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The mechanisms of oxidation of ethylene by manganese-oxo complexes of the type MnOsL (L =
07, Cl, CH3, OCHs, Cp, NPH3) have been explored on the singlet, doublet, triplet and quartet potential
energy surfaces at the B3LYP/LACVP* level of theory and the results discussed and compared with those
of the technetium and rhenium oxo complexes we reported earlier, thereby drawing group trends in the
reactions of this important class of oxidation catalysts. In the reactions of MnOsL (L = O~, CI7, CH3, OCHs,
Cp, NPH3) with ethylene, it was found that the formation of the dioxylate intermediate along the con-
certed [3 + 2] addition pathway on the singlet potential energy is favored kinetically and thermodynami-
cally over its formation by a two-step process via the metallaoxetane by [2 + 2] addition. The activation
barriers for the formation of the dioxylate and the product stabilities on the singlet PES for the ligands
studied are found to follow the order: NPH3 < CI~ < CH30™ < Cp < O~ < CHs. On the doublet PES, the acti-
vation barriers for the formation of the dioxylate intermediate for the ligands are found to follow the
order: CH30™ < CI™ < Cp < CHs while the order of product stabilities is: CI~ < CH30™ < Cp < CH3. The order
of dioxylate product stabilities on the triplet surface for the ligands studied is: CI~ < CH30™ < Cp < CH3 <
NPHs3 < O~ and the order on the quartet surface is O~ < Cp < CH3 < NPH3 < CI™ < CH30™. The re-arrange-
ment of the metallaoxetane intermediate to the dioxylate is not a feasible reaction for all the ligands
studied. Of the group VII B metal oxo complexes studied, MnO4~ and MnOs(OCHs) appear to be the best
catalysts for the exclusive formation of the dioxylate intermediate, MnO3(OCH3) being better so on both
kinetic and thermodynamic grounds. The best epoxidation catalyst for the Mn complexes is MnOsCl; the
formation of the epoxide precursor will not result from the reaction of LMnOs (L = O, Cp) with ethylene
on any of the surfaces studied. The trends observed for the oxidation reactions of the Mn complexes
with ethylene compare closely with those reported by us for the ReOsL and TcOsL (L = O, Cl, CHs, OCH3,
Cp, NPH3) complexes, but there is far greater similarity between the Re and Tc complexes than between
Mn and either of the other two. There does not appear to be any singlet-triplet or doublet-quartet
spin-crossover in any of the pathways studied.

diols without significant epoxide formation.””® Many experi-
mental and theoretical investigations have focused on

Transition metal-oxo compounds and oxo-halides such as
CrO,Cl,, 0sO,, MnO,, ReO,” and RuO,  are applied exten-
sively in reactions in which oxygen is inserted into C-H bonds
or undergoes addition to an olefinic double bond. The appli-
cation of such reagents in chemical synthesis has spurred con-
siderable interest in the underlying reaction mechanism."'™
Some transition metal-oxo complexes such as CrO,Cl, react
with olefins to form epoxides, chlorohydrins and vicinal di-
halides™® whereas others such as MnO,~ and OsO, react to form
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mechanistic aspects of this type of reaction. Olefin dihydroxy-
lation catalyzed by transition metal oxo species of the type
MOj;L has been the subject of extensive theoretical studies.”*”

The mechanism of 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, to MnO,~ due to
charge differences. The proposal that the initial step of
the dihydroxylation reaction catalyzed by transition metal
oxo compound MnO,” involves a direct [3 + 2] reaction of
ethylene with the O=Mn=0 group of MnO," to form a metalla-
dioxolane, a five-membered metallacycle’® (structure 2 in
Scheme 1), was generally favored, until Sharpless et al.'’
suggested a stepwise mechanism involving a metallaoxetane
intermediate in the chromyl chloride oxidation. However, the
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Scheme 1

intermediacy of a metallaoxetane (structure 4 in Scheme 1)
arising from the [2 + 2] addition pathway as suggested by
Sharpless et al. for chromyl chloride oxidation was ruled out,
at least for MnO,", by density functional theory (DFT) calcu-
lations by Houk et al.'® and corroborated by experimental
kinetic isotope effect studies.">*°

For tetramethylethylene (TME) addition to MnO;Cl, Limberg
and Wistuba®' reported the [3 + 2] addition of TME to the
MnO, moiety of MnO;Cl to be thermodynamically favored over
the direct [2 + 1] addition (epoxidation) product while the
kinetic barriers for both reactions were of comparable height
at the B3LYP LANL2DZ/6-311G(d) level of theory. However, in
an experimental investigation of the TME-MnO;Cl system by
means of matrix-isolation techniques, selective formation of
the epoxidation product ClO,MnO[C(CH3),], was observed.
Limberg and Wistuba®' did not find a minimum corres-
ponding to the geometry of singlet or triplet metallaoxetane
arising from the [2 + 2] addition pathway.

Strassner and Busold** found 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.
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Possible concerted pathways for the reaction of LMnOs (L = O~, Cp, CH3, CH30~, NPH3, CI7) with ethylene.

Theoretical calculations focusing on the [3 + 2] addition
pathway were explored for the transition metal-oxo complex of
the type CH;MnO; with ethylene by Gisdakis and Résch.”
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 functional with
effective core potentials and double-zeta basis sets, LanL2DZ,
for the transition metal and 6-311G(d,p) basis sets for H, C,
O, and F.

Strassner and Busold** reported the results of density func-
tional theory calculations at the B3LYP/6-31G(d) level that
strongly favor the [3 + 2] against the [2 + 2] addition pathway
through a metallaoxetane intermediate for permanganate oxi-
dation of substituted alkenes. The activation barriers associ-
ated with the [2 + 2] addition pathway are very high
(61.5-67.3 keal mol™). The metallaoxetane intermediates were
calculated to be endothermic with reaction energies between
+24.7 and +33.6 kcal mol ™. The endothermic formation of the
metallaoxetane product via the [2 + 2] transition state that is
on 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 exothermic
products.

This journal is © The Royal Society of Chemistry 2013



Scheme 2 Possible stepwise pathway for the reaction of LMnOs (L = O~, CI~ CH30—-, CH3, Cp, NPHs) with ethylene.

Aniagyei, Tia and Adei studied the mechanisms of oxi-
dation of ethylene with ReOs;L (L = O™, ClI7, Cp, CHz;, OCHs,
NPH;)*® and TcO;L (L = O, CI7, Cp, CH3, OCH;, NPH;).*° It
was found that on the singlet surface the [3 + 2] addition
leading to the formation of the dioxylate intermediate was
the predominantly favored pathway for both the Re and Tc
complexes, with the activation barriers being in the order
O™ > CH; > NPH; > CH;0™ > CI™ > Cp for both metals. It was
also found that for the Re system the best dioxylating catalyst
is ReO3Cp (singlet surface) while the best epoxidation catalyst
is ReO;Cl (singlet surface); and for the Tc system the best di-
oxylating catalyst is TcO3;Cp (singlet surface) while the best
epoxidation catalyst is TcOz;Cl (singlet surface); thus the
Cp ligand gave the best dioxylating catalyst in both metals
while the CI™ ligand gave the best epoxidation catalyst in both
metals. The ReO,”, ReO;Cp, TcO,” and TcO;Cp reaction
surfaces were found to be much ‘cleaner’ than the rest of
the complexes studied, i.e. there are no side-reactions com-
peting with the formation of the dioxylate and metalla-
oxetane intermediates with the O™ and Cp ligands for both
metals.

In this work, the potential energy surfaces for the oxi-
dation of ethylene by MnOs;L (L = O™, Cl™, Cp, CH3, OCH3,

This journal is © The Royal Society of Chemistry 2013

NPH3;) are explored with hybrid density functional theory at
the B3LYP/LACVP* level of theory. The [3 + 2] and [2 + 2]
addition pathways to form metallaoxetanes and dioxylates,
the conversion of the metallaoxetanes to the dioxylates and
the formation of epoxide precursors (Schemes 1 and 2) are
investigated. The results are discussed and compared with
the oxidations of ethylene with the ReOs;L and TcOsL (L =07,
Cl7, Cp, CH3, OCH3, NPH3) systems in order to explore group
trends in the reactions. Multiple spin states have been
considered in the calculations. Organometallic reactions are
2729 many
reactions involve several states of different spins.*® A change
of spin state can affect the molecular structure in terms

known to occur on more than one spin surface;

of bond lengths, angular distortions and even overall
molecular geometry®' and spin crossing effects can dra-
matically affect reaction mechanisms of organometallic
transformations.*?

2. Details of calculations

All calculation were carried out using Spartan’08 V1.2.0 and
Spartan’10 V1.1.0 Molecular Modeling programs®® at the DFT

Dalton Trans., 2013, 42, 14411-14423 | 14413



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 (D95 V), developed by Dunning, for first
row elements® and the Los Alamos ECP plus double zeta
basis set developed by Wadt and Hay for the atoms Na-La,
Hf-Bi.>*™%

The starting geometries of the molecular systems were con-
structed using Spartan’s graphical model builder and mini-
mized interactively using the sybyl force field.*® All geometries
were fully optimized without any symmetry constraints. A
normal mode analysis was performed to verify the nature of
the stationary point. Equilibrium geometries were character-
ized by the absence of imaginary frequencies.

The transition state structures were located by a series of
constrained geometry optimizations in which the forming-
and breaking-bonds were fixed at various lengths while the
remaining internal co-ordinates were optimized. The approxi-
mate stationary points located from such a procedure were
then fully optimized using the standard transition state optimi-
zation procedure in Spartan. All first-order saddle points were
shown to have a Hessian matrix with a single negative eigen-
value, characterized by an imaginary vibrational frequency
along the reaction coordinate.

For the MnO;Cl, MnO3(CH3), MnO3(OCHj3), MnO;Cp and
MnO;(NPH;) systems, the singlet and triplet species were
computed as neutral structures while the doublet and quartet
species were computed as anions. For the TcO,  system,
the singlet and triplet species were computed as anions while
the doublet and quartet species were computed as neutral
structures.
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3. Results and discussion

3.1. Reaction of MnO,~ with ethylene

The relative energies of the main stationary points involved in
the reactions between MnO,” and ethylene are shown in
Fig. 1. (The full set of optimized structures for all the systems
herein reported is shown in Fig. S1-S6 in the ESI}). The
density functional theory (DFT) optimization of the MnO,”
reactant shows that the MnO,~ can have a singlet ground state
electronic structure (A1/s), a doublet electronic ground state
structure, a triplet ground state electronic structure and a
quartet ground state electronic structure. The Mn-O bond
length of the singlet structure is 1.60 A, which is in agreement
with the experimentally-determined X-ray data on permanga-
nate.*® The triplet reactant is 22.4 kcal mol™" less stable than
the singlet and the doublet reactant is 23.2 kcal mol™* more
stable than the quartet.

On the singlet PES, the [3 + 2] addition of the C=C = bond
of ethylene across the O—=Mn=0 bonds through transition
state TS-[A1-A2]/s to form dioxomangana-2,5-dioxolane A2/s
has an activation barrier of 9.14 kcal mol™* and an exothermi-
city of 47.6 kcal mol™", in agreement with the work of Houk
et al.'® who computed the barrier for this route to be 9.2 kcal
mol ™", with a reaction energy of —47.2 kcal mol™" at the B3LYP
level of theory.

A triplet dioxomangana-2,5-dioxolane was found to be
2.1 keal mol™" more stable than the singlet dioxylate but no
triplet [3 + 2] transition state could be located. A quartet dioxy-
late species was found but no doublet dioxylate product could
be located on the reaction surface. No doublet or quartet tran-
sition states could also be located.

In a related study on the osmium tetraoxide reaction with
ethylene, Tia and Adei’® found the activation barrier for the
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Energetics of the reaction of MnO,4~ with ethylene. Energies with zero point corrections in parentheses.
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[3 + 2] addition to form the osmadioxylate ester intermediate
to be very low (3.97 kecal mol™). Earlier studies by Frenking
et al.,** Ziegler et al.*> and Morokuma et al.*’ reported similar
findings. The calculated barrier for the [3 + 2] addition of the
C=C bond of ethylene across the O=0s=0 bonds of 0sO, is
much lower than the barrier calculated for the MnO,~ (9.1 kcal
mol™") in this work, an analogous reaction of isoelectronic
0s0,.

The formation of the singlet manganooxetane A3/s by
[2 + 2] addition of the C=C bond of ethylene across the
M=O0 bond of the permanganate complex A1 is 18.5 kcal mol™
endothermic, in agreement with the value reported by the
study of Houk et al."® at the B3LYP level of theory. A triplet
metallaoxetane was located and was found to be 7.1 kcal
mol ™" less stable than the singlet A3/s. The doublet mangano-
oxetane is 14.5 kcal mol™' less stable than the quartet
metallaoxetane species, but no doublet, triplet or quartet tran-
sition states could be located.

The re-arrangement of the manganooxetane to the dioxylate
(TS-[4-2] in Scheme 1) as suggested by Sharpless et al.'® 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 is 28.1 kcal mol ™. No transition state was located for
the re-arrangement of the triplet manganooxetane to the dioxy-
late. The overall activation barrier for the re-arrangement of
the singlet manganooxetane to the dioxylate is higher than the

activation barrier for the direct [3 + 2] addition of ethylene
across the two oxygen atoms of singlet MnO,".

The potential energy surface of the reaction of permanga-
nate with ethylene was further explored in an attempt to locate
an epoxide precursor (O3-Mn-OC,H,) (3 in Scheme 1), but no
such minimum was found on the reaction surface. From the
work of Ziegler et al.** and Tia and Adei** and Scheme 1, the
epoxide precursor could be formed from re-arrangement of the
five-membered metallacycle through transition state TS-[6-3],
re-arrangement of the metalladioxolane through transition
state TS-[2-3], re-arrangement of the metallaoxetane through
transition state TS-[4-3] or from direct [2 + 1] addition through
transition state TS-[1-6]. None of these transition states were
found, indicating that the reaction of ethylene with MnO,~
does not lead to the formation of the epoxide precursor. Thus
the oxidation of ethylene with MnO,~ will form exclusively
diols.

3.2. Reaction of MnO;Cl with ethylene

The energy profile of the reaction between MnO;Cl and ethy-
lene and some of the optimized structures in the reaction are
shown in Fig. 2 and 3. The DFT geometry optimization of
MnO;Cl on a singlet potential energy surface (PES) yielded two
minima: R1-A4/s of C3y symmetry and R2-A4/s of Cs symmetry
in which the Mn-Cl bond is broken and the chloro is bonded
to one of the oxo ligands. Doublet, triplet and quartet reac-
tants were also located. The structure R1-A4/s has been
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computed to be 36.6 kcal mol™" more stable than R2-A4/s and
24.4 kcal mol™" more stable than the triplet reactant. The
doublet reactant has been found to be 17.8 kcal mol™" more
stable than the quartet reactant.

As seen in Fig. 2, the activation barrier for the direct [3 + 2]
addition of ethylene across the two oxygen atoms of MnO;Cl to
form the dioxylate intermediate on the singlet PES through the
singlet transition state TS-[A4-A5]/s is barrierless, with a reac-
tion energy of —59.7 kcal mol™". The [3 + 2] addition of the
C=C 7 bond of ethylene across the O=Mn-Cl bonds of
MnO;Cl on the singlet surface through the transition state
TS-[A4-A6]/s has an activation barrier of 0.64 kcal mol™" and
a reaction energy of —32.2 kcal mol™".

The formation of the singlet manganooxetane through [2 + 2]
addition of the C=C bond of ethylene across the Mn=0O
bond of singlet permanganyl chloride complex R1-A4 has a
reaction energy of 1.5 but no transition could be located
for this step. The activation barrier for the re-arrangement of
metallaoxetane A7/s through the singlet transition state

TS-[A7-A5]/s to the dioxylate was found to be 5.3 kcal mol™".
This barrier is higher than that for the direct [3 + 2] addition
across the two oxygen atoms of singlet MnO;Cl.

An epoxide precursor formation was explored for the reac-
tion of MnO;Cl with ethylene; this was unsuccessful in the
case of MnO, . The transition state TS-[A6-E]/s for the re-
arrangement of the singlet five-membered metallacycle
(TS-[1-6] in Scheme 1) to the epoxide precursor has an activation
barrier of 27.8 kcal mol™" and an endothermicity of +3.3 keal
mol ™. The activation barrier and reaction energy for the direct
[2 + 1] one-step addition of the C=C bond across one oxygen

atom of MnO;Cl on the singlet PES through transition state

14416 | Dalton Trans., 2013, 42, 14411-14423

TS-[A4-E]/s are 8.2 and —28.9 kcal mol™". Thus the epoxide pre-
cursor will most likely arise from a direct [2 + 1] addition.
On the doublet PES (Fig. 3), the [3 + 2] addition of the C=C

7 bond of ethylene across the O=Mn=0 bonds of doublet
MnO;Cl was found to follow either the concerted or stepwise
(Scheme 2) addition pathways. On the concerted pathway, the
activation barrier for the formation of the dioxylate species
A5/d is 8.9 kcal mol™". The dioxylate species A5/d has an exo-
thermicity of 44.2 kcal mol™'. Along the stepwise pathway,
one of the C=C = bonds of ethylene attacks an oxo-ligand of
MnO;Cl to form the organometallic intermediate X/d (X in
Scheme 2). The activation barrier for the formation of the
intermediate X/d is 15.7 kecal mol™". The intermediate X/d has
an exothermicity of 0.6 kcal mol™". The intermediate can then re-

arrange through transition state TS-[X-A5]/d to form the dioxylate
A5/d with an activation barrier of 0.7 kcal mol™". A quartet

species A5/q has been computed to be 28.1 kcal mol™" more
stable than the doublet product A5/d.

The formation of the doublet manganooxetane through
[2 + 2] addition of the C=C bond of ethylene across the
Mn=O0 bond of doublet permanganyl chloride complex R1-A4
has a reaction energy of 6.4 kcal mol™" but no transition state
for this step could be located.

A quartet metallaoxetane-like species A7/q but with an
elongated metal-carbon bond has been found and has an
exothermicity of 18.13 kecal mol™". The formation of the metalla-
oxetane A7 could potentially have come from intermediate
X/d and A7/q; however attempts at locating the relevant tran-
sition states linking the intermediate to the metallaoxetane
were not successful. No triplet metallaoxetane intermediate
A9/t was located on the triplet reaction surface.

This journal is © The Royal Society of Chemistry 2013



3.3. Reaction of MnO;(NPH;) with ethylene

Fig. 4 shows the main stationary points involved in the reac-
tion between MnO3(NPH;) and ethylene and some of the opti-
mized structures. The MnO;(NPH;) reactant was found to have
singlet, doublet and triplet structures. However, unlike the
singlet and triplet which are open structures, the doublet has
a ring with Mn-N-P-O ring closure (see ESIT).

On the singlet PES, the [3 + 2] addition of the C=C bond of
ethylene across the O=Mn=—O0 bonds of singlet MnOz(NPHj;)
through transition state TS-[A8-A9]/s to form the dioxylate
intermediate A9/s is barrierless and has a reaction energy of
—60.4 keal mol™". A triplet dioxylate has been found to be
22.9 kcal mol™" more stable than the singlet. No corres-
ponding transition state linking the reactants to the products
could be located on the doublet PES. However, a doublet dioxy-
late product was found to be 7.1 kcal mol™* less stable than
the quartet dioxylate product.

The [3 + 2] addition of the C—=C bond of ethylene across the
O=Mn=N bonds of singlet MnO;(NPH;) through the singlet
transition state TS-[A8-A10]/s to form intermediate A10/s is
also barrierless and has a reaction energy of —65.3 kcal mol™.
On the doublet, triplet and quartet surfaces, seven-membered
intermediates have been located which correspond to structure
A9/s but with an additional bond between one of the oxo
ligands on the metal center and a phosphine attached to the
nitrogen in the five-membered ring of A9/s. The triplet is
2.3 keal mol™" more stable than the singlet while the quartet
structure is 16.7 kcal mol™" less stable than the doublet.

The metallaoxetanes located on the singlet, doublet, triplet
and quartet reaction surfaces have a bond between the phos-
phine P atom and the ring O atom (A12/s, A12/d, A12/t and
A12/q in ESIt). The triplet species is 10.6 kcal mol™" more
stable than the singlet and the doublet structure is computed
to be 0.8 kcal mol™" less stable than the quartet species.
However, no transition state could be located linking the reac-
tants to these structures. The formation of a singlet metallacyc-
lic intermediate A11/s through transition state TS-[A8-A11]/s
(Fig. 4) by [2 + 2] addition of the C=C = bond of ethylene
across the Mn=N bond of the singlet MnO;(NPH;) has an acti-
vation barrier of 17.6 kcal mol™" and leads to a six-membered
product in which one of the oxo groups on the metal centre
bonds with a P atom (1.78 A). The singlet product has an
exothermicity of 27.4 kcal mol™". A triplet species has a reac-
tion energy of —14.7 kcal mol™". This six-membered product
was found to have doublet, triplet and quartet counterparts
but there are no corresponding doublet, triplet and quartet
transition states. The doublet species is 3.6 kcal mol™" more
stable than the quartet species.

A search of the surfaces for the re-arrangement of the four
membered metallacycle metallaoxetane to the five membered
metallacycle was unsuccessful.

The reaction of MnO;(NPH;) with ethylene was explored for
the possibility of formation of an epoxide precursor. The re-
arrangement of the singlet five-membered metallacycle through
transition state TS-{A10-E]/s (i.e. TS [1-6] in Scheme 1) to the
epoxide precursor has an activation barrier of 63.1 kcal mol™"
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Fig. 4 Energetics of the reaction of MnO3(NPH3) with ethylene. Energies with zero point corrections in parentheses.
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and a reaction energy of +41.2 kcal mol™. Also the re-
arrangement of the singlet five-membered metallacycle (TS-[2-3]
in Scheme 1) through transition state TS-[A9-E]/s to the
epoxide precursor has an activation barrier of 70.7 kcal mol ™
and an endothermicity of +36.4 kcal mol™'. The re-arrange-
ment of the singlet four-membered metallaoxetane to the
epoxide precursor has a barrier of 23.9 kcal mol™" and an
exothermicity of 10.4 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.

3.4. Reaction of MnO;(CHj;) with ethylene

The optimized geometries and the energy profile of the reac-
tion of MnO;3(CH;) with ethylene are shown in Fig. 5. On the
singlet surface, two minima correspond to the formula
MnOj;(CH3): R1-A13 of C3y symmetry and R2-A13 of C; sym-
metry in which the methyl ligand breaks from the metal centre
and forms a new bond with one of the oxo-ligands. Structure
R2-A13 is 11.81 kcal mol™" more stable than R1-A13. A doublet
reactant A13/d has been found to be 26.0 kcal mol™" more
stable than the quartet species A13/q. (Structures R2-13, A13/d
and A13/q are shown in the ESIT.)

On the singlet surface, the activation barrier for the [3 + 2]
addition of the C=C = bond of ethylene across the O=Mn=0

bonds of singlet MnO;(CHj;) through transition state TS-[A13-
A14]/s has an activation barrier of 20.3 kcal mol™" and a reac-
tion energy of —25.9 kcal mol™'. The singlet dioxylate is
30.0 keal mol™" more stable than the triplet dioxylate.

On the doublet PES, the [3 + 2] addition of the C=C = bond
of ethylene across the O=Mn=O bonds of doublet
MnO;(CHj;3) through a doublet transition state TS-{A13-A14]/d
to form the dioxylate A14/d has an activation barrier of
15.9 kecal mol™ and a reaction energy of —29.7 kcal mol™.
A quartet dioxylate A14/q is 36.7 kcal mol~" more stable than
the doublet product A14/d.

The formation of singlet manganooxetane A15/s by [2 + 2]
addition of the C=C bond of ethylene across the Mn=0 bond
of MnO;(CH;3) through the singlet transition state TS-[A13-
A15]/s has an activation barrier of 51.4 kcal mol~" and a reac-
tion energy of +9.1 keal mol™". The formation of the doublet
manganooxetane A15/d through doublet transition state
TS{A13-A15)/d has an activation barrier of 18.4 keal mol™" and
a reaction energy of +13.9 kcal mol ™. A triplet metallaoxetane
intermediate has been computed to be 38.8 kcal mol™" more
stable than the singlet A15/s metallaoxetane intermediate
while a quartet metallaoxetane species has been computed to
be 7.29 kecal mol™" more stable than the doublet metallaoxe-
tane intermediate. No quartet transition state linking the reac-
tants to the products could be located on the reaction surface.
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The re-arrangement of the singlet metallaoxetane to the
singlet dioxylate through transition state TS-[A15-A14]/s has an
activation barrier of 18.8 kcal mol™". Even though the overall
activation barrier for the re-arrangement of the singlet metalla-
oxetane to the dioxylate is lower than the activation barrier
for the direct [3 + 2] addition of C=C = of ethylene across the
O=Mn=0 bonds of singlet and doublet MnO;(CHj3), the for-
mation of the metallaoxetane from which the re-arrangement
occurs has a higher activation barrier; the dioxylate would
most likely proceed from the direct [3 + 2] addition pathway
and not from the metallaoxetane through the [2 + 2] addition
pathway.

The formation of an epoxide precursor was explored from
the reaction of MnO3(CHj;) with ethylene. The re-arrangement
of the singlet metallaoxetane to the epoxide precursor through
transition state TS-[A15-E]/s has an activation barrier and a
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 MnO;(CH;) has been computed to be
29.45 keal mol ™", with a reaction energy of +1.8 kcal mol™'. On
the doublet, triplet, and quartet surfaces, the epoxide precur-
sor has been computed to have reaction energies of +4.6,

—40.6 and —21.5 kcal mol™" respectively. The most plausible
pathway for the formation of the epoxide precursor is by the
direct [2 + 1] addition pathway on the singlet PES.

The oxidation of ethylene with MnO3(CHj3) will most likely
lead to the formation of diols, albeit with a high activation

barrier.

3.5. Reaction of MnO;3;(OCH;) with ethylene

The optimized geometries and relative energies of the main
stationary points involved in the reaction between
MnO;3(OCH;) and ethylene are shown in Fig. 6. Singlet,
doublet, triplet and quartet species have been optimized for
the reactant MnO3(OCHj;). The doublet reactant is 20.24 kcal
mol™" more stable than the quartet species while the triplet
structure is 20.25 kcal mol ' less stable than the singlet
structure.

On the doublet surface, there is a stepwise attack of one of
the C=C = of ethylene on an oxo-ligand of MnO;(OCHj;) to
form an organometallic intermediate X/d through transition
state TSA16-X]/d. The activation barrier along this route is
3.28 kcal mol™". The intermediate X/d is 0.63 kcal mol ™" less
stable than the separated reactants. The intermediate X/d then
re-arranges through transition state TS-[X-A17]/d to form the
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Fig. 6 Energetics of the reaction of MnO3(OCHs) with ethylene. Energies with zero point corrections in parentheses. Note that the singlet structures and the

doublet structures are not isoelectronic and therefore their energies are not to be
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dioxylate intermediate A17/d, a reaction that has a barrier of
6.26 kcal mol™" and a reaction energy of —39.80 kcal mol™". A
quartet product A17/q has been computed to have a reaction
energy of +26.48 kecal mol ™.

The activation barrier for the direct [3 + 2] addition of ethy-
lene across the O=Mn=O0 bonds of singlet MnO;(OCHj;)
through a singlet transition state TS-[A16-A17]/s to form dioxy-
late intermediate A17/s is 1.6 kcal mol™', with a reaction
energy of —54.1 kecal mol™". A triplet dioxylate was located and
found to be 34.3 kcal mol™" more stable than the singlet dioxy-
late product.

Attempts at locating the manganooxetane product which is
expected to result from the [2 + 2] addition of ethylene to the
Mn=0 bonds of singlet and doublet MnO;(OCH;) proved
unsuccessful.

The reaction of MnO;(OCH;) with ethylene was explored for
the formation of the epoxide precursor. The re-arrangement of
the five-membered dioxylate through transition state TS-{A17-E]/s
to the epoxide precursor has an activation barrier of
64.3 kcal mol™" and a reaction energy of +29.1 kcal mol ™.

Therefore, the most plausible pathway for the formation of
the epoxide precursor is by initial [3 + 2] addition across the
two oxygen atoms of singlet MnOz(OCHj;) followed by re-
arrangement to the epoxide precursor.

+106.5(115.7
XS-[A18-A20)/s

Thus in the reaction of MnO3(OCHj;) with ethylene, the
reaction will preferentially take place on the singlet surface
and the [3 + 2] addition of ethylene across the two oxygen
atoms of MnO;(OCHj;) to form the dioxylate intermediate is
kinetically and thermodynamically the most favored. The ener-
getics as shown in Fig. 6 preclude the formation of an epoxide.

3.6. Reaction of MnO;Cp with ethylene

Fig. 7 shows the optimized geometries and relative energies of
the main stationary points involved in the reaction between
MnO;Cp and ethylene. Singlet, doublet, triplet and quartet
reactants have been optimized. In the singlet reactant A18/s,
the cyclopentadienyl ligand Cp is bonded in a n* fashion in
the singlet reactant, ie. Mn-C (Cp) = (2.018, 2.838 and
2.830 A). Gisdakis and Rosch® reported the Cp ligand to be
bonded in a n' fashion to the metal centre in MnO;Cp at
B3LYP LANL2DZ/6-311G(d,p) level of theory. A doublet reactant
has been computed to be 24.2 kcal mol™" more stable than the
quartet reactant. The cyclopentadienyl ligand is bonded in a n?
fashion to the Mn in the doublet reactant, i.e. Mn-C (Cp) =
(2.04, 2.90, 2.92, 3.80 and 3.81 A). In the triplet reactant, the
cyclopentadienyl ligand is bonded to the manganese centre in
a 1’ fashion, ie. Mn-C (Cp) = (2.21, 2.26, 2.46, 2.46 and
2.26 A). The triplet reactant is 21.05 kcal mol ™" less stable than
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the singlet reactant. The cyclopentadienyl ligand is bonded
in a n® fashion to the Mn in the quartet structure, i.e. Mn-C
(Cp) = 2.05, 2.84, 2.89, 3.69 and 3.72 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 acti-
vation barrier through the doublet transition state is 14.2 kcal
mol ™" while the barrier through the singlet is 6.57 kcal mol™".
The dioxylate intermediates have been found to be very stable.
The singlet, doublet, triplet and quartet dioxylates are respect-
ively 57.6, 35.1, 85.8 and 70.7 kcal mol™* more stable than
their respective separated reactants.

The Cp ligand in the singlet MnO;Cp-dioxylate A19/s shows
a n’-bonding fashion to the Mn (Mn-C (Cp) = 2.22, 2.22, 2.33,
2.36, 2.26 A) contrary to the n*-bonded mode shown in the
singlet reactant. A n>-bonding mode (Mn-C (Cp) = 2.24, 2.27
and 2.29, 2.36, 2.34 A) is also shown in the triplet product A19/t.
The Cp ligand in the quartet MnO;Cp-dioxylate A19/q shows
a n*-bonding fashion to the Mn centre (Mn-C (Cp) = 2.34, 2.33
and 2.82, 2.84 and 3.08 A) contrary to the n*-bonded mode
expressed in the quartet reactant.

The formation of the singlet manganooxetane A20/s from
the [2 + 2] addition of ethylene across the Mn—0O bond of the
singlet MnO;Cp has an activation barrier of 40.9 kcal mol™*
through a singlet transition state TS-[A18-A20]/s. The manga-
nooxetane is 5.5 kcal mol™" below the reactants on the energy
profile. The Cp ligand in the singlet MnO;Cp-oxetane A20/s
shows n’-bonding mode to the Mn (Mn-C (Cp) = 2.12, 2.89,
2.96, 3.77 and 3.81 A) in conformity with n*-bonding mode in
the singlet reactant. A triplet metallaoxetane intermediate has
been found to be 62.0 kcal mol™" more stable than the singlet
metallaoxetane. The Cp ligand in the quartet MnO;Cp-oxetane
A20/q shows n*>-bonding mode to the Mn centre (Mn-C (Cp) =
2.09, 2.91 and 2.96, 3.79 and 3.82 A)

No pathway was found for the re-arrangement of the metal-
laoxetane to the dioxylate on any of the surfaces studied.

The potential energy surface of the reaction of MnO;Cp
with ethylene was further explored in an attempt to locate an
epoxide precursor [(Cp)O,-Mn-OC,H,] (3 in Scheme 1), but no
such minimum was found on these reaction surfaces.

3.7. Comparison of the reactions of the manganese,
technetium and rhenium oxo complexes with ethylene

Table 1 shows the activation barriers of the first step of the
various reactions of the group VII B oxo complexes with ethy-
lene for the various ligands studied in this work and in ref.
25 and 26.

It is seen from the table that for the O~, Cp, OCH3, and C1™
ligands, the [3 + 2]o,o pathway is the most preferred pathway
but the selectivity (in kinetic terms) decreases down the group.
For example, for MnO,~ the [3 + 2]oo is the only pathway
found; for TcO,™ the [3 + 2]o o activation barrier is about half
the barrier of the [2 + 2]y,0 pathway, the only other pathway
found, while for ReO,” the activation barriers of the [3 + 2]o 0
and [2 + 2]~ addition pathways are much closer.

This journal is © The Royal Society of Chemistry 2013

Table 1 Activation barriers of the first step of the various reactions of the
metal complexes

Metal -0 -Cl -NPH; -CH; -OCH; -Cp
Mn B3+2bo 91 -34 -54 69.7 1.5 6.6
2+2mo — — — 100.8  — 41.0
B+2Lo — 0.6 —4.2 — — —
[2+1 — 82 — 789  — —
2+2lun  — — 17.6 — — —
Tc* 3+2loo 242 76 154 19.83  13.1 2.7
[2+2]yo 482 321 232 33.05  30.6 28.6
B3+2Lo — 14.7  16.6 — — —
[2+1 — 29.0  32.0 343 377 —
Re” [B+2]bo 363 21.0 272 33.9 263 13.6
[2+2]uo 467 296 417 47.7  30.6 33.0
B+2lo — 26.3 259 — — —
[2+1] — — 52.9 56.5  60.4 —
2+2un — — 30.5 — — —

“Data from ref. 25. ® Data from ref. 26.

The activation barriers for the [3 + 2]o o addition increase
from Mn through Tc to Re for all the ligands studied except for
-NPH; and -Cp where the barriers for Mn are higher than
those for Tc.

In the work reported, three transition states TS-[A4-A5]/s,
TS-[A8-A9]/s, TS-[A8-A10]/s are below their respective reactants
on the energy profiles, thereby giving slightly negative acti-
vation barriers for those reactions steps. The reason could be
that the transition state is preceded by a weak =m-complex
which is lower in energy than the reactants and transition
states (unfortunately a weak n-complex could not be found) or
as a result of the basis set superposition error as also found by
Haunschild and Frenking for the reactions of [RhO,(CH;)CH,]
with ethylene.*®

4. Conclusion

The following conclusions are drawn from the results presented:

1. On the singlet surface, the [3 + 2] addition leading to the
formation of a dioxylate intermediate is the predominantly
favored pathway in the complexes studied; it is favored over
the [2 + 2] addition pathway leading to the formation of a
metallaoxetane intermediate for the complexes LMnO; (L =
07, Cp, OCHj3;, Cl, CH3, NPH3). This is the same as that found
by Aniagyei et al.>>*° for the Tc and Re systems with the same
set of ligands. The activation barrier and product stabilities for
the formation of the dioxylate follow the order NPH; < CI™ <
CH3;0™ < Cp < O™ < CHg;, which is significantly different from
the trend found for the Tc and Re systems in ref. 25 and 26
which is Cp < CI~ < CH;0™ < NPH; < CH; <O

2. On the doublet PES, the [3 + 2] addition leading to the
formation the dioxylate intermediate is favored over metalla-
oxetane formation for the ligands L = CH;. The activation bar-
riers for the formation of the dioxylate intermediate are found
to increase for the ligands in the order CH;0™ < CI™ < Cp < CHj3
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while the reaction energies follow the order CI” < CH;0™ <
Cp < CHs.

3. Of the group VII B metal oxo complexes studied, MnO,~
and MnO;3(OCH3;) appear to be the best catalysts for the exclu-
sive formation of the dioxylate intermediate, MnO3(OCHj;)
being better so on both kinetic and thermodynamic grounds.
The best epoxidation catalyst for the Mn complexes is MnO;Cl.

4. The MnO, ", MnO3(OCHj3) and MnO;Cp reaction surfaces
are much ‘cleaner’ than the rest of the complexes studied, i.e.
there are no side-reactions competing with the formation of
the dioxylate and metallaoxetane intermediates. This trend
was also observed for the technetium and rhenium complexes
ReO;L and TcO;L (L = O7, Cl, CH3, OCH;, Cp, NPH3); the
clean surfaces are found in MnO,~ and MnO;Cp.>**®

5. The re-arrangement of the metallaoxetane intermediate
to the dioxylate is not a feasible reaction for all the ligands
studied.

6. There does not appear to be a spin-crossover in any of
the pathways studied.

7. The trends observed for the oxidation reactions of the
Mn complexes with ethylene compare closely with those
reported®>?° for the ReO;L and TcO;L (L = O™, Cl, CH3, OCH3,
Cp, NPH;) complexes, but there is far greater similarity
between the Re and Tc complexes than between Mn and either
of the other two.
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