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ABSTRACT
The oxo complexes of group VII (Mn, Tc, and Re) are of great interest for their potential toward
epoxidation and dihydroxylation. In this work, the mechanisms of oxidation of ethylene by the
group VII transition metal-oxo complexes of the type LMO3; (M= Mn, Tc, Re and L= O, Cl,
CH3, OCHg;, Cp) are explored at the B3LYP/LACVP* level of theory. The activation and
reaction energies for the stepwise and concerted addition pathways along spin states other than
the singlet which could ultimately lead to exploration of the extent of the two state reactivity was
also investigated. In the reaction of LMnO; (L= Cp, CH3), LTcO3 (L= O, ClI, Cp, OCHj3) and
LReO; (L= Cp, O-) with ethylene, it was found that the direct [3+2] addition pathway on the
doublet potential energy surfaces leading to the formation of the dioxylate intermediate is
favored kinetically and thermodynamically over the two-step process via the metallaoxetane
intermediate to form the dioxylate. However, in the CH3TcO3; system, the formation of the
doublet epoxide precursor is kinetically the most favorable pathway. The [2+2] addition pathway
leading to the formation of the four membered metallacycle was found to be the kinetically and
thermodynamically most viable reaction path for the NPH3TcO3. The formation of the four
membered metallacycle intermediate is kinetically and thermodynamically more favorable than
the direct [3+2] addition pathway for LReO3 (L= CHs, OCHg3, Cl, NPH3) on the doublet surface.
However, in the ReO3(OCH3) system, the reaction occurs on the doublet potential energy
surface. The activation energy for the formation of the dioxylate via the metallaoxetane
intermediate and the direct [3+2] addition of the ethylene to the oxo-complex were found to be
comparable along the doublet potential energy surface. The formation of the epoxide precursor
will not result from the reaction of LMO3 (M= Mn, Tc, Re, L= O™, Cp) with ethylene on all the

surfaces studied.
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CHAPTER ONE

1.1 INTRODUCTION

Theoretical chemistry can be seen as a bridge from the real physics of the physicists to the real
chemistry of the experimental chemists. The term computational chemistry is used when the
mathematical method is sufficiently developed that it can be automated for implementation on a
computer (Jensen 2007; Helgaker, et. al. 2000; Cramer, 2004; Leach, 2001).

Modern research in the chemical sciences seeks notonly to make useful molecules and materials,
but tounderstand, design, and control their properties. Theoryis at the very center of this effort,
providing the frameworkfor an atomic and molecular level description of chemicalstructure and
reactivity that forms the basis for interpretingexperimental data and providing guidance toward
newexperimental directions.

Traditionally, quantum chemistry has been based on the non-relativistic Schrédinger
formulation (Schrodinger, 1926) and the Born-Oppenheimer (clamped-nuclei) approximation.
One of the central challenges of computational molecular investigation is the solution of the
time-independent, non-relativistic Born-Oppenheimer electronic Schrddinger equation. For a
system of n electrons and N nuclei with atomic numbers Z, and interparticle separation r;; and rj,

the eigenvalue value equation in atomic units is



predictions while at the same time requiring modest computational resources such that
chemically relevant systems can be investigated.Relativistic contributions, which become non-
negligible quantitatively and sometimes even qualitatively for heavy elements and thus cannot be
neglected for accurate investigations, require an additional computational effort at the all-
electron (AE) level. Within effective core potential (ECP) approaches they are included usually
by means of asimple parameterization of a suitably chosen valence-only (VO) model
Hamiltonian with respect to relativistic AE reference data.

The electronic Schrodinger equation shown above (eq. 1) is still intractable and further
approximations are required. The most obvious is to insist that electrons move independently of
each other. In practice, individual electrons are confined to functions termed molecular orbitals,
each of which is determined by assuming that the electron is moving within an average field of
all the other electrons. The total wavefunction is written in the form of a single determinant (a
so-called Slaterdeterminant). This means that it is antisymmetric upon interchange of electron
coordinates. Methods resulting from solution of the Roothaan-Hall equations are termed Hartree-
Fock models (Roothaan, 1959, 1960). The corresponding energy for an infinite (complete) basis
set is termed the Hartree-Fock energy.

The term abinitiomethods (Hehreet. al, 1986; Leach,2001) is also commonly used to describe
Hartree-Fock models arising from “non-empirical” attempts to solve the Schrodinger equation
(Helgaker, 2000; Szabo and Ostlund, 1989). Hartree-Fock models are well defined and yield
unique properties. They are both size consistent and variational. However, the Hartree Fock
approximation can only be used if the electronically excited states are clearly higher in energy

than the ground state. This is not always the case for transition-metal compounds, because the



energy levels of the occupied and empty s and p valence orbitals of the main group elements
(Davidson, 1989, 1991; Salahub and Zerner, 1989).

Semi-empirical models (Dewaret. al., 1977;Thielet. al., 1992; Stewartset. al., 1985; Pople and
Beveridge, 1970) follow directly from Hartree-Fock models. In these models, the size of the
problem is reduced by restricting treatment to valence electrons only (electrons associated with
the core are ignored or frozen). The basis set is restricted to a minimal valence only
representation. For main-group elements, this comprises a single s-type function and a set of p-
type functions, e.g., 2s, 2px, 2py, 2pz for a first-row element, and for transition metals, a set of d-
type functions, an s function and a set of p functions, e.g., 3dx%y?, 3dz?, 3dxy, 3dxz, 3dyz, 4s,
4px, 4py, 4pz for first-row transition metals. The only exception to this is the MNDO/d method
for second-row (and heavier) main-group elements, used in conjunction with MNDO for
hydrogen and first row elements. This incorporates a set of d-type functions, in direct analogy to
3-21G* used in conjunction with 3-21G.

The central approximation, in terms of reducing overall computation, is to insist that atomic
orbitals residing on different atomic centers do not overlap. This is referred to as the Neglect of
Diatomic Differential Overlap or NDDO approximation. This reduces the number of electron-
electron interaction terms from O(N?) in the Roothaan-Hall equations to O(N?), where N is the
total number of basis functions.Additional approximations are introduced in order to further
simplifythe overall calculation, and more importantly to provide a frameworkfor the introduction
of empirical parameters. With the exception of models fortransition metals, parameterizations are
based on reproducing a widevariety of experimental data, including equilibrium geometries,
heatsof formation, dipole moments and ionization potentials. Parametersfor PM3 for transition

metals (PM3(tm) or PM3(d) are based only on reproducingequilibrium geometries. The AM1



(Dewar,et al., 1985) and PM3. (Stewart, et al., 1989)models incorporateessentially the same
approximations but differ in their parameterization.

One approach to the treatment of electron correlation which is not accounted for in the Hartree-
Fock models as a result of treatment of the motions of individual electrons as independent of one
another is by employing the density functional theory.Among the varied and ever-expanding
approaches to the electronic structure problem, the rise of approximate density functional theory
(DFT) as the method of choice for practical calculations(Parr and Yang, 1989; Koch and
Holthausen, 2001). The platform for this varied interest were the seminal works of Hohenberg
and Kohn, 1964; Kohn and Sham, 1965; Perdew et. al., 1996; Becke et al., 1993; Zhao et. al.
(2006): the establishment of the ground-state energy as a functional of the density by the
Hohenberg-Kohn theorems (Hohenberg, Kohn, 1964), the Kohn-Sham reformulation of the
problem in terms of self-consistent field (SCF) equations with an approximate exchange-
correlation (XC) functional (Kohn and Sham, 1965), and the invention of accurate
approximations to the XC functional itself (Perdew et. al., 1996; Beckeet al.,1993; Zhao et. al.
2006).

A key difference of Kohn-Sham DFT, compared to ab initio methods based on the Hartree-Fock
(HF) reference wave function, is the favorable scaling with system size that can be obtained with
many popular XC functionals. Thus, approximate DFT accounts for much of the dynamical
correlation energyabsent in HF theory, but at roughly the cost of a HF calculation (Ziegler et. al.,
1991). This superior balance of accuracy and low computational cost has spurred much of the
growth in popularity of approximateDFT over the last 2 decades.

Density functional models have “at their centre” the electron density, p(r), as opposed to the

many-electron wavefunction, ¥ (ri, ry). There are both distinct similarities and



differencesbetween traditional wavefunction-basedapproaches (Hartree-Fock models) and
electron-density-based methods.The density functional theory (Hohenberg and Kohn, 1964;
Kohn and Sham, 1965) is based on the fact that the sum of the exchange and correlation energies
of a uniform electron gas can be calculated exactly knowing only its density. In the Kohn-Sham
formalism, the ground-state electronicenergy, E, is written as a sum of the kinetic energy, Er, the
electronuclear interaction energy, Ey, the Coulomb energy, E;, and the exchange/correlation
energy, EXxc.

E=Er+Ev+E +Exceneereennaeeinnnn... (2)

DFT is now consistentlyapplied together with spectroscopic and electrochemical analyses
(Schreckenbach et. al.1998; Saladino, 2005) and is invoked in the interpretation of novel organic
and organometallicreactivity (Lin et. al. 2010; Leopoldiniet. al. 2007). The favorable accuracy-
to-cost ratio of approximate DFT for large systems has made it suitable for quantum chemical
studies of bimolecular systems (Siegbahn et. al., 2000; Raugei et. al., (2006) and has enabled
classical molecular dynamics simulations on high dimensional Born-Oppenheimer potential
energy surfaces PES (Riley et. al.,2007; Tuckerman et. al., 2000).

Although, the DFT hasmany strengths and diverse applications,the traditional functionals
arelimited by a number of shortcomings which inmany cases lead toqualitatively incorrect
predictions of chemical structure andreactivity. Traditional functionals suffer to varying degrees
fromself-interaction error (SIE), which results in false delocalizationof the density with semi-
local functionals but can also causethe opposite (localization) error in some hybrids (Vydrov et.
al., 2007; Cohen et. al., 2008). Theseerrors are largely responsible for the failures of
traditionalfunctionals for such fundamental properties as barrier heights of chemical reactions

(Durant et. al., 1996), energies and structures of long-rangecharge-separated states (Wu et. al.,



2006) and magnetic exchange couplings (Rudra et. al., 2006). Also, non-covalent van der Waals
interactions are generally either absent entirely or treated incompletely by traditional functionals,
although progress in addressing this problem hasbeen rapid in recent years (Riley et. al., 2010;
Lee et. al., 2010;Grimme et. al., 2010; Vydrov et. al., 2010).

Concern over the enantiomeric purity of pharmacologically active compounds has made
asymmetric synthesis one of the grand challenges of chemical research. Two outstanding
examples are the asymmetric cis dihydroxylation of olefins (Hentges and Sharpless, 1980) and
the asymmetric epoxidation of olefins (Katsuki et. al, 1980). Both processes utilize high-valent
transition-metal complexes as the catalytic agent and chiral ligands to induce asymmetry in the
product and can use hydro peroxides as oxidizing agents. Transition metal-oxo complexes such
as 0sO4, MnO4and ReO4 have been applied extensively in reactions in which oxygen is inserted
into a C-H bond or undergo addition to an olefinic double bond. For the reaction of these metal-
oxo complexes with olefinic bonds, the concerted [3+2] addition is proposed, where the C=C &t
bond of ethylene add across the O=M=0 moiety of the oxo- metal complex and cis-
dihydroxylation of olefins results.

Although the broad mechanistic framework for the addition of metal-oxo complexes is
known, most of the key steps remainunresolved.These description of chemical reactivity are,
however based on the paradigm of spin conservation, namely the rate determing step(s) proceed
on surfaces with uniform spin multiplicity. The participation of more than a single surface in the
reaction pathways has been proposed as a key feature in organometallic chemistry. In
organometallic gas phase reactions, more than one spin surface connects reactants to products.
This can provide low-energy paths for otherwise difficult processes (Shaik et al., 1995; 1998;

Buchachenko et. al. 2000).



In this work, the mechanism of oxidation of ethylene by the group VII transition metal-oxo
complexes of the type LMO3; (M= Mn, Tc, Re and L= O-, Cl, CH3, OCHj3, Cp) is explored at the
B3LYP/LACVP* level of theory. The oxo complexes of group VII (Mn, Tc, and Re) are of
greatinterest for their propensity toward epoxidation and dihydroxylation. Rhenium (VII) and its
congeners have been shown to be highly active oxygentransfercatalysts (Herrmann et. al, 1997;
Romao et .al, 1997). The reaction along spin states other than the singlet which could ultimately
lead to exploration of the extent of the two state reactivityis explored in this work. The
mechanistic pathways of LMO3 with ethylene (M= Mn, Tc, Re and L= O™, Cl, CH3, OCHgs, Cp)
have been studied using hybrid density functional theory (DFT). The hybrid density functional
theory method was chosen for use throughout the work based on the dual criteria of efficiency
and accuracy(Ziegler, 1991; Parr and Yang, 1989; Koch and Holthausen, 2001). Although DFT
calculation may underestimate weak interaction such as van der Waals interactions, they
generally give better and more reliable description of the geometries and relative energies for
transition metal systems than either Hartree-Fock or MP2 methods (Ziegler, 1991; Parr and
Yang, 1989; Koch and Holthausen, 2001). Hybrid and gradient-corrected DFT methods often out
performs MP2 while using less computer time. There are also no difficulties for DFT with the
calculation of organometallic and inorganic systems.

In chapter 2-4, the mechanisms of oxidation of LMO3; with ethylene arestudied theoretically by
exploring the most favorable reaction routes of these complexes in an attempt to provide insight
into the class of oxidation reaction. Chapter 5 draws conclusions and make recommendations for

further work on the reaction of LMOj3 with ethylene.
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CHAPTER TWO

[3+2] VERSUS [2+2] ADDITION OF METAL OXIDES ACROSS C=C BONDS: A
THEORETICAL STUDY OF THE MECHANISM OF OXIDATION OF ETHYLENE BY

MANGANESE OXIDE COMPLEXES.

2.1 INTRODUCTION

Transition metal-oxo compounds and oxo-halides such as such CrO,Cl,, OsO4, MnO4,ReO4and
RuO, are applied extensively in reaction in which oxygen is inserted into C-H bonds or
undergoes addition to an olefinic double bond. The application of such reagents in chemical
synthesis has spurred considerable interest in the underlying activation mechanism (Enemark and
Young, 1993; Sharpless et. al., 1975; Mijs and de Jonge, 1986; Sono et. al., 1996).

Some transition metal-oxo complexes such as CrO,Clyreact with olefins to form epoxides,
chlorohydrins and vicinal dihalides(Jorgensen, 1989; San Filippo et. al., 1977) whereas others
such as MnO,4 and OsOg react to form diols without significant epoxide formation (Schroder,
1980; Wiberg, 1965). Many experimental and theoretical investigations have focused on
mechanistic aspects of this type of reaction. Olefin dihydroxylation catalyzed by transition metal
oxo species of the type LMO3 has been the subject of extensive theoretical studies ((Dapprich et.
al., 1996; Pidun et. al., 1996; Torrent et. al., 1997; Del Monte et. al., 1997; Nelson et. al., 1997;
Corey et. al., 1996; Haller et. al., 1997; Houk et.al., 1999; Torrent et. al., 1998). The mechanism
of the oxidation of alkenes by permanganate is believed to be related to the oxidation of alkenes
by OsO,, even though the reaction rates are influenced differently by donor and acceptor olefins

on going from OsO,4 to MnO, due to charge differences (Waters et. al., 1958).
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The proposal that, in the initial step of the dihydroxylation reaction catalyzed by transition metal
oxo compound MnOy’, the olefin reacts directly with a O=Mn=0 functionality of MnO, in a
[2+3] manner to form a metalladioxolane, a five-membered metallacycle (Criegee et. al., 1936;
1942) (structure 2 in Scheme 2.1)was generally favored, until a suggestion was made for a
stepwise mechanism involving a metallaoxetane intermediate in the chromyl chloride oxidation
by (Sharpless et. al., 1977). However, the intermediacy of a metallaoxetane (structure 4 in
Scheme 2.1) arising from the [2+2] addition pathway as suggested by Sharpless (Sharpless et.
al., 1977) for chromyl chloride oxidation was ruled out, at least for MnO,’, by density functional
theory (DFT) calculations (Houk et. al., 1999) and corroborated by experimental kinetic isotope
effects studies (Del Monte et. al., 1997; Rouhi et. al., 1997).

For tetramethylethylene (TME) addition to MnO3Cl, Limberg and Wistuba (2001) reported
the [3+2] addition of TME to the MnO, moiety of MnO3Cl to be thermodynamically favored
over the direct [2+1] addition (epoxidation) product whiles the kinetic barriers for both reactions
are of comparable height at the B3LYP LANL2DZ/6-311G(d). However, in an experimental
investigation of the TME/MnO3Cl by means of matrix-isolation techniques, selective formation
of the epoxidation product [CIO,MnO[C(CHs).], was observed. Limberg and Wistuba (2001) did
not to find a minimum corresponding to the geometry of singlet or triplet metallaoxetane arising
from the [2+2] addition pathway.

Strassner and Busold (2004) found that the activation barrier for the [3+2] addition pathway
to be lower than the [2+2] addition pathway for permanganate oxidation of substituted alkynes
although the lowest lying identified state is a reactive triplet intermediate.

Theoretical calculations focusing on the [3+2] addition pathway was explored for the

transition metal-oxo complex of the type CH3MnO3 with ethylene by Gisdakis and Résch(2001).
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They found the activation barrier and reaction energy along the [3+2] route to be lower than the
corresponding [2+2] addition pathway employing the hybrid B3LYP approach, with effective
core potentials and double-zetabasis sets, LanL2DZ, for the transition metal and 6-311G(d,p)
basis sets for H, C, O, and F.

Strassner and Busold, (2001) reported density functional calculation at B3LYP/6-31G(d) to
strongly favor the [3+2] against the [2+2] addition pathway that proceed through a
metallaoxetane intermediate for permanganate oxidation of substituted alkenes. The activation
barriers associated with the [2+2] addition pathway are very high (61.5 - 67.3 kcal/mol). The
metallaoxetane intermediates are calculated to be endothermic with reaction energies of (+24.7-
33.6 kcal/mol). The endothermic formation of the metallaoxetane product via the [2+2]
transition state that is on the average 40 kcal/mol higher in energy is not competitive with the
[3+2] addition pathway which has a lower activation barrier (10.8 — 14.7 kcal/mol) which leads
to a exothermic products.

In this work, the calculated potential energy surfaces for the [3 + 2] and [2 + 2] addition of
LMnO; (L = O-, Cl, Cp, CHs, OCHs, NPHj3) to ethylene and for the interconversion of the
metallaoxetane to the dioxylates is explored by employing a hybrid density functional theory at
the B3LYP/LACVP* level of theory. Also, the mechanistic pathways to the formation of the
epoxide precursor are explored for the reaction of LMnOj3; with ethylene. The singlet, doublet,

triplet and quartet electronic states of each species are explored where possible.
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2.2 DETAILS OF CALCULATIONS

All calculation were carried out with Spartan’08 V1.2.0 and Spartan ‘10 V1.1.0 Molecular
Modeling programs (Wavefunction, 2008; 2010) at the DFT B3LYP/LACVP* level of theory. The
B3LYP functional is a Hartree-Fock DFT hybrid functional. The LACVP* basis set is a relativistic
effective core —potential that describes the atoms H-Ar with the 6-31G* basis while heavier atoms
are modeled with the LANL2DZ basis set which uses the all-electron valence double zeta basis set
(D95V), developed by Dunning, for first row elements (Dunning and Hay, 1976) and the Alamos
ECP plus double zeta basis set developed by Wadt and Hay for the atoms Na-La, Hf-Bi (Hay and

Wadt, 1985a; 1985b; Wadt and Hay, 1985).

The starting geometries of the molecular systems were constructed using Spartan’s graphical
model builder and minimized interactively using the sybyl force field (Clark’s et. al., 1989). All
geometries were fully optimized without any symmetry constraints. A normal mode analysis was
performed to verify the nature of the stationery point. Equilibrium geometries were characterized by

the absence of imaginary frequencies.

The transition state structures were located by a series of constrained geometry optimization in
which the forming-and breaking—bonds are fixed at various lengths whiles the remaining internal co-
ordinates were optimized. The approximate stationary points located from such a procedure were
then fully optimized using the standard transition state optimization procedure in Spartan. All first—
order saddle- point were shown to have a Hessian matrix with a single negative eigenvalue,
characterized by an imaginary vibrational frequency along the reaction coordinate. All computations

were performed on Dell precision T3400 Workstation computer
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Scheme 2.1: Possible pathways for the reaction of LMO3; (M=Mn, L= O-, Cp, CH3, OCHjs,

NPHg;, CI) with ethylene.
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2.3 RESULTS AND DISCUSSION

2.3.1 Reaction of MnO,4 with ethylene

The optimized geometries and relative energies of the main stationary points involved in the
reaction between MnQ, and ethylene are shown in Fig.2.1 and Fig.2.2 respectively. The density
functional theory (DFT) geometry optimization of MnO, (Al/s) on a singlet potential energy
surface (PES) has all the Mn-O bonds at 1.60 A. The computed bond lengths are in agreement

with experimentallydetermined X- ray data on permanganate (Palenik et al. 1967).

A triplet permanganate reactant (Al/t) has been computed to be 22.41 kcal/mol less stable in
relation to the singlet structure. A doublet and quartet reactant Al/d and Al/q have been
computed to be 105.14 and 128.32 kcal/mol less stable than the singlet reactant Al/s. Thus the

singlet reactant is the most stable.

The [3+2] addition of the C=Cm bond of ethylene across the O=Mn=0 bonds through a
singlet transition state TS-[A1-A2]/s to form dioxomangana-2,5-dioxolane A2/s has an
activation barrier of 9.14 kcal/mol and exothermicity of 47.60 kcal/mol, in agreement with the
works of Houk et. al., (1999) computed the barrier for this route to be 9.20 kcal/mol and
exothermicity of 47.20 kcal/mol. The calculated transition state structures in this work are
highly symmetrical and synchronous with respect to the newly forming C-O bonds (2.06 A) of

the cyclic ester intermediate and are comparable with results byHouk et. al.(1999).

The transition state structure for the [3+2] addition of the C=C bond of ethylene across
O=Mn=0 bonds to form the five-membered cyclic ester intermediate could not be located on the
triplet PES. However, a triplet product A2/t was located and found to be 2.06 kcal/mol more

stable than the singlet dioxylate A2/sand 2 kcal/mol more stable than the dioxylate computed by
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Houk et. al., (1999). In the singlet product,the two Mn=0 bonds to the ‘spectator’ oxygen atoms
(the oxygen atom which is not part of the ring) are equal (1.58 A) and those to the oxygen atom
involved in the ring are also equal (1.83 A), which agrees with the results of Houk et. al., (1999)
who found the two Mn=0 bonds to the ‘spectator’ oxygen atoms (the oxygen atom which is not
part of the ring) are equal (1.58 A) and those to the oxygen atom involved in the ring are also
equal (1.83 A). The triplet product, has the two Mn=0 bonds to the ‘spectator’ oxygen atoms
(the oxygen atom not part of the ring) equal (1.61 A) and those to the oxygen atom involved in
the ring are also equal (1.84 A); 0.01 A less in the singlet structure (fig2.1) and the dioxylate
structure computed by Houk et. al., (1999).The quartet dioxylate species A2/ghas reaction
energy of -93.35 kcal/mol. No doublet dioxylate product could be located on the reaction
surface. No [3+2] transition state connecting the reactants to the products was located on the

quartet surface.

In a related work on the osmium tetraoxide reaction with ethylene, Tia and Adei, (2011) found
the activation barrier for the [3+2] addition to form the osmadioxylate ester intermediate to be
very low (3.97 kcal/mol). Earlier works of Frenking et al., (1996), Ziegler et al., (1997),
Morokuma et al., (1996) made similar findings. The calculated barrier for the [3+2] addition of
the C=C bond of ethylene across the O=0s=0 bonds of OsO, is much lower than the barrier
calculated for the MnO," (9.14 kcal/mol) in this work, an analogous reaction of isoelectronic

OsOq in this work.

The formation of the singlet manganooxetane A3/s by [2+2] addition of the C=C bond of
ethylene across M=0O bond of the permanganate complex Al is 18.45 kcal/mol endothermic, in

agreement with the reported value by work of Houk et. al., (1999).
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A triplet metallaoxetane A3/t was located and found to be 7.12kcal/mol less stable than the
singlet A3/s. The Mn-O and C-O bond lengths of 2.01 and 1.39 A in the singlet metallaoxetane

A3/s are in agreement with the Mn-O and C-O bond lengths reported by Houk et. al., (1999).

In the triplet metallaoxetane A3/t, the Mn-O bond is 0.13 A shorter than in A3/s. However, the
C-O bond is 0.07 A longer in the triplet metallaoxetane. The doublet A3/d and quartet A3/q

metallaoxetane species have reaction energies of -16.92 and -31.42 kcal/mol respectively.

The re-arrangement of the manganooxetane to the dioxylate (TS-[4-2] in Scheme 2.1) as
suggested by Sharpless et. al. (1977) for the chromyl chloride oxidation of olefins was also
explored for the reaction of permanganate with ethylene. The activation barrier for the re-
arrangement of the singlet manganooxetane to the dioxylate through transition state TS-[A3-
A2]/s is +46.59 kcal/mol. No transition state was located for the re-arrangement of the triplet
manganooxetane to the dioxylate. Thus, the overall activation barrier for the re-arrangement of
the singlet manganooxetane to the dioxylate is 26.33 kcal/mol, which is higher than the
activation barrier for the direct [3+2] addition of ethylene across the two oxygen atoms of singlet

MnOy, .

The potential energy surface of the reaction of permanganate with ethylene was further explored
in an attempt to locate an epoxide precursor (O3-Mn-OC;H,4) (3 in Scheme 4.1), but no such

minimum was found on the reaction surface.

From the work of Ziegler et al.(1999), Tia and Adei (2010) and the epoxide precursor could arise

from three pathways:

a) A two-step process involving the formation of a metallaoxetane, followed by re-
arrangement.
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b) A two-step process involving the formation of the five membered metallacycle, followed
by re-arrangement.

c) A direct one-step addition of the C=C bond across one oxygen atom of MnO;,".

In addition, attempts were made to find a transition state for the formation of an epoxide
precursor from re-arrangement of the four-membered metallaoxetane (TS [4-3] in Scheme 4.1)
and five-membered metallacycle (TS[2-3] in Scheme 4.1) or from direct addition of the C=C
bond of ethylene to one oxygen atom of MnO, (TS[1-3] in Scheme 4.1). All these are indication
that the reaction of permanganate with ethylene does not lead to the formation of an epoxide

precursor.
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2.3.2 Reaction of MnO3ClI with ethylene

Figures 2.3 and 2.4 show respectively the optimized geometries and relative energies of the main
stationary points involved in the reaction between MnO3Cl and ethylene. The DFT geometry
optimization of MnO3Cl on a singlet potential energy surface (PES) yielded two minima: R1-A4
of Cay symmetry in which the three Mn=0 double bonds are each 1.56 A long and the Mn-Cl is
2.13 A long. The other minimum is R2-A4 of Cs symmetryin which the Mn-CI bond is broken

and the chloro is bonded to one of the oxo ligands.

The singlet R1-A4 has been computed to be 36.63 kcal/mol more stable in relation to R2-A4.
A doublet reactant R1-A4/d has been computed and found to be 85.09 kcal/mol more stable in
relation to the singlet reactant R1-A4 and 109.49 kcal/mol more stable in relation to the triplet
reactant R1-A4/t. In the doublet reactant R1-A4/d, the Mn-Cl bonds are 0.10 A longer than those

in the singlet structure R1-A4 and in the triplet structure R1-A4/t.

A quartet reactant A4/q has been computed to be 17.83 kcal/mol less stable than the doublet.
With respect to the singlet reactant R1-A4 and triplet reactants R1-A4/t,the quartetreactant is

67.27 and 91.67 kcal/mol more stable.

On the doublet surface, the [3+2] addition of C=C © bond of ethylene across the O=Mn=0 bonds
of doublet MnO3Cl was found to either followthe concerted or stepwise addition pathways. On
the concerted pathway, the activation barrier for the formation of the dioxylate species A5/d is

8.91 kcal/mol.The dioxylate species A5/d has exothermicity of 44.18 kcal/mol.

Along the stepwise pathway, one of the C=Cn bonds of ethylene attacks an oxo-ligand of
MnOs;ClI to form the organometallic intermediate X/d. The activation barrier for the formation of
the intermediate X/d is +15.69 kcal/mol. The intermediate has exothermicity of 0.64 kcal/mol.
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The intermediate can then re-arrange through transition state TS-[X-A5]/d to form the dioxylate

A5/d with activation barrier of +0.72 kcal/mol.

No [3+2] transition state connecting the reactants to the products could be located on the triplet
surface. The triplet dioxylate product A5/t is 96.58 kcal/mol exothermic. A quartet species A5/q

has been computed to be 28.04 kcal/mol stable than the doublet product A5/d.

The activation barrier for the direct [3+2] addition of C=C bond of ethylene across the O=Mn=0
bonds of singlet MnO3Cl through the singlet transition state TS-[A4-A5]/s has an activation
barrier of -3.44 kcal/mol and reaction energy of -59.74 kcal/mol in agreement with a related
work of Boehme et. al., (1999) whoreportedthe activation barrier for the singlet [3+2] ethylene
addition pathway to be lowered by +13.70 kcal/mol when an oxo group in ReOy’is replaced with
a chloro ligand at the DFT level of theory (B3LYP) using relativistic effective core potential for

the metals and valence basis set of DZ+P quality.

In this work, the activation barrier for the direct [3+2] addition of ethylene across the two oxygen
atoms of MnO3Cl on the singlet surface is barrierless, whiles on the doublet surface the
activation barrier is 8.91 kcal/mol. The barriers computed on the singlet and doublet surfacesare
lower in comparism with the activation barrier reported by Houk et. al. (1999) in the reaction of

ethylene and MnQO,, theparent from which substitution was made.

On the singlet surface, the [3+2] addition of the C=C = bond of ethylene across the O=Mn-Cl
bonds of MnO3Cl through a transition state TS-[A4-A6]/s has activation barrier of +0.64

kcal/mol and reaction energy of -32.83 kcal/mol.

The five membered metallacycle A6/d could be formed from the organometallic intermediate
X/d. However, the transition state linking the intermediate to the A6/d could not be located. Also
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attempts to form A6/d from the direct addition pathway were unsuccessful. The doublet A6/d,
triplet A6/t and quartet A6/q metallacyclic intermediate hasbeen computed to have reaction
energies of 4.13, 66.23 and 28.33 kcal/mol exothermic. An exhaustive search on these surfaces

for the [3+2] transition states connecting the reactants to the product yielded no positive results.

The formation of the singlet and doublet manganooxetaneA7/sand A7/d through the [2+2]
addition of the C=C bond of ethylene across the Mn=0 bond of singlet and doublet permanganyl
chloride complex R1-Adhas reaction energies of 1.45 and -6.38 kcal/mol. A quartet
metallaoxetane-like speciesA7/gbut with an elongated metal-carbon bond has an exothermicity
of 18.13 kcal/mol. The formation of the metallaoxetane A7could potentially have come from
intermediate X/d and A7/q, however attempts at locating the relevant transition states linking the
intermediate to the metallaoxetane was not successful. No triplet metallaoxetane intermediate

A7/t was located on the triplet reaction surface.

The energy required tore-arrange the metallaoxetane A7/s through TS-[A7-A5]/s was

found to be +5.33 kcal/mol in contrast to the barrierless direct [3+2] formation of the dioxylate.

An epoxide precursor formation was explored for the reaction of MnOsCl with ethylene; this was
unsuccessful in the case of MnO, . No doublet, triplet and quartet epoxide precursor were

located on the reaction surfaces.

The transition state TS-[A6-E]/s for the re-arrangement of the singlet five-membered
metallacycle (TS-[1-6] in Scheme 2.1) to the epoxide precursor has activation barrier of +27.84
kcal/mol and endothermicity of +3.25 kcal/mol. Also, the activation barrier and reaction energy
for the singlet direct one-step addition of the C=C bond across one oxygen atom of MnO3Cl are

+8.23 and -28.94 kcal/mol.
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The most plausible pathway for the formation of the epoxide if it is to form at all is by direct
[3+2] addition of ethylene across the oxygen and chlorine atom followed by re-arrangement to

the epoxide precursor.

Thus in the reaction of MnO3Cl with ethylene, even though the formation of the dioxylate is the
most favorable reaction both on the singlet and doublet surfaces, kinetic and thermodynamic

consideration favor preferentially the doublet pathway.
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2.3.3 Reaction of MnO3(NPH3) with ethylene

Figures 2.5 and 2.6 show respectively the optimized geometries and relative energies of
the main stationary points involved in the reaction between MnO3(NPH3) and ethylene. The
singlet MnO3(NPH3) reactant A7/s has the Mn=N bond length of 1.77 A. The Mn=0 bond
lengths are 1.565, 1.575 and 1.577 A. The N-P bond distance is 1.60 A. A triplet MnO3(NPHj3)
A7/t has been computed to be 11.80 kcal/mol less stable than the singlet structure. The Mn=N

and N-P bonds are 1.75 A and 1.61 A respectively.

In the doubletA7/dand quartet reactants A7/q, the phosphorus atom in the
complexMnO3(NPH3) attaches itself to one of the oxo ligands to form a four-membered

ring. The O-P bonds are 1.84 and 1.75 A in the doublet and quartet reactants.

The [3+2] addition of the C=C bond of ethylene across the O=Mn=0 bonds of singlet
MnO3(NPHj3) through a singlet transition state TS-[A7-A8]/s to form the dioxylate intermediate
A8/s has an activation barrier of -5.38 kcal/mol and an exothermicity of 60.42 kcal/mol.The
transition state TS-[A7-A8]/s is a synchronous one, with respect to the newly forming C-O
bonds. No corresponding transition state linking the reactants to the products could be located
on the doublet PES. However, a doublet dioxylate product A8/d was found to be +27.42
kcal/mol less stable than the singlet A8/s. A triplet and quartet dioxylate product A8/t and A8/q

has been computed to have reaction energies of -83.28 and -65.30 kcal/mol.

On the quartet PES, a seven-membered metallacyclic intermediate A8/q is formedin which one
of the oxo-ligand on the metal centre (Mn) forms a new bond with the phosphine moiety (O-P

=1.74 A) attached to nitrogen (fig2.5).Thus, the newly-formed O-P bond in the triplet A8/t and
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quartet A8/q dioxylate have a remarkable effect on the stabilities of the product formed. In the

singlet and doublet dioxylate species, there is no bond formed between the O-P moieties.

The [3+2] addition of the C=C bond of ethylene across the O=Mn=N bonds of singlet
MnO3(NPHj3)through a singlet transition state TS-[A7-A9]/s has an activation barrier of -4.23

kcal/mol and an exothermicity of 65.30 kcal/mol.

A doublet seven-membered metallacyclic intermediate A9/d in which one of the oxo ligand at
the metal centre (Mn) bonds with phosphine (1.71 A) attached to the nitrogen in the five-
membered ring (fig 2.5), has been computed to be 67.58 kcal/mol exothermic; 2.28 kcal/mol
more stable than the singlet product A9/s and 16.51 kcal/mol less stable than the triplet A9/t. A
quartet metallacyclic intermediate A9/q has an exothermicity of 63.20 kcal/mol; 4.38 kcal/mol

less stable than the doublet intermediate A9/d.

The [3+2] addition of the C=C bond of ethylene across the O=Mn=N bonds of triplet MnO3
(NPHs)through the triplet transition state TS-[A7-A9]/t results in a product A9/t in which one of
the oxo ligands bonded to the metal centre forms a new bond with phosphine (PH3) ligand
(1.85A) attached to nitrogen in the five-membered ring (fig 2.5). In the quartet product, the

newly formed O-P bond is at 1.72 A; 0.01 A longer in the quartet structure A9/q.

The formation of the singlet metallaoxetane All/s by [2+2] addition of the C=C bond of
ethylene across the Mn=0 bond of the singlet MnO3(NPH3) has a reaction energy of -13.66
kcal/mol. A doublet A11/d and triplet A11/t metallaoxetane intermediate have reaction energies
of -16.86 and -24.25 kcal/mol. No transition states for [2+2] were located on the singlet, doublet,

triplet and quartet potential energy surfaces. A quartet metallaoxetane-like species but with
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elongated metal - carbon bond intermediate Al1l/q has been located to be 9.62 kcal/mol

exothermic.

The formation of a singlet four-membered metallacyclic intermediate A10/s through the
transition state TS-[A7-A10]/s by [2+2] addition of the C=Cn bond of ethylene across Mn=N
bond of the singlet MnO3(NPH3) has an activation barrier of +17.55 kcal/mol and leads to a six-
membered product in which one of the oxo group on the metal centre bonds with phosphine
(PH») attached to the nitrogen (1.78 A).The singlet product has an exothermicity of 27.39

kcal/mol. A triplet species A10/t has reaction energy of -14.66 kcal/mol.

In the quartet product A10/q, the newly formed (O-P) bond is at 1.72 A; 0.06 A shorter in the
singlet structure A10/s.The reaction energy of the quartet species is -24.42 kcal/mol. In the
triplet product, there is a new bond formed between P-O (1.90 A) as observed in the singlet
product. No [2+2] transition states were located on the quartet, doublet and triplet potential

energy surfaces. A doublet product A10/d has been computed to be -33.96 kcal/mol exothermic.

A search on the surfaces for the re-arrangement of the four membered metallacycle

metallaoxetane to the five membered metallacycle wasunsuccessful.

The reaction of MnO3(NPHj3) with ethylene was explored for the possibility of formation of an
epoxide precursor.The transition state TS-[A9-E]/s for the re-arrangement of the singlet five-
membered metallacycle (TS-[1-6] in Scheme 2.1) to the epoxide precursor is very high energy
species resulting in activation barrier of +63.06 kcal/mol and forming a very unstable species of
endothermicity of +41.24 kcal/mol. Also the re-arrangement of the singlet five-membered
metallacycle (TS-[2-3] in Scheme 2.1) through transition state TS-[A8-E]/s to the epoxide

precursor has an activation barrier of +70.67 kcal/mol and endothermicity of +36.36 kcal/mol.
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The transition state (TS-[4-3]/s in Scheme 2.1) for the rearrangement of the singlet four-
membered metallaoxetane to the epoxide precursor through transition state TS-[A11-E]/s has a
barrier of +23.88 kcal/mol and exothermicity of 10.40 kcal/mol. However since the activation
energy required to form the metallaoxetane is not known, no conclusion could be drawn on the

formation of the epoxide precursor for the metallaoxetane.

The most plausible pathway for the formation of the epoxide precursor if it is to form at all is by
initial [3+2] addition to form the dioxylate intermediate followed by re-arrangement to the

epoxide precursor.

Considering the reaction of MnO3(NPHS3) with ethylene , spin crossover cannot be ruled out. The
two direct [3+2] addition of ethylene across the two oxygens and nitrogen and oxygen atoms of

MnO3(NPHj3) are likely to be competitive on both kinetic and thermodynamic consideration.
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2.3.4 Reaction of MnO3(CH3) with ethylene

Figures 2.7 and 2.8 shows the optimized geometries and relative energies of the main
stationary points involved in the reaction between MnO3(CHs) and ethylene respectively. The
DFT geometry optimization of MnO3(CHj3) on a singlet potential energy surface [PES] yielded
two minima: R1-A12 of Cay symmetry in which the three Mn=0 bonds are each 1.56 A long and
the Mn-C bond is 1.99 A long. The other minimum R2-A12 of C; symmetryin which the methyl

ligand break from the metal centre and forms a new bond with one of the oxo-ligands.

The minimum R1-A12 has been computed to be 11.81 kcal/mol less stable than R2-A12. A
doublet reactant A12/d has been computed and found to be 49.41 kcal/mol more stable than
singlet R2-Al12and 61.22 kcal/mol more stable than the singlet R1-A12. In the doublet reactant
A12/d, the Mn-C bond is 0.004 A longer than that in the singlet structure R1-A12 and 0.02 A
longer than that in the triplet structure A13/t. A quartet reactant A12/q has been computed to be

25.99 kcal/mol less stable than the doublet reactant A12/d.

The [3+2] addition of the C=C n bond of ethylene across the O=Mn=0 bonds of doublet
MnO3(CHs) through a doublet transition state TS- [A12-A13]/d to form the dioxylate A13/d has
an activation barrier of 15.90 kcal/mol and exothermicity 29.67 kcal/mol, in disagreement with
the work of Gisdakis and Rdsch, (2001) who calculated the activation barrier along this route to
be 8.9 kcal/mol at the B3LYP//LANL2DZ/6-311G(d,p). The doublet transition state is
symmetrical with respect to the forming C-O bonds (1.99 A). The Mn-C bond distance (1.99 A)
in the doublet transition state is the same as in the doublet reactant. The reaction energy of the

triplet product A13/t has been computed to be-84.02 kcal/mol.
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The activation barrier for the [3+2] addition of the C=C =m bond of ethylene across the
O=Mn=0 bonds of singlet MnO3(CHjs) through a singlet transition state TS-[A12-A13]/s has an

activation barrier of 20.29 kcal/mol and reaction energy of -25.85 kcal/mol.

A quartet dioxylate A13/q is 36.66 kcal/mol more stable than the doublet product A13/d. In
the singlet product,the Mn=0 bonds to the ‘spectator’ oxygen atoms (the oxygen atom which is
not part of the ring) is 1.54 A and those to the oxygen atoms involved in the ring are 1.74 and

1.77 A respectively.

The formation of the doublet manganooxetane Al4/d through doublet transition state TS-[A12-
Al4]/d by [2+2] addition of the C=C bond of ethylene across the Mn=0 bond of the doublet
MnO3(CH3) has activation barrier of +18.38 kcal/mol and reaction energy of +13.92
kcal/molendothermic. A triplet metallaoxetane product A14/t has been computed to be 43.60 and
38.8 kcal/mol more stable than the doublet Al4/d and singlet Al4/s metallaoxetane

intermediates.

The formation of singlet manganooxetane Al4/s through the singlet transition state TS-[A12-
Al4]/s has activation barrier of +51.36 kcal/mol. A quartet metallaoxetane species Al4/q has
been computed to be 34.83 kcal/mol more stable than the doublet metallaoxetane intermediate.

No triplet and quartet transition state could be located on the reaction surface.

The re-arrangement of the singlet metallaoxetane to the singlet dioxylate through transition state
TS-[A14-Al3]/s has activation barrier of +18.77 kcal/mol. Thus the overall activation barrier for
the re-arrangement of the singlet metallaoxetane to the dioxylate (+18.77 kcal/mol) is lower than
the activation barrier for the direct [3+2] addition of C=Cn of ethylene across O=Mn=0 of

singlet and doublet MnO3(CHzs). However, since the first-step of the reaction involves a higher
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activation barrier, the dioxylate would proceed from the direct [3+2] addition pathway and not

from the metallaoxetane through the [2+2] addition pathway and subsequent re-arrangement.

The formation of an epoxide precursor was explored from the reaction of MnO3(CHgj) with
ethylene. The transition state TS [A14-E]/s for the rearrangement of the singlet four-membered
metallaoxetane to the epoxide precursor has activation barrier and reaction energy of +22.52 and
-7.32 kcal/mol respectively. Also, the activation energy for the formation of the singlet epoxide
precursor from direct attack of the C=C bond across the oxygen atom of MnO3(CHj3) has been
computed to be +29.45 kcal/mol and reaction energy has endothermicity of +1.8 kcal/mol. On
the doublet, triplet, and quartet surfaces, the reaction energies are +4.58, -40.61 and -21.50
kcal/mol respectively. The most plausible pathway for the formation of the epoxide precursor is

by direct [2+1] addition pathway.

For the reaction of MnO3(CHs) with ethylene, even though formation of the dioxylate is the
most favorable reaction both on the singlet and doublet surfaces, kinetic and thermodynamic

factors favors the occurrence of the reaction preferentially on the doublet surface.
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2.3.5 Reaction of MnO3(OCH3) with ethylene

Figures 2.9 and 2.10 show respectively the optimized geometries and relative energies of the
main stationary points involved in the reaction between MnO3(OCHs) and ethylene. A singlet,
doublet, triplet and quartet species have been optimized for the reactant MnO3(OCHs). The
singlet reactant A15/s has two of the Mn=0 bonds at 1.57 A and the other Mn=0 at 1.56 A long.

The Mn-O bond is 1.74 A long.

A doublet reactant A15/d has been computed to be 69.05 kcal/mol more stable in relation to
the singlet reactant A15/s and 90.21 kcal/mol more stable in relation to the triplet reactant A15/t.
A quartet reactant A15/q of Cs symmetry is 20.24 kcal/mol less stable in relation to the doublet
A15/d. The quartet reactant is 48.81 and 69.96 kcal/mol more stable with respect to the singlet

and triplet ground state reactants.

On the doublet surface, there is a stepwise attack of one of the C=C n of ethylene on an oxo-
ligand of MnO3(OCHjs) to form an organometallic intermediate X/d through transition state TS-
[A15-X]/d. The activation barrier along this route is +3.28 kcal/mol. The intermediate X/dhas an
endothermicity of +0.63 kcal/mol. The intermediate X/d can re-arrange through transition state
TS-[X-A16]/d to form the dioxylate intermediate A16/d. The activation barrier for the formation
of the dioxylate intermediate A16/d is +6.26 kcal/mol. The dioxylate intermediate has reaction

energy of -39.80 kcal/mol.

The triplet transition state linking the reactants to the products could not be located; however a
triplet dioxylate product A16/t was located and found to be 34.27 kcal/mol more stable than the
singlet dioxylate product A16/s. A quartet product A16/q has been computed to havea reaction

energy of +26.48 kcal/mol.
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The activation barrier for the direct [3+2] addition of ethylene across the O=Mn=0 bonds of
singlet MnO3(OCHa) through a singlet transition state TS-[A15-A16]/s is 1.58 kcal/mol. The
reaction energy of the dioxylate intermediate A16/s has been computed to have reaction energy

of -54.08 kcal/mol.

Attempts at locating themanganooxetane product which is expected toresultfrom the [2+2]
addition of ethylene to the Mn=0 bonds of singlet and doubletMnO3(OCH3) proved

unsuccessful. This was the case for the singlet, doublet, triplet and quartet surfaces.

The reaction of MnO3(OCHj3) with ethylene was explored for the formation of the epoxide

precursor. No doublet, triplet and quartet epoxide precursors were found on the reaction surfaces.

The transition state (TS-[2-3] in Scheme 2.1) for the re-arrangement of the five-membered
dioxylate through transition state TS-[A16-E]/s to the epoxide precursor has activation barrier of

+64.28 kcal/mol and endothermicity of +29.07 kcal/mol.

The most plausible pathway for the formation of the epoxide precursor, is by initial [3+2]
addition across the two oxygen atoms of singlet MnO3(OCHj3) followed by re-arrangement to the

epoxide precursor.

Thus in the reaction of MnO3(OCHs) with ethylene, the reaction will preferentially take place on
the doublet surface and the [3+2] addition of ethylene across the two oxygen atoms of

MnO3(OCHj3) to form the dioxylate intermediate A16/d is likely to be the only product.
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2.3.6 Reaction of MnO3Cp with ethylene

The optimized geometries and relative energies of the main stationary points involved in the
reaction between MnO3Cp and ethylene are shown in Fig.2.11 and Fig.2.12, respectively. The
DFT geometry optimization of MnO3Cp A17 on a singlet potential energy surface has two of the
Mn=0 bonds at 1.57 A and the other Mn=0 is 1.56 A long. The cyclopentadienyl ligand Cp is
bonded in a n° fashion in the singlet reactant, i.e. Mn-C (Cp) = 2.018, 2.838 and 2.830A.
However, Gisdakis and Résch, (2001) reported the Cp ligand to be bonded in a n* fashion to the

metal centre at B3LYP//LANL2DZ/6-311G (d, p) level of theory.

A doublet reactant A17/d has been computed to be 65.53 kcal/mol more stable than the
singlet. The cyclopentadienyl ligand Cp is bonded in a n®° fashion in the doublet reactant, i.e. Mn-
C (Cp) = 2.04, 2.90 and 2.92 A. In the triplet reactant A17/t, the cyclopentadienyl ligand is
bonded to the manganese centre in a n° fashion i.e. Mn-C (Cp) = 2.21, 2.26, 2.46, 2.46 and 2.26
A. The triplet reactant A17/t is 91.58 kcal/mol less stable than doublet reactant A17/d. A quartet
Al7/q has been computed to be 24.24 kcal/mol less stable than the doublet reactant. The
cyclopentadienyl ligand Cp is bonded in a n° fashion to the Mn i.e. (Mn-C (Cp) = 2.05, 2.84,

2.80 A,

It has been found that the formation of the cyclic ester intermediate through the [3+2] addition
pathway can proceed from a doublet as well as a singlet transition state. The activation barrier
through the doublet transition state TS-[A17-A18]/d is 14.15 kcal/mol. The activation barrier

along the singlet transition state is +6.57 kcal/mol.

A triplet dioxylate species A18/t (-85.84 kcal/mol) and a singlet dioxylate product A18/s (-57.62

kcal/mol) is located.A doublet dioxylate species A18/d has reaction energy of -35.11 kcal/mol.
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The Cp ligand in the singlet MnO3;Cp-dioxylate A18/s shows 115 —bonding fashion to the Mn
centre (Mn-C (Cp) =2.22, 2.22 and 2.33, 2.36, 2.26 A) contrary to the n°~bonded mode
expressed in the singlet reactant. A n°-bonding fashion (Mn-C (Cp) =2.24, 2.27 and 2.29, 2.36,
2.34 A) is also expressed in the triplet product A18/t. A quartet dioxylate intermediate A18/q has
been computed to have reaction energy of -70.69 kcal/mol. The Cp ligand in quartet MnO3Cp-
dioxylate A18/q shows n* -bonding fashion to the Mn centre (Mn-C (Cp) =2.34, 2.33 and 2.82,

2.84 A) contrary to the n°~bonded mode expressed in the quartet reactant.

In a related work on a rhenium system, Boehme et. al., (1999) found out that replacing an oxo
ligand with a cyclopentadienyl ring lowers the activation barrier for the [3+2] and [2+2] addition
pathways ((i.e. ReO; + C,Hy4: TS [3+2] = 37.7 Kcal/mol, TS[2+2] = 47.2Kcal/mol: CpReO,4 +

CoHg; TS [3+2] = 14.10 kcal/mol, TS [2+2] = 25.40 kcal/mol).

The activation barrier (14.1 kcal/mol) for the [3+2] addition of ethylene across the O=Re=0
bonds of CpReO; reported by Boehme et. al., (1999) is comparable to the activation barrier
(14.50 kcal/mol) for the [3+2] addition of the C=C =m bond of ethylene across the O=Mn=0
moiety of doublet MnO3sCp. This is not surprising, since manganese and rhenium are members

of the same Group.

The formation of the singlet manganooxetane A19/s from the [2+2] addition of ethylene
across the Mn=0 bond of singlet MnO3Cp gives an activation barrier of 40.92 kcal/molthrough a
singlet transition state TS-[A17-A19]/s. The manganooxetane has reaction energy of -5.53
kcal/mol. The Cp ligand in the singlet MnOsCp-oxetane A19/s shows n°~bonding mode to the
Mn centre, (Mn-C (Cp) =2.122, 2.892 and 2.957A) in conformity with n°~bonding mode in the

singlet reactant.
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A quartet metallaoxetane A19/q has been computed to be -0.16 kcal/mol. The Cp ligand in
the quartet MnOsCp-oxetane A19/q shows n°-bonding mode to the Mn centre, (Mn-C (Cp)
=2.094, 2.905 and 2.962A). A triplet metallaoxetane intermediate A19/t has been computed to

have reaction energy of -67.50 kcal/mol.

These finding are in disagreement with a related work of Rappe” et al [40], who used
qualitative molecular orbital diagram to asset that, strong z-bonding ligands such as Cp
thermodynamically favor dioxylate formation because of z-bond strain relief. In this work, the
dioxylate and metallaoxetane intermediate formed on the singlet, doublet, triplet and quartet PES

are all exothermic.

The re-arrangement of the singlet, doublet, and triplet and quartet metallaoxetane to the
dioxylate were explored for the reaction of MnOsCp with ethylene (TS-[4-2] in Scheme 2.1).
The re-arrangement of the singlet metallaoxetane to the dioxylate through transition state TS-
[A19-A18]/s has activation barrier of +14.02 kcal/mol. No doublet, triplet and quartet re-
arrangement of the metallaoxetane intermediate to the dioxylate was located on the reaction
surface. This rule out the re-arrangement of the metallaoxetane to the dioxylate as a possible

pathway to the formation of the dioxylate intermediate on the singlet surface.

The potential energy surface of the reaction of MnO3;Cp with ethylene was further explored
in an attempt to locate an epoxide precursor [(Cp)O,-Mn- OC;H,4] (3 in Scheme 1), but no such
minimum was found on these reaction surfacesin agreement with a related findings of Burrell et
al., 1995; Herrmann et .al., (1984), Klahn-olive et al, (1984) and Kihn et. al., (1994) who

reported that CpReOj3 reacts with olefins to predominately form dioxylates (2 in Scheme 2.1).
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The energetics in Fig 2.12 suggest that in the addition of ethylene to CpMnOs, the only favorable
reaction which is the direct [3+2] addition to form the dioxylate intermediate is likely to

exclusively occur on the doublet PES.
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2.4 Conclusion

1.

In the oxidation reaction between ethylene and permanganate (MnQy), the direct [3+2]
addition of the C=C bond of ethylene across the O=Mn=0 bond of MnO," to form the
five-membered metallacycle intermediate is more stable than the [2+2] addition of the
C=C bond of ethylene across the M=0O bond to form the metallaoxetane in a agreement
with the work of Houk et. al, (1999). The suggested re-arrangement of the
metallaoxetane intermediate to the dioxylate by Sharplesset. al. (1977) has a higher
activation barrier than the direct [3+2] addition of ethylene across the two oxygen atoms
of singlet MnO,". The reaction between permanganate and ethylene would not result in
the formation of the epoxide precursor.

In the reaction of ethylene with MnO3Cl, the direct [3+2] addition of the C=C bond of
ethylene across O=Mn=0 moiety of doublet MnOs;Cl to form the dioxylate
intermediatehas a lower activation barrier intermediate than the direct and stepwise[3+2]
addition of ethylene across the CI-Mn=0 and O=Mn=0 bonds of singlet and doublet
MnO3CI to form the five-membered metallacyclic intermediate. The most plausible
pathway that leads to the epoxide precursor which is an unfavorable reaction will result
from direct attack of the C=C bond of ethylene on one of the oxo-ligand of singlet
MnO3Cl. The dioxylate intermediate (structure 2 in Scheme 2.1) is more stable than the
five-membered metallacycle (structure 6 in Scheme 2.1) and the metallaoxetane
intermediate (structure 4 in Scheme 2.1). Thus in the reaction of MnO3zCl with ethylene,
the direct[3+2] addition to form the dioxylate intermediate on the doublet surface is

thermodynamically and kinetically favorable.
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3.

In the reaction between MnO3(CHg) and ethylene, the direct[3+2] addition of the C=C
bond of ethylene across the O=Mn=0 bond of doublet MnO3(CH3) to form the dioxylate
intermediate has a lower activation barrier than the [2+2] addition of ethylene across the
Mn=0 bond of MnO3(CHjs) to form the metallaoxetane intermediate and subsequent re-
arrangement of the metallaoxetane intermediate to the dioxylate. The most plausible
pathway to the formation of the epoxide precursor is by direct attack of the C=C bond of
ethylene on one of the oxo-ligand of singlet MnO3(CHs) which is an unfavorable reaction
relative to the doublet starting reactant. Thus in the reaction of MnO3(CHjs) with ethylene,
the [3+2] addition pathway is kinetically and thermodynamically favorable than the [2+2]
addition pathway.

In the oxidation of ethylene by MnO3Cp, the direct [3+2] addition of the C=C bond of
ethylene across O=Mn=0 moiety of doublet MnO3Cp to form the dioxylate intermediate
has a lower activation barrier than the two-step process via, the [2+2] addition across
Mn=0 bond to form the metallaoxetane and the subsequent re-arrangement of the
metallaoxetane to the dioxylate intermediate. The dioxylate intermediate formed is more
stable than the metallaoxetane intermediate. The reaction of MnO3;Cp with ethylene
would not result in the formation of an epoxide precursor. Thus the [3+2] addition
pathway is kinetically and thermodynamically favorable than the [2+2] addition pathway
leading to the metallaoxetane intermediate for ethylene addition to MnOsCp.

In the reaction of MnO3(OCHj5) with ethylene, the initial attack of ethylene on one of the
oxo-ligands of A15/d to form the intermediate X/d and subsequent re-arrangement to the
dioxylate intermediateA16/d has a lower activation barrier than the direct [3+2] addition

of the C=C bond of ethylene across the O=Mn=0 bond of singlet MnO3(OCH3) to form
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the dioxylate intermediateA15/s. The most plausible pathway for the formation of the
epoxide precursor is by the direct [3+2] addition of ethylene across the two oxygen atoms
of singlet MnO3(OCHg3) followed by re-arrangement. The reaction of MnO3(OCHj3) with
ethylene would not lead to the formation of the metallaoxetane intermediate. The [3+2]
addition pathway on the doublet surface is kinetically and thermodynamically favorable
for ethylene addition to MnO3(OCHs)

In the oxidation of ethylene by MnO3;(NPHj3), the direct [3+2] addition of the C=C bond
of ethylene across the O=Mn=0 bond of singlet MnO3;(NPH3) to form the dioxylate
intermediate will be competitive with the direct [3+2] addition across O=Mn=N and the
[2+2] addition across the M=N bond of singlet MnO3(NPHj3) leading to the formation of
four-membered metallacycle. The five-membered metallacycle (structure 6 in Scheme
2.1) formed from the [3+2] addition pathway is the most stable. The most plausible
pathway to the formation of the epoxide precursor is by initial [3+2] addition. Thus in the
reaction of ethylene with MnO3(NPH3), the direct[3+2] addition of ethylene across the
two oxygen atoms of singlet MnO3(NPHS3) is kinetically favorable and the [3+2] addition
across the nitrogen and oxygen atom is thermodynamically favorable.

. Generally, in the reaction of ethylene with LMnQg3, the [3+2] addition pathway is favored

kinetically and thermodynamically when (L= O", Cp, OCHjs, CI, CH3, NPH3).
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CHAPTER THREE

A DENSITY FUNCTIONAL STUDY OF THE MECHANISMS OF OXIDATION OF

ETHYLENE BY TECHNETIUM OXO COMPLEXES

3.1 INTRODUCTION

The development of new catalytic reactions that perform chemical transformations with
high selectivity and efficiency is a key objective in chemical research. Many new reactions are
discovered serendipitously, but increasing mechanistic knowledge permits the rational design of
new reactions of key intermediates.

Although enormous efforts have been made to find out experimentally the mechanism of
transition-metal catalyzed processes, most reactions are still little understood in terms of
mechanistic details. (Enemark and Young, 1993; Sharpless et. al., 1975; Mijs and de Jonge,
1986; Sono et. al., 1996). Transition-metal-complex-mediated oxygen-transfer reactions are of
considerable importance in chemistry, both in the industrial arena and under laboratory
conditions. The addition of osmium tetraoxide across the C=C double bond of olefins yielding a
metalla-2, 5-dioxolane is the initial step of cis-dihydroxylation, one of the most elegant reactions
for a 1, 2-functionalization of alkenes (Criegee et .al., 1936; 1942; Dobler et. al., 2001; Jonsson
et. al., 2001). Some transition metal-oxo complexes such as CrO,Cl, (Jorgensen, 1989; San
Filippo et. al., 1977) react with olefins to form epoxides, chlorohydrins and vicinal dihalides
whereas others such as MnO, and OsO, react to form diols without significant epoxide
formation (Schroder, 1980; Wiberg, 1965).

The oxo complexes of group VII (Mn, Tc, and Re) are of great interest for their tendency

toward epoxidation and dihydroxylation. MnO," is commonly used as a dihydroxylation agent
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(March, 1985) while the system CH3ReO3/H,0, is experimentally known to be efficient
epoxidation catalysts (Al-Ajlouni et. al., 1995; 1996; Herrmann et. al., 1993; 1997; Roméo et.
al., 1997). With allusion to these two types of oxidation reactions, Tc is intermediate (Herrmann
et.al., 1990). Electronic and structural properties of Mn (Dickson et al., 1998), Tc (Herrmann
et.al., 1990) and Re (Herrmann et. al., 1997; Roméo et. al., 1997) compounds have previously
been analyzed in various density functional studies. Differences in reactivity between analogous
Tc and Re oxo compounds have been attributed to relativistic effects on the Lewis acidity and
the polarizability of the MO; moiety. Re was found to form a stronger and harder (less
polarizable) Lewis acid center than Tc(Herrmann et. al., 1995; 1997; Romé&o et. al., 1997).
CpReO3; has been shown to react with olefins to predominately form dioxylates(Burrell et al.,

1995; Herrmann et .al., 1984; Klahn-olive et al, 1984 and Kuhnet. al., 1994).

Gisdakis and Rdsch (2001) in a theoretical studies of ethylene addition to LTcO3; (L= Cp, Cl,
CHs; and O") calculated the [3+2] addition pathway to form the dioxylate to have a lower
activation barrier than the corresponding [2+2] addition pathway leading ultimately to the
formation of the metallaoxetane.

Haunschildet al., (2008) calculated the [2+2] addition pathway to be favored when a transition
metal-carbon double bond is present. For ethylene addition to TcO,(CHs)(CHy), the [2+2]
addition across the Tc=CH, becomes more favorable than the [3+2] addition pathway across the

two oxygen atoms and oxygen and carbon atoms of TcO,(CHj3)(CH,).

The aim of this work is to extend the work of Gisdakis and Rosch, (2001) by reporting the

calculated potential energy surfaces for the [3 + 2] and [2 + 2] addition of LTcO3; (L= O-, Cl, Cp,
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CHs, OCHjs, NPHj3) to ethylene in order to explore the mechanistic pathway for the formation of
the epoxide precursor by employing hybrid density functional theory at the B3LYP/LACVP*
level of theory. Other [3+2] and [2+2] addition pathways are explored in addition to those
already studied. The singlet, doublet, triplet and quartet electronic states of each species are

explored where possible.
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Scheme 3.1: Proposed pathway for the reaction of LMOj3 with ethylene




3.2 DETAILS OF CALCULATION

All calculation were carried out with Spartan ‘08 V1.1.0 Molecular Modeling programs
(Wavefunction, 2008; 2010) at the DFT B3LYP/LACVP* level of theory. The LACVP* basis set is
a relativistic effective core —potential that describes the atoms H-Ar with the 6-31G* basis while
heavier atoms are modeled with the LANL2DZ basis set which uses the all-electron valence double
zeta basis set (D95V), developed by Dunning, for first row elements(Dunning and Hay, 1976) and
the Alamos ECP plus double zeta basis set developed by Wadt and Hay for the atoms Na-La, Hf-Bi

(Hay and Wadt, 1985a; 1985b; Wadt and Hay, 1985).

The starting geometries of the molecular systems were constructed using Spartan’s graphical
model builder and minimized interactively using the sybyl force field (Clark’s et. al., 1989). All
geometries were fully optimized without any symmetry constraints. A normal mode analysis was
employed to verify the nature of the stationery point. Equilibrium geometries were characterized by

the absence of imaginary frequencies.

The transition state structures will be located by a series of constrained geometry optimization in
which the forming-and breaking—bonds are fixed at various lengths whiles the remaining internal co-
ordinates were optimized. The approximate stationary points located from such a procedure were
then fully optimized using the standard transition state optimization procedure in Spartan. All first—
order saddle- point were shown to have a Hessian matrix with a single negative eigenvalue,
characterized by an imaginary vibrational frequency along the reaction coordinate. All computations

shall be performed on Dell precision T3400 Workstation computers.
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3.3 Results and Discussion

3.3.1 Reaction of TcO,4 with ethylene

The optimized geometries and relative energies of the main stationary points involved in the
reaction between TcO, and ethylene are shown in Fig.3.1 and Fig.3.2, respectively. The density
functional theory (DFT) geometry optimization of TcO, (B1) on a singlet potential energy
surface [PES] has all the Tc-O bonds at 1.74 A. A triplet pertechnate reactant (B1/t) has been
computed to be 65.16 kcal/mol less stable in relation to the singlet reactant. The singlet reactant
B1/s is 117.37 kcal/mol more stable than the doublet reactant (B1/d). No quartet reactant could

be located on the reaction surface.

On the singlet surface, the direct [3+2] addition of the C=C bond of ethylene across the O=Tc=0
bonds of TcO, through transition state TS-[B1-B2]/s to form the dioxylate C2/s has an
activation barrier of 24.22 kcal/mol and reaction energy of 9.46 kcal/molexothermic. The
calculated transition state is highly symmetrical and synchronous with respect to the newly-
forming C-O bonds (1.90 A). Gisdakis and Résch, (2001) had computed the barrier along this
route to be +27.30 kcal/mol by the hybrid B3LYP approach, with effective core potentials and
double-zetabasis sets, LanL2DZ, for the transition metals and 6-311G(d,p) basis sets for H, C, O,
and F

No triplet transition state linking the reactant to the products could be located. However, a
triplet dioxylate species product B2/t was located and found to be -58.14 kcal/mol exothermic. In
the singlet product B2/s, the two Tc=0 bonds to the ‘spectator’ oxygen atoms (the oxygen atom
not part of the ring) are equal (1.73 A) and those to the oxygen atom involved in the ring are also

equal (1.98 A). The triplet product B2/t has the two Tc=O double bonds to the ‘spectator’

65



oxygen atoms equal (1.75 A) and those to the oxygen atom involved in the ring are also equal
(1.98 A). The doublet B2/d and quartet B2/q dioxylate species have reaction energies of -70.26
and -18.94 kcal/mol respectively.

The formation of the singlet metallaoxetane B3/s through the transition state TS-[B1-B3]/s
by [2+2] addition of C=C bond of ethylene across Tc=0 bond of the pertechnate complex B1 has
an activation barrier of 48.20 kcal/mol and reaction energy of 17.40 kcal/mol. A triplet
metallaoxetane B3/t has reaction energy of -16.58 kcal/mol. No triplet transition state could be
located on the surface. The Tc-C and C-O bonds in the singlet metallaoxetane C3/s are 2.18 and
1.40 A respectively. The Tc-C bond is 0.02 A shorter in the triplet rhenaoxetane B3/t. However,
the C-O bond is 0.018A longer in the triplet metallaoxetane. The doublet species B3/d with a
metallaoxetane-like structure but with an elongated M-C bond (3.539 A) have reaction energy of
-32.50 kcal/mol. No quartet metallaoxetane structure was located was found on the reaction

surface.

The re-arrangement of the metallaoxetane to the dioxylate (TS-[4-3] in Scheme 1) as
suggested by Sharpless et. al. (1977)in the chromyl chloride oxidation of olefins was also
explored for the reaction of TcO, with ethylene. The re-arrangement of the singlet
metallaoxetane to the dioxylate through transition state TS-[B3-B2]/s has activation barrier of
+56.53 kcal/mol. Thus, the barrier for the re-arrangement of the singlet metallaoxetane to the
dioxylate is higher than the activation barrier for the direct [3+2] addition across the two oxygen
atoms of TcQO,". This rule out the two-step process for the formation of dioxylate from the
metallaoxetane and therefore the dioxylate intermediate would be formed from the direct [3+2]

addition of ethylene across the O=Tc=0 bond of singlet TcO,.
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The potential energy surface of the reaction of TcO, with ethylene was further explored in
an attempt to locate an epoxide precursor (Os-Tc- OC,Hy4) (3 in Scheme 3.1), but no such

minimum was found on these reaction surfaces.

The reaction of TcO,4 with ethylene is likely to occur on a singlet PES and the [3+2] addition
of the O=Tc=0 bonds of TcO, across the C=C bond of ethylene is kinetically and
thermodynamically favorable than the two-step process via the [2+2] addition of the Tc=0 bond
across C=C bond of ethylene to form the metallaoxetane intermediate and subsequent re-

arrangement.
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3.3.2 Reaction of TcO3Cl with ethylene

Figures 3.3 and 3.4 shows the optimized geometries and relative energies of the main stationary
points involved in the reaction between TcO3Cl and ethylene respectively. The DFT geometry
optimization of TcOsCl on a singlet potential energy surface yielded a minimum B4/s in which

the three Tc=0 bonds is each 1.70 A long and the Tc-Cl bond is 2.26 A long.

In addition to the singlet reactant, a doublet and a triplet have also been optimized. A doublet
reactant B4/d has been computed to be 62.89 kcal/mol more stable than the singlet reactant B4/s
and 111.26 kcal/mol more stable in relation to the triplet reactant B4/t. In the doublet reactant
B4/d, the Tc-Cl bond is 0.13 A longer than that in the singlet structure B4/s and 0.12 A longer
than that in the triplet structure B4/t. A quartet reactant B4/q has also been computed and found
to be 58.88 kcal/mol less stable than the doublet reactant. Thus of all the reactants structures

optimized, the doublet is the most stable.

On the singlet surface, the [3+2] addition of the C=C bond of ethylene across the O=Tc=0 bonds
of singlet TcO3Cl through transition state TS-[B4-B5]/s to form the dioxylate B5/s has an
activation barrier of 7.57 kcal/mol and reaction energy of -28.13 kcal/mol in agreement with the
activation and reaction energies reported by Gisdakis and Rdsch (2001)at the hybrid B3LYP
approach, with effective core potentials and double-zetabasis sets, LanL2DZ, for the transition
metals and 6-311G(d,p) basis sets for H, C, O, and F.

On the doublet surface, the [3+2] addition of the C=C bond of ethylene across the O=Tc=0
functionality of TcO3Cl could follow either astepwise or a concerted pathway. On the concerted
pathway, the [3+2] addition of ethylene across the two oxygen atoms of doublet TcOsCl has an
activation barrier has +20.18 kcal/mol and reaction energy of 17.22 kcal/mol exothermic through

the doublet transition state TS-[B4-B5]/d to form the dioxylate B5/d.The Tc-Cl bond in the
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doublet transition state is 0.01 A short, in comparison to the Tc-Cl bond distance (2.393 A) in the
doublet reactant. On the stepwise pathway, one of the C=C = of ethylene attacks an oxo-ligand of
TcOsCl to form the organometallic intermediate X/d through transition state TS-[B4-X]/d. The
activation barrier for the first-step that leads to the formation of the intermediate X/d is +30.38
kcal/mol. The intermediateX/d has endothermicity of +24.67 kcal/mol. The
intermediateX/dcould re-arrange through transition state TS-[X-B5]/dto form the dioxylate
intermediate B5/d. The activation barrier and reaction energy of the dioxylate intermediate B5/d

are -4.45 and -41.89 kcal/mol.

No triplet transition state connecting the reactant to the product could be located. However, a
triplet dioxylate B5/t was located and found to be 44.73 and 55.64 kcal/mol more stable than the
singlet B5/s and doublet B6/d dioxylate products respectively. A quartet dioxylate B5/q

producthas been found to be 53.45 kcal/mol exothermic.

On the doublet surface, the [3+2] addition of the C=C bond of ethylene across the O=Tc-Cl
functionality of doublet TcO3Cl,a pathway not explored in the study of Gisdakis and Rosch
(2001) leads to an organometallic intermediate X/d. The intermediate X/d re-arranges through
transition state TS-[X-B6]/d to form the five membered metallacycle B6/d. The activation

barrier and reaction energy along this route are 18.12 and -14.71 kcal/mol.

On the singlet pathway, the direct [3+2] addition of the C=C bond of ethylene across the O=Tc-
Cl functionality of singlet TcOsCl has activation barrier and reaction energy of +14.68 and -1.69
kcal/mol respectively. A triplet dioxylate B6/t is 37.28 kcal/mol more stable than the doublet

dioxylate B6/d. The quartet dioxylate species B6/q is computed to be 44.06 kcal/mol more
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stable than the doublet product B6/d. No triplet and quartet transition state linking the reactants

to the products were located on the reaction surfaces.

The formation of doublet metallaoxetane B7/d through the doublet transition state TS-[B4-B7]/d
by [2+2] addition of the C=C bond of ethylene across Tc=0O bond of the doublet TcO3Cl
complex has an activation barrier of 29.12 kcal/mol and exothermicity of 6.53 kcal/mol
exothermic. Attempts at forming the metallaoxetane intermediate from the stepwise pathway,
proved unsuccessful. This indicates that the metallaoxetane intermediate is formed from the

concerted pathway and not the stepwise route.

The singlet transition state TS-[B4-B7]/s linking the reactants to the product B7/s has an
activation barrier of 32.07 kcal/mol and reaction energy of 0.41 kcal/mol. A triplet
metallaoxetane B7/t has been computed to be 33.71 kcal/mol more stable than the singlet
metallaoxetane B7/s. A quartet metallaoxetane intermediate B7/g has reaction energy of 34.23
kcal/mol. No triplet and quartet [2+2] transition states connecting the reactants to the products w

could not be located on the reaction surface explored.

The re-arrangement of the singlet, doublet, triplet and quartet metallaoxetane to the five-
membered dioxylate (TS-[4-2] in Scheme 3.1) was explored for the reaction of TcO3Cl with
ethylene. The transition state TS-[B7-B5]/sfor the re-arrangement of the singlet metallaoxetane
to the singlet dioxylate have activation barrier of +27.83 kcal/mol. On the doubletsurface, the
activation barrieris +42.49. No transition state was located for the re-arrangement of the

metallaoxetane to the dioxylate on the triplet and quartet surfaces.

The overall activation barriers (+26.75 and +42.49 kcal/mol) for the re-arrangement of the

singlet and doublet metallaoxetane to the dioxylate is higher than the activation barrier for the
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direct [3+2] addition across the two oxygen atoms of singlet and doublet TcO3Cl. This means the
formation of the dioxylate on both the singlet and doublet surfaces should proceed from the

direct [3+2] addition of ethylene across the O=Tc=0 bonds of singlet and doublet TcO3ClI.

An epoxide precursor was explored from the reaction of TcO3Cl with ethylene; this was

unsuccessful in the case of TcO, .

The transition state (TS-[B6-E]/s in Fig 3.4) for the re-arrangement of the singlet five-
membered metallacycle (TS-[1-6] in Scheme 3.1) to the epoxide precursor has activation barrier

of +22.66 kcal/mol and endothermicity of +5.73 kcal/mol.

The transition states (TS-[4-3] in Scheme 3.1) for the rearrangement of the singlet four-
membered metallaoxetane to the epoxide precursor have activation barrier and reaction energy of
+33.76 and +3.62 kcal/mol. Also, the activation barrier and reaction energy for the singlet direct
one-step addition of the C=C bond across one oxygen atom of TcO3Cl are +28.96 and 4.03
kcal/mol. The formation of the epoxide precursor fromX/d through transition state TS-[X-E]/d
to the epoxide precursor E/d has activation barrier and exothermicity of +14.46 and -9.64
kcal/mol. The most plausible pathway for the formation of the epoxide precursor is from the

intermediate X/d followed by re-arrangement.

The reaction of ethylene with TcO3Cl is likely to occur on the doublet PES and even though the
formation of the epoxide and chlorohydrins precursors could also be occur, the dioxylate will

preferentially be formed.
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3.3.3 Reaction of TcO3(NPHj3) with ethylene

Figures 3.5 and 3.6 respectively show the optimized geometries and relative energies of the main
stationary points involved in the reaction between TcO3;(NPHS3) and ethylene. The DFT geometry
optimization of TcO3(NPH3)on a singlet potential energy surface [PES] gives B8/s which has
the Tc=N bond at 1.88 A and Tc=0 bonds at 1.71 A. The N-P bond distance is 1.58 A. A triplet
TcO3(NPH3) B8/t has been computed to be 47.79 kcal/mol less stable than the singlet reactant.

The Tc=N and N-P bonds in the triplet are 1.89 and 1.60 A respectively.

A doublet reactant B8/d of the complex has been computed to be 38.54 kcal/mol stable than the
singlet reactant B8/s and 55.69 kcal/mol stable than the quartet structure B8/q. In the doublet
reactant B8/d, the Tc=N bond at 1.78 A, the N-P bond at 1.78 A. Thus, the doublet reactant is the

most stable of all the reactants computed.

A singlet and a doublet transition state have been located for the formation of the dioxylate
intermediate through the [3+2] addition of the C=C bond of ethylene across the O=Tc=0 bonds
of singlet and doublet TcO3(NPH3) . As shown in Figure 3.6, If the reaction proceeds from a
doublet reactant through the doublet transition state TS-[B8-B9]/d to a doublet product B9/d, the
activation barrier is +34.37 kcal/mol and the reaction energy is 9.25 kcal/mol exothermic. If on
the other hand, it proceeds from the singlet reactant through the singlet transition state TS-[B8-
B9]/s to a singlet product B9/s, the activation barrier is +15.36 kcal/mol and the reaction energy

is 20.22 kcal/mol exothermic.

A triplet species B9/t has been computed to have reaction energy of -55.39 kcal/mol. On the

quartet PES, a seven-membered metallacyclic intermediate B9/q in which one of the oxo-ligands
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part of the five-membered ring, forms a new bond with the phosphine moiety attached to

nitrogen(O- P = 2.57 A).

The [3+2] addition of the C=C bond of ethylene across the O=Tc=N bonds of singlet
TcO3(NPH3)through singlet transition state TS-[B8-B10]/s has an activation barrier of 16.64
kcal/mol and a reaction energy of 24.35 kcal/mol exothermic. On the doublet surface, no [3+2]
transition state linking the reactant to the product was located. The doublet five membered

metallacycle B10/dhas reaction energy of 2.17 kcal/mol exothermic.

A triplet transition state TS-[B8-B10]/t linking the reactants to the product could not be located
on the reaction surface. On the triplet and quartet PES, a seven-membered metallacyclic
intermediate B10/t andwhere one of the oxo-ligands attached to the metal centre forms a new
bond with the phosphine moiety attached to nitrogen (O - P = 1.88 A). On the quartet PES, the
(O - P=1.790A). The triplet and quartet five membered metallacycle B10/tand B10/q have

reaction energies of -56.72 and -44.67 kcal/mol.

The formation of the metallaoxetane B11/s through the singlet transition state TS-[B8-B11]/s by
[2+2] addition of the C=C bond of ethylene across Tc=0O bond of singlet TcO3(NPH3) has an

activation barrier of 28.17 kcal/mol and reaction energy of -2.04 kcal/mol.

On the doublet surface, the transition state TS-[B8-B11]/d linking the reactants to the product
has an activation barrier of 25.89 kcal/mol and a reaction energy for the doublet metallaoxetane

intermediate B11/d is 1.430 kcal/mol.

A triplet transition state TS-[B8-B11]/t linking the reactants to the product could not be
located. The triplet metallaoxetane has been computed to be 11.28 kcal/mol more stable than the
singlet product B11/s. A quartet rhenaoxetane C11/q has an exothermicity of -22.35 kcal/mol.
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A search of the surface for the reaction for the re-arrangement of the metallaoxetane to the

dioxylate (TS-[4-2] in Scheme 3.1) proved unsuccessful.

The formation of a four membered metallacycleB9/s by the [2+2] addition of the C=C bond of
ethylene across the Tc=N bond of singlet TcO3(NPH3) has an activation barrier and reaction
energy to be 41.34 and -12.73 kcal/mol through singlet transition state TS-[B8-B9]/s. The
product, a six-membered metallacyclic intermediate B9/s where one of the oxo ligand on the

metal centre bonds with phosphine (PHs) attached to the nitrogen (O-P =1.84 A) is formed.

A doublet transition state TS-[B8-B9]/d linking the reactants to the product, has an
activation barrier of +21.21 kcal/mol (Fig 3.6). The doublet product, a six-membered
metallacyclic intermediate B9/d results from the interaction of one of the oxo-ligand attached to
the metal center bonds with the phosphine (PHs) attached to the nitrogen (O-P =1.68 A).The

doublet product has a reaction energy to be -11.36 kcal/mol.

A triplet transition state TS-[B8-B9]/t connecting the reactants to the product could not be
located on the reaction surface. The triplet product, a six-membered metallacyclic intermediate
B9/t results from the interaction of one of the oxo-ligand present at the metal center with the
phosphine (PHs) attached to the nitrogen (O-P =1.87 A) is formed.The triplet species is 7.73

kcal/mol less stable than the singlet product B9/s.

A search on the reaction surface for the re-arrangement of the four-membered metallacycle to the

five-membered metallacycle (TS-[5-6] in Scheme 3.1) did not yield any positive results.

The transition state TS-[B10-K]/s for the re-arrangement of the singlet five-membered
metallacycle (TS-[1-6] in Scheme 3.1) to the epoxide precursor has activation barrier of +56.31
kcal/mol and endothermicity of +43.63 kcal/mol.
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Also the re-arrangement of the singlet five-membered metallacycle (TS-[2-3] in Scheme 3.1)
through transition state TS-[B9-K]/s to the epoxide precursor has an activation barrier of +70.04
kcal/mol and endothermicity of 39.50 kcal/mol. The transition state (TS-[4-3]/s in Scheme 3.1)
for the rearrangement of the singlet four-membered metallaoxetane to the epoxide precursor
through transition state TS-[B11-K]/s have activation barrier and reaction energy of +52.80 and
21.32 kcal/mol. Also, the singlet direct one-step addition of the C=C bond across one oxygen
atom of TcO3(NPHS3) has activation barrier of +32.01 kcal/mol and endothermicity of +19.28
kcal/mol. The most plausible pathway for the formation of the epoxide precursor is by the direct

[2+1] addition pathway.

From the energetics in Fig 3.6, the addition of TcO3(NPHj3) to ethylene is likely to occur on the
doublet PES and the [2+2] addition of ethylene across the Tc=N bond of doublet TcO3(NPHs3) is

kinetically and thermodynamically most favorable.
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3.3.4 Reaction of TcO3(CHjs) with ethylene

Figure 3.7and 3.8 shows the optimized geometries and relative energies of the main stationary
points involved in the reaction between TcO3;(CHs) and ethylene respectively. The DFT
geometry optimization of TcO3(CHs) on a singlet potential energy surface yields B13/s which

has the Tc=0 bonds at 1.70 A and the Tc-Cbond is 2.09 A long.

A doublet reactant B13/d has been computed and found to be 44.42 kcal/mol more stable
than the singlet reactant B13/sand 94.17 kcal/mol more stable than the triplet reactant B13/t.In
the doublet reactant B13/d, the Tc-C bond is 0.03 A longer in the doublet reactant B13/d than in
the singlet reactant B13/s and 0.03 A longer in the doublet reactant than the in the triplet
structure B13/t. A quartet reactant B13/q has been computed to be 72.54 kcal/mol less stable in

relation to the doublet reactant B13/d.

The [3+2] addition of the C=C bond of ethylene across the O=Tc=0O functionality of
doublet TcO3(CHs) through a doublet transition state TS-[B13-B14]/d to form the dioxylate

B14/d has an activation barrier of 27.91 kcal/mol and reaction energy of -6.05 kcal/mol.

The observed transition state is symmetric with respect to the forming C-O bonds (1.87 A). The
Tc-Cbond distance (2.13 A) in the doublet transition state is the same as in the doublet reactant
(2.12 A). The triplet and quartet dioxylate species B14/tand B14/ghas exothermicity of -63.44
and -63.86 kcal/mol. No triplet and quartet transition state linking the reactants to the products

was located on the reaction surfaces.

The activation barrier and reaction energy for the [3+2] addition of the C=C bond of

ethylene across the O=Tc=0 functionality of singlet TcO3(CHs) through a singlet transition state
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TS-[B13-B14]/s has been computed to be 19.83 and -12.11 kcal/mol. Gisdakis and Rdsch,

(2001) calculated the barrier along this route to be +23.70 kcal/mol.

The formation of the doublet metallaoxetane B15/d through the transition state TS-[B13-
B15]/d by [2+2] addition of the C=C bond of ethylene across Tc=0 bond of doublet TcO3(CHs)
complex, has an activation barrier of 33.60 kcal/moland reaction energy of 1.13 kcal/mol
exothermic. A triplet metallaoxetane B15/t has been computed to be 30.67 kcal/mol more stable
than the doublet metallaoxetane B15/d. No quartet species was located on the reaction surface

and the triplet and quartet transition states were located on the reaction surface explored.

The formation of the singlet metallaoxetane B15/s through transition state TS-[B13-B15]/s
by [2+2] addition of the C=C bond of ethylene across Tc=0 bond of singlet TcO3(CHs3) complex,

has an activation barrier of 33.05 kcal/moland reaction energy of -1.84 kcal/mol.

The re-arrangement of the singlet metallaoxetane to the singlet dioxylate (TS-[4-2] in
Scheme 3.1) through transition state TS-[B15-B14]/d has a barrier of +33.60 kcal/mol. No
doublet, triplet and quartet transition state were located for re-arrangement of the metallaoxetane
to dioxylate. Thus the activation barrier for the re-arrangement of the singlet metallaoxetane to
the dioxylate is higher than the activation barrier for the direct [3+2] addition of C=Cn of
ethylene across O=Tc=0 of singlet TcO3(CHs). This rule out the two-step process for the
formation of the dioxylate from the metallaoxetane. The dioxylate would be formed from the

direct [3+2] addition of ethylene across the two oxygen atoms of TcOz(CHjs).

The reaction of TcO3(CH3) with ethylene was explored for the formation of an epoxide
precursor.A search for a transition state (TS [2-3] in Scheme 3.1) for the re-arrangement of the

five-membered metallacycle to the epoxide precursor yielded no positive results, indicating that
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such a re-arrangement may not be possible. The transition state TS [B15-E]/s for the
rearrangement of the singlet four-membered metallaoxetane to the epoxide precursor have
activation barrier of +44.77 kcal/mol and endothermicity of +16.66 kcal/mol. Also, the activation
energy for the formation of the singlet epoxide precursor from direct attack of the C=C bond on
the oxygen atom of TcO3(CHjs) has been computed to have activation barrier of +34.32 kcal/mol
and endothermicity of +14.82 kcal/mol. On the doublet surface, the activation and reaction
energies are +25.17 and 17.35 Kkcal/mol respectively. The triplet and quartet epoxide
precursorshave reaction energies of -31.77 and -43.02 kcal/mol.Therefore, the most plausible
pathway for the formation of the epoxide precursor is by direct [2+1] addition on the doublet

surface.

The reaction of TcO3(CH3) with ethylene would take place on the doublet surface and the
formation of the epoxide precursoris likely to be competitive with the dioxylate intermediate.

The latter was found to be the most thermodynamically favorable product.
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3.3.5 Reaction of TcO3(OCH3) with ethylene

Figure 3.9 shows the optimized geometries of the main stationary points involved in the
reaction between TcO3(OCHs) and ethylene. The corresponding energy profile is shown in fig
3.10. A singlet, doublet, triplet and quartet species has been optimized for the reactant
TcO3(OCHa). The singlet reactant B16/s has the Tc=0 bonds at 1.71 A. The Tc-O bond distance

is 1.87 A.

A doublet reactant B16/d has been computed to be 47.09 kcal/mol more stable than the
singlet reactant B16/sand 98.91 kcal/mol more stable than the triplet reactant B16/t. The Tc-O
bond is 0.08 A longer, while the O-C bond is 0.03 A shorter in doublet structure B16/d. A
quartet reactant B16/q of C; symmetry is 46.43 kcal/mol less stable than the doublet B16/d. The
quartet reactant is 0.66 kcal/mol less stable than singlet reactant B16/s and 52.48 kcal/mol more

stable than the triplet ground state reactant.

The [3+2] addition of the C=C bond of ethylene across the O=Tc=0O bond of doublet
TcO3(OCHjs) through a doublet transition state TS-[B16-B17]/d to form the dioxylate B17/d has
an activation barrier of 23.90 kcal/mol and reaction energy of 8.52 kcal/mol exothermic. The
calculated transition state is highly asynchronous with respect to the newly forming C-O bonds.
On the triplet PES, the reaction energy for the dioxylate intermediate is 60.04 kcal/mol more

stable than the doublet product B17/d.

The [3+2] addition of the C=C bond of ethylene across the O=Tc=0 bond of singlet
TcO3(OCHj3) through a singlet transition state TS-[B16-B17]/s to form the dioxylate B17/s has
an activation barrier of 13.11 kcal/mol and reaction energy of -21.97 kcal/mol. The calculated

transition state is highly synchronous and symmetric with respect to the newly forming C-O
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bonds. A quartet dioxylate has been computed to been 32.97 kcal/mol more stable than the

doublet product B17/d.

The formation of the singlet metallaoxetane B18/s by [2+2] addition of the C=C bond of
ethylene across the Tc=0 bond of singlet TcO3(OCHs) through a singlet transition state has

activation barrier of 30.63 kcal/mol and reaction energy of -4.51 kcal/mol.

The formation of the doublet metallaoxetane B18/d through the transition state TS-[B16-
B18]/d by [2+2] addition of the C=C bond of ethylene across Tc=O bond of doublet
TcO3(OCH3) has an activation barrier of 31.82 kcal/mol and exothermicity of 2.78 kcal/mol. A
triplet metallaoxetane B18/t computed has been computed to have reaction energy of 12.26

kcal/mol more stable than the quartet species B18/qg.

The re-arrangement of the metallaoxetane to the dioxylate (TS-[4-2] in Scheme 3.1) was
explored for the reaction of TcO3(OCHjs) with ethylene. NO singlet, doublet, triplet and quartet

re-arrangement species were located on the reaction surface.

An epoxide precursor was optimized from the reaction of TcO3(OCHjz) with ethylene. The
transition state (TS [2-3] in Scheme 3.1) for the re-arrangement of the five-membered
metallacycle to the epoxide precursor yielded no positive results, indicating that such a re-
arrangement may not be possible. The transition state TS [B18-E]/s for the rearrangement of the
singlet four-membered metallaoxetane to the epoxide precursor has an activation barrier of
+45.49 kcal/mol and endothermicity of +13.64 kcal/mol. Also, the activation energy for the
formation of the singlet epoxide precursor from direct attack of the C=C bond on the oxygen
atom of TcO3(CHj3) has been computed to have a barrier of +37.65 kcal/mol and endothermicity

of 9.13 kcal/mol. The formation of the epoxide precursor is not a favorable reaction.
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Therefore, the most plausible pathway for the formation of the epoxide, if it is to form at all, is

by direct [2+1] addition on the singlet surface.

The reaction of ethylene with TcO3(OCHs) would take place on the doublet PES and the [3+2]
addition of ethylene across the two oxygen atoms of doublet TcO3(OCHs) is kinetically and

thermodynamically most favorable (Fig 3.10)
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3.3.6 Reaction of TcO3Cp with ethylene

Figure 3.11 shows the optimized geometries and of the main stationary points involved in the
reaction between TcO3Cp and ethylene and fig 3.12 shows the corresponding energy profile. The
DFT geometry optimization of TcO3Cp on a singlet potential energy surface gives B19/s which
has the Tc=0 bonds at 1.72 A. The cyclopentadienyl ligand (Cp) is bonded to the metal center in
a1 fashion i.e. Tc-C (Cp) = 2.486, 2.492, 2.492, 2.483 and 2.503A. For MnOsCp, Gisdakis and
Rdsch (2001) employing the hybrid B3LYP approach, with effective core potentials and double-
zetabasis sets, LanL2DZ, for the transition metals and 6-311G(d,p) basis sets for H, C, O, and
Ffound the Cp ligand to be bound to the metal center in n' fashion. No doublet, triplet and

quartet reactants could be located on the doublet, triplet and quartet PES.

The [3+2] addition of C=C bond of ethylene across the O=Tc=0 bonds of singlet TcO3Cp
through a singlet transition state TS-[B19-B20]/s to form the metalladioxolane intermediate
B20/s has an activation barrier of 2.66 kcal/mol and reaction energy of - 46.50 kcal/mol in
agreement with the reported activation and reaction energies by Gisdakis and Rdsch (2001)at the
hybrid B3LYP approach, with effective core potentials and double-zetabasis sets, LanL2DZ, for
the transition metals and 6-311G(d,p) basis sets for H, C, O, and F. The calculated transition
state is highly synchronous with respect to the newly forming C-O bonds. The Cp ligand in the
singlet [3+2] transition state structure shows 1> —bonding to the metal centre i.e.(Tc-C (Cp)
=2.358, 2.455, 2.463, 2.628, 2.635A). The Cp ligand in the singlet TcOsCp- dioxylate B20/s also

shows a n°—bonding fashion to the Tc centre (Tc-C (Cp) =2.348, 2.359, 2.422, 2.502, 2.545A).

The reaction energy of the doublet product B20/d is -67.63 kcal/mol making it +55.52
kcal/mol more stable than the singlet product B20/s. In the doublet dioxylate, the Cp ligand in

TcOsCp dioxylate B20/d shows n° —bonding fashion to the Tc centre (Tc-C (Cp) =2.323, 2.571
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and 2.617, 2.437, 2.298A). A triplet dioxylate B20/t has been computed to have reaction energy
of -24.70 kcal/mol. The Cp ligand in the triplet TcOsCp-dioxylate B20/t also shows n° —bonding
fashion to the Tc centre (Tc-C (Cp) = 2.318, 2.412, 2.466, 2.536 and2.581 A). The quartet
metalladioxolane intermediate B20/q has reaction energy of -56.50 kcal/mol, making it 31.80
kcal/mol more stable than the triplet dioxylate B20/t. The Cp ligand in the quartet TcO3Cp-
dioxylate B20/q shows n° —bonding fashion to the Tc centre (Tc-C (Cp) = 2.424, 2.733, 2.998,

2.865, 2.518 A).

The formation of the manganooxetane B21/s through the transition state TS-[B19-B21]/s on
the singlet PES by [2+2] addition of C=C bond of ethylene across Tc=0 bond of the TcO3Cp
complexhas activation barrier of 28.56 kcal/mol and reaction energy of 10.30 kcal/mol
exothermic. The Cp ligand in the singlet [2+2] transition state structure shows n° —~bonding to the
metal centre i.e.(Tc-C (Cp) =2.191, 2.843, 2.883, 3.556 and 3.577 A). The Cp ligand in the
singlet TcOsCp-oxetane B21/s shows a n°— bonding mode to the Tc centre, (Tc-C (Cp) =2.907,

2.190, 2.999, 3.798, 3.750 A) in contrary to the n°~bonding mode in the singlet reactant B19/s.

A triplet species with a metallaoxetane-like structure but having an elongated metal-oxygen
bond has been found to have a of reaction energy of 25.62 kcal/mol. The Cp ligand in the triplet
TcOsCp - oxetane shows a n°~bonding mode to the Tc centre, (Tc-C (Cp) =2.327, 2.520, 2.727,

2.696 and 2.482 A). No metallaoxetane intermediate could be located on the reaction surface.

The re-arrangement of the singlet metallaoxetane to the singlet dioxylate (TS-[4-2] in Scheme
3.1) through transition state TS-[B21-B20]/shas an activation barrier of +12.89 kcal/mol. No
doublet, triplet and quartet transition state was located for re-arrangement of the metallaoxetane

to dioxylate. Thus the activation barrier for the re-arrangement of the singlet metallaoxetane to
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the dioxylate is higher than the activation barrier for the initial [3+2] addition of C=Cn of
ethylene across O=Tc=0 of singlet and doublet TcO3;Cp.Thus, the dioxylate intermediate would
be formed from the direct addition of ethylene across the two oxygen atoms of singlet TcO5Cp. It

would not be formed from the re-arrangement of the metallaoxetane.

The potential energy surface of the reaction of TcO3Cp with ethylene was further explored in an
attempt to locate an epoxide precursor (Oz(Cp) -Tc- OCyH4) (3 in Scheme 3.1), but no such

minimum was found on these reaction surfaces.

Thus from Fig 3.12, the formation of the dioxylate from the direct [3+2] addition on the
singlet PES is kinetically and thermodynamically the most favorable reaction for the TcO3Cp

system.
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3.4 Conclusion

1.

In the reaction between ethylene and the pertechnate (TcOy), the direct [3+2] addition of
the C=C bond of ethylene across O=Tc=0O bond of TcO, to form the dioxylate
intermediate has a lower activation barrier than the two-step process via the [2+2]
addition of to form the metallaoxetane intermediate and subsequent re-arrangement of the
metallaoxetane to the dioxylate. The dioxylate intermediate is more stable than the
metallaoxetane intermediate. The reaction between pertechnate and ethylene would not
result in the formation of the epoxide precursor.

In the oxidation of ethylene by TcOs3Cl, the direct [3+2] addition of the C=C bond of
ethylene across the O=Tc=0 bonds of doublet TcO3ClI to form the dioxylate intermediate
has a lower activation barrier than the two-step reaction via the [2+2] addition of the C=C
bond of ethylene across Tc=0 bond of TcO3Cl to form the metallaoxetane intermediate
and subsequent rearrangement of the metallaoxetane intermediate to the dioxylate. The
most plausible pathway that leads to the epoxide precursor is from the organometallic
intermediate X/d followed by re-arrangement.Thus in the reaction of TcO3Cl with
ethylene, the formation of the dioxylate intermediate is thermodynamically and
kinetically favorable than the formation of the epoxide precursor and metallaoxetane
formation by the [2+2] addition pathway.

In the oxidation of ethylene by TcO3(CHj3), the formation of the epoxide precursor by the
direct attack of ethylene on an oxo ligand of TcO3(CHs) has a lower activation barrier
than thedirect [3+2] addition of the C=C bond of ethylene across the O=Tc=0 bond of
singlet and doublet TcO3(CHz3) to form the dioxylate intermediate and the metallaoxetane

formation and subsequent re-arrangement from the [2+2] addition pathway.However, the
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dioxylate formation on the doublet surface is thermodynamically favorable than the
epoxide precursor formation.Thus the formation of the epoxide precursor is kinetically
favorable whiles the formation of the dioxylate is thermodynamically favorable for
ethylene addition to TcO3(CHj3).

In the reaction of ethylene with TcO3Cp, the direct [3+2] addition of the C=C bond of
ethylene across the O=Tc=0 of singlet TcO3Cp to form the dioxylate intermediate has a
lower activation barrier than the two-step process via the [2+2] addition pathway to form
the metallaoxetane intermediate and subsequent re-arrangement to form the dioxylate.
Thus in the reaction of TcO3Cp with ethylene, the [3+2] addition pathway is more
feasible kinetically and thermodynamically than the [2+2] addition pathway leading to
the formation of the metallaoxetane intermediate. The reaction of TcO3;Cp with ethylene
does not result in the formation of an epoxide precursor, in agreement with the related
works of Burrell et al., (1995), Herrmann et .al.(1984); Klahn-olive et al, 1984 and Kuhn
et. al., (1994) who reported ReO;Cp reacts with ethylene to predominately form
dioxylates.

In the oxidation of ethylene by TcO3(OCHjs), the direct [3+2] addition of the C=C bond
of ethylene across the O=Tc=0 bond of doublet TcO3(OCHj3) to form the dioxylate
intermediate has a lower activation barrier than the [2+2] addition of ethylene across
the Tc=O bond of singlet and doublet TcO3(OCHs3) to form the metallaoxetane
intermediate and subsequent re-arrangement to the dioxylate. The most plausible pathway
to the formation of the epoxide precursor is by direct attack of the ethylene on one of the
oxo ligand of singlet TcO3(OCHs). Thus in the reaction of TcO3(OCHjs) with ethylene,

the direct [3+2] addition across the two oxygen atoms of doublet TcO3(OCHs) is
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kinetically and thermodynamically favorable than the [2+2] addition pathway to form the
metallaoxetane intermediate and subsequent re-arrangement to the dioxylate.

In the reaction between TcO3(NPH3) and ethylene, the direct[2+2] addition of the C=C
bond of ethylene across the Tc=N bond of doublet TcO3(NPH3) to form the four
membered metallacycle has a lower activation barrier than the direct [3+2] addition of
ethylene across the O=Tc=0 and N=Tc=0 bonds of singlet and doublet TcO3(NPHz3)
leading to the formation of the five membered metallacycle. The two-step process via the
[2+2] addition of ethylene across the Tc=O bond of TcO3(NPH3) to form the
metallaoxetane intermediate and the subsequent re-arrangement of the metallaoxetane to
the dioxylate has a higher activation barrier. Thus the most plausible pathway to the
formation of the epoxide precursor is by initial [3+2] addition across the two oxygen
atoms of doublet TcO3(NPH3) followed by re-arrangement. The formation of the four
membered metallacycle by the direct [2+2] addition of the C=C bond of ethylene across
the Tc=N bond of doublet TcO3(NPH3) is kinetically and thermodynamically more
favorable.

. Generally, in the reaction of ethylene with LTcOs, the [3+2] addition pathway is favored
kinetically and thermodynamically when L= O ; Cp, OCH; and Cl whiles the [2+2]
addition pathway is kinetically and thermodynamically favorable when L = NPHs. The
[2+1] addition pathway leading to the formation of the epoxide precursor is kinetically

and thermodynamically favorable when L = CHs.
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CHAPTER FOUR

A COMPUTATIONAL STUDY OF THE MECHANISMS OF OXIDATION OF

ETHYLENE BY RHENIUM OXO COMPLEXES

4.1 INTRODUCTION

The role of transition metal oxo compounds in the dihydroxylation of olefins is an important
class of oxygen transfer reactions (Kolb et.al., 1994; Johnson and Sharpless, 1993; Schroder,
1980). Many experimental and theoretical investigations have focused on mechanistic aspects of
this type of reaction. Olefin dihydroxylation catalyzed by transition metal oxo species of the type
LMOs; has been the subject of extensive theoretical studies (Dapprich et. al., 1996; Pidun et. al.,
1996; Torrent et. al., 1997; Del Monte et. al., 1997; Nelson et. al., 1997; Corey et. al., 1996;
Haller et. al., 1997; Houk et.al., 1999; Torrent et. al., 1998).

In the initial step of the dihydroxylation reaction catalyzed by transition metal oxo compounds
such as MnQy’, the olefin reacts directly with a O=Mn=0 functionality of MnQO, in a [2+3]
manner to form a metalladioxolane, a five-membered metallacycle (structure 2 in Scheme
4.1)(Criegee et. al., 1936; 1942).

The intermediacy of a metallaoxetane (structure 4) arising from the [2+2] addition pathway as
suggested by Sharpless (Sharpless et. al., 1977) for chromyl chloride oxidation of olefins was
ruled out, at least for MnQ,’, by density functional theory (DFT) calculations (Houk et. al., 1999)
and corroborated by experimental kinetic isotope effects studies (Del Monte et. al., 1997; Roubhi
et. al.,1997).

However, for ethylene addition to Cl,(O)ReCH,, the activation barrier for the [2+2] addition

pathway across the Re-C bond of the complex was found to be lower than the barrier for the
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[3+2] addition across the O-Re-C and O-Re-Cl bonds of Cl,(O)ReCH, (Tia and Adei, 2011).
Deubel et. al. (2001) found that the activation barrier for the [2+2] addition pathway becomes
lower than the [3+2] addition pathways for ketene addition to LReO3; (L= NPH3, O).

Theoretical calculations focusing on the [3+2] and [2+2] addition pathways were explored
for the transition metal-oxo complexes of the type LReO; (Pietsch. et al., 1998; Deubel and
Frenking, 1999) with ethylene. Pietsch et. al.(1998) employed a hybrid density functional theory
B3LYP in conjunction with the Hay-Wadt relativistic effective core potential (ECP) for Re
(LANL2).This basis was combined with the 6-31G* basis set for other ligands, to compare the
[2+2] and [2+3] addition pathways by focusing only on the reaction energies for the addition of
LReO; (L= Cp*, Cp, Cl, CH3, OH, OCHgs, O) to ethylene, yielding either the metalladioxolane
via the [3+2] addition pathway or the metallaoxetane via the [2+2] addition pathway. By
employing qualitative molecular orbital diagrams they asserted that the 7 donor strength of the
ligands L is responsible for the reactivity differences of this type of complexes. To corroborate
these claims, Deubel and Frenking, (1999) reported the calculated potential energy surfaces for
the [3+2] and [2+2] addition of LReOs (L = O, Cl, Cp) to ethylene and for the interconversion of
the metallaoxetane to the dioxylate, at the B3LYP level (Becke et. al., 1993) in conjunction with
relativistic small-core ECPs with a valence basis set splitting (441/2111/21) were used for Re,
and 6-31G (d) all-electron basis sets were employed for all other atoms. Their results indicated
that for all complexes of the type LReO3; (L = O, Cl, Cp), the [2+2] pathway has a higher
activation barrier than the corresponding [3+2] pathway. The activation barriers of the
rearrangement of the metallaoxetane intermediate to the dioxylate were calculated to be higher
(>50 kcal/mol). Deubel and Frenking, (1999) rationalized the reactivity differences using a

charge-transfer model and a frontier orbital argument.
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Gisdakis and Rosch (2001) further extended the works of Pietsch et. al. (1998) and Deubel
and Frenking (1999) by assigning charges (g= -1, 0, 1) to the complex LReO3? such that the
systems are isoelectronic to OsO,4. They explored the mechanism of the [2+3] cycloaddition of
LReO; (L= O, CHg, CI, Cp) to ethylene using the hybrid B3LYP approach, with effective core
potentials and double-zetabasis sets, LanL2DZ, for the transition metals and 6-311G(d,p) basis
sets for H, C, O, and F. Taking a cue from the work of Frenking and Deubel (1999) that the
[2+2] pathway has a higher barrier, Gisdakis and Rdsch (2001) did not study the formation of the
diol from the metallaoxetane along the [2+2] addition pathway.

The aim of this work is to extend the works of Pietsch et. al.(1998), Deubel and Frenking, (1999)
and Gisdakis and Résch (2001) by reporting the calculated potential energy surfaces for the
[3+2] and [2+2] addition of LReO3 (L= O, Cl, Cp, CHs, OCHs, NPH3) to ethylene, explore the
mechanistic pathway to the formation of the epoxide precursor by employing a hybrid density
functional theory at the B3LYP/LACVP* level of theory. Other [3+2] and [2+2] addition
pathways have been explored in addition to those already studied. The singlet, doublet, triplet

and quartet electronic states of each species are explored where possible.
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Scheme 4.1: Proposed pathway for the reaction of LMO3 (M=Re) with ethylene
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4.2 DETAILS OF CALCULATION

All calculation were carried out with Spartan ‘08 V1.2.0 and Spartan’10.1.10 Molecular
Modeling programs (Wavefunction, 2008; 2010) at the DFT B3LYP/LACVP* level of theory. The
B3LYP functional is a Hartree-Fock density functional. The LACVP* basis set is a relativistic
effective core —potential that describes the atoms H-Ar with the 6-31G* basis while heavier atoms
are modeled with the LANL2DZ basis set which uses the all-electron valence double zeta basis set
(D95V), developed by Dunning, for first row elements (Dunning and Hay, 1976) and the Alamos
ECP plus double zeta basis set developed by Wadt and Hay for the atoms Na-La, Hf-Bi (Hay and

Wadt, 1985a; 1985b; Wadt and Hay, 1985).

The starting geometries of the molecular systems were constructed using Spartan’s graphical
model builder and minimized interactively using the sybyl force field (Clark’s et. al., 1989). All
geometries were fully optimized without any symmetry constraints. A normal mode analysis was
performed to verify the nature of the stationery points. Equilibrium geometries were characterized by

the absence of imaginary frequencies.

The transition state structures were located by a series of constrained geometry optimization in
which the forming-and breaking—bonds are fixed at various lengths whiles the remaining internal co-
ordinates were optimized. The approximate stationary points located from such a procedure were
then fully optimized using the standard transition state optimization procedure in Spartan. All first—
order saddle- point were shown to have a Hessian matrix with a single negative eigenvalue,
characterized by an imaginary vibrational frequency along the reaction coordinate. All computations

were performed on Dell precision T3400 Workstation computers.
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4.3 RESULTS AND DISCUSSION

4.3.1 Reaction of ReO4 with Ethylene

The optimized geometries and relative energies of the main stationary points involved in the
reaction between ReO, and ethylene are shown in Fig.4.1 and Fig.4.2, respectively. The density
functional theory (DFT) geometry optimization of ReO,Cl/s on a singlet potential energy
surface (PES) has all the Re-O bonds at 1.738 A. A doublet C1/d and quartet C1/d reactant has

been computed to be 121.97 and 194.12 kcal/mol less stable than the singlet reactant C1/s.

The [3+2] addition of the C=C bond of ethylene across the O=Re=0 bonds of ReO,
through the singlet transition state TS-[C1-C2]/s to form dioxorhena-2, 5-dioxolane C2/s has an
activation barrier of 36.30 kcal/mol and endothermicity of 16.53 kcal/mol in agreement with the
reported activation and reaction energies of +37.7 and 19.40 kcal/mol by Deubel and Frenking,
(1999) and Gisdakis and Rdsch, (2001). The calculated transition state structure is symmetrical
and synchronous with respect to the newly forming C-O bonds (1.80 A).

On the triplet surface, the transition state linking the reactant to the product could not be located.
However, a triplet dioxylate species C2/t was located and found to be 24.99 kcal/mol less stable
than the singlet product. In the singlet product C2/s, the two Re=0O bonds to the ‘spectator’
oxygen atoms (the oxygen atom not part of the ring) are equal (1.73 A) and those to the oxygen
atom involved in the ring are also equal (1.98 A), in agreement with the reported values by
Deubel and Frenking,(1999).In the triplet product C2/t, has the two Re=0O bonds to the
‘spectator’ oxygen atoms unequal (1.74 and 1.78 A) and those to the oxygen atom involved in
the ring are also unequal (1.97 and 2.01A). The quartet dioxylate intermediate could however be

located on the reaction surface.
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The formation of the rhenaoxetane C3/s through transition state TS-[C1-C3] on a singlet PES by
[2+2] addition of C=C bond of ethylene across Re=O bond of the perrhenate complex C1 has an
activation barrier of 46.68 kcal/mol and an endothermicity of 20.26 kcal/mol. This agrees with
the work of Deubel and Frenking (1999) who calculated a barrier and endothermicity of 47.2 and
21.60 kcal/mol respectively along the [2+2] addition route. A triplet rhenaoxetane C3/t has an
endothermicity of 68.91 kcal/mol making it 48.65 kcal/mol less stable than the singlet
rhenaoxetane C3/s. The Re-C and C-O bonds in the singlet rhenaoxetane C3/s are 2.18 and 1.41
A respectively, which are comparable to the lengths of 2.19 and 1.41 A computed by Deubel
and Frenking (1999). The Re-C bond is 0.02 A shorter in the triplet rhenaoxetane C3/t than in
the singlet rhenaoxetane C13/s. while, the C-O bond is 0.018 A longer in the triplet rhenaoxetane
than in the singlet rhenaoxetane. The quartet metallaoxetane intermediate C3/g has reaction

energy of -25.75 kcal/mol.

The reaction surface was explored for the re-arrangement of the metallaoxetane to the dioxylate
(TS-[4-2] in Scheme 4.1) as suggested by Sharpless et. al. (1977) for the chromyl chloride
oxidation of olefins. The re-arrangement of the singlet rhenaoxetane to the dioxylate through
transition state TS-[C3-C2]/s is +36.40 kcal/mol. No transition state was located for the re-
arrangement of the doublet, triplet and quartet rhenaoxetane to the dioxylate. The overall
activation barrier for the re-arrangement of the singlet rhenaoxetane to the dioxylate is +16.14
kcal/mol, which is lower than the activation barrier for the direct [3+2] addition of ethylene
across the two oxygen atoms of singlet ReO4 . However, since the first-step features a higher
activation barrier (+46.68 kcal/mol in Figure 4.1), the re-arrangement is unfeasible and the

dioxylate is formed from the direct addition pathway.
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The potential energy surface of the reaction of rhenium tetraoxide with ethylene was further
explored in an attempt to locate an epoxide precursor (O3-Re-OC;,H,) (3 in Scheme 4.1), but no
such minimum was found on the reaction surface. From the work of Ziegler et al.(1999) and Tia

and Adei (2009) on the chromyl chloride, the epoxide precursor could arise from three pathways:

d) A two-step process involving the formation of a metallaoxetane, followed by re-
arrangement.

e) A two-step process involving the formation of the five membered metallacycle, followed
by re-arrangement.

f) A direct one-step addition of the C=C bond across one oxygen atom of ReOy .

Attempt to locate transition states TS [4-3], TS [2-3] and TS [1-3] (Scheme 4. 1) which could
account for the metallaoxetane, dioxylate or the direct addition to the epoxide precursor proved
futile. All these are indication that the reaction of rhenium tetraoxide with ethylene does not lead
to the formation of an epoxide. Thus in the reaction of ReO, with ethylene, the [3+2] addition
pathway leading to the formation of the dioxylate intermediate is kinetically and
thermodynamically favorable than the [2+2] addition pathway to form the metallaoxetane

intermediate.
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4.3.2 Reaction of ReO3Cl with ethylene

Figures 4.3 and 4.4 respectively shows the optimized geometries and relative energies of the
main stationary points involved in the reaction between ReO;Cl and ethylene. The DFT
geometry optimization of ReO3Cl on a singlet potential energy surface yielded a minimum C4/s
of Cay symmetry in which each of the three Re=0 bonds is 1.70 A long and the Re-Cl bond is

2.27 A long.

A doublet reactant C4/d has been computed to be 49.85 kcal/mol more stable than the singlet
reactant C4/s and 112.54 kcal/mol more stable in relation to a triplet reactant C4/t that has been
located. The Re-Cl bond in the doublet reactant C4/d is 0.24 A longer than in the singlet

structure C4/s and 0.19 A longer than in the triplet structure C4/t.

A quartet reactant C4/qg has also been computed and found to be 58.88 kcal/mol less stable than
the doublet reactant. Thus of all the reactant structures optimized, the doublet is most stable:
49.85, 11.25 and 58.88 kcal/mol more stable than the singlet, triplet and quartet reactants

respectively.

On the singlet surface,the direct [3+2] addition of C=C bond of ethylene across the O=Re=0
bonds of singlet ReO3Cl through a singlet transition state TS-[C4-C5]/s to form the dioxylate
C5/s has an activation barrier of 20.99 kcal/mol and an endothermicity of 0.52 kcal/mol in

agreement with the works of Deubel and Frenking, (1999) and Gisdakis and Résch, (2001)

On the doublet surface, the [3+2] addition of the C=Cn bond of ethylene across the O=Re=0
bonds of doublet ReO3Cl could either follow the concerted or stepwise addition mechanism. For
ethylene addition to ReO3Cl through the concerted addition pathway, the activation barrier is

+33.17 kcal/mol.
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On the stepwise addition pathway, the C=Cn bond attaches itself to an oxo-ligand of the doublet
reactant ReO3;Cl C4/d through the transition state TS-[C4-X]/dto form the intermediate X/d. The
activation barrier for the first-step is +29.32 kcal/mol. The intermediateX/d could then re-arrange
through transition state TS-[X-C5]/d to form the dioxylate species C5/d which has activation
barrier and exothermicity of +43.13 and 17.96 kcal/mol respectively. Thus, the barrier along

stepwiseaddition pathway is higher than the concerted route.

The triplet counterpart of the transition state TS-[C4-C5]/slinking the reactant to the product
could not be located. However, a triplet dioxylate productC5/t was located and found to be 56.33
and 47.85 kcal/mol more stable than the singlet C5/s and doublet C6/d dioxylate products
respectively. A quartet dioxylate C5/q producthas been computed to be 31.17 kcal/mol more

stable than the doublet product C5/d.

The stepwise [3+2] addition of the C=C bond of ethylene across the O=Re-CI bonds of doublet
ReOsClthrough transition state TS-[C4-X]/dleads to the intermediate X/d,a pathway that was not
reported in earlier studies of Deubel and Frenking (1999) and Boehme et. al., (1999).The
formation of the intermediate requires an activation barrier of +29.32 kcal/mol. The transition
stateTS-[X-C6]/d for the re-arrangement of the intermediate X/dto the five-membered
metallacycle C6/dhas activation barrier of +15.07 kcal/mol. The resulting five membered

metallacycleC6/d is 14.04 kcal/mol less stable than the separated reactants.

On the singlet surface, the concerted [3+2] addition of the C=Cn bond of ethylene across the
O=Re-ClI functionality of singlet ReOsCl through a singlet transition state TS-[C4-C6]/s has an

activation barrier of 26.26 kcal/mol and the resulting five-membered speciesC6/s is 20.18
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kcal/mol endothermic. No stepwise pathway was found [3+2] addition of the C=Cn bond of

ethylene across the O=Re-Cl functionality of singlet ReO3ClI.

No transition states were located connecting the reactants to the products on the triplet and
quartet surfaces. A triplet speciesC6/t is 9.87 kcal/mol more stable than the doublet dioxylate
C6/d. The quartet product C6/q is computed to be 25.54 kcal/mol more stable than the doublet

product C6/d.

A singlet and a doublet transition state has been located for the concerted [2+2] addition of the
C=C & bond of ethylene across the Re=0 bond of singlet and doublet ReO3Cl. The formation of
doublet rhenaoxetane C7/d through the doublet transition state TS-[C4-C7]/d has an activation

barrier of 27.28 kcal/mol and exothermicity of 7.13 kcal/mol.

The concerted [2+2] addition through the singlet transition state TS-[C4-C7]/s linking the
reactants to the product C7/s has an activation barrier of 29.62 kcal/mol and endothermicity of
2.88 kcal/mol. Also, attempts were made to form the doublet metallaoxetaneC7/d from
intermediate X/dthrough transition state TS-[X-C7]/din the step-wise addition pathway.
Animating the motion of the atoms along the reaction co-ordinate in the transition state TS-[X-
C7]/d, points to the reaction being concerted, indicating that the formation of the metallaoxetane

intermediate follows a concerted mechanism rather than astepwise mechanism.

No triplet transition state could be located. A triplet rhenaoxetane C7/t has been computed to be
30.06 kcal/mol more stable than the singlet rhenaoxetane C7/s. A quartet rhenaoxetane
intermediate C7/q has also been computed to be 4.22 kcal/mol more stable than the singlet

rhenaoxetane C7/s.
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The re-arrangement of the singlet, doublet, triplet and quartet metallaoxetane to the five-
membered dioxylate through the transition state (TS-[4-2] in Scheme 4.1) was explored for the
reaction of ReOsCl with ethylene. The transition state TS-[C7-C5]/s for the re-arrangement of
the singlet metallaoxetane to the dioxylate is +99.21 kcal/mol. On the doublet PES, the re-
arrangement of the metallaoxetane to the dioxylate through transition state TS-[C7-C5]/d is
+50.27 kcal/mol. No triplet and quartet transition state was located for the re-arrangement of the

metallaoxetane to the dioxylate.

The overall activation barrier(+46.48 kcal/mol) for the re-arrangement of the singlet
metallaoxetane to the dioxylate is higher than the activation barrier for the direct [3+2] addition
across the two oxygen atoms of singlet ReO3CI (+20.99 kcal/mol). Also, the activation barrier
for the re-arrangement of the doublet metallaoxetane to the dioxylate (+57.40 kcal/mol) is higher
than the activation barrier for the direct [3+2] addition of ethylene across the two oxygen atoms
of doublet ReO3Cl (+33.17 kcal/mol). Consequently the re-arrangement of the metallaoxetane to
the dioxylate is not likely to be a competitivepathway in the formation of the dioxylate in the

light of the available data.

The reaction of ReO3Cl with ethylene was explored for the possibility of the formation of the

epoxide precursor

The transition state TS-[C6-D]/s ( ie TS-[6-3] in Scheme 4.1) for the re-arrangement of the
singlet five-membered metallacycle to the epoxide precursor has an activation barrier of +18.86

kcal/mol above the reactants and endothermicity of 11.2 kcal/mol.
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On the doublet surface, the epoxide precursor could arise from intermediate X/d through
transition state TS-[X-D]/d. The activation barrier and reaction energy along that route are

+29.44 and -2.96 kcal/mol.

The transition state TS-[C7-D]/s (TS-[4-3] in Scheme 4.1) for the rearrangement of the four-
membered metallaoxetane to the epoxide precursor has an activation barrier and reaction energy
of +56.81 and 28.50 kcal/mol. Also, the activation barrier and reaction energy for the direct one-
step addition of the C=C bond across one oxygen atom of ReO3Cl (TS-[1-3] in Scheme 1) are

+31.24 and 24.73 kcal/mol on the doublet surface.

The most plausible pathway for the formation of the epoxide precursor, if it is to form at all, is

by the re-arrangement of the intermediate X/d to the epoxide precursor.

The reaction of ReO3;Cl with ethylene is likely to preferentially take place on the doublet PES
and the [2+2] addition of ethylene across the Re=0 bond of doublet ReOsCl is kinetically and

thermodynamically favorable than the formation of the five membered metallacycles.
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4.3.3 Reaction of ReO3(NPHj3) with ethylene

Figures 4.5 and 4.6 respectively show the optimized geometries and relative energies of the main
stationary points involved in the reaction between ReO3(NPH3) and ethylene. The DFT geometry
optimization of ReO3(NPH3)on a singlet potential energy surface gives C8/s which has the Re=N
bond at 1.87 A and the Re=0O bonds at 1.72 A. The N-P bond distance is 1.57 A. A triplet
ReO3(NPH3) CB8/t has been computed to be 68.70 kcal/mol less stable than the singlet reactant.

The Re=N and N-P bonds in the triplet are 1.91and 2.07 A respectively.

A doublet reactant C8/d of the complex has been computed to be 20.85 and 55.69 kcal/mol more
stable than the singlet C8/s and quartet reactant C8/q. Thus, the doublet reactant is the most
stable of all the reactants computed. In the doublet reactant C8/d, the Re=O bond is 1.74 A,

Re=N bond is 1.81 A and the N-P bond is1.74 A.

A singlet and a doublet concerted transition state have been located for the formation of the
dioxylate intermediate speciesC12/s and C12/d by the [3+2] addition of the C=Cx bond of
ethylene across the O=Re=0 bonds of singlet and doublet ReO3(NPHj3) . If the reaction proceeds
from the doublet reactant through the doublet transition state TS-[C8-C12]/d to the doublet
product C12/d, the activation barrier is +34.37 kcal/mol and the reaction energy is 7.69 kcal/mol.
The activation barriers for the formation of singlet dioxylate are +27.19 and 48.04 relative to the
singlet and doublet reactant respectively, while the endothermicity are +7.17 and 28.00 kcal/mol
respectively. Consequently on the global energy profile for the dioxylate formation, the pathway

on the doublet PES which requires 34.37 kcal/mol might be preferable.

On the triplet surface, one of the C=Cn of ethylene attacks an oxo-ligand of triplet

ReO3(NPHj3) to form the intermediate B/t through transition state TS-[C8-B]/t. The activation
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barrier and reaction energy of the intermediate B/t are +21.40 and +4.57 kcal/mol. The
intermediate then re-arranges to the triplet dioxylate species C12/t through transition state TS-
[B-C12]/t. The activation barrier and reaction energy along this route is 9.60 and -20.29
kcal/mol. A triplet product C12/t has been computed to be 45.56 kcal/mol more stable than the

singlet product C12/sand 46.08 kcal/mol more stable than the doublet dioxylate product C12/d.

On the quartet PES, a seven-membered metallacyclic intermediate C12/q in which one of the
oxo-ligands part of the five-membered ring forms a new bond with the phosphine moiety
attached to nitrogen (O- P = 2.57 A). This species is 32.98 kcal/mol more stable than the doublet

product C12/d.

The [3+2] addition of the C=C bond of ethylene across the O=Re=N bonds of singlet
ReO3(NPH3)through a singlet transition state TS-[C8-C10]/s,apathway which was not explored
in the studies of Deubel et. al., (2001) has an activation barrier of 25.87 kcal/mol and reaction

energy of -3.40 kcal/mol.

Alternatively, the [3+2] addition of the C=C bond of ethylene across the O=Re=N bonds of
doublet ReO3(NPHS3) through a doublet transition state TS-[C8-C10]/d has an activation barrier
of 27.84 kcal/mol and reaction energy of 4.84 kcal/mol which is 8.2 kcal/mol less stable than the

singlet product C10/s.

On the triplet surface, a stepwise addition of one of the C=Cn of ethylene to an oxo- ligand of
ReO3(NPH3) leads to an organometallic intermediate B/t. The activation barrier along this
routeis +21.40 kcal/mol. The intermediate then re-arrange to the triplet five membered
metallacycle C10/t through transition state TS-[B-C10]/t.The activation barrier and

exothermicity along this route are 15.97 and -26.63 kcal/mol.
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On the triplet and quartet PES, a seven-membered metallacyclic intermediate C10/t and C10/q
in which one of the oxo-ligands attached to the metal centre forms a new bond with the
phosphine moiety attached to nitrogen(O-P = 1.94 A). This O-P bond is much shorter (1.790A)
on the quartet PES. The reaction energy of the quartet product is 31.88 kcal/mol exothermic;

36.72 kcal/mol more stable than the doublet product C10/d.

A singlet, doublet and triplet transition states have been located for the formation of the
rhenaoxetane by [2+2] addition of the C=C m bond of ethylene across Re=O bonds of
ReO3(NPH3). The formation of the rhenaoxetane C11/s through the transition state TS-[C8-

C11]/s have activation barrier and reaction energy of 41.65 and +2.95 kcal/mol respectively.

A doublet transition state TS-[C8-C11]/d linking the reactants to the product leads to an
activation barrier of 25.84 kcal/mol and a reaction energy for the doublet rhenaoxetane

intermediate C11/d to be +3.13 kcal/mol.

On the triplet surface, the addition of ethylene across the Re=O bonds of triplet ReO3(NPHz3)
could proceed either as concerted or stepwise addition . The stepwise addition of one of the
C=Cn bond of ecthylene to an oxo-ligand of ReO3(NPH;)leads to the formation of the
intermediate B/t through transition state TS-[C8-B]/t. The activation barrier and reaction energy
for the stepwiseformation of the intermediate B/t is +21.40 and +4.57 kcal/mol. The intermediate
B/tcan re-arrange through transition state TS-[B-C11]/t to give the metallaoxetane intermediate
C11/t. The activation barrier and reaction energy for the formation of C11/t are +10.31 and 8.16

kcal/mol. A quartet rhenaoxetane speciesC11/q has exothermicity 5.74 kcal/mol.

The re-arrangement of the singlet, doublet, and triplet and quartet metallaoxetane to the five-

membered metallacycle (TS-[4-2] in Scheme 4.1) was explored.
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The re-arrangement of the singlet metallaoxetane to the singlet dioxylate through transition state
TS-[C11-C12]/s has an activation barrier of +75.90 kcal/mol. No transition state was located for
the re-arrangement of the doublet, triplet and quartet metallaoxetane to the quartet dioxylate.
Thus the overall barrier for the re-arrangement of the singlet metallaoxetane (+52.10 kcal/mol) to
the dioxylate is higher than the activation barrier for the direct [3+2] addition of ethylene to the
two oxygen atoms of singlet ReO3(NPHs).This rules out the re-arrangement of the
metallaoxetane to the dioxylate since the first step and re-arrangement activation barrier are all

higher than the direct [3+2] addition pathway leading to the dioxylate.

The formation of the four membered metallacycle by the [2+2] addition of the C=C bond of
ethylene across the Re=N bond of singlet ReO3(NPHz3) (TS-[1-5] in Scheme 4.1) which was not
explored in the work of Deubel et. al. 2003; Deubel and Frenking, (2003) has an activation
barrier and reaction energy to be 30.52 and -7.14 kcal/mol respectively through a singlet
transition state TS-[C8-C9]/s. This leads to a six-membered metallacyclic intermediate C9/s
where one of the oxo ligands on the metal centre bonds with the phosphine (PH3) attached to the

nitrogen (O-P =1.90 A).

A doublet transition state TS-[C8-C9]/d linking the reactants to the product has an activation
barrier of 19.48 kcal/mol. The doublet product, a six-membered metallacyclic intermediate C9/d
resulting from the interaction of one of the oxo-ligands attached to the metal center bonds with
the phosphine (PHs) attached to the nitrogen (O-P =1.73 A). The doublet product has reaction

energy to be -7.58 kcal/mol.

A triplet transition state TS-[C8-C9]/t connecting the reactants to the product has an

activation barrier of 47.44 kcal/mol. The triplet product, a six-membered metallacyclic

128



intermediate C9/t resulting from the interaction of one of the oxo-ligands present at the metal
center with the phosphine (PHs3) attached to the nitrogen (O-P =1.90 A).The triplet species has a

reaction energy of 19.44 kcal/mol.

A search on the reaction surface for the re-arrangement of the singlet, doublet, and triplet and
quartet four-membered metallacycle to the five-membered metallacycle (TS-[5-6] in Scheme

4.1) proved unsuccessful.

For a related reaction between (O=),0s(=NH) , and ethylene, Deubel and Muniz, (2004)
calculated the activation barrier for the [2+2] addition of the Os=N bond across the C=C bond of
ethylene to form a four-membered metallacycle to be 36.4 and 34.2 kcal/mol higher than the

[3+2] addition across O=0s=NH and O=0s=0 moiety to form a five-membered metallacycle.

In this work, the activation barrier for the [2+2] addition of the Re=N bond of doublet
ReO3(NPHj3) across the C=C bond of ethylene to form a four-membered metallacycle is 8.36 and
14.89 kcal/mol lower than the [3+2] addition across O=Re=N and O=Re=0 functionality of
ReO3(NPHj3) to form a five-membered metallacycle. On the singlet surface, the activation barrier
for the [2+2] addition of the Re=N bond of ReO3(NPH3) across the C=C bond of ethylene is 3.33
and 4.65 kcal/mol higher than the [3+2] addition across O=0s=0 and O=0s=NH moiety to form

a five-membered metallacycle.

The reaction of ReO3(NPH3) with ethylene was explored for the formation of an epoxide
precursor.The re-arrangement of the singlet five-membered metallacycle (TS-[6-3] in Scheme
4.1) to the epoxide precursor through transition state TS-[C10-K]/s has an activation barrier of
+56.17 kcal/mol above the reactants and exothermicity of 3.4 kcal/mol. On the triplet surface, the

epoxide precursor could arise from the re-arrangement of the intermediate B/tthrough transition
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state TS-[B-K]/t. The activation barrier and reaction energy along this route are +27.27 and -

0.19 kcal/mol respectively.

The re-arrangement of the singlet five-membered metallacycle (TS-[2-3] in Scheme 4.1) to the
epoxide precursor through transition state TS-[C12-K]/s has an activation barrier of +70.38

kcal/mol and endothermicity of +33.97 kcal/mol.

The transition state TS [C11-K]/s for the rearrangement of the four-membered metallaoxetane to
the epoxide precursor (TS-[4-3] in Scheme 4.1) has activation barrier of +74.84 kcal/mol and
endothermicity of +38.19 kcal/mol. The activation barrier and reaction energy for the formation
of the epoxide precursor from direct attack of the C=C bond on the oxygen atom of ReO3(NPH3)

has been computed to be +52.88 and 41.14 kcal/mol respectively.

The most plausible pathway for the formation of the epoxide precursor, if it is to form at all, is

through the intermediate B/tfollowed by re-arrangement to the epoxide precursor.

In their study of the reaction of ReO3(NPH3) with ethylene, Deubel et. al.(2001) found the [3+2]
addition of the C=C bond of ethylene across the O=Re=0 bond of singlet ReO3(NPH3) to the
dioxylate to be the most favorable reaction. However, in this work even on the singlet PES
(which is not the preferred reaction surface) the addition across the N-Re=0O of the complex
ReO3(NPHj3) was found to be the most favored pathway. The most preferred PES for the reaction
for the reaction ReO3(NPHS3) with ethylene is the doublet PES and the [2+2] addition of ethylene
across the Re=N bonds of doublet ReO3(NPH3) to form the four membered metallacycle is

kinetically and thermodynamically most favorable.
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4.3.4 Reaction of ReO3(CHj3) with ethylene

Figures 4.7and 4.8 respectively show the optimized geometries and relative energies of the main
stationary points involved in the reaction between ReO3(CHs) and ethylene. The DFT geometry
optimization of ReO3(CHs;) on a singlet potential energy surface yields C13/s which has the

Re=0 bonds at 1.71 A and the Re-Chond is 2.08 A long.

A doublet reactant C13/d has been computed and found to be 28.83 kcal/mol more stable than
the singlet reactant C13/s. A triplet structure C13/thas also been computed and found to be 96.79
kcal/mol less stable than the doublet C13/d. The Re-C is 0.05 A longer in the doublet reactant
C13/d than the singlet reactant C13/s and 0.04 A longer in the doublet reactant than in the triplet

structure C13/t.

A quartet reactant C13/q has been computed to be 72.54 kcal/mol less stable in relation to the
doublet reactant C13/d. Thus the doublet reactant is the most stable of all the reactants species

computed.

On the doublet surface, the [3+2] addition of the C=C = bond of ethylene across the O=Re=0
functionality ofReO3(CHs) through the transition state TS-[C13-C14]/d to form the doublet
dioxylate C14/d has an activation barrier of 38.08 kcal/mol and reaction energy of 12.50
kcal/mol. The Re-Cbond distance (2.13 A) in the doublet transition state is the same as in the
doublet reactant (2.13 A). The transition state is asymmetric with respect to the forming C-O

bonds (1.69 and 1.88 A).

Also, the activation barrier and reaction energy for the [3+2] addition of the C=C bond of

ethylene across the O=Re=0 bond of singlet ReO3(CHj3) through the singlet transition state TS-
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[C13-C14]/s has been computed to be 33.82 and 17.30 kcal/mol respectively in agreement with

the reported activation and reaction energies reported by Gisdakis and Rdsch, (2001).

A quartet and triplet dioxylate products C14/q and C14/t have reaction energies of -35.74 and -
51.34 kcal/mol respectively. No triplet and quartet transition states were located on the reaction

surface.

The formation of the doublet rhenaoxetane C15/d through the transition state TS-[C13-C15]/d
by [2+2] addition of the C=C bond of ethylene across the Re=O bond of doublet ReO3(CHs)
complex, has an activation barrier of 25.87 kcal/moland reaction energy of 1.18 kcal/mol (Fig
4.8). A triplet metallaoxetane C15/t has been computed to have reaction energy of -34.42
kcal/mol. A singlet C15/s and quartet metallaoxetane C15/q intermediates has been computed to

have reaction energies of 4.76 and -29.71 kcal/mol.

The formation of the singlet rhenaoxetane C15/s through the transition state TS-[C13-C15]/s
by [2+2] addition of the C=C bond of ethylene across Re=0O bond of singlet ReO3(CHs)
complex, has an activation barrier of 47.63 kcal/mol. No transition state connecting the reactants

to the products was located on the triplet and quartet PES.

Pietsch et al., (1998) in a thermodynamic study of the reaction ReO3(CHj3) with ethylene,

found the dioxylate and oxetane to be endothermic by 31 and 10 kcal/mol respectively.

In this work, the dioxylate and metallaoxetane computed on the singlet and doublet PES are
endothermic, whiles dioxylate and metallaoxetane computed on the triplet and quartet reaction

surfaces are exothermic.
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The re-arrangement of the singlet metallaoxetane to the singlet dioxylate (TS-[4-2] in Scheme
4.1) through transition state TS-[C15-C14]/s has an activation barrier of +48.83 kcal/mol. On the
triplet reaction surface, the activation barrier is +53.66 kcal/mol. No transition state was located
for the re-arrangement of the doublet and quartet metallaoxetane to the dioxylate. Thus the
overall activation barrier for the re-arrangement of the singlet metallaoxetane to the dioxylate
(+48.83 kcal/mol) is higher than the activation barrier for the direct [3+2] addition of C=Cn of
ethylene across O=Re=0 bond of singlet ReO3(CHs). Thus the formation of the singlet dioxylate
will proceed from the direct [3+2] addition of ethylene across the two oxygens of singlet

Re03(C H3)

The PES for the reaction of ReO3(CHs) with ethylene was explored in an attempt to locate an
epoxide precursor.The search for transition state (TS [2-3] in Scheme 4.1) for the re-arrangement
of the five-membered metallacycle to the epoxide precursor was not fruitful, indicating that such

a transformation may not exist.

The rearrangement of the singlet four-membered metallaoxetane through transition state TS
[C15-B]/s to the epoxide precursor has an activation barrier of +65.51 kcal/mol and
endothermicity of +38.38 kcal/mol. Also, the activation barrier and reaction energy for the
formation of the singlet epoxide precursor from direct attack of the C=C bond on the oxygen
atom of ReO3(CHs) has been computed to be +56.49 and +43.14 kcal/mol. On the doublet
surface, the activation barrier is +29.51 kcal/mol and endothermicity of +24.73 kcal/mol.
Therefore if reactions considered here are irreversible, then the most plausible pathway for the

formation of the epoxide precursor may direct [2+1] addition on the doublet surface.
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The reaction of ethylene with ReO3(CHs) is likely to occur on the doublet PES and the [2+2]
addition of ethylene across the Re=O bond of ReO3(CHs) to form the metallaoxetane
intermediate is kinetically and thermodynamically most favorable. The most competitive

reaction on the doublet surface is the formation of the epoxide precursor.
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4.3.5 Reaction of ReO3(OCHy3) with ethylene

Figure 4.9 and 4.10 show the optimized geometries and relative energies of the main stationary
points involved in the reaction between ReO3(OCHj3) and ethylene respectively. The singlet,
doublet, triplet and quartet species have been optimized for the reactant ReO3(OCHgj). The

singlet reactant C16/s on a singlet reactant has the Re=0 bonds at 1.71 A and Re-O bond at 1.86

A

A doublet reactant C16/d has been computed to be 31.68 kcal/mol more stable than the singlet
reactant C16/sand 95.82 kcal/mol more stable than the triplet reactant C16/t. The Re-O bond is
0.099A longer in the singlet reactant, while the O-C bond is 0.026A shorter in doublet structure

C1e6/d.

A quartet reactant C16/q of C; symmetry is 60.07 kcal/mol less stable than the doublet C16/d.
The quartet reactant is 28.39 kcal/mol less stable than singlet reactant C16/s and 35.75 kcal/mol

more stable than the triplet ground state reactant C16/t.

The [3+2] addition of the C=C bond of ethylene across the O=Re=0 functionality of doublet
ReO3(OCHj3) through a doublet transition state TS-[C16-C17]/d to form the doublet dioxylate

C17/d has an activation barrier of 36.98 kcal/mol and endothermicity of 5.77 kcal/mol.

The [3+2] addition of the C=C bond of ethylene across the O=Re=0 functionality of singlet
ReO3(OCHj3) through a singlet transition state TS-[C16-C17]/s to form the dioxylate C17/d has
an activation barrier of 26.28 kcal/mol and endothermicity of 3.89 kcal/mol. A triplet five-
membered metallacycle C17/t has reaction energyof +52.54 kcal/mol. A quartet species C18/q

has been computed to have reaction energy of -30.07 kcal/mol.
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The formation of the rhenaoxetane C18/s by [2+2] addition of the C=C bond of ethylene across
the Re=0 bond of singlet ReO3(OCHj3) through a singlet transition state TS-[C16-C18]/s has

activation barrier and endothermicity of 30.58 and 6.19 kcal/mol respectively.

The formation of the metallaoxetane C18/d through the doublet transition state TS-[C16-C18]/d
by [2+2] addition of the C=C bond of ethylene across the Re=O bond of doublet ReO3(OCH3)
has an activation barrier of 31.64 kcal/mol and exothermicity of 1.96 kcal/mol. A triplet
rhenaoxetane C18/t has been computed to have reaction energy of -29.73 kcal/mol. A quartet

metallaoxetane species has reaction energy of -12.53 kcal/mol.

The re-arrangement of the doublet metallaoxetane to the dioxylate (TS-[4-2] in Scheme 4.1)
through transition state TS-[C18-C17]/d has a barrier of +36.23 kcal/mol. On the singlet surface,
the activation barrier is +42.41 kcal/mol. No triplet and quartet transition state was located for
re-arrangement of the metallaoxetane to dioxylate. Thus the re-arrangement of the doublet
metallaoxetane to the dioxylate (+36.23 kcal/mol) is comparable to the activation barrier for the
initial [3+2] addition of C=C=m of ethylene across O=Re=0 of doublet ReO3(OCH3;) (36.98
kcal/mol). Thus on the doublet surface,the formation of the dioxylate will proceed from the
metallaoxetane due to the lower activation barrier for the first-step (+31.64 kcal/mol in Fig 4.10).
However, on the singlet surface the dioxylate will proceed from the direct [3+2] addition of
ethylene across the two oxygen atoms of singlet ReO3(OCHj3) not from the re-arrangement of the

metallaoxetane.

An epoxide precursor was optimized from the reaction of ReO3(OCH3) with ethylene. The
transition state TS-[C18-F]/s) for the rearrangement of the singlet four-membered

metallaoxetane to the epoxide precursor have activation barrier and reaction energy of +61.79
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and 27.81 kcal/mol. The activation barrier and reaction energy for the formation of the singlet
epoxide precursor from direct attack of the C=C bond on the oxygen atom of ReO3(OCHs) has
been computed to be +60.45 and 34.00 kcal/mol. On the doublet surface, the activation barrier is

+32.74 kcal/mol and endothermicity of +26.00 kcal/mol.

Therefore, the most plausible pathway for the formation of the epoxide, if it is to form at all, is

by direct [2+1] addition on the doublet surface.

The reaction of ethylene with ReO3(OCH3) is likely to occur on the doublet PES and the [2+2]
addition of ethylene across the Re=0 bond of ReO3(OCHj3) to form the metallaoxetane and the
subsequent re-arrangement of the metallaoxetane to the dioxylate is Kkinetically and
thermodynamically most favorable. The most competitive reaction on the doublet surface is the

formation of the epoxide precursor.
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4.3.6 Reaction of ReO3;Cp with ethylene

Figure 4.11 and 4.12 respectively show the optimized geometries and relative energies of the
main stationary points involved in the reaction between ReO3;Cp and ethylene. The DFT
geometry optimization of ReO3Cp on a singlet potential energy surface gives C19/s which has
the Re=0O bonds at 1.72 A. The cyclopentadienyl ligand (Cp) is bonded to the metal center in a
n° fashion i.e. Re-C (Cp) = 2.486, 2.511, 2.518, 2.492 and 2.458A, in agreement with work of
Deubel and Frenking, 1999; 2003. No doublet, triplet and quartet species could be located for the

reactant.

The [3+2] addition of C=C bond of ethylene across the O=Re=0 bonds of singlet ReO3;Cp
through a singlet transition state TS-[C19-C20] to form the metalladioxolane intermediate C20/s
has an activation barrier of 13.60 kcal/mol and reaction energy of -18.50 kcal/mol in agreement
with the activation and reaction energies reported by Deubel and Frenking, (1999)and Gisdakis
and Résch, (2001). The Cp ligand in the singlet [3+2] transition state structure shows n° —
bonding to the metal centre i.e.(Re-C (Cp) = 2.400, 2.453, 2.447, 2.540, 2.557A). The Cp ligand
in the singlet ReO5Cp dioxylate C20/s also shows a n° —~bonding fashion to the Re centre (Re-C
(Cp) =2.336, 2.329, 2.407, 2.519, 2.472A) in disagreement with the n° — bonding fashion to the

metal centre for the ReO3Cp-dioxylate reported by Deubel and Frenking, (1999).

Even though a doublet TS could not be located for the [3+2] pathway, a doublet
metalladioxolane C20/d was located and found to be 11.33 kcal/mol less stable than the singlet
product C20/s. In the doublet dioxylate, the Cp ligand in ReOsCp dioxylate C20/dalso shows 1’

—bonding fashion to the Re centre (Re-C (Cp) = 2.609, 2.294 and 2.167, 2.240, 2.591A).
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A triplet dioxylate C20/t has been computed to have the same reaction energy as the doublet
product C20/d, indicating equal stability of the doublet and triplet product. The Cp ligand in the
triplet ReO3Cp-dioxylate C20/t also shows 1> —bonding fashion to the Re centre (Re-C (Cp)
=2.386, 2.301, 2.484, 2.528 and2.437A). The quartet metalladioxolane intermediate C20/q has
reaction energy of -1.65 kcal/mol making it 28.18 kcal/mol less stable than the doublet dioxylate
C20/d. The Cp ligand in the quartet ReOsCp-dioxylate C20/q also shows 1> —~bonding fashion to

the Re centre (Re-C (Cp) = 2.485, 2.383, 2.306, 2.354, 2.372A).

The formation of the rhenaoxetane C21/s through the transition state TS-[C19-C21]/s on the
singlet PES by [2+2] addition of C=C bond of ethylene across Re=0 bond of the singlet ReO3;Cp
complex,has activation barrier of 33.00 kcal/mol and reaction energy of -5.76 kcal/mol. The Cp
ligand in the singlet [2+2] transition state structure shows n°—bonding to the metal centre i.e.(Re-
C (Cp) =2.227, 2.744, 2.793A). The Cp ligand in the singlet ReO3Cp-oxetane C21/s shows a n°—
bonding mode to the Re centre, (Re-C (Cp) =2.174, 2.923A) unlike the n°~bonding mode in the
singlet reactant C19/s. This bonding mode is in disagreement with the work of Deubel and
Frenking, 1999; 2003 who observed a n' —bonding for the ReOsCp-oxetane intermediate. No

metallaoxetane intermediate were located on the doublet, triplet and quartet PES.

In the thermodynamic study of the reaction of ReOsCp with ethylene, Pietsch et. al. (1998)
asserted that, strong z-bonding ligands such as Cp thermodynamically favor dioxylate formation
because of z-bond strain relief. Pietschet. al (1998) had calculated the dioxylate to be exothermic

by 8 kcal/mol whiles the metallaoxetane was endothermic by 5 kcal/mol.

In this work, the dioxylate and the oxetane products are both exothermic, but the dioxylate is

more stable.

149



The re-arrangement of the singlet metallaoxetane to the singlet dioxylate through transition
state TS-[C21-C20]/sis +65.05 kcal/mol. No doublet, triplet and quartet transition state was
located for re-arrangement of the metallaoxetane to dioxylate. Thus the activation barrier for the
re-arrangement of the singlet metallaoxetane to the dioxylate (+70.81 kcal/mol) is higher than the
activation barrier for the direct [3+2] addition of C=Cn of ethylene across O=Re=0 of singlet
ReOsCp (13.60 kcal/mol). This rule out the formation of the dioxylate from the re-arrangement
of the metallaoxetane. The dioxylate is therefore formed from the direct addition of ethylene

across the two oxygen atoms of singlet ReO3Cp

The potential energy surface of the reaction of rhenium tetraoxide with ethylene was
further explored in an attempt to locate an epoxide precursor (CpO,-Re-OC,H,) (3 in Scheme

4.1), but no such minimum was found on these reaction surfaces.

This in agreement with the findings of Burrell et al., 1995; Herrmann et .al., 1984; Klahn-
olive et al, 1984; Kihn et. al., (1994) who reported that CpReO; reacts with olefins to

predominately form dioxylates (2 in Scheme 4.1)

The reaction of ethylene with ReO3Cp is likely to proceed exclusively on the singlet PES and the
product formed is the dioxylate from the direct addition of the ethylene to the O=Re=0 of the

metal complex.
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4.4 Conclusion

1.

In the reaction between ethylene and the perrhenate (ReOy), the direct [3+2] addition of
the C=C bond of ethylene across O=Re=0O bond of ReO, to form the dioxylate
intermediate on the singlet surface has a lower activation barrier than the two-step
process via the [2+2] addition pathway to form the metallaoxetane intermediate and the
subsequent re-arrangement of the metallaoxetane to the dioxylate. The dioxylate
intermediate is more stable than the metallaoxetane intermediate in agreement with the
work of Deubel and Frenking, 1999; Boehme et. al. (1999) who computed the [3+2]
addition pathway to be kinetically and thermodynamically favorable than the [2+2]
addition pathway. The reaction between perrhenate and ethylene would not result in the
formation of the epoxide precursor.

In the oxidation of ethylene by ReOsCl, the direct [2+2] addition of the C=C bond of
ethylene across the Re=O bonds of doublet ReOsCl to form the metallaoxetane
intermediate has a lower activation barrier than the [3+2] addition of the C=C bond of
ethylene across O=Re=0 bond of singlet and doublet ReO;Cl to form dioxylate
intermediate. The subsequent rearrangement of the metallaoxetane intermediate to the
dioxylate has a higher activation barrier. The most plausible pathway that leads to the
epoxide precursor is from the organometallic intermediate X/d followed by re-
arrangement.Thus in the reaction of ReOs;Cl with ethylene, the formation of the
metallaoxetane intermediate is kinetically and thermodynamically than the formation of
the dioxylate. This work disagrees with earlier works on the subject (Deubel and
Frenking, 1999; Boehme et. al. 1999) which found the [3+2] addition pathway to be

favorable kinetically and the [2+2] addition pathway to be favorable thermodynamically.
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3.

In the oxidation of ethylene by ReO3(CH3) , the direct [2+2] addition of the C=C bond of
ethylene across Re=0 bond of doublet ReO3(CH3) to form the metallaoxetane
intermediate has a lower activation barrier than the direct [3+2] addition across the two
oxygen atoms of singlet and doublet ReO3(CHs3). However the subsequent re-
arrangement of the singlet and doublet metallaoxetane to the dioxylate has a higher
activation barrier than the direct [3+2] addition across the two oxygen atoms of singlet
and doublet ReO3(CHgz). The most plausible pathway to the formation of the epoxide
precursor is by direct attack of ethylene on one of the oxo ligand of singletReO3;(CHy).
Thus the formation of metallaoxetane by the [2+2] addition pathway is kinetically and
thermodynamically favorable than the [2+2] addition pathway for ethylene addition to
ReO3(CHs) in agreement with the work of Deubel et. al., (2003).

In the reaction of ethylene with (ReO3sCp), the direct [3+2] addition of the C=C bond of
ethylene across O=Re=0 bonds of ReO3Cp to form the dioxylate has a lower activation
barrier than the two-step reaction via, the [2+2] addition across the Re=0 bond to form
the metallaoxetane intermediate and subsequent rearrangement to the dioxylate. Thus in
the reaction of ReO3;Cp with ethylene, the [3+2] addition pathway is more feasible
kinetically and thermodynamically than the [2+2] addition pathway in agreement with the
works of Deubel et. al., 2003; Deubel and Frenking, (1999). The reaction of ReOs;Cp
with ethylene does not result in the formation of an epoxide precursor, in agreement with
the works of Burrell et al., 1995; Herrmann et .al. 1984; Klahn-olive et al, 1984; Kiihn et.
al., (1994).

In the oxidation of ethylene by ReO3(OCHj3), the two-step process via the [2+2] addition

of the C=C bond of ethylene across the Re=0 bond of doublet ReO3(OCHs) to form the
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metallaoxetane intermediate and subsequent re-arrangement has a lower activation
barrier than the direct [3+2] addition of ethylene across the O=Re=0 bond of singlet and
doublet ReO3(OCHj3). The most plausible pathway to the formation of the epoxide
precursor is by direct attack of the ethylene on one of the oxo ligand of doublet
ReO3(OCHjs). The [2+2] addition of the C=C bond of ethylene across the Re=0 bond of
doublet ReO3(OCHs3) to form the metallaoxetane intermediate is kinetically and
thermodynamically favorable than the [3+2] addition pathways leading to the dioxylate
intermediate for ethylene addition to ReO3(OCHj).

In the reaction between ReO3(NPHj3) and ethylene, the [2+2] addition of the C=C bond of
ethylene across the Re=N bond of doublet ReO3(NPH3) to form the four-membered
metallacyclic intermediate has a lower activation barrier than the [3+2] addition of
ethylene across the O=Re=0 and N=Re=0 bonds of ReO3(NPH3). The most plausible
pathway to the formation of the epoxide precursor is by direct attack of the ethylene on
one of the oxo- ligand of ReO3(NPH3;) . The formation of the epoxide precursor is not a
particular feasible reaction. Thus in the oxidation of ethylene by ReO3(NPHS3), the [2+2]
addition of ethylene across the Re=N bond of doublet ReO3(NPHS3) is kinetically and
thermodynamically favorable than the formation of the metallaoxetane and dioxylate
intermediate in disagreement with the works of Deubel et. al. 2003; Deubel and
Frenking, (2003) who found the [2+2] addition pathway to form the metallaoxetane
intermediate to have a higher activation barrier than the [3+2] addition pathway that leads

to the formation of the dioxylate
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7. In the reaction of ethylene with LReOg, the [3+2] addition pathway is favored kinetically
and thermodynamically when (L= O", Cp) while the [2+2] addition pathway is kinetically

and thermodynamically favorable when (L= CH3, OCH3,NPHj3).
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CHAPTER FIVE

CONCLUDING REMARKS

In the study of the oxidation of ethylene by LMnO; (L = O, ClI, Cp, CH3, OCHs, NPH3), it was
found that the [3+2] addition pathway leading ultimately to the formation of the dioxylate
intermediate (structure 2 in Scheme 2.1) is favored kinetically and thermodynamically when (L =
Cp and CHj3). Also, the suggested re-arrangement of the metallaoxetane intermediate to the
dioxylate by Sharpless et. al., (1977) for LMnOj3 reaction with ethylene (L= O™, Cp, OCHjs,
CHs3,NPH3) has a higher activation barrier than the direct [3+2] addition across the two oxygen
atoms to form the dioxylate intermediate. The activation barriers for the epoxide precursor
formation are not competitive withthe barriers for the formation of the dioxylate intermediate.
The reaction of LMnO3; (L = O, Cp) with ethylene would likely not result in the formation of

epoxide precursor.

In the reaction of LTcO3; (L= O, Cl, Cp, CH3, OCHs, NPH3) with ethylene, it was found that the
[3+2] addition pathway leading ultimately to the formation of the dioxylate intermediate on the
doublet surface (structure 2 in Scheme 2.1) is favored kinetically and thermodynamically over
the two-step process involving the formation metallaoxetane intermediate by the [2+2] addition
pathway and the subsequent re-arrangement of the metallaoxetane intermediate to the
dioxylatefor LTcO3; (L= O, CI, Cp, OCHz3). The formation of the epoxide precursor is kinetically
favorable for CH;TcOsand the [3+2] addition pathway thermodynamically favorable when (L=
CHj3) whiles the [2+2] addition pathway is kinetically and thermodynamically favorable when
(L= NPH3). The reaction of LTcO3; (L= O, Cp) with ethylene would not result in the formation

of an epoxide precursor.In conclusion, the [3+2] addition of ethylene across two oxygen atoms of
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the complexLTcOg3 to form the dioxylate intermediate is not pervasive for all the oxo-complexes

of technetium studied in this work. The exceptions are LTcO3(L= CH3, NPHj3)

In the oxidation of ethylene by LReOg, it was found that the [3+2] addition pathway leading
to the formation of the dioxylate intermediate on the doublet PES is favored kinetically and
thermodynamically when (L= Cp, O°) while the [2+2] addition pathway to form the
metallaoxetane intermediate is kinetically and thermodynamically favorable when (L= CI, CHs,
OCH3;, NPHj3). In the case of ethylene addition to ReO3(OCHj3), the [2+2] addition to form the
metallaoxetane and the subsequent re-arrangement to the dioxylate are lower than the direct
[3+2] addition leading to the dioxylate intermediate. The reaction of LReO3 (L= O™, Cp) with
ethylene would likely not result in the formation of an epoxide precursor.In conclusion, the [3+2]
addition of ethylene across two oxygen atoms of the complexLReO3; to form the dioxylate
intermediate is not pervasive in all the oxo-complexes of rhenium studied in this work. The
exceptions are LReO3(L= Cl, OCHs, CH3; and NPH3) where the [2+2] addition pathway to form

the metallaoxetane intermediate is preferred.

In the reaction of LMO3; (M= Mn, Tc, Re, L=0", CI', CH30-, CH3, Cp, NPH3 ) with ethylene

e Dioxylate catalyst- MnO3 (OCH3)< TcO3Cp < MnO3Cp

o Metallaoxetane catalyst - ReO3(CH3)

e Epoxidation agent - TcO3(CH3) < ReO3(OCH3) .

e Halohydrin agent - MnO3Cl < ReO3ClI
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Future determination of the activation barriers for the formation of the triplet and quartet
species would help to fill in the gap in the knowledge of the kinetics of formation of these

species in the present study of the oxidation of ethylene by LMO:s.

Also work with substituted alkenes could be initiated to explore the influence of steric
hindranceson the energetics of the reaction.Future works into the exploration of spin crossover
along the reaction coordinates from the reactants to the product to assess their viability should be

carried out.

Also, the extent to which atomic properties such as charges and solvation influence the reaction

barriers should be explored in future works.
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