87x10" | 1.05x10' | 1.94x107'®
«OOH | 1.65x107% | 3.48x107%" |5.16x10%* | 1.20x107%°
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