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a b s t r a c t

The mechanisms of the oxidation of tetramethylethylene (TME) by permanganyl chloride (MnO3Cl) have
been explored on the singlet and triplet potential energy surfaces at the B3LYP LANL2DZ/6-31G (d) level
of theory. The results show that the pathway leading to the formation of the five-membered dioxylate
through concerted [3 þ 2] addition is favored kinetically and thermodynamically over the three other
possible pathways, namely the [2 þ 2] addition via the transient metallaoxetane intermediate, epoxi-
dation, and hydrogen transfer pathways. The epoxide precursor that on hydrolysis would yield the
epoxide product will most likely arise from a stepwise path through the intermediacy of an organo-
metallic intermediate. This pathway affords the product that is more stable (thermodynamically favor-
able). However, kinetically, both the stepwise and the concerted [2 þ 1] addition pathways leading to the
epoxide precursors are very competitive (activation barrier difference of <0.7 kcal/mol).

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

The advancement of novel catalyzed chemical reactions which
achieve high selectivity and catalytic efficiency remains a grand
challenge. Several of such novel reactions are serendipitous, but
increased understanding of the reaction mechanism in terms of the
kinetics and intermediate stabilities at the molecular level permits
the control and design of new compounds.

Transition metal-oxo complexes such as MnO4
�
, OsO4, MnO3Cl

and CrO2Cl2 are oxidation catalysts and chiefly involved in reactions
where oxygen is added across olefinic double bond. The use of such
oxidation catalysts in chemical research has stimulated huge in-
terest in the fundamental reaction mechanisms [1e4]. For example,
CrO2Cl2 undergoes a reaction with ethylene to form products such
as epoxide, chlorohydrin and vicinal dihalides [5,6] whiles MnO4

�

and OsO4 catalysts are reported to form only diols [7,8]. Theoretical
and experimental studies focusing on the mechanisms of oxidation
of alkenes like ethylene by transition metal oxo complexes of the
type MO3L have widely been explored [9e16]. For instance, in
MnO4

� and OsO4, the mechanism of oxidation of alkenes are re-
ported to be similar, although donor and acceptor olefins differently
gyei), kwawucaroline@gmail.
@yahoo.com (E. Adei).
influence the rate of reactions from OsO4 to MnO4
� as a result of net

charge difference.
In the oxidation of ethylene catalyzed by MnO4

�, the initial step
involving the [3 þ 2] addition of the ethylene with the O¼Mn¼O
moiety of MnO4

� to form a metalladioxolane, a five-membered
metallacycle [17] (3, Scheme 1) was reportedly favored, until
Sharpless et al. [18] postulated the intermediacy of metallaoxetane
in an analogous reaction of chromyl chloride catalyzed epoxidation
of alkenes. However, the metallaoxetane intermediate (5, Scheme
1) arising from the direct [2 þ 2] addition pathway as evidenced
by oxidation of alkene by chromyl chloride, was dismissed for
permanganate (MnO4

�), through density functional theory (DFT)
calculations by Houk et al. [16] and further supported experimen-
tally by kinetic isotope effect [15,19].

Aniagyei et al., [12e14] in a theoretical study, reported the
mechanisms of oxidation of alkene catalyzed by metal oxo com-
plexes of the type MO3L (M ¼ Mn, Tc and Re; L ¼ O�, Cl�, Cp, CH3,
OCH3, NPH3). It was observed that on the singlet surface, the
dioxylate intermediates formed from the [3þ 2] addition pathways
were primarily the most favored for the Mn, Tc and Re complexes.
The activation barriers and product stabilities for the Tc and Re
complexes followed the trend: O� > CH3 > NPH3 > CH3O�

> Cl� > Cp. For the Mn system, the dioxylate formed from [3 þ 2]
addition pathway had the activation barrier and product stabilities
follow the trend: NPH3 < Cl� < CH3O� < Cp < O� < CH3. This is
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Scheme 1. Proposed pathway for the reaction of MnO3Cl with ethylene and tetramethylethylene.
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contrary to the observed trends in Tc and Re systems. They reported
that for all the systems studied, the best epoxidation catalyst would
be the Cl� ligand on the singlet surface, whiles the probable diox-
ylating catalyst would be Cp ligand for both Tc and Re systems. For
the Mn system, MnO3 (OCH3) catalyst was reported to yield only
dioxylate.

For permanganyl chloride catalyzed oxidation of tetramethyl-
ethylene (TME), Wistuba et al. [20] reported the direct [3 þ 2]
pathway leading to the formation of the dioxylate intermediate to
be the most favored thermodynamically, when compared to the
epoxidation product from the direct [2 þ 1] addition pathway.
However, at the B3LYP LANL2DZ/6-311G (d) level of theory, Wis-
tuba reported both reactions to be of equal kinetic heights.
Nevertheless, in an experiment to study TMEeMnO3Cl system by
low temperature photolytic matrix isolation technique, the epoxi-
dation product ClO2MnO[C(CH3)2]2 was only formed. The epoxide
product was characterized by infra-red spectroscopy coupled with
isotopic-enrichment experiment. The effects of permethylation on
these barriers were not accurately calculated and were ignored by
way of assumptions based on results obtained for an analogous
ethylene system partly due to the fact that detailed investigation of
the TME system is computationally expensive.

The main aim of the paper is to extend the earlier theoretical
work of Wistuba et al. [20] by exploring the potential energy sur-
faces for the permanganyl chloride catalyzed oxidation of tetra-
methylethylene at the B3LYP LANL2DZ/6-31G (d) level of theory at
T ¼ 193.15 K and P ¼ 0.00001 atm. The initial first step leading to
the formation of the four- and five-membered metallacycles, the
interconversion of the four-to five-membered metallacyclic
intermediate and their subsequent rearrangement to the epoxide
precursors (Scheme 1) are investigated. Several organometallic
reactions have been reported to exist in several spin states and
surfaces [5,12e14,21]. The bond lengths, angular distortions and
molecular geometry are affected by change of spin states. For
organometallic transformations, cross effects of the spin can impart
the reaction mechanisms [22]. As a result, the singlet and triplet
states in C1 symmetry which are possible have been considered in
all the calculations reported in this paper.

2. Details of calculation

The density functional/Hartree-Fock hybrid model B3LYP
[23e26] as implemented in Gaussian 09 [27] has been used
throughout this study together with the basis set of LanL2DZ for
manganese atomswhiles the split valence double-x (DZ) [28] 6-31G
(d) for the non-metal atoms (H, C, O and Cl). Molecular structures
were generated with Avogadro software [29]. All structural opti-
mizations were done without symmetry restrictions. Normal mode
analysis was performed to verify the nature of the stationary points
located. Minima, representing reactants, intermediates and prod-
ucts were shown to have no imaginary frequencies. Guess struc-
tures for transition state calculations were obtained by first
constraining specific bonds along the reaction coordinates at fixed
lengths while the remaining internal coordinates were fully opti-
mized. This procedure gives an approximate transition state guess
which is then submitted for transition state calculation using the
standard transition state optimization procedure in Gaussian 09. All
transition state structures were subjected to full normal mode
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analyses to ensure that they have a Hessian matrix with a single
negative eigen-value, characterized by an imaginary vibrational
frequency along the reaction coordinate. Approximate free energies
were obtained through thermochemical analysis of the frequency
calculation, using the thermal correction to Gibbs free energy as
reported by Gaussian 09. This takes into account zero-point effects,
thermal enthalpy corrections, and entropies. All energies reported
in this paper, unless otherwise noted, are free energies at 193.15 K
and pressure of 0.00001 atm using unscaled frequencies. This is
because the reactions of permanganyl chloride with olefins cannot
be induced at temperatures below 50 K [20]. All energies are given
in kcal/mol relative to the reactants.

3. Results and discussion

3.1. Reaction of MnO3Cl with tetramethylethylene

The relative energies of the main stationary points involved in
the reactions between MnO3Cl and tetramethylethylene (TME) are
shown in Fig. 1. The thermal-corrected absolute Gibbs free energies
and Cartesian coordinates of the reactants and intermediates are
shown in Table S1 and S2 whiles the optimized geometries in the
reaction of permanganyl chloride and tetramethylethylene (TME)
reported herein are given in Fig. S1 in the ESIy. On the singlet po-
tential energy surface, MnO3Cl, the starting reactant, generated two
minima: one with C3V symmetry labelled as R1-A1/s and other
minima with C<SUB>S</SUB> symmetry labelled as R2-A1/s. R1-
A1/s has been computed to be 36.6 kcal/mol more stable than
R2-A1/s and 22.7 kcal/mol more stable than the triplet reactant A1/
t. Hence, R1-A1/s was chosen as the reactant in all subsequent
reactions.

Although, B3LYP/6-31G* has been reported in several studies
[5,12e14,30] to be a reliable combination of functional and basis set
for organometallic compounds, a larger basis set may sometimes be
needed to evaluate a flat potential energy surface [31]. Wistuba
et al. [20] optimized the structures of the potential products at the
B3LYP LANL2DZ/6-311G (d) level of theory. Notwithstanding, at the
larger basis of B3LYP LANL2DZ/6-311G (d), the singlet structure, R1-
A1/s lies 22.4 kcal/mol lower in energy than the triplet state A1/t.

The formation of A3/s is exergonic (�43.3 kcal/mol) with the
corresponding free activation barrier for the [3 þ 2] transition state
calculated being 0.2 kcal/mol. On the triplet PES, A3/t lies 14.4 kcal/
mol lower than A3/s. The geometry of the transition state TS-[A1-
A3]/s is symmetrical with bond lengths of 2.40 Å for the forming
bonds between the MnO3Cl oxygens and the TME substrate. A3/t
lies 34.8 and 29.0 kcal/mol lower in energy than the singlet (A2/s)
and triplet (A2/t) epoxide precursors. However, an exhaustive
attempt to locate the transition state linking the reactant to the
product on the triplet surface proved futile. Wistuba et al. [20] in
their theoretical studies of TME catalyzed by MnO3Cl at the B3LYP
LANL2DZ/6-311G (d) level of theory at T ¼ 293.15 K and
P ¼ 0.001 atm, found A3/t lies 13.4 kcal/mol lower than A3/s. Also,
they reported A3/t to lie 33.0 and 27.5 kcal/mol lower in energies
than the singlet (A2/s) and triplet (A2/t) epoxide precursors. Their
results agrees with our free energies calculations at B3LYP
LANL2DZ/6-31G (d) level of theory at T ¼ 193.15 K and
P ¼ 0.00001 atm. However, the formation of the dioxylate by the
direct [3 þ 2] addition reaction is kinetically favored over both the
concerted and stepwise [2 þ 1] addition reactions leading ulti-
mately to the formation of the epoxide precursor. At 293.15 K and
P ¼ 0.001 atm, Wistuba et al. [20] reported both kinetic barriers for
epoxidation and dihydroxylation reactions to be of comparable
height. Although, it is worth commenting that the two theoretical
reactions were calculated under different conditions, the choice of
the basis set in this paper is less critical, since the basis set does not
change the product stabilities or improved energetics. Herein, all
intermediates and transition state structures were optimized at the
B3LYP LANL2DZ/6-31G (d) level of theory.

Also, the [3 þ 2] addition of the C¼C p bond of TME across the
O¼MneCl bonds of MnO3Cl on the singlet surface leads to product
A4/s. However, the transition state connecting the reactants to the
product on the singlet and triplet PES could not be located. For-
mation of A4/s is also exergonic (16.1 kcal/mol). In the triplet
product A4/t, the Mn-Cl bond in the five-membered metallacycle is
broken. A4/t is 7.4 kcal/mol more stable than A4/s.

The stepwise [2 þ 2] route via a transition state and a transient
metallaoxetane intermediate, which according to sharpless et al.
[18] re-arranges to the [3 þ 2] product (Scheme 1) was also
explored. In the [2þ 2] case, the free energy of activation (40.2 kcal/
mol) for the singlet transition state is high. This leads to singlet
(12.9 kcal/mol) and triplet (23.0 kcal/mol) intermediates which are
unstable compared to corresponding intermediates for the [3 þ 2]
pathway, but obviously want to stay on the singlet surface. The
endergonic formation of A5 via a transition state that has free
activation energy of 40 kcal/mol makes this competing pathway
highly improbable and will not be significantly populated. Addi-
tionally, the thermodynamically most stable species A3/t is exer-
gonic bymore than 44.8 kcal/mol. Therefore, we did not investigate
the rearrangement transition states leading from the metal-
laoxetane to the cyclic ester product.

The formations of A6/s and A6/t are exergonic (23.6 and
40.8 kcal/mol) with an associated free activation energy of
16.1 kcal/mol. The calculated free activation energy is significantly
lower when compared to those leading to the formation of A5/s. No
transition state were located on the triplet surface after an
exhaustive search. In the process of formation of A6/s in the tran-
sition state, the C-O bond remains intact but the Mn-C bond
(3.06 Å) cleaves, with simultaneous transfer of a hydrogen atom
from a methyl group on the olefin to an oxo ligand leading ulti-
mately to the formation of a hydroxyl group at the metal centre.

Also, compound A7/s resulted from the attack of one methyl
substituent on the olefin on the oxo group at the metal centre and
concomitant hydrogen transfer to the oxo group leading to the
formation of hydroxyl at the metal centre. The free energies for the
formation of A7 on the singlet (�27.1 kcal/mol) and triplet
(�42.0 kcal/mol) A7 are exergonic, with A7/t being 14.9 kcal/mol
more stable than A7/s. The transition state connecting the reactants
to the product on the singlet and triplet PES were not be located
after exhaustive searches. Wistuba et al. [20] at the B3LYP
LANL2DZ/6-311G (d) level of theory at T ¼ 293.15 K and
P ¼ 0.001 atm reported that A7/t lies 14.0 kcal/mol lower than A7/s
in agreement to our calculated free energies for A7/s and A7/t at
193.15 K and 0.00001 atm.

3.2. Formation of epoxide precursors

Wistuba et al. [20] reported that in the experimental investi-
gation of the TME/MnO3Cl system by means of matrix isolation
techniques, selective formation of the epoxidation product was
observed. For the oxidation of ethylene by manganeseeoxo com-
plexes of the type MnO3L (L ¼ O�, Cl�, CH3, OCH3, Cp, NPH3),
Aniagyei et al. [14] reported that the best epoxidation catalyst for
the Mn complexes is MnO3Cl and the formation of the epoxide
precursor will not result from the reaction of MnO3L (L ¼ O� and
Cp) with ethylene on any of the surfaces studied. The main focus of
this paper was therefore to identify the epoxide precursor that on
hydrolysis would yield the epoxide, which was reported to be the
major product reaction of MnO3Cl with TME by Wistuba et al. [20].

The formation of the epoxide precursor through the direct
[2 þ 1] addition of the C¼C p bond of TME across one oxo ligand of
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MnO3Cl through transition state TS-[A1-A2]/s has free activation
barrier of 8.0 kcal/mol. The singlet A2/s and triplet A2/t epoxide
precursors along this pathway are exergonic by 22.9 and 28.7 kcal/
mol respectively. The triplet epoxide precursor A2/t is 5.8 kcal/mol
more stable than the singlet.

Also, the epoxide precursor could be accessed from the re-
arrangement of A3/s through transition state TS-[A3-A2]/s. The
free activation barrier along this route is 47 kcal/mol and free en-
ergy of the epoxide precursor formation through this route is
18.2 kcal/mol.

Along the stepwise pathway, one of the C¼C p bonds of TME
attacks an oxo-ligand of MnO3Cl to form the organometallic inter-
mediate X/s. The free activation barrier for the formation of X/s is
8.7 kcal/mol. Intermediate X/s formed from the stepwise pathway
is endergonic (2.4 kcal/mol). In the subsequent step, X/s then
rearranges through transition state TS-[X-A2]/s to form A2/s with
free activation barrier of �4.3 kcal/mol (Fig. 1). The free energy for
the formation of the singlet and triplet epoxide precursors through
this stepwise route are �25.3 and �31.1 kcal/mol respectively. The
transition state TS-[X-A2]/s being below the entry channel and
Fig. 1. Thermal corrected Gibbs free energies profile of the addition of MnO3Cl with TME B3
energies in kcal/mol. Colour code: green ¼ Cl, Grey ¼ C, purple ¼ Mn, white ¼ H and red
therefore giving slightly negative activation barriers could most
likely be that the transition state was preceded by a weak p-com-
plex (whichwe looked for but did not find) or as a result of the basis
set superposition error as reported by Haunschild et al. [32] for the
reactions of RhO2(CH3)CH2 with ethylene.

Since in the matrix isolation experiment by Wistuba et al. [20]
selective formation of the epoxide was observed, the epoxide
precursor will most likely arise from a stepwise pathway because of
the product stability (thermodynamically favorable) as compared
to the product distribution formed through the rearrangement of
A3/s. However, kinetically, both the stepwise re-arrangement
pathway and the direct [2 þ 1] addition route are competitive
(difference of only 0.7 kcal/mol).
4. Conclusion

The first step of the [3 þ 2] addition leading to the formation of
the A3/s and A3/t are kinetically and thermodynamically the most
favored pathway in the MnO3Cl and TME reaction; it is favored over
all other pathways explored in this study.Wistuba et al. [20] in their
LYP LANL2DZ/6-31G (d) level of theory (T ¼ 193.15 K and P ¼ 0.00001 atm). All relative
¼ O.
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theoretical studies of TME catalyzed by MnO3Cl at the B3LYP
LANL2DZ/6-311G (d) level of theory at T ¼ 293.15 K and
P ¼ 0.001 atm reported the kinetic barriers for both epoxidation
and dihydroxylation reactions are of comparable height. The
epoxide precursor that on hydrolysis would yield the epoxide will
most likely arise from the stepwise organometallic intermediate.
This pathway affords the product that is more stable (thermody-
namically favorable). However, kinetically, both the stepwise and
the direct [2 þ 1] addition route pathways are very competitive
(<0.7 kcal/mol).

Also, the stepwise [2 þ 2] route via a transient metallaoxetane
intermediate, which according to sharpless et al. [18] re-arranges to
the dioxylate, is not competitive with the epoxidation or dihy-
droxylation reactions. The endergonic formation of the metal-
laoxetane state that is on the average 40 kcal/mol, makes this
competing pathway highly improbable and will not be significantly
populated.
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