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Theoretical studies on the mechanism of
molybdenum-catalysed deoxydehydration of diols+

Federico Verdicchio & § and Agustin Galindo =/ *

Molybdenum-catalysed deoxydehydration (DODH) of vicinal diols to alkenes has been investigated using
density functional theory (DFT). In particular, the mechanism of DODH of diols using a phosphane as a
reductant and a [Mo(0)»(QR),] complex (QR = acylpyrazolonate ligand) as a catalyst has been studied. This
reaction was the first description of a Mo-catalysed DODH reaction. Two alternative routes, A and B, have
been analysed in which the commonly recognised key steps in DODH processes have been considered:
(i) activation of the diol by condensation and formation of a Mo-diolate intermediate, (ii) oxygen atom
transfer to phosphane with reduction to a Mo(v) species, and (iii) alkene extrusion from the Mo-diolate
with regeneration of the starting dioxidomolybdenum(vi) complex. In pathway A, the activation of the diol
by the molybdenum complex occurred before the oxygen atom transfer, while in pathway B, the oxygen
atom transfer of the dioxidomolybdenum complex to the phosphane occurred before the diol activation.
In both routes, the final step was alkene extrusion from the molybdenum-diolate species. Pathway B, in
which the reduction by phosphane preceded the diol condensation, is energetically preferred to pathway A.

Introduction

The development of processes for the conversion of oxyge-
nated biomass feedstocks into added value chemicals requires
efficient and selective processes for oxygen removal and sub-
sequent functionalization."™ The deoxydehydration process
(DODH),° in which diols are transformed into olefins
(Scheme 1), is an example of such sustainable reactions
and consequently is an area of research of enormous
importance.” > Regarding transition-metal catalysed reac-
tions, oxidorhenium systems are the most studied® and, by
using a variety of reductants™® (phosphanes, dihydrogen, sul-
phite, alcohols, etc.), good to excellent effectivities were
reported.” In the search for non-precious metals, catalysts
based on vanadium'®?° and molybdenum?®'° were also inves-
tigated. Based on the observed selectivity, mechanistic probes
and computational studies, it is generally accepted that the
catalytic DODH reaction involves three basic processes: (i) con-
densation of a diol to the metal centre to yield a metal diolate
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species; (ii) reduction of the oxido-metal catalyst with the
appropriate reductant;'* and (iii) extrusion of the alkene from
the reduced metal diolate.

Our research group described years ago the DODH of
vicinal diols catalysed by [Mo(0),(Q¥),] complexes, dioxidomo-
lybdenum species with acylpyrazolonate ligands.*! This was
the first reported example of a Mo-catalysed DODH reaction
and, after this report, other research groups®*° also investi-
gated the Mo-catalysed DODH reaction in various scenarios
(catalysts, reductants, solvents, reaction conditions, etc.) in
homogeneous and heterogeneous systems.’’* The DODH of
diols catalysed by ammonium heptamolybdate was investi-
gated by Fristrup and co-workers using density functional
theory (DFT).>>° In these studies, the Mo species was simpli-
fied as MoO; to maintain the neutrality of the computational
model system, and the reductants were the diol itself (1,2-pro-
panediol or erythritol) or '‘PrOH, while phosphanes were not
considered. In both cases, the reduction of Mo(vi) was found
to be the rate-limiting step that occurred after diol activation.
The absence of theoretical studies for the DODH reaction of
diols catalysed by ligand-supported dioxido-Mo(vi) complexes

HO R ™ R
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Scheme 1 Transition-metal
diols.
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prompted us to analyse the mechanism of our experimental
results.>* For this reaction, two pathways may be considered
(see Scheme 2). In pathway A, diol activation occurs before
reduction by the phosphane through an oxygen atom transfer,
while the opposite situation is observed in pathway B, namely
reduction to Mo(wv) species by phosphane and then diol con-
densation with concomitant oxidation to Mo(vi). The catalytic
cycle in both pathways has in common the final step corres-
ponding to the ethylene extrusion from the Mo-diolate species.
In particular, DFT calculations have been carried out to
propose the reaction mechanism of the DODH of vicinal diols,
catalysed by the [Mo(0),(QY),] species and using a phosphane
as the reductant, and the results are presented and discussed
here.

Computational details

The electronic structure and geometries of the model com-
pounds were calculated using density functional theory at the
B3LYP level.**** For optimisation, the Mo atom was described
with the LANL2DZ basis set,*® while 6-311G** was used for the
other atoms. This combination of the method and basis sets
provided a good structural description of several dioxidomo-
lybdenum [Mo00,(Q¥),] complexes, according to the compari-
son of the structural parameters of the optimised structures
with those of their crystal structures.”* The molecular geome-
tries of all model complexes were optimised without symmetry
constraints. Frequency calculations were carried out at the
same level of theory to identify all the stationary points as tran-
sition states (one imaginary frequency) or as minima (zero
imaginary frequencies) and to provide thermal correction to
free energies at 298.15 K and 1 atm. Solution-phase SCF ener-
gies of intermediates and transition states were calculated by a
single point calculation on the in vacuo optimised structure
using the CPCM solvation model in toluene.?” Gibbs free ener-
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Scheme 2 Two pathways for the Mo-catalysed DODH reaction.
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gies in toluene solution were estimated from the equation
Gsoly = Esoly * (Ggas — Egas)- The energy profiles are presented in
terms of relative free energies derived from thermochemical
analysis. The zero-energy reference was taken as the energy of
the reagents before the reaction occurred (HOCH,CH,OH +
[Mo(0),(QY*),] + PMe;). The DFT calculations were performed
using the Gaussian 09 suite of programs.®® The coordinates of
the optimised compounds are reported in Table S1 (ESI).

Results and discussion

The proposed alternative pathways A and B (Scheme 2) were
investigated by DFT calculations and their respective lowest
energy profiles were found. First, a simplified model was con-
sidered using [Mo(0),(Q),], where the Q ligand is 4-formyl-
1H-pyrazol-5-olate, to explore both catalytic cycles with less
computational effort. Subsequently, a higher level of complex-
ity was introduced by substituting the catalyst with [Mo
(0),(Q™°),], where Q¢ is the 4-acetyl-3-methyl-1-phenyl-1H-
pyrazol-5-olate ligand. This model is rather similar to the cat-
alysts [Mo(0),(Q%).] (R = alkyl group) that experimentally
showed activity in the DODH reaction.” The selected diol
was the simplest ethylene glycol, according to other related
publications,"”” while PMe; was chosen as the reductant.*®
The simplification of the actual reductant PPh; by PMe; has
no significant effect according to related DFT studies of the
DODH reaction.'” From an energetic point of view, the pro-
files of the two models are similar, although in the second
model the energies of the intermediates are averagely higher,
especially those of the transition states, even if certain inter-
mediates are stabilised. This can be rationalised by consider-
ing the additional steric hindrance of the catalyst in the
second model, particularly in the transition states, where the
metal centre is even more crowded. Here, the discussion
will be focused on the second model with the catalyst
[Mo(0),(QY),]. Several side reactions have been detected in
the DODH process, such as oxidative cleavage of the diolate
ligand, dehydration, and partial deoxygenation, which are
responsible for the low selectivity of the Mo catalysts com-
pared to that of Re systems. DFT analysis of MoOj;-catalysed
DODH included the oxidative cleavage of the diolate ligand
in the mechanism.?>?® However, the consideration of such a
step does not agree with our experimental results in which
alkene yields were around 80%. For this reason, these side
processes or alternative radical mechanisms were not investi-
gated here. In the same way, the disproportionation reaction
between Mo(iv) and Mo(vi) that yields the catalytically inactive
species Mo(v) has not been taken into -consideration.
Although this reaction would cause a lower efficiency of the
catalysis, it is not of interest for the purposes of the analysis
of the DODH mechanism.

Theoretical characterisation of pathway A

The schematic representation of pathway A is illustrated in
Scheme 3, while the optimised structures of the intermediates

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 Pathway A: catalytic cycle for the DODH of ethylene glycol
with PMes catalysed by [Mo(O),(QM®),].

and transition states involved are shown in Fig. 1. The relative
Gibbs free energy profile in toluene is reported in Fig. 2
together with that of pathway B for an appropriate comparison.
For the related gas phase profiles, see Fig. S1 (ESI).t The cata-
lyst, 1, shows the typical cis-dioxido structure with a distorted
octahedral geometry that is similar to those structurally or
theoretically found for related complexes.*! The first step of
the cycle, intermediate 2, consists of approaching of ethylene
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Fig. 1 Optimised structures of the intermediates and transition states
of pathway A.
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glycol towards 1 and its incipient interaction with the complex.
The condensation occurs through the subsequent transition
state TS(2-3) in which the H atom is transferred from the diol
to one of the oxido groups of the Mo complex, while the same
oxygen atom from the diol moves toward the metal centre.
Therefore, the acceptor oxido group elongates to 1.836 A
(versus 1.707 A of the other oxido group) and, at the same
time, to accommodate the diol, it moves away increasing the
0q-M0-Oy, angle from 104.8° in 1 to 105.1° in TS(2-3). The
H atom is placed halfway between the Oy, and oxygen atoms
of the diol with distances Oy ,—H of 1.178 A and Og;o-H of
1.231 A. This TS is 32.8 kcal mol™" higher than 2, which is the
highest AG difference of this cycle. The condensation termi-
nates in 3 with the complex assuming a distorted pentagonal
bipyramidal geometry. The newly formed bonds show Mo-O
lengths of 1.988 and 1.940 A to the diolate and OH ligands,
respectively, with a Mo=—0O bond distance of 1.705 A. The com-
pound then rearranges to the lower energetic conformer 4 in
which the diolate assumes the anti-conformation pointing the
terminal OH group toward the hydroxido ligand. The stabilis-
ation is due to the partial formation of an intramolecular
hydrogen bond (-O-H---O length of 1.841 A) between the term-
inal hydroxyl group of glycol (Og;o-H = 0.972 A) and the hydro-
xido group (Ooyo—H = 0.968 A). Also, the complex alters its geo-
metry to a highly distorted capped octahedron, thus causing a
shortening of the Mo-Og;; bond to 1.906 A. This interaction
drives the cycle through the next transition state TS(4-5) where
the terminal oxygen of the glycol approaches the Mo centre
(Mo-Ogje distance of 2.381 A) and simultaneously transfers
the H atom to the hydroxido ligand, also pushing it down and
away from the molybdenum (Mo-OH length of 2.251 A). The H
atom is located halfway between the two oxygen atoms (1.204
and 1.193 A). TS(4-5) resides 18.1 kcal mol™ higher than
intermediate 4. This hydrogen-transfer results in the complete
removal of the water molecule from the coordination sphere of
intermediate 5, restoring the pentagonal bipyramidal geome-
try. The coordination of the second oxygen of 1,2-ethanediol
allows the formation of the diolate ligand with a Mo-O-C1-C2
dihedral angle of 29.3° and Mo-Oy;, bond distances of 1.969
and 1.964 A. The dissociation of water occurs, and the struc-
ture then rearranges making minor adjustments to further
lower the energy, settling in intermediate 6. The cycle con-
tinues with the reductive oxygen atom transfer. First, the phos-
phane is placed around the reaction site, in the opposite direc-
tion of the diolate, where one acylpyrazolone leans downward
to allow the interaction of PMe; (6b). The actual oxygen atom
transfer begins in the transition state TS(6-7) in which the
phosphane moves toward the remaining oxido group (Mo-O-P
angle of 130.1°) with phosphorus at 2.050 A from oxygen and,
at the same time, the Mo-O., double bond elongates to
1.796 A. This step fits well with similar oxygen atom transfer
reactions in which the nucleophilic attack proceeds by the
approaching of the phosphane to the #* M=O0 orbital, with a
M-O-P angle of about 130°, in an associative intermolecular
process.'””?°™*! The AG difference of 15.4 kcal mol™* with

respect to 6b compares well with related oxo-transfer

Dalton Trans., 2023, 52, 5935-5942 | 5937
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Fig. 2 Catalytic profiles, pathways A (blue) and B (red), for the DODH of ethylene glycol with PMez catalysed by [Mo(0),(QM®),] in toluene (relative

AG in kcal mol™, common steps in black).

processes.*>** The formation of the P=—0 bond is completed

in 7, with a bond length of 1.534 A. The phosphine oxide still
remains coordinated to the metal through the oxygen atom
with a Mo-O distance of 2.121 A, and consequently the molyb-
denum reduces to Mo(v). The structure then starts rearranging
in 7b, with the dissociation of OPMe;, shifting from the penta-
gonal bipyramidal geometry to a partially capped trigonal pris-
matic geometry and relieving the steric pressure. Complete dis-
sociation of the phosphine oxide occurs in 8 allowing the
complex to achieve an octahedral geometry with a stabilisation
of 14.6 kecal mol™". The last step of the cycle involves the extru-
sion of ethylene through TS(8-1). In this TS, weakening of the
C-O bonds of the diol (1.844 A vs. 1.426 A in 8) and the
strengthening of Mo-O (1.792 vs. 1.937 A) and C-C bonds
(1.415 vs. 1.531 A) are observed. These structural parameters
are in agreement with an asynchronous concerted mechanism,
the reverse of [3 + 2] cycloaddition.** The barrier associated
with TS(8-1), 22.7 kcal mol™" with respect to 8, compares well
with analogous barriers calculated for the alkene extrusion
step in Re-diolate compounds,*>*® and is slightly higher than
those found for related Mo-diolate complexes.”>° Finally, the
complete removal of the ethylene from 1b affords the regener-
ation of catalyst 1.

Theoretical characterisation of pathway B

The schematic representation of path B is shown in Scheme 4,
while the relative Gibbs free energy profile in toluene appears
in Fig. 2. The optimised structures of the intermediates and
transition states involved in this pathway are presented in
Fig. 3.

The first step of mechanism B involves the oxygen atom
transfer from catalyst 1 to the PMe; reductant. Initially, PMe;

5938 | Dalton Trans., 2023, 52, 5935-5942

approaches the catalyst passing through the local minima 1c
to finally reach TS(1-9). In this TS, the P-O bond starts to form
with a length of 2.049 A and the typical Mo-O-P bond angle of
130.9° is found. TS(1-9) is also characterised by an elongated
Mo=O0 bond (1.821 A) compared to the other (1.702 A). The
energy required to overcome this barrier, in toluene, is equal
to 11.4 kcal mol™" with respect to 1¢, which is less than the
barrier present in pathway A for the same oxo-transfer step.
The TS results in intermediate 9 where the P-O bond is
formed (1.525 A). The compound preserves the octahedral
structure with an elongated Mo-O bond (2.222 A) and PMe, is
placed at a P-O-Mo angle of 127.0°, almost above the remain-
ing oxido group. Subsequent dissociation of phosphine oxide
affords 10 which assumes a distorted square based pyramidal
structure with the oxido group at the vertex position (Mo=O0,
1.684 A) and the Mo atom slightly elevated from the square
plane. The two acylpyrazolone ligands are placed parallel in
opposite directions and their oxygen atoms form the four
points of the pyramid base. Intermediates 9 and 10 are the
most stable species of profile B and this fact agrees with the
experimental observation of related molybdenum(iv) com-
plexes that can be prepared by the reduction of Mo(vi) deriva-
tives with phosphanes.***” The process continues with the
approach of the diol to the oxido group in intermediate 11 to
reach the transition state TS(11-12). In this TS, one of the diol
OH groups is placed closer to the Mo=0 group (Oox,—H, 1.061
and Og;o-H, 1.480 A) and, at the same time, one of the two
acylpyrazolone ligands is tilted, placing itself vertically with
respect to the previous square planar plane. This rearrange-
ment makes possible the simultaneous incipient coordination
of the diol (Mo-0, 2.217 A). This TS shows the greatest barrier
involved in this pathway, 31.6 kcal mol™" higher than inter-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Optimised structures of the intermediates and transition states
of pathway B.

mediate 11. TS(11-12) ends in 12 in which the diol is fully co-
ordinated to the metal centre (Mo-0O, 1.947 A) and the hydro-
gen atom is completely transferred to the oxido group (O-H =
0.968 A). This intermediate shows a standard octahedral geo-
metry that quickly shifts to the energetically favoured inter-
mediate 13 where the diol rotates pointing the hydroxy group
towards Mo-OH, positioning the hydrogen atom of the diol at

This journal is © The Royal Society of Chemistry 2023

1.866 A (Mo-OH:--H-Oqjo1)- This arrangement leads to the
transition state TS(13-14). The hydrogen atom of the diol
approaches the hydroxy group coordinated to Mo positioned
halfway, while the second oxygen of the diol starts to advance
closer to the metal centre, Mo—-Ogjo; 2.234 A, compared to the
distance of 1.914 A of the other oxygen atom already co-
ordinated. One of the ligands rotates just to make room for
the approaching oxygen atom, moving towards a pentagonal
bipyramidal structure. The rearrangement gives intermediate
14, which assumes a capped octahedral geometry with the
diol coordinated by both oxygen atoms (Mo-O lengths of
1.930 and 2.053 A). Hydrogen transfer affords a coordinated
water molecule with a distance from the metal centre Mo-
OH, of 2.290 A. In intermediate 14b the water molecule moves
further away, Mo-OH, = 2.458 A, and it finally dissociates in
8, where the compound recovers a distorted octahedral geo-
metry. From 8 to 1 the mechanism is identical to that of
pathway A.

Proposal of the DODH mechanism: discrimination between
pathways

The profiles shown in Fig. 1 for paths A and B are relatively
similar and to propose a valid mechanism for this Mo-cata-
lysed DODH reaction it is necessary to carefully compare the
calculated energies of both pathways. Table 1 shows the ener-
gies corresponding to the main processes of the reaction in
toluene solution (see Table S2, ESI,T for data in the gas phase),
namely, diol activation, oxo-transfer and water formation.
Alkene extrusion is a common step in A and B and cannot be
used for differentiation. In addition, according to previously
defined criteria used for discrimination between mecha-
nisms,*®*® other selected energies have been taken into
account. These parameters are the highest barrier, the highest

Dalton Trans., 2023, 52, 5935-5942 | 5939
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Table 1 Comparison of selected energies for pathways A and B, in toluene solution, in the [Mo(O),(Q™®),]-catalysed DODH of ethylene glycol with

the PMe; reductant

Path A Path B
AG® (keal mol™)
Diol activation TS(2-3) 32.8(37.9) TS(11-12) 31.6 (17.4)
Water formation TS(4-5) 18.1 (44.7) TS(13-14) 15.3 (9.6)
Oxo-transfer TS(6-7) 15.4 (40.4) TS(1-9) 11.4 (20.7)
Alkene extrusion TS(8-1) 22.7 (11.1) TS(8-1) 22.7 (11.1)
Energies (keal mol ™)
Highest TS relative energy TS(6-7) 44.7 TS(1-9) 20.7
Highest AG difference TS(2-3) 32.8 TS(11-12) 31.6
Maximum relative AG between intermediates 54.4 45.3

“Difference in the calculated Gibbs energies of the transition states and their precedent intermediates. The difference in the calculated Gibbs

energies of the TSs and the relative zero energy appears in parentheses.

transition state encountered in the two energy profiles, the
difference between the lowest and highest intermediate
species, and the difference in the Gibbs energies of the TSs
and the relative zero energy (in parentheses in Table 1). The
comparison of the AG differences between a TS and its pre-
cedent intermediate shows slightly lower values for the steps
of diol activation, oxo-transfer and water formation in profile B
with respect to path A (Table 1). The higher AG difference for
pathway A in the oxo-transfer step (15.4 kcal mol ™) is probably
due to the heptacoordinated molybdenum environment
caused by the presence of the diolate ligand in TS(6-7), while
the molybdenum atom in TS(1-9) is located in a distorted octa-
hedral geometry (11.4 kecal mol™). In the same way, water for-
mation requires overcoming a AG of 18.1 kcal mol™" in A, TS
(4-5), while the analogous parameter in B, TS(13-14), is lower,
15.3 kcal mol™". Again, in this case, the reason may be the
steric hindrance; the presence of the oxido group in TS(4-5)
increases the steric pressure environment with respect to TS
(13-14). Diol activation is the step with the highest AG differ-
ence in both pathways, but shows comparable energies
(32.8 keal mol™" for A and 31.6 kcal mol™" for B). Furthermore,
considering the other energy parameters, we can see that the
relative energy of the highest transition state (diol activation) is
44.7 keal mol™" for A, TS(6-7), while it is just 20.7 kcal mol™
for B, TS(1-9). In fact, the difference in the Gibbs energies of
the TSs and the relative zero energy are clearly higher in path A
for all the steps. Except for the common alkene extrusion, all
energies are lower in pathway B than in pathway A (Table 1).
Additionally, the energetic span, which is defined as the differ-
ence in energy from the TDI (turnover determining intermedi-
ate) to the TDTS (turnover determining TS),>® is favourable for
path B (36.7 kcal mol™") with respect to path A (44.7 kcal
mol™"). The TDI for path B is intermediate 10, which is in
equilibrium with 9 and 11. For this path, the energetic span
value of 36.7 kcal mol™" is somewhat high, even at the experi-
mental temperature of 110 °C. However, at this temperature,
there will be a significant concentration of 11 for which the
barrier decreases to 31.4 kcal mol™, which is a more reason-
able value. Therefore, we can support the hypothesis that the
mechanism for [Mo(0),(QY),]-catalysed DODH of ethylene
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glycol with a phosphane reductant proceeded through pathway
B, that is, with the oxido-transfer process preceding diol con-
densation. This preferred mechanism B agrees very well with
the experimental observation of a readily occurring reaction
between [Mo(0),(Q®),] and PPh; under nitrogen that gave
OPPh; and a paramagnetic molybdenum complex,>' and with
the oxidation of PPh; with dimethylsulphoxide by an oxido-
transfer reaction catalysed by [Mo(0),(Q%),].* The preference
of pathway B was also observed in rhenium-catalysed DODH of
diols both theoretically*> and experimentally.*
However, these results are in contrast to the DFT results
reported by Fristrup and co-workers for the DODH catalysed by
MoO; in which the diol condensation was the first step.”>?®
This is not surprising because there are several differences
between both systems. The first factor is the reductant
employed in the DODH reaction: our phosphane versus isopro-
panol or even the diol itself. More important is, in our
opinion, the catalyst selected for each system. In the search for
cheaper and commercially available Mo species, several types
of molybdates were successfully used by Fristrup and co-
workers.>® While they found good DODH results with
ammonium heptamolybdate in neat diol, we observed that the
use of this Mo catalyst and PPh; as the reductant gave poorer
results.”’ The presence or absence of co-ligands in the oxido-
molybdenum(vi) environment in conjunction with the selected
reductant are certainly important factors that can govern the
preferred mechanism in molybdenum-catalysed DODH
reactions.

vicinal

Conclusions

A DFT investigation of the mechanism of molybdenum cata-
lysed DODH of vicinal diols to alkenes by phosphanes has
been carried out using ethylene glycol, trimethylphosphane,
and [Mo(0),(QY),] as diol, phosphane, and catalyst models,
respectively. According to previous proposals and studies,'®"”
two pathways A and B have been investigated and a theoretical
characterisation of the two catalytic DODH cycles along their
lowest energy profiles has been carried out. In pathway A, con-

This journal is © The Royal Society of Chemistry 2023
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densation of the diol proceeds before oxygen atom transfer to
the phosphane reductant, while the opposite situation is
observed in pathway B, namely reduction by phosphane from
Mo(vi) to Mo(wv) species by the oxido-transfer process prior to
reoxidation to Mo(vi) by diol condensation. The catalytic cycle
ends with a common final step, the ethylene extrusion from
the molybdenum glycolate species, which regenerates the [Mo
(0),(Q™*),] catalyst. The ethylene glycol condensation shows a
comparable AG difference between the TS and its precedent
intermediate, but lower AG differences have been found in B
for the oxido-transfer and water formation processes. These
values, the energetic span and other energy data support
pathway B as the preferred mechanism for the [Mo(0),(Q"),]-
catalysed DODH of diols using a phosphane reductant. It is
reasonable to assume that the present computational study
will provide theoretical insights for future improvements in
the Mo-catalysed DODH reaction.
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