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ABSTRACT: Oxidations of allyl alcohol and 1-hexene with vanadium(IV)oxo phenoxyimine as catalyst and O, as oxidizing agent
were discussed herein, based on ab initio study of their possible reaction routes using DFT with B3LYP functional and basis set of
cc-pVDZ for all atoms. An uncatalyzed-activation of molecular oxygen, by which oxygen directly attacks to olefin, was both kinet-
ically (AG' > 300 kJ/mol) and thermodynamically (AG > 300 kJ/mol) not preferable in contrast to the catalyzed-activation of molec-
ular oxygen by a single electron transfer (SET) (AG = —14.36 kJ/mol). Isomerization of #'-O, to #°~0, complex apparently underwent
via a small energy barrier (AG' = 12.3 kJ/mol). Product dissociation of epoxidized allyl alcohol from the complex in the last step
likely to be the rate determining step as it required the highest energy (AG = 235.27 kJ/mol) among all steps. Interestingly, energy
involved in the dissociation of 1-epoxyhexane from the complex was much smaller (AG = 163.52 kJ/mol) compared to that of epox-
idized allyl alcohol, describing deceleration effect of a polar moiety.

1. INTRODUCTION

Production of future fine chemicals are projected to deploy
bioresources to alleviate the environmental risk and depletion
of petroleum production. Epoxides, as versatile intermediates to
produce other fine chemicals have attracted scientific interests
in the last decades !. This is because epoxides have high
strained-ring to undergo electrophilic or nucleophilic ring-
opening reactions.
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Scheme 1. Possible valuable chemicals such as polyurethanes and

emulsifiers >3, bioactive compounds *°, lubricants 7-°, and other
biodegradable polymers ' from epoxidized vegetable oil.

Derivatives of bio-epoxides, illustrated from triglycerides
containing oleic moiety, are attractive compounds because they
have a broad range of applications, such as polyurethanes and
emulsifiers 23, bioactive compounds *®, lubricants ’°, and bio-
degradable polymers !° (Scheme 1). Although epoxides were
generally synthesized satisfyingly by benign, yet corrosive oxi-
dants such as peroxides and peracids, arising environmental is-
sue has become a major concern !'. Furthermore, problems
dealing with scale-up productions are still of a major challenge.
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Scheme 2. Proposed mechanism of metal-catalyzed olefin epoxi-
dation with organic peroxide. (a) Sharpless vs Mimoun pathway
1213 (b) Calculations conducted by Poli and Calhorda supported
Sharpless and Mimoun pathways, respectively 413,
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The most well-known proposed reaction mechanism of
metal-catalyzed olefin epoxidations with peroxides as oxidant
was postulated by Sharpless and Mimoun, suggesting the

reaction took place from an O-O bond dissociation from a
metal peroxo species (Scheme 2). According to Sharpless,
olefin is not coordinated to metal, but to oxygen atom '%. In
contrast to Sharpless, Mimoun suggested insertion of olefin to
M-O bond to generate a five-membered ring intermediate °.
DFT study conducted by Calhorda and Poli supported Mimoun
and Sharpless pathways, respectively 15,

Molecular oxygen is believed to be the most promising
future oxidant due to its natural abundance, green chemistry
significance, and affordable price. However, it is unreactive
towards uncatalyzed organic reactions !! and often highly
endothermic. This was proposed because its triplet state
(diradical character) required another radical to react with to
maintain its triplet state '°. Hence, epoxidation with molecular
oxygen is supposed to proceed via a mechanism that differs
from epoxidation with peroxides. Excess isobutyraldehyde is
commonly used as co-oxidant to activate molecular oxygen and
it is proposed to generate an acyl peroxy radical as an active
species from aldehyde autooxidation (Scheme 3) !7.
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Scheme 3. Proposed mechanism of uncatalyzed olefin epoxidation
with Oz as oxidizing agent and isobutyraldehyde as co-oxidizing
agent 7,

Transition metal complexes have been reported to epoxidize
olefins with molecular oxygen !7-*, Nevertheless, isobutyralde-
hyde was still used as an oxygen activator, 2323437 particularly
to enhance the selectivity towards the epoxide product. Alt-
hough epoxidation of the simplest olefin, ethylene to ethylene
oxide, has been industrially established with molecular oxygen
and silver catalyst *°, direct epoxidation of higher olefin is still
challenging. Conversion of propylene to propylene oxide, for
instance, was only 13% with 37% selectivity by Ag-
CuCl,/BaCO:j catalyst *® and was 18% conversion with 44% se-
lectivity by silica-supported molybdenum oxide catalyst 2°.
Considerable higher selectivity to propylene oxide was
achieved up to 97% by using CO/O; over Au/TiO; catalyst, yet
with very low conversion (< 4%) 2!. The recent epoxidation of
propylene achieved up to 60% selectivity and only 15% con-
version in the presence of Ag-Mo-W/ZrO, catalyst *'. Epoxi-
dation of higher terminal olefins such as 1-hexene and styrene,
as well as less-hindered internal olefins, such as cyclohexene,
cyclooctene, and stilbenzene, solely with molecular oxygen and
catalyst, also remains a major challenge. Nanoporous Au inte-
grated with MoOj; nanoparticles was reported to catalyze cyclo-
hexene to cyclohexene oxide with conversion of only 11% and
73% selectivity *. With the help of isobutyraldehyde, activated



carbon-supported Pd nanoparticles was reported to catalyze cy-
clohexene to cyclohexene oxide with high conversion (92%)
and high selectivity (96%) *’. MOF-525-Mn with co-oxidizing
agent of isobutyraldehyde was reported to produce styrene ox-
ide, cyclohexene oxide, and cyclooctene oxide with 80-97%
yield, as well as stilbene and 1-hexene with 75% yield *. Inter-
estingly, oxo-vanadium(IV) tetradentate Schiff base complexes
were reported to epoxidize cyclooctene and cyclohexene with
high conversion (90%), although it still has a low selectivity (<
50%), when the reaction was proceeded in the absence of iso-
butyraldehyde ***.

To the best of our knowledge, mechanisms involved in va-
nadium-catalyzed epoxidation of cyclic olefin have not been ex-
tensively studied. Therefore, epoxidations conducted at mild
conditions and catalyzed by transition metal complexes to acti-
vate molecular oxygen in the absence of isobutyraldehyde
would be an important development.
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Scheme 4. Proposed mechanism of metal-catalyzed olefin epoxi-
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dizing agent °.
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isobutyraldehyde as a co-oxidant catalyzed by metal (M = Cr,
Mn, Fe, Co, and Ni) tetraphenylporphyrin and metal (M = Mn,
Fe, Co, and Cu) cyclam were previously studied through
formation of a metal-oxo species (Scheme 4). The acylperoxy
radical therein was likely generated through an aldehyde
autooxidation 6,

Oxo ligand is strongly bonded to metal center through
double bond with approximately 1.6 — 1.7 A bond length . As
a good pi donor ligand, oxo ligand is predicted to be unlikely to
dissociate from its metal center, particularly when it is
coordinated to electron-deficient metals.

Herein, we computationally studied and proposed a
mechanism of oxygen activation by a vanadium complex in the
absence of isobutyraldehyde and how the activated molecular
oxygen reacts with olefins, to particularly produce epoxides.
We also proposed other possible products, generated from
radical isomerizations. In fact, a radical mechanism was
recently proposed to proceed in cis-cyclooctene epoxidation,
catalyzed by Au cluster 2’

Instead of taking an oxo ligand as an activated oxygen *°
(Scheme 4), we proposed that a molecular oxygen is activated
through superoxide moiety generated by SET from a metal
center to dioxygen ligand with #'-O, geometry (Scheme 5; B to
C). Geometry of complexes of 5'-0; is always bent at the
proximal oxygen atom with decreasing m-interactions between
the metal and the dioxygen **. Activation of '*0, was previously
proposed to proceed via SET in the enantioselective
epoxidation of olefins catalyzed by gold complex, and this was
experimentally confirmed by the existence of Au(IIl)/Au(])
redox cycle characterized by electrochemical and UV-Vis
instrumentation **.
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Scheme 5. Proposed mechanism of metal-catalyzed olefin epoxidation with Oz as oxidizing agent in the absence of isobutyraldehyde.



The mechanism (Scheme 5) is proposed initially by
coordination of dioxygen ligand to the initial catalyst A
generating dioxygen complex B. Activation of molecular
oxygen is proposed to proceed via a peroxy radical complex
generated by SET from the metal center to dioxygen ligand, and
thus metal center is oxidized while dioxygen ligand is reduced
in C. As C employs activated oxygen, radical oxygen is
supposed to attack olefin, generating D1. It is worth-noting that
D1 may isomerize to D2 and D3, by which each isomer may
lead to different products. Carbon radical of D1 attacks oxygen
atom to generate complex employing epoxide moiety Ela. In
addition to Ela, carbon radical of D1 may also attack oxygen
atom coordinated to vanadium to generate E1b. Dissociation of
O-O bond in Ela generates epoxide and F, whereas
dissociation of V-0 bond in E1b generates dioxetane product
and initial catalyst A.

D2 may liberate aldehyde while D3 may produce oxetane
from E3 moiety. If F employing radical is also assumed as as
an active catalyst, it may also attack new olefin to generate G1.
Similar mechanism is proposed to generate Hla. Eventually,
epoxide product is liberated and the initial catalyst A is
regenerated to accomplish a catalytic cycle given in Scheme 5.

Several vanadium(IV) oxo-based catalyst with salen ligand
were previously reported as active catalyst for epoxidation of
cyclohexene and cyclooctene with 1 atm of molecular oxygen
23214243 However, epoxidations of aliphatic olefin with
molecular oxygen catalyzed by such vanadium complexes have
not been experimentally and computationally studied. Here we
studied vanadium(IV)oxo with a single bidentate phenoxyimine
ligand Scheme 6(a), imitating Schiff base ligand character to
epoxidize aliphatic instead of cyclic olefin with the help of
Density Functional Theory (DFT). Kiihn et al highlighted that
a single bidentate vanadium bearing a hydroxamic acid ligand
is more active in vanadium-catalyzed epoxidations of diphenyl
allylic alcohol than if two bidentate ligands are attached to a
vanadium center ''. Allyl alcohol was used herein as an olefin
model to plausibly give epoxide, aldehyde, oxetane and
dioxetane products as presented in Scheme 6(b), and suggested
from possible radical tautomerisms (Scheme 5). As a
comparison, activation of molecular oxygen solely by olefin in
the absence of catalysts and isobutyraldehyde was also
computationally studied.
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Scheme 6 (a). The catalyst model, a single bidentate phenoxyimine
vanadium, mimicking a Schiff-based complex (b). Reaction model.

2. COMPUTATIONAL DETAILS

All calculations were performed using Gaussian09, Revision
D.01 software package *° and visualized with GaussView 5.0.8.
Geometry optimizations, transition state (TS) identifications,
frequencies and thermochemistry data were calculated using
DFT with B3LYP functional and cc-pVDZ basis set for all at-

oms “*¥ in a gas phase 0f 298.15 K and 1.0 atm. Radical species

were calculated using unrestricted DFT to calculate open shell
system. O, and radicals involved in the uncatalyzed mechanism
were calculated in a triplet spin state. All species involved in
the catalyzed pathways were calculated with the multiplicity of
doublet, except in TS B1B2 and B2 which were calculated in
the quartet multiplicity. Optimized structures are shown in Ang-
strom (A). Hydrogen atoms are omitted for clarity when visual-
izing optimized structures involved in catalyzed mechanisms.
When necessary, intrinsic reaction coordinate (IRC) calculation
was performed to verify that the TSs were truly connected to
two corresponding minima. Energy profiles were reported in
kJ/mol relatively to a defined zero point.

3. RESULTS AND DISCUSSION

3.1 Mechanism of Uncatalyzed Epoxidation with Mo-
lecular Oxygen

Energy profile of allyl alcohol epoxidation in the absence
of catalyst is shown in Figure 1. Yamaguchi and coworkers
studied state-correlation diagrams and mechanisms for addition
reactions of molecular oxygen and metal-oxo (Mn(II) and
Fe(II)) species to ethylene. They found out that diradical (DR)
formation, instead of a perepoxide, is the most likely
mechanism to have a molecular oxygen be activated by ethylene
4. Therefore, we herein referred to a diradical pathway for
epoxidation of allyl alcohol in the absence of a catalyst.
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Figure 1. Computed free energy profiles for an uncatalyzed epox-
idation of allyl alcohol with O».

Our calculations indicate that activation of molecular
oxygen directly by olefin is kinetically unlikely as it has a high
activation barrier (AG' > 300 kJ/mol; Figure 1). Formation of
DR1 and DR2 from TS DR1 and TS DR2, respectively are
barrierless due to a radical involvement during the reaction
path. Optimized geometry of intermediates and transition states
involved in Figure 1 are shown in Figure 2. O, orientation to
olefin relatively affects TS stability as well as its intermediates.
In comparison to TS DR2, TS DRI1 bearing terminal oxygen
closely interacts with hydroxyl proton, is considerably more
stable. TS DR1 and TS DR2 have imaginary frequencies at
-454.66 and —523.74 c¢cm’!, respectively. This corresponds to
stretching vibrations of oxygen atom from molecular oxygen



and carbon atom from olefin. In addition, intermediates of DR1
and DR2 are both high energy species (AG > 300 kJ/mol) and
thus, formation of these intermediates are also
thermodynamically unfavourable. It signifies that the relative
Gibbs free energy of intermediates and transition states of
diradicals was eminently close, indicating that the potential
energy surface between the two coordinates is flat. Therefore,
the activation of molecular oxygen directly by olefin will be
kinetically and thermodynamically not preferable.

1.336

J

allyl alcohol

1.530 !
1.470
DR1

1.518!

Figure 2. Optimized structures involved in Figure 1 (red: oxygen,
grey: carbon, white: hydrogen). Bond lengths are given in A.
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3.2 Mechanism of Vanadium(IV) Oxo-Catalyzed Epox-
idation

Free energy diagram of molecular oxygen activation and
olefin attack is presented in Figure 3 and the corresponding op-
timized structures are shown in Figure 4. The mechanism is
started by formation of dioxygen complex B1 followed by SET
to generate a peroxy radical as activated oxygen C (Figure 3).
Formation of dioxygen complex B1 is possible thermodynami-
cally because it involves a bond formation between oxophilic
vanadium and dioxygen ligand. In fact, dioxygen complex of
vanadium(IIT) was previously observed by stopped flow kinetic
studies *°. We calculated a bond formation between dioxygen
and vanadium(IV) and found that it was exothermic, with cal-
culated energy of —14.36 kJ/mol.
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SET was commonly observed in late transition metal com-
plexes >33, However, SET in early transition metal complexes
were also reported >+,

SET pathway resulted in oxidation of vanadium(IV) (B1) to
vanadium(V), followed by a reduction of dioxygen ligand O, to
superoxide ligand (O,) ' (C). Here, superoxide complex C be-
haves as an activated oxygen. SET of complex B1 was thermo-
dynamically preferable because the generated complex C was
21.05 kJ/mol more stable than B1. Both metal-O, and metal-
(0,) ! are very distinctive in terms of O—O bond length (Figure
4; B1 vs C), vibrational frequencies ', and spin states. Consid-
ering the formation of C from B1 does not involve a bond-
breaking and a bond-making, we assume the step proceed di-
rectly with a negligible energy barrier and thus in the absence
of a transition state.

Complex B1 may be in equilibrium with its 7°—counterpart

(complex B2). Typical isomerizations of #'-O; to 7>~0, were
previously reported in V(III) complex through a chemical
equilibrium with calculated activation energy of 58.8 kJ/mol *°
Here, we found a transition state between B1 and B2 (TS B1B2;
Figure 4), in which #'-O, isomerize to #°—~0; complex. TS
B1B2 has an imaginary frequency at -185.80 cm™,
corresponding to a stretching vibration of terminal oxygen to
vanadium to give a cyclic dioxygen, complex B2. Isomerization
of #'-0; to #>~0; complex takes place via a small activation
barrier (AG' = 12.30 kJ/mol), implying a possible existence of
#*~0, complex. Complex #>~O, B2 is likely less reactive than
7'-0, C, because m—interactions between molecular oxygen
and metal are greater in -0, B2. As a result, molecular
oxygen is less likely to be activated in #*~0, B2. This path may
be expected to be a termination step. Yet, the competing
pathway (B1 to C, Figure 3) may still proceed to next steps



because it proceeds with a negligible energy barrier.

As the molecular oxygen has been activated in C, we
suggested that the addition of electron-rich olefin to oxygen will
undergo via a transition state, TS CD1 (Figure 4). Energy of
17.22 kJ/mol is necessary to conquer energy barrier to afford
carbon radical D1 and 24.82 kJ/mol is released to form a new
C-0 bond. TS CD1 has an imaginary frequency at —352.16
cm™!, corresponding to a stretching vibration of olefinic
terminal carbon to terminal oxygen atom.

A closer inspection of D1 also revealed the probability of a
radical isomerization as a consequence of free movement of the
unpaired electron within the three carbon and/or oxygen atoms.
Hence it is suggested that D2 and D3 are the probable isomers
of D1 (Figure 5). Each radical isomer refers to a different
position of carbon bonded to one hydrogen atom. Based on our
calculations, D2 is the most stable isomer, while D1 and D3
occupies similar energy level. Each radical isomer leads to
different products. Figure 5 outlines the vis-a-vis of the

plausible pathways and Figure 6 provides the optimized
structures involved in.

When D1 does not isomerize, the unpaired electron attacks
oxygen bonded to carbon atom, generating an intermediate Ela
(Figure 5; green path). This step is thermodynamically allowed as
only 5.38 kJ/mol is released because of a new bond formation of
C-O to afford an epoxide ring. Although TS D1E1a has not been
found, it can be deduced that energy barrier to afford C—O epoxide
ring is relatively low as can be seen from TS G1Hl1a (Figure 7,
vide infra), by which the activation energy of C—O epoxide
formation is only 12.33 kJ/mol. Afterwards, the dissociation of
epoxide product from O—O bond to give F undergoes via TS E1aF
with energy barrier of only 2.97 kJ/mol (Figure 5). TSE1aF has an
imaginary vibrational frequency at —519.91 cm™, corresponding to
a stretching vibration of an epoxide dissociation (Figure 6). F also
works as an active species to the consecutive olefin addition as it
still has a coordinated oxygen with an unpaired electron.
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Figure 6. Optimized structures involved in Figure 5. Bond lengths are given in A. Hydrogen atoms are omitted for clarity. (Red: oxygen,

grey: carbon, blue: nitrogen, tosca: vanadium)

In addition to an epoxide product, D1 may also generate a
dioxetane product via a formation of an intermediate E1b
(Figure 5; red path). Surprisingly, E1b is 104.57 kJ/mol more
favoured over Ela. Nevertheless, dissociation of dioxetane
product from the complex required very high energy (AG =
196.94 kJ/mol, Figure 5; red path). In other words, the energy
barrier for dissociation of dioxetane must be greater than 196.94
kJ/mol. This might be the reason why, to the best of our
knowledge, dioxetane has never been found through oxidation
of olefin with molecular oxygen.

When D1 isomerizes to D2, D2 may generate an aldehyde
(Figure 5; blue path). Dissociation of the aldehyde product via
TS D2F requires low activation energy of 1.82 kJ/mol. TS D2F
has an imaginary frequency at —631.88 cm’!, corresponding to
a stretching vibration of the aldehyde dissociation (Figure 6).
Aldehydes, in fact, were found in companion with epoxides
when terminal olefins were reacted with molecular oxygen
using molybdenum-based complexes 22 cobalt-based
complex *, Ag-CuCl2/BaCO:s catalyst >, and isobutyraldehayde
1726 Therein, the selectivity to styrene oxide from styrene with
molybdenum-based catalyst was practically increased by
increasing temperature 2! while the selectivity to 1-2-

epoxyhexane from 1-hexene was practically increased by
decreasing temperature >*. Indeed, we also found herein that the
reaction pathway towards aldehyde (Figure 5, blue path) was
the most favourable kinetics and thermodynamics product.
Oxetane is predicted to generate from D3 (Figure 5; purple
path). Formation of a four-membered ring intermediate E3 is
exothermic (AG = —13.38 kJ/mol) because a new C—O bond is
formed. Dissociation of oxetane proceeds via TS E3F with a
relatively high activation barrier (AG' = 12.74 kJ/mol)
compared to the transition states involved in the path of
aldehyde (AG' = 1.82 kJ/mol) and epoxide (AG' = 2.97 kJ/mol).
This might be the reason why, to the best of our knowledge,
oxetane has never been found as a side product of olefin
oxidation of with molecular oxygen. TS E3F has an imaginary
frequency at —763.81 cm’, corresponding to a stretching
vibration of four-membered ring dissociation (Figure 6).
Dissociation of dioxetane is endothermic because it
involves bond-breaking of V-O to regenerate catalyst A (Figure
5; red path). Interestingly, dissociations of epoxide, oxetane,
and aldehyde presented in Figure 5 are all exothermic. This is
likely contributed from the generation of radical moiety F, in
contrast to the pathway resulting in dioxetane that regenerates a



non-radical complex A. We assumed that intermediate F is also
bearing an activated oxygen because of its unpaired electron.
Because vanadium(V) has reached its highest oxidation state,
this complex cannot be oxidized to vanadium(VI) to afford
another oxo-complex. Yet, it remains as a vanadium(V) with a
coordinated-radical oxygen (Figure 5). Contrast phenomenon
was proposed previously in gold(II) superoxide to gold(IIl)-oxo
oxidation **. Therefore, another olefin may again be oxidized
by F through a similar path as featured in Figure 5.
Nevertheless, we only calculated the epoxide formation and
defined intermediate F as a zero point. Figure 7 points out
subsequent steps for the epoxide pathway.

C-O bond formation from intermediate F with terminal
carbon from olefin is exothermic with AG stabilization of 98.56
kJ/mol (Figure 7). Although we have not found TS FG1, it can
be deduced from TS CD1 in Figure 5 that addition of activated
oxygen to olefin proceeds via a small activation barrier (AG' =
24.82 kJ/mol). This calculation reveals that three-membered
ring formation via TS G1H1a is predicted to proceed easily via
a small activation barrier (AG' = 11.45 kJ/mol). TS G1H1a has
an imaginary vibrational frequency at —405.85 cm’,
corresponding to a stretching vibration of epoxide ring

formation (Figure 9). However, a dissociation of V-O bond to

regenerate the origin complex A and the epoxide is very

endothermic (AG = 235.07 kJ/mol). In other words, energy

barrier of epoxide dissociation from vanadium atom must be
higher than 235.07 kJ/mol, implying that V—O dissociation in
the last step likely to be a rate determining step (r.d.s). It can be
seen that V-0 bond-breaking in dioxetane dissociation (Figure
5) and epoxide dissociation (Figure 7) is very endothermic,
probably due to the oxophilicity of vanadium. Although the
r.d.s has an energy barrier of higher than 237.07 kJ/mol, this
energy is still lower than the uncatalyzed-epoxidation of olefin
with molecular oxygen (AG' = 315.27 kJ/mol; Figure 1).
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Figure 7. Computed free energy profiles for dissociation of epoxy

allyl alcohol from catalyst.

dissociation, we compared epoxide dissociations from allyl al-

cohol at the last step to a non-allylic 1-hexene. We defined the
complex bearing an epoxide (H1a) as a zero point as presented
in Figure 8 (Hla vs H1a'). It reveals that dissociation of 1,2-
epoxyhexane from vanadium requires noticeably lower energy
than that of the epoxidized allyl alcohol (Figure 8). The disso-
ciation of epoxidized allyl alcohol indeed requires energy of

71.75 kJ/mol higher than that of 1,2-epoxyhexane. The opti-
mized structures involved in Figure 7 and Figure 8 are depicted
in Figure 9. Epoxidations of olefins without polar moieties

may be a prospective strategy in this field.

AG (kJ/mol)
250

200

150

100

V-0 bond dissociation

Figure 8. Computed free energy profiles for dissociation of epoxy
allyl alcohol vs epoxyhexane from catalyst.

H1a'

H1a

Figure 9. Optimized structures involved in Figure 7 and Figure 8.
Hydrogen atoms are omitted for clarity (Red: oxygen, grey: carbon,
blue: nitrogen, tosca: vanadium)

4. CONCLUSION

A direct oxygen activation by olefin was kinetically and
thermodynamically unfavourable (AG' > 300 kJ/mol). An oxygen
activation by a vanadium phenoxyimine complex via a SET

As the oxophilicity of vanadium(IV) (complex A) towards

hydroxyl moiety may be the cause of difficulties in the epoxide mechanism was kinetically and thermodynamically favourable.

Isomerization of 7'—02 complex to #°—02 seemingly could undergo



via a small activation barrier. Complex 5'—Oz radical works as an
active catalyst in the olefin oxidation. Aldehyde and epoxide both
may be found as products in oxidation of olefins with molecular
oxygen, while oxetane and dioxetane may not. Dissociation of
epoxide product in the last step might be the rate determining step.
Energy involved in the dissociation of epoxides from an oxophilic
complex may be lowered by eliminating a strongly coordinated
functional groups. Dissociation energy of 1,2—epoxyhexane
product from a vanadium phenoxyimine complex was much
smaller compared to that of an epoxidized allyl alcohol. Thus,
metal-catalyzed oxidations of olefins with molecular oxygen as a
sole oxidant may be a prospective strategy to produce epoxides or
aldehydes in a more environmentally friendly route.
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