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Abstract: The utilization of renewable energy represents
an effective way to address current issues associated with
fossil fuels. Biomass is considered one type of renewable
energy resources with abundant reserves on earth. However,
the high oxygen contents and high degree of functionaliza-
tion of biomass have hindered the direct exploitation of bio-
mass for the production of fuels and chemicals. Considerable
efforts have been devoted to developing effective deoxygena-
tion methods capable of reducing the oxygen contents of
biomass and its derivatives. The deoxydehydration (DODH)
of biomass derivatives to generate olefins over oxophilic
metal catalysts is considered a very useful approach in elim-
inating vicinal OH groups. In recent years, catalysts based on
non-noble metals such as Mo, W, and V featuring good cat-
alytic performance have emerged as promising alternatives
to classical noble Re-based catalysts for DODH. This review
aims to summarize the progress on the DODH of biomass-
derived vicinal diols catalyzed by non-noble metals such as
Mo, W, and V, with an emphasis on the preparation of cat-
alysts, optimization of experimental conditions, and mechan-
istic studies. By surveying the performance of non-noble
metal catalysts, key factors that determine the DODH activity
were proposed, including the choice of reductant, the elec-
tronic and steric effects of ligand, and the interaction between
solid support and metal center. The latter two could adjust the
redox properties of metal centers by directly bonding with
ligand or solid support.
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1 Introduction

With the fast development of human society, the ever-
increasing energy demand has aroused enormous con-
cerns about the foreseen depletion of non-renewable fossil
resources (coal and oil) as well as the associated climate
change due to excessive CO, emissions [1]. A shift towards
renewable energies is considered a feasible approach in
reducing the dependence on fossil resources and alle-
viating environmental issues. Considerable efforts have
been devoted to developing sustainable technologies that
can efficiently utilize renewable energies such as nuclear
energy, geothermal energy, wind energy, and biomass
[2-5]. Among these renewable energies, biomass has
received particular attentions owing to its dual properties
as an energy resource (e.g., burning for heat) and also a
natural organic carbon resource [6,7]. The latter property
renders biomass a promising carbon feedstock to partially
replace fossil carbon resources [8,9]. By developing advanced
methodologies that are able to unlock the potential of bio-
mass as a carbon reservoir for the production of chemicals,
fuels, and materials, the dependence on fossil resources
could be reduced and the environmental issues related to
the utilization of fossil carbon resources could be well
addressed [10-13].

Biomass exists in the form of organic material in
nature, such as wood waste, straw, corn cob, and edible
carbohydrates (such as starch) [14]. Lignocellulose is the
major component of various biomass resources primarily
containing cellulose, hemicellulose, and lignin [15,16]. For
example, wood typically contains 40-50 wt% cellulose,
10-30 wt% hemicellulose, and 20-30 wt% lignin [17].
Cellulose, a macromolecule composed of glucose unit, is
the most widely distributed and most abundant
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polysaccharide in nature, accounting for more than 40 wt%
of the carbon content in the plant kingdom [18]. Hemi-
cellulose is a heteropolymer composed of several dif-
ferent types of Cs and Cg monosaccharides primarily
including xylose, arabinose, and galactose [19,20]. Lignin
is a biopolymer with a three-dimensional structure formed
by the interconnection of three phenylpropane units through
ether bonds and carbon—carbon bonds, containing abundant
active groups such as aliphatic and aromatic hydroxyl
groups and quinone groups [21]. In addition to lignocellu-
lose-based biomass, vegetable oil and fat represent another
category of biomass mainly comprising triglyceride, a widely
used feedstock for the production of biodiesel and glycerol
[22]. Despite the huge potential of biomass as an alternative
carbon resource, the valorization of over-functionalized
biomass into existing chemicals and fuels (mostly less func-
tionalized) normally obtained from fossil resources faces
significant challenges owing to the inherently distinct com-
position of biomass [23-25]. In contrast to fossil carbon
feedstocks mainly containing hydrocarbon with very low
oxygen contents, biomass is mainly composed of polyhy-
droxy compounds abundant in various oxygen-containing
moieties [26-28]. Clearly, established technologies for pet-
roleum processing/refining are inapplicable to biomass
valorization [29].

Through depolymerization and subsequent upgrading
reactions, biomass macromolecules can be selectively
converted into a range of important platform chemicals
including Cs/Cs monosaccharides, glycerol, erythritol, xylitol,
sorbitol, etc. (Figure 1) [30]. These highly oxygenated plat-
form molecules usually need to undergo deoxygenation pro-
cesses to meet the needs of current markets [7,31]. To this
end, a series of defunctionalization approaches applicable to
biomass-derived oxygenated compounds have been devel-
oped including deoxygenation [32,33], dehydration [34-36],
hydrodeoxygenation [37-39], carbondeoxygenation [40],
and deoxydehydration (DODH) [41,42]. Among them, DODH
reaction, capable of selectively removing two adjacent
hydroxyl groups in diol substrates to form a carbon-
carbon double bond in the presence of a reductant (see
Scheme 1), stands out as a very useful method for the
deoxygenation of biomass-derived polyhydroxyl compounds
[43,44]. DODH reaction not only enables the removal of two
OH groups in one step but also transforms diols into various
olefinic products of high value (see Figure 1) [45,46].

DODH reaction could proceed through either a non-
catalytic (metal-free) or a catalytic manner. Non-catalytic
DODH reaction relies on the utilization of stoichiometric
deoxygenation reagents such as formic acid and orthofor-
mates [47-51] to assist in the removal of OH groups. Cata-
lytic DODH reaction has been intensively studied in recent
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years in terms of developing various metal catalysts,
exploring different reductants, and expanding the utility
of DODH in upgrading biomass-derived polyols [45,52-54].
The first catalytic DODH reaction was reported by Cook
and Andrews employing an oxo-rhenium complex [Cp*ReOs]
(Cp* = pentamethylcyclopentadienyl) as the DODH catalyst
and triphenylphosphine (PPhy) as the reductant [55]. So far, a
series of homogeneous and heterogeneous catalysts based on
transition metals (e.g., Re, Mo, V) have been explored for
DODH reaction in the context of biomass valorization
[56-62]. Among these metals, Re-based catalysts have
been the subject of numerous studies aimed at the devel-
opment of diverse molecular Re complexes as well as
solid Re catalysts by dispersing Re oxides on solid sup-
ports, in combination with different reductants (e.g., Hy,
PPhj, Na,SOs;, secondary alcohol, and elemental reduc-
tants) [54,63-66]. Research advancements of metal-cata-
lyzed DODH, in particular Re-catalyzed DODH, have been
comprehensively summarized in several reviews. For
example, Monbaliu and coworkers systemically summar-
ized non-catalytic (metal-free) DODH protocols relying on
deoxygenation reagents such as formic acid, tosylate/
iodide, thiocarbonyldiimidazole/trimethylphosphite, and
triethyl orthoformate, and metal-catalyzed DODH reac-
tions relying on homogeneous and heterogeneous Re-,
Mo-, V-, and W-based catalysts [60]. Dethlefsen et al. pre-
sented an overview of Re-catalyzed DODH reaction mainly
focusing on the utilization of various Re complexes along
with different reductants, substrate scope, and insights into
reaction mechanism [67]. Donnelly et al. gave a short sum-
mary of catalytic DODH of biomass-derived polyols into ole-
fins with emphasis on examples involving Re, Mo, and V
complexes [68]. Very recently, Jentoft presented a complete
overview of catalytic DODH reactions in aspects of reaction
thermodynamics, catalyst categories, reaction mechanism,
and process engineering [69].

In general, Re-based catalysts exhibit much higher cat-
alytic activity and product selectivity than other metal
catalysts [70-72]. However, the easily leaching, difficult
recovery, and high price of Re species heavily hinder the
practical viability of Re-catalyzed DODH reaction [73,74].
The development of alternative catalysts based on low-
cost non-noble metals featuring improved recyclability
and robustness represents an important direction to address
these issues. Indeed, in parallel to the massive studies of Re
catalysts, there has been some remarkable progress toward
developing DODH catalysts relying on non-noble metals (pri-
marily Mo, V, and W) [75-78]. This mini-review is dedicated
to a summary of research progress in developing non-noble
metal catalysts for the DODH reaction of biomass-derived
polyols. Focus is placed on the key developments of non-
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Figure 1: Typical biomass-derived platform molecules and their conversion into olefin products via DODH.
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Scheme 1: General DODH reaction of various vicinal diols into olefins. Ry, R, = H, alkyl or aryl, red = reductant, red(O) = oxidized reductant.
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noble metal catalysts manifesting satisfactory DODH perfor-
mance and recyclability. Relevant reaction mechanism and
structure-activity relationship are also discussed when
available.

2 DODH reaction catalyzed by non-
noble metals

Before starting the introduction of non-noble metals, we
first present a brief summary of Re catalysts for the DODH
of different diols in the presence of various reductants to
have a benchmark for comparison. Methyltrioxorhenium
MeReO; (MTO) and Cp"ReO; (Cp™ = 1,3-di-tert-butylcyclo-
pentadienyl) were selected as representative Re catalysts to
structure this summary, considering the superior perfor-
mance of MTO and Cp“ReO; and their broad applications
for different diols and reductants. As the reported non-
noble metal catalysts are mainly active for model diols
and simple biomass-derived polyols, the substrate scope
of Re catalysts herein is mainly limited to simple diols
including styrene glycol, 1,2-octanediol, 1,4-anhydroery-
thritol, glycerol, and erythritol.

As shown in Table 1, the reactivity of diol for DODH is
related to its structure. In the presence of MTO and Na,SO3,
styrene glycol could be efficiently converted into styrene in
4h in a yield of 59%, whereas much longer reaction time
(21h) was needed for the DODH of 1,2-octanediol into
1-octene under similar conditions [79]. Styrene glycol appears
to possess higher reactivity toward DODH than 1,2-octane-
diol. However, this reactivity trend is reversed in the case
of Cp"Re0; and 3-octanol, probably owing to the important
role of secondary alcohol as a reductant [80]. As for the other
three diols (1,4-anhydroerythritol, glycerol, erythritol), 1,4-
anhydroerythritol and glycerol showed very close reactivity
for DODH, whereas erythritol is slightly less reactive for
DODH, as indicated by the lower yields of butadiene [81].
This reactivity trend is reasonable since the complex config-
uration of long carbon-chain polyols requires more energy
input to adapt its structure to coordinate into the metal
center. The catalytic performance of Re catalysts also
strongly depends on the type of reductant. Taking the
DODH of 1,2-octanediol as an example, utilizing PPhj
and 3-octanol as the reductant led to a 93% yield of 1-
octene [80]. In contrast, H, only gave a very low yield of
1.2%, and no product was detected in the case of Na,SO;
probably owing to its poor solubility in organic solvents.
It is difficult to summarize a general trend for the perfor-
mance of these reductants since altering Re catalysts and
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reaction conditions can significantly influence the perfor-
mance of reductants. By comparing these results, we can
still conclude that both PPh; and 3-octanol are superior to
Na,S0; and H, for Cp"ReOs-catalyzed DODH reaction.

2.1 Molybdenum catalyst

One prominent feature of Re related to its high DODH
catalytic activity is that Re has two groups of variable oxi-
dation states including +V to +VII and +Il to +V [83-85].
Similar to the multiple valences of Re, Mo also features a
series of variable oxidation states ranging from +l| to +VI,
rendering Mo a very promising candidate for DODH reac-
tion. Moreover, Mo species are relatively abundant in the
Earth’s crust and the prices of Mo are much lower than
that of Re. Consequently, developing Mo-based catalysts
represents an important direction aiming at economical
and technical viable implementation of DODH reactions.

In 2013, Galindo et al. reported the first example of Mo-
catalyzed DODH reaction by using molecular Mo com-
plexes as catalysts (see Figure 2) [86]. The reaction of Mo
(0),(acac), with 2 equiv. of HQ® ligands (HQ® = 3-methyl-1-
phenyl-4-alkylcarbonyl-5-pyrazolone, wherein R group =
cyclohexyl (HQ®) or hexyl (HQ™®)) afforded Mo"(0),(Q%),
catalysts (see Scheme 2a). The authors used Mo(0),(Q%),
and Mo(0),(Q™®), to catalyze the DODH reaction of styrene
glycol with PPh; as a reductant (see Scheme 2b). Both cat-
alysts afforded moderate-to-high conversions of styrene
glycol but with very low styrene yields at around 10%.
The authors speculated that the low olefin yields could
be the inhibiting effect of the side product water. To verify
this speculation, three water-removal methods including
the Dean-Stark device, molecular sieve (4 A), and Na,SO,
were applied to perform the DODH reaction of styrene
glycol under anhydrous conditions. However, none of
these three water-removal methods improved the olefin
yields, thus excluding the detrimental effects of water
formed during the reaction. In the case of 1,2-cyclooctane-
diol catalyzed by Mo(0),(Q®),, the diol was totally con-
verted and the cyclooctene yield reached 55% at 110°C for
18 h, corresponding to turnover number (TON) of 27.5. By
contrast, the oxidized reductant (OPPhy) was generated in
a much lower yield of only 28%, suggesting that the oxygen
atom of the diol not only transferred to PPh; during the
reaction.

Fristrup et al. explored the performance of various Mo
compounds, such as ammonium heptamolybdate (AHM,
(NH4)sMo0,0,4), M0O,(CH3),(bipy) (bipy = 2,2-bipyridine),
MoO,Cly(bipy), and Na,MoO,, for the DODH reaction of
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Table 1: A brief summary of Re-catalyzed DODH of various diols in the presence of different reductants

Diols Re Catalyst Reductant Solvent Temperature & time Product & yield Ref.
OH MTO Na,SO3 Benzene 150°C, 4 h A [79]
C)VOH
59%
Cp“Re0s 3-Octanol 3-Octanol 135°C, 15h ©/\ [80]
76%
OH MTO Na,S0s PhCl 150°C, 21h Cotir X [79]
OH
CeHig 43%,
Cp"Re03 3-Octanol 3-Octanol 135°C, 15 h Cethiy X [80]
93%
o) MTO 3-Octanol 3-Octanol 170°C, 1.5 h jOi [81]
HO OH 929,
MTO H, THF 150°C, 16 h j0i [82]
25%
Cp“ReO3 3-Octanol 3-Octanol 135°C, 15 h j0i [80]
83%
OH MTO 3-Octanol 3-Octanol 170°C, 2.5h _~_-OH [81]
HO\)\/OH
90%
Cp“Re0;3 3-Octanol 3-Octanol 135°C, 15 h _~_OH [80]
99%
OH MTO 3-Octanol 3-Octanol 170°C,1.5h EAYEN [81]
A_-OH
Ho/\‘/v 89%
OH
Cp“ReO3 3-Octanol 3-Octanol 135°C, 15 h AN [80]
69%
OH Cp"ReO; PPhs PhCl 135°C, 15 h Cothiy X [80]
OH
CeHig 939%,
3-Octanol 3-Octanol 135°C, 15h Cotiy X [80]
93%
H, PhCl 135°C, 16 h Cethiy X [80]
1.2%
Na,S0; PhCl 135°C, 15h CoHiy X [80]
Not detected

aliphatic vicinal diols into corresponding olefins [87]. Cat-
alyst screening of different Mo compounds showed that
Na,Mo0, gave the lowest olefin yield probably due to its
poor solubility in dodecane solvent. AHM gave the highest
yield with a 71% yield of total volatile products (of which 1-
hexene accounted for 16%). Similar olefin yields of around

60% were obtained over MoO,(CHs),(bipy) and MoO,Cl,(-
bipy). A plausible reason for the similar reactivities of the
different Mo precursors is that these Mo compounds prob-
ably transform into the same catalytically active species
when dissolving in alcohol solvent at high temperatures.
It was found that the DODH reaction is accompanied by the
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Figure 2: Molecular structures of Mo complexes for DODH reaction.
Reprinted with permission from ref. [86].

oxidative cleavage (oxidative deformylation) of vicinal diol
to generate two aldehydes as side products (see Scheme 3a),
in particular the case of using diol as a reductant. These
carbonyl compounds could further react with vicinal diol
to generate acetals (see Scheme 3b). Given this context,
the olefin yields could only be up to 50% theoretically.
Consequently, if the olefin is the objective product of Mo-
catalyzed DODH reaction, the sacrifice of at least 50% diols
for oxidation and acetal formation would be inevitable.
However, if the objective products are aldehydes and
acetals, the utilization of diol as both reactant and reduc-
tant becomes attractive from an economic point of view
because of the replacement of expensive reductant with
diol. Through solvent screening experiments, it could be
seen that the best results were obtained by using 1,5-pen-
tanediol as the solvent (1,2-hexanediol yielding 45% 1-
hexene and glycerol yielding 40% allyl alcohol). The failure
to obtain more than 50% olefin yield also proves that oxi-
dative deformylation drives Mo-catalyzed DODH reaction.
The usage of 1,5-pentanediol as a solvent probably impedes
the acetals formation, thereby improving the olefin yield.

The catalytic performance of AHM for DODH was
further explored by the same group [88]. As mentioned
above, when the vicinal diol itself was the reductant, half
of the vicinal diol was deoxydehydrated into the corre-
sponding olefins, and the rest underwent oxidative defor-
mylation. At the same time, side products such as aldehydes,
acetals, and oligomers would affect product separation and
catalyst recovery. Solvent screening experiments indicated
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OH o
oH *+ [MoO] — R)kH + )LH+ [Mo] + H,0
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or
OH
RA~OH * e R)O\/Jo * HO

Scheme 3: (a) Oxidative deformylation of 1,2-diol into aldehydes and (b)
condensation reaction of 1,2-diol with aldehyde to give acetals. Adapted
with permission from ref. [87].

that utilizing isopropanol as solvent could give the highest
olefin yield of 49% at a full conversion of 1,2-decanediol. The
substrate scope for DODH was investigated over 5mol%
AHM catalyst at 240-250°C in the presence of isopropanol
as both reductant and solvent. Experimental results showed
that the corresponding olefin yields of 1,2-hexanediol and
3,4-hexanediol were 46% and 42% in the absence of base,
respectively. The addition of NBu,OH further improved the
olefin yields by up to 77% (1,2-hexanediol) and 69% (3,4-
hexanediol). In contrast to 1,2-hexanediol and 3,4-hexane-
diol, 1,4-anhydroerythritol gave the similar 2,5-dihydrofuran
(2,5-DHF) yields of 75% and 74%, in the absence and pre-
sence of base, respectively. The beneficial effect of NBu,OH
is likely related to its basic properties blocking side reactions
of diols and isopropanol. Moreover, the DODH mechanism
of 1,4-anhydroerythritol was studied by density functional
theory (DFT), and the corresponding free energy diagram is
shown in Figure 3. The step with the highest activation
energy is the oxidation of iPrOH (TS7-8, 24.1 kcal'mol™)
with concomitant reduction of Mo"" glycolate to Mo' glyco-
late. The extrusion of 2,5-DHF has the second-highest acti-
vation energy (TS9-10, 13.8 kcal'mol ™). Consequently, the
reduction of the formed Mo-anhydroerythritol complex
prior to the olefin extrusion is the rate-limiting step. In
2018, Navarro and John used AHM to catalyze the DODH
reaction of several vicinal diols such as styrene glycol and
1,2-octanediol with a variety of reductants [89]. Sodium

/~ + OPPhz + H,0

2 HQR
[Mo(O),(acac),] =——=> [Mo(O)(QR),]

-2 Hacac
HO OH [Mo(0)AQ%);] or [Mo(O)x(Q),]
PH + PPhy

toluene, 110 °C, 18 h

Ph

Scheme 2: (a) Synthesis of Mo"%(0)»(QR), and (b) Mo"!(0),(QR),-catalyzed DODH reaction of styrene glycol into styrene. Adapted with permission from

ref. [86].
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sulfite (Na,S03) was discovered as a benign reductant with
moderate olefin yields of around 23% under relatively mild
conditions (170-190°C), and its oxidation product (80,5 is
non-toxic and easy to recover. The olefin yields were found
to decrease in the presence of pyridine, indicating that
base additives could inhibit catalytic activity probably
owing to the coordination of pyridine with Mo center.
Well understanding of the reaction mechanism of Mo-
catalyzed DODH is of pivotal importance in developing Mo
catalysts with improved activity and selectivity as well as
expanding the application of Mo-catalyzed DODH of bio-
mass derivatives. Fristrup et al. used DFT to investigate the
mechanism of Mo-catalyzed DODH of vicinal diols [85]. The
catalytic cycle was proposed to include the condensation of
vicinal diol with Mo"" oxide, subsequent oxidative cleavage
to generate Mo'" complex, and the extrusion of olefin. To
elucidate the details of the mechanism, the authors calcu-
lated and compared the energy barriers required to fulfill
these steps based on the widely proposed catalysis cycle. It
was found that diolate cleavage (olefin extrusion) occurs
more readily by mononuclear Mo"" complexes than by
dinuclear Mo"! complexes. By calculating and comparing
the energy barriers of olefin extrusion and the stability of
transition states, the monodiolate complex 8 more likely
extrudes olefin via the [3 + 2] retro-cycloaddition reaction
instead of via the bisdiolate complex 10 (see Figure 4). The

above results clearly indicate that mononuclear Mo com-
plexes could serve as active species to form a diolate inter-
mediate with diol. Within the whole catalytic cycle, two key
steps with the high energy barriers involve the cleavage
of one diolate ligand in the mononuclear Mo"! bisdiolate
complex to form formaldehyde and acetaldehyde with a
required energy barrier of 20.8 kcal'mol™ and the subse-
quent extrusion of diolate to an olefin with a required

o. °
/MO\O
O\/k
[TS10-11]
N, 39.2
| @] P \
O, 10 \
o} 25.6 !
[TS8-9] \
128 TO
8 ) ‘/Mo—o \
0.0 "9 O A 11
9.5 50
0 N— e
O\M6 0 ’/C) \;
Mo, 0:p, 0
o) ‘Mo-g
O\/k

Figure 4: The extrusion of alkene from monodiolate complex 8 and
bisdiolate complex 10 by the [3 + 2] retro-cycloaddition mechanism.
Reprinted with permission from ref. [85].
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Scheme 4: Proposed reaction mechanism for Mo-catalyzed DODH
accompanied by the oxidative cleavage of diol into aldehydes. Reprinted
with permission from ref. [85].

energy barrier of 19.1kcal'mol™. Taking MoOs-catalyzed
DODH of 1,2-propanediol as an example, a plausible cata-
Iytic cycle is depicted in Scheme 4: (1) the reduction of
MoO; by 1,2-propanediol to form (mononuclear) Mo"!
monodiolate complex 12 and water; (2) another molecule
of 1,2-propanediol condensates with complex 12 to form
(mononuclear) Mo"! bisdiolate complex 13 and water; (3)
one of the diolate ligands in complex 13 is oxidized and
cleaved to form formaldehyde and acetaldehyde, subse-
quently forming (mononuclear) Mo monodiolate com-
plex 14; and (4) the extrusion of propylene from complex
14 accompanied by the regeneration of Mo into MoOs.
Verdicchio et al. investigated two possible reaction path-
ways for Mo-catalyzed DODH of diol in the presence of
phosphane as a reductant by using DFT [90]. In the first
reaction pathway, the Mo complex first condenses with diol
to form a Mo-diolate intermediate, followed by reduction

DE GRUYTER

o MoO,/TiO, CO;
g_? N —
OH OH OoH o

+ H0
\/K(Cﬁzh \)k(Cﬁzh

Scheme 5: The DODH of 1,4-anhydroerythritol to 2,5-DHF over hetero-
geneous MoO,/TiO, catalysts. Adapted with permission from ref. [59].

(eliminating one oxygen atom in Mo-diolate) and finally
the extrusion of alkene. The second pathway is the same
as the first one with the exception that the reduction of
Mo complex occurs before the condensation of Mo with
diol. In comparison to the first pathway, the relatively
lower AG difference between reaction intermediates cal-
culated for the second pathway (45.3 vs 55.4 kcal'mol™)
makes it a preferred mechanism for Mo-catalyzed DODH
of diols using a phosphane reductant.

Sandbrink et al. reported in 2016 that TiO,-supported
Re catalyst (ReOy/Ti0O,) afforded superior catalytic activity
and stability in DODH compared to APR/C (APR = ammo-
nium perrhenate NH,ReO,4), ReO,/C and ReO,/SiO, [56].
Inspired by ReO,/TiO, catalyst, it can be envisioned that
Mo oxides could be supported on TiO, to generate hetero-
geneous Mo catalysts. Palkovits and Okuda et al. first
reported a heterogeneous Mo catalyst (MoOy/TiO,) for the
DODH of 1,4-anhydroerythritol [59]. Similar to the prepara-
tion of ReOy/TiO, MoO,/TiO, (2b) was obtained by the
reduction of (NH4)¢Mo,0,4-4H,0/TiO, (2a) at 300°C under
H, atmosphere for 3h. In the catalytic DODH reaction of
1,4-anhydroerythritol to 2,5-DHF, M0O,/TiO, (2b) gave 94%
conversion of 1,4-anhydroerythritol and 55% yield of 2,5-
DHF (see Scheme 5). One major side reaction is the dehy-
dration of the reductant 3-octanol to 2-octene and 3-octene.
As shown in Table 2, unreduced (NH4)¢Mo,0,4-4H,0/TiO,
(2a) showed comparable performance as that of MoO/TiO,

Table 2: Product distribution of supported Mo catalysts and mixtures in the conversion of 1,4-anhydroerythritol to 2,5-DHF.? Reprinted with

permission from ref. [59]

Compound Catalyst (Mo content [%])" X (1,4-anhydroerythritol) Y (2,5-DHF) Y (ketals) Y (octenes)®

number [%] [%] [%] [%]

1a Na,Mo0,-2H,0/TiO, (4.8) 27 1 0 <1

1b Mo0,/TiO, (Na;M004-2H,0)? (5.1) 39 5 1 <1

2a (NH4)¢M070,4-4H,0/TiO, (4.9) 100 48 3 15

2b Mo0O,/TiO, 94 55 9 48
[(NH4)sM070,4-4H,0]° (4.7)

In situ mixture 1c Na;MoO4 + TiO, 19 4 0 3

In situ mixture 2c¢ (NH4)eM07044°4H,0 + TiO, 100 76 10 16

Conditions: 1,4-anhydroerythritol (0.4 mmol), 5 mol% Mo, 3-octanol (10 equiv. relative to substrate), 200°C, 18 h. Conversion (X) and yields (Y)
determined by NMR spectroscopy. °Determined by ICP-OES. “Based on 3-octanol. “Mo-precursor: Na,MoO,2H,0. Reduction conditions: 3 h,
300°C, 2°C:min~". *Mo precursor: (NH,)6Mo;0,4-4H,0. Reduction conditions: 3 h, 300°C, 2°C-min™".
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(2b). The catalytic performance of catalysts 2a and 2b
is higher than those of Na,Mo0,-2H,0/TiO, (1a) and
MoO4/Ti0O, (1b). One possible explanation is that utilizing
(NH4)6Mo0,0,4-4H,0 as the precursor led to more polymer-
ized Mo clusters on the surface of TiO, accounting for the
higher DODH catalytic activity. It could be speculated that
the catalytic performance of catalysts with polymerized
Mo clusters on TiO, is superior to that of isolated Mo spe-
cies. Interestingly, the in situ mixture (2c) of TiO, and
(NH4)eMo0,0,4-4H,0 also gave a higher yield of 2,5-DHF
than the supported catalysts 2a and 2b. In the recycling
experiments, catalyst 2c showed inferior recyclability in
comparison to catalyst 2b, indicating that TiO, support
plays an important role in stabilizing the catalytically
active Mo species. One major side reaction is the dehydra-
tion of 3-octanol to form octene under acidic conditions.
The yield of octene in the case of catalyst 2b is higher than
that of catalyst 2c, indicating that the acidity of catalyst 2b
is likely higher than that of catalyst 2c.

In 2020, Xi et al. studied the reaction pathways of the
DODH of 1,4-anhydroerythritol by MoO,/Ti0,(101) catalyst
via the first principle calculations [91]. The authors con-
structed the catalyst model by selecting the most stable
crystal surface of anatase(101) and determining the
internal atomic structure of the catalyst as MoO(20)/3H-
TiO, by constrained thermodynamic calculations. As indi-
cated by energy profile and microkinetic reaction model,
low catalytic activity was obtained over MoO(20)/3H-

a
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TiO,(101) at 140°C (turnover frequency (TOF) of 1.50 x
10~®s™), whereas improved catalytic activity comparable
to that of Re0,(20)/6H-TiO, was obtained (effective free
energy barrier of 1.51eV, TOF of 5.70 x 107*s™%) at 200°C.
Mechanistically, dihydrofuran extrusion was identified as
the rate-limiting step in the DODH process catalyzed by
MoO(20)/3H-TiO,. Moreover, the catalyst could regenerate
by using H, as a reductant.

The catalytic performance of molecular Mo catalysts is
strongly related to the rational design of surrounding
ligands connected to the Mo center. Beckerle et al. pre-
pared a series of Mo complexes (3a—c and 4a) containing
(0SS0)-type bis(phenolate) ligands (see Figure 5a) [92]. As
characterized by nuclear magnetic resonance (NMR) spec-
troscopy and X-ray diffraction (XRD), this kind of Mo"*
complex is featured by octahedral spatial structures coor-
dinated by tetradentate (OSSO) dianionic type ligands.
These Mo complexes were examined for the DODH reac-
tion of 1,4-anhydroerythritol to 2,5-DHF with the formation
of by-products including ketal, furan, and octene (see
Figure 5b). Catalysts 3a—c and 4a were tested under the
same reaction condition (see Table 3). Catalyst 4a (see
Figure 5c) gave the best catalytic performance, generating
a 37% yield of 2,5-DHF. The DODH of 1,4-anhydroerythritol
catalyzed by catalyst 4a at different temperatures by
microwave radiation was also examined. The reaction
time was shortened from 18 to 1 h by employing microwave
radiation (see Table 4). At 200°C, the conversion of

R2 /R\3 R2 c R2 /R3 RZ
I Cl )
QS SQ + AF* 2NEl QS«M/S“Q + 2[HNEt3]CIl
% THF, RT, 18 h it
R, OH HO R, O 0 R, 450 R,
R1, Ry = H; Ry = -CH,CH,- 3a
R1, R2 = tBLI; R3 = -CHchz' 3b
Ry, Ry = Cl; Ry = -CH,CH,- 3¢
R1, Rz = 'Bu; R3 = -CH,CH,CH,- 4a
b 15 16 17 18
o) 0] 0] o)
. Mo catalyst <_7 +< S \7 " <\ /7 + octene>
200 °C,
OH  OH 9 equiv. of 3-octanol, /\/8><(/)
18 h, Ar by-products
(63
Bu N Bu
S
e 3
/11\9\
tBU O 0 o) (0] tBU

Figure 5: (a) Synthesis of Mo"? complexes 3a-c and 4a containing (0SSO)-type ligands; (b) DODH reaction of 1,4-anhydroerythritol into 2,5-DHF; and
(c) the molecular structure of catalyst 4a. Adapted with permission from ref. [92].
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Table 3: Reaction products of DODH of 1,4-anhydroerythritol. Reprinted with permission from ref. [92]
Run Catalyst Conversion [%] Yield of
15 [%] 16 [%] 17 [%] 182 [%]
1 3a 21 3 4 <1 3
2 3b 41 <1 18 <1
3 3c 35 3 8 <1 6
4 4a 74 37 30 2 14
5P 4a 91 47 17 1 20
6° 4a 81 57 17 4 5

5mol% Mo and 10 equiv. of 3-octanol relative to substrate, 200°C, 18 h reaction time; conversion and yield determined by NMR spectroscopy. Based

on 3-octanol. °5 Equiv. of 3-octanol. “20 Equiv. of 3-octanol.

Table 4: DODH of 1,4-anhydroerythritol under microwave irradiation. Reprinted with permission from ref. [92]

Run Catalyst T[°C] Equiv. 3-octanol Conversion [%] Yield of
15 [%] 16 [%] 17 [%] 187 [%]
7 4a 200 10 89 49 12 1 10
4a 180 10 50 17 7 <1 1
9 4a 160 10 33 3 3 <1 <1

5mol% Mo and 10 equiv. of 3-octanol relative to substrate, 1h reaction time; conversion and yield determined by NMR spectroscopy. *Based on 3-

octanol.

1,4-anhydroerythritol and the yield of 2,5-DHF increased to
89% and 49%, respectively, with the reduced formation of
by-products. Microwave radiation leads to more uniform
heat distribution, thus enhancing the reaction rate and
product selectivity. As the temperature decreased from
200 to 160°C, the conversion of 1,4-anhydroerythritol and
the yield of 2,5-DHF also decreased significantly. The pro-
moting effect of microwave radiation was also reported for
MoO,(acac),-catalyzed DODH of styrene glycol [93]. Under
microwave radiation, styrene was generated in 51% yield
at a complete conversion of styrene glycol in 40 min at 170°C
using PPh; as a reductant. Even for the DODH of less-reactive
1,2-octanediol, the combination of MoO,(acac), and PPh; still
can afford a 40% yield of 1-octene in 40 min at 220°C under
microwave radiation. By contrast, a negligible amount of 1-
octene (<1%) was obtained by traditional heating under the
same conditions. The above results indicate that the mode of
heating has an important effect on the catalytic perfor-
mance of Mo catalysts.

In addition to 0SSO-type ligands, Mo"" complexes con-
sisting of ONNO-type salan ligands were examined for the
DODH reaction of styrene glycol (see Figure 6a) [94]. The
tetradentate salan ligand coordinates with the Mo center
via two amine nitrogen atoms and two phenolic oxygen
atoms. The skeleton region of the ligand is formed by a
diamine linking to two benzyl rings. Using diamines with

different structures (e.g., 1,2-ethylene diamine, 1,2-propyl
diamine, and 1,2-phenylene diamine) could change the ske-
leton flexibility of salan-type ligands. The Mo complexes
with ethylene and 1,2-propyl backbones afforded similar
yields of alkene (47% for "“*®“L1 MoO, and 48% for
tBu.tBuy 9 Mo0,), whereas 1,2-phenylene backbone afforded
a much lower yield of 12%. It was speculated that the Mo
center needs to adapt its geometries to meet the required
spatial states for effective coordination with OH moieties.
Therefore, ligands with a more flexible skeleton would
make the Mo catalyst more active. The effect of changing
ortho- and para-substituents of the salan ligands on the
DODH activity was studied. Among examined substituents

\/ \/

dw )

\/ \/
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(o) / \\ O//M\(\)‘O
g g0

Figure 6: (a) Typical structure of salan ligand and (b) the structures of
tButBU| 1 MoO, (left) and B4BYL2 MoO, (right). Adapted with permission
from ref. [94].
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(i.e., methoxy, nitro, chloride, tert-butyl), the di-tert-butyl
substituted complexes, %L1 MoO, and ®*®"L2 MoO,,
showed highest DODH activity (see Figure 6b) with olefin
yields of approximately 48%, slightly higher than the
unsubstituted Mo complexes (45% yield). It could be con-
cluded that the DODH activity of Mo"" complexes is
strongly influenced by the electron-donating properties
of substituents rather than the space size of substituents.
In addition, ligands with secondary amine structures on
benzyl groups are more effective than those with tertiary
amine structures because of the electron-donating effect
of the alkyl group making the Mo complex more suscep-
tible to dimerization.

To find out the appropriate ligands for Mo catalysts,
the influence of different types of ligands on the catalytic
activity of Mo complexes needs to be investigated in depth.
In 2018, Stalpaert and De Vos tested a range of Mo com-
plexes with different spatial and electronic properties of
B-diketone ligands (see Figure 7a) [95]. When excessive
B-diketones were added into the DODH reaction with
bis-acetylacetonato-dioxo-Mo (Mo"'0,(acac),) as a catalyst,
B-diketones tended to replace the acetylacetone ligands of
Mo"'0,(acac), to form new Mo complexes. According to the
experimental results (see Figure 7b), the catalytic systems
added bulky dibenzoylmethane and 2,2,6,6-tetramethyl-
heptanedione (TMHDH) exhibited superior activity, with
TMHDH giving the highest yield of 1-hexene (36%). As indi-
cated by the electrospray ionization mass spectrometry of
the post-reaction liquid sample, Mo in monomer and oli-
gomer forms is only detected in the TMHDH-added sample,
probably because of the bulky p-diketone ligands
preventing the oligomerization of Mo. As a result, Mo

ERral

MoO,(TMHD),

c FiC
Si\o 0= 3 3;
N Mb
CF4 Oooo CF3 OooO
MoOz(TFAA)Z

MoO,(HFAA), M002 acac),

m |-Hexene ® Formaldehyde/pentanal
Hexanone Hexanal
m |-Hexanol

50

o f—
2 =
; I I I
0

HFAAH TFAAH ACACH DBMH TMHDH

Yield (%)
»

None

Figure 7: (a) Mo complexes with different B-diketone ligands and (b)
effect of the addition of different B-diketones to the reaction mixture on
the Mo-catalyzed DODH of 1,2-hexanediol to 1-hexene. Adapted with
permission from ref. [95].
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complexes remain stable during the reaction without pre-
cipitating and the loss of activity. This stabilizing effect of
TMDHH for the Mo center provides a new idea in designing
robust Mo catalysts for DODH. Furthermore, the electron
donor TMHDH increases the electron density of Mo cen-
ters, which can facilitate the electron transfer between Mo
and vicinal diol, speeding up the rate-controlled olefin
extrusion step. These results suggest that the large size
and electron-donating properties of TMHDH could effec-
tively improve the catalyst stability and reaction rate.
The olefin yields increased with the electron-donating
ability increasing in the order of hexafluoroacetylacetone,
trifluoroacetylacetone, acetylacetonate, and TMHDH (see
Figure 7h). At 4 equiv. of TMHDH, a high 1-hexene yield
of up to 93% with the highest TOF (4.7h™) was achieved.
The high boiling point (202°C) of TMDHH and the volatile
DODH products in the reaction mixture were separated
by evaporation. The catalytic system of TMHDH and
MoO,(acac), showed good universality with applica-
tions for different reductants, substrates (cyclohexane-
diol, styrene glycol, diethyl tartrate, erythritol, etc.), and
solvents.

In 2019, Lu et al. reported another bulky ligand of 8-
hydroxyquinoline (8-HQ) with electron-donating proper-
ties for Mo catalysts [96]. The 8-HQ Mo complex (Mo-8-
HQ) can be considered a single-site Mo catalyst. Mo-8-HQ
was synthesized by a ligand exchange method, that is, the
pyridine nitrogen and hydroxyl oxygen in 8-HQ coordi-
nated with Mo atom, thereby replacing the acetylacetone
ligand of MoOy(acac),. Based on Fourier transform infrared
spectroscopy and XRD, the structure of Mo-8-HQ complex
contained a MoO, (cis) center coordinating with two 8-HQ
molecules. The authors speculated that the electron-
donating pyridine nitrogen coordinated to the Mo center,
making the Mo atom in the Mo-8-HQ in an electron-rich
state. Regular diffraction spots were found by the selected
area electron diffraction diagram, indicating the single-
crystal characteristics of Mo-8-HQ. The scanning electron
microscopy image showed that Mo-8-HQ particles appear
as multilayered stacked prisms. Each structural unit of Mo-
8-HQ forms layers through m—m stacking interaction, with
the layers connected by hydrogen bonds, resulting in a
stable prismatic single crystal structure (see Figure 8a).
In the DODH of tartaric acid (TA) over a series of Mo cat-
alysts, Mo-8-HQ gave the highest yield of dibutyl fumarate
(DBFA) (about 74%). Using the dibutyl tartrate as the sub-
strate, the yield of DBFA reached 86%, corresponding to a
TON of 8.6. Moreover, no other side products were found
for Mo-8-HQ, indicating its high selectivity in the DODH
reaction. The low activity of other Mo catalysts could be
a result of the aggregation of Mo species, low solubility,
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Figure 8: (a) Possible Mo-8-HQ stacking structure. The Mo, oxygen, carbon, and nitrogen atoms are denoted in black, red, grey, and blue, respectively;
(b) DODH of TA catalyzed by different molar ratios of MTO and Mo-8-HQ catalysts at 160°C in air for 12 h. Adapted with permission from ref. [96].

and loose coordination structure of Mo under reaction
conditions. Comparing the performance of MTO and Mo-
8-HQ at different molar concentrations under the same
experimental conditions (see Figure 8b), the DBFA yield
of Mo-8-HQ at 1mol% was lower, but DBFA yields of both
catalysts were similar when the metal content exceeded
5mol%. It can be concluded that the catalytic performance
of Mo-8-HQ with high Mo content is comparable to that of
Re catalysts. One prominent feature of Mo-8-HQ is that
after the reaction, it can be separated from the reaction
mixture as a solid power for the next run with good cata-
Iytic activity. The good recyclability could be attributed to
the stabilized Mo centers by the strong coordination ability
of 8-HQ. Besides, owing to the presence of n—m stacking and
hydrogen bonding effects in Mo-8-HQ, the catalyst struc-
ture remains unchanged after the reaction. Deuterium
isotope experiments showed that the Mo-8-HQ-catalyzed
DODH reaction proceeds by the synergistic cleavage of
two adjacent C—O bonds of the substrate. The detailed steps
of the reaction mechanism are shown in Scheme 6. The
electron-rich Mo centers could facilitate the oxidation of
Mo'-diolate intermediate by losing two electrons to form
Mo", thereby accelerating the extrusion of the olefins.
Tran and Kilyanek synthesized a cis-dioxo Mo complex
using a dianionic ONO pincer ligand for the DODH reaction
of aromatic and aliphatic diols [97]. The synthesis method
is shown in Scheme 7a, where the addition of triphenylpho-
sphine oxide (OPPh3) produces a six-coordinate complex 20
and without additional ligands produces a five-coordinate
complex 21 (see Figure 9). The hexa-coordinated complex
20 readily loses the labile ligand OPPh; to form the penta-
coordinated dioxygen Mo"" species. Complex 20 with an
octahedral cis-dioxo-bipyramidal Mo center (see Figure 9)

is structurally similar to that of the most of hexa-coordi-
nated cis-dioxo-Mo"' complexes. Both complexes 20 and 21
have shown good catalytic activity in the DODH of styrene
glycol, 1,2-octanediol, and hydrobenzoin. The DODH reac-
tion of 1,2-octanediol catalyzed by complex 20 using PPh; as
reductant gave a 59% yield of 1-octene accompanied by the
formation of deformylation products (6% yield). In the case
of styrene glycol, styrene and deformylation products
(aldehydes) were produced in moderate overall yields
(30-50%) at a molar ratio of around 3/1 using different
reductants. These results indicated that Mo-catalyzed con-
version of diols followed two competitive reaction path-
ways including DODH to form olefins and deformylation
to form aldehydes, as shown in Scheme 7h. At lower tem-
peratures, complexes 20 and 21 showed higher activity in
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Scheme 6: Proposed reaction mechanism for the DODH of TA catalyzed
by Mo-8-HQ. Reprinted with permission from ref. [96].
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Scheme 7: (a) Synthesis process of ONO-Mo complexes and (b) possible reaction pathways involved in the conversion of diols over Mo complexes.

Adapted with permission from ref. [97].

catalyzing the DODH of aromatic vicinal diols than ali-
phatic vicinal diols. This may be due to the partial deloca-
lization of the m electrons of the C=C bond into the
adjacent aromatic ring, which reduces the total energy of
the orbital, resulting in a lower barrier to the aromatic
olefin extrusion. The addition of exogenous OPPh; to the
DODH of styrene glycol catalyzed by complexes 20 and 21
resulted in lower product yields, suggesting that OPPh; had
an inhibitory effect on product formation. It was therefore
speculated that the dissociation of OPPh; from Mo com-
plexes was required for the formation of catalytically
active species.

In 2020, Siu et al. reported dioxo-Mo complexes con-
taining amine bisphenolate ligands as DODH catalysts,
focusing on the influence of the electronic and spatial
properties of the bisphenolate ligands on the catalyst per-
formance [98]. The authors prepared several dioxo-Mo
complexes by the ligand exchange reaction of MoO,(acac),
and different bisphenolate ligands containing the pendant
arm of various amine donors (see Scheme 8a). These com-
plexes were examined in the DODH reaction of styrene
glycol with PPh; as reductant and toluene as solvent at
170°C (see Scheme 8b). The catalytic performance of
bisphenolate ligands with different structure were

Figure 9: Thermal ellipsoid plots of complexes 20 (left) and 21 (right). Reprinted with permission from ref. [97].
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Scheme 8: (a) Synthesis process of Mo bisphenolate complexes and (b) Mo-catalyzed DODH of styrene glycol. Adapted with permission from ref. [98].

compared to understand structure-activity relationship.
Complex 5a containing a pyridine pendant arm showed
the lowest styrene yield (5%). This may be due to the strong
coordination of the pyridine N atom on the pendant arm of
5a to the Mo center, occupying the binding sties of Mo
centers and thus reducing the catalytic activity. The styrene
yields of 5c and 5d were higher than 5a (31% and 34%,
respectively), indicating that the side arms with weakly
coordinated and uncoordinated properties could enhance
the catalytic activity of Mo complexes. Compared with the
two phenol arms in complex 5a, complex 6b with one less
phenol arm showed a much higher yield of styrene (32%),
indicating that removing the phenol arm had a similar ben-
eficial effect as that of reducing the coordination abilities of
the pendant arm. Solvent screening experiments using com-
plex 5d showed similar moderate styrene yields (30-34%) in
the case of aromatic solvents (trimethylbenzene, xylene,
toluene, etc.) and comparatively lower styrene yields (about
20%) were obtained for polar solvents such as N,N-dimethyl-
formamide and N,N-dimethylpropyleneurea (DMPU). A
small amount of benzaldehyde was always found as a
side product (1-13% yield) resulting from the deformyla-
tion of styrene glycol, and the highest yield of benzalde-
hyde was obtained in DMPU.

Oxo-rhenium complexes (CpReO3) containing versatile
substituted cyclopentadienyl (Cp) groups as ligands have
been extensively investigated for DODH. Similarly, Cp-
based Mo complexes are expected to be promising catalyst
candidates for DODH reaction. In 2020, Li et al. explored a
series of Cp-based Mo complexes including [Cp*Mo0,],0

(Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl), [Cp*Mo0,],0,
and NBuy[Cp*MoO3] for the DODH reaction of 1,2-octane-
diol with PPh; as the reductant and anisole as the solvent
[99]. The DODH reaction of 1,2-octanediol was carried out
under the optimal conditions of 5 mL anisole, 1.1 equiv. of
PPh;, 2 mol% [Cp*Mo00,],0 and 200°C, affording 55% olefin
yield at complete conversion of 1,2-octanediol after 15 h.
The experimental results show that the [Cp*Mo0,],0 gave
the highest yield and selectivity of 1-octene (Table 5, Run 1).
Both the catalyst NBuy[Cp*MoOs] and the in situ mixed cat-
alyst prepared by NBu,OH and [Cp*Mo00,],0 gave the same
olefin yields (38%) at full conversion (>99%). Under the reac-
tion conditions, two possible reaction pathways were pro-
posed for [Cp*MoO0,],0-catalyed DODH reaction, either
undergoing reduction to form [Cp*MoO,], or direct reac-
tion with diols to form asymmetric diolate. Mechanistic
studies revealed that the catalytic activity of [Cp*MoO,],
is very low, despite being detected during the reaction,
thus excluding the possibility of [Cp*Mo00,],0 reduction
to form [Cp*MoO,], as the active species that participate
in the catalytic cycle. Hence, the authors proposed a likely
reaction mechanism beginning with the condensation of
diol with [Cp*Mo00,],0 to form a diolate intermediate fol-
lowed by reduction and olefin extrusion (see Scheme 9).
Hacatrjan et al. reported a heterogeneous Mo catalyst
MoO4-Au/TiO, for DODH reaction [100]. M0oO,-Au/TiO, is
capable of selectively catalyzing the conversion of 1,4-
anhydroerythritol to 2,5-DHF with H, as an economical
reductant. The catalyst was synthesized by the combina-
tion of the Mo compound (NH4)Mo0,0,4-4H,0 with Au
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Table 5: Product distribution of DODH of 1,2-octanediol catalyzed by using different Mo catalysts.? Reprinted with permission from ref. [99]

Run [Mo] > CaHyg CeH13 C7H1s Conversion [%)] Mass balance® [%]
° o) ° o)
CeHmJ\/ CGH13J\/
1 [Cp*M00,],0 55 6 6 >99 79
2 NBu,4[Cp*Mo0s] 38 7 8 >99 68
3° [Cp*M00,1,0 38 1 4 >99 68

“Reaction conditions: 1,2-octanediol (0.5 mmol), PPhs (0.55 mmol, 1.1 equiv.), [Mo] (4 mol% on basis of Mo atom), anisole (5 mL), 200°C, 15 h, N,,
closed pressure tube. Reported values are the average of three independent runs. Products were determined by gas chromatography using
mesitylene (0.5 mmol) as an internal standard. b6 mol% of NBu,OH was added as a 1M solution of NBu,OH in methanol. “Mass balance = ([yield
(1-octene) + 2 x yield (2,4-dihexyl-1,3-dioxolane) + 2 x yield (2-heptyl-4-hexyl-1,3-dioxolane)]/conversion) x 100%.
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Scheme 9: Possible mechanism of DODH reaction catalyzed by
[Cp*M00,],0. Red. = PPh; or diol, ORed. = OPPh; or carbonyl compound.
Reprinted with permission from ref. [99].

precursor as promoter dispersed on P-25 TiO, support.
First, TiO,-supported Au (“PAu/TiO,) was prepared by a
deposition—precipitation method and then by impreg-
nating “PAu/Ti0, with (NH,)¢Mo,0,4-4H,0 aqueous solu-
tion to prepare MoO,-%PAu/TiO, catalyst. As a control,
MoO,-™PAu/TiO, catalyst was prepared by the impregna-
tion method. Compared with MoO,-"™PAu/TiO, catalyst,
MoO,-"PAu/TiO, catalyst showed higher catalytic activity
with 67% conversion of 1,4-anhydroerythritol and 96%
selectivity towards 2,5-DHF. MoO,-*’Au/TiO, has a high
Au dispersion and 3-5nm Au particle size, whereas
MoO,-"™PAu/TiO, has a relatively low Au dispersion and
25-150 nm Au particle size (see Figure 10a). Small Au
particles were believed to exhibit stronger hydrogen
adsorption and spillover capability than large Au parti-
cles, accounting for the difference in catalytic activity for
MoOx-%PAu/TiO, and MoO-™PAu/TiO,. It was found that
the MoOX—dpAu/TiOZ (P-25) with 1wt% Mo and 0.3 wt% Au
gave the best catalytic performance. The MoO,-*"Au/TiO,
(P-25) after the reaction was collected via the “regeneration”
method. The organic deposits on the catalyst surface after

the reaction led to the catalyst deactivation, and the calcina-
tion step in the “regeneration” method removed them suffi-
ciently. Therefore, it is possible to obtain activity-maintained
MoO,-PAU/TiO,(P-25) by the “regeneration” method. The H,-
temperature programmed reduction (TPR) profiles in Figure
10b display that %PAu/TiO, (P-25) shows only very small
hydrogen consumption below 500°C, MoO4/TiO, (P-25) shows
hydrogen consumption at 400°C, and MoO,-"*Au/TiO, (P-25)
shows hydrogen consumption below 190°C (corresponding
to the reduction of Mo""-Mo™). It is suggested that Au nano-
particles on the surface of MoO,-*PAu/TiO, (P-25) catalyst
promote the Mo reduction at lower temperatures. As indi-
cated by various characterization methods including XRD,
STEM, H,-TPR and X-ray absorption fine structure, well-dis-
persed Mo" oxide clusters on the TiO, particles surface are
proposed as the active sites for DODH reaction. As depicted
in Figure 10c, the reaction mechanism was divided into four
steps: (1) the first coordination of Mo with 1,4-anhydroer-
ythritol to give a diolate specie and two molecules of water;
(2) the simultaneous cleavage of two C-0 bonds to form 2,5-
DHF and Mo"V-Mo"" specie; (3) the transformation of
Mo"-Mo"! specie into Mo"—Mo" specie in a dynamic equi-
librium; and (4) the reduction of Mo'—Mo" specie into
initial Mo'" oxide cluster specie by the active hydrogen
species resulting from the H, activation on Au particles.
Typically, transition-metal-catalyzed DODH reactions
generally involve three steps: (1) the condensation of diol
with MOy (M = Re, Mo, V, etc.) catalyst to form a diolate
intermediate accompanied by the formation of one mole-
cule of water; (2) the cleavage of two C-O bonds of diolate
intermediate to give olefin products; and (3) the reduction
of one M=0 bond of the oxidized MOy catalyst to recover
the oxidation state of MOy. In 2020, Xi and Heyden reported
novel heterogeneous atom-pair catalysts for DODH including
Ruy/MoS,, IryMoS;, Rus/MoS,, and Irs/MoS, by supporting
transition metals Ru and Ir onto MoS, [101]. Different from
the above three-step mechanism, this type of catalyst
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Figure 10: (a) TEM images of MoO,-™PAu/TiO, (P-25) (left) and MoOX-d"Au/TiOZ (P-25) (right) (Au 0.3 wt%, Mo 1.0 wt%) after reaction; (b) H,-TPR
profiles of different Au catalysts; and (c) the catalytic mechanism of Mo0,-%PAu/TiO, (P-25) for the DODH of 1,4-anhydroerythritol. Reprinted with

permission from ref. [100].

removes the vicinal OH group by another mechanism,
namely, the cleavage of the C-O bond of vicinal diol is
triggered by the first activation of the C—-H bond over Ru
or Ir sites. The basal planes of the MoS, support are sus-
ceptible to the formation of multiple sulfur vacancies by
hydrogen annealing, electrochemical desulfurization, or
H,0, chemical etching (see Figure 11a), and the sulfur
vacancies can serve as anchoring sites for transition
metals. Experimental and computational results have
shown that the sulfur vacancies of MoS, are capable of
stabilizing the supported Ru, Ir metal monoatoms, and
also Ru,, Rug, Ir,, and Ir; atom-pair. Compared with
monoatoms, sulfur vacancies stabilize metal atom-pair
better [102]. Through kinetic modeling studies, Ruy/MoS,,
Ir,/MoS,, and Ruz/MoS, are found to catalyze the DODH of

ethylene glycol efficiently by the C-H activation mechanism
with predicted TOFs exceeding 1s~, whereas Ir;/MoS, and
Ruy/MoS, showed inferior activity. The synergic effects of Ru
or Ir atoms with MoS, result in the excellent catalytic
activity for DODH. The exergonic adsorption of ethylene
glycol on the transition metal sites reduces the overall bar-
rier effectively, and the C-H activation reduces the energy
barrier for the subsequent C-O bond cleavage. A conven-
tional bifunctional catalyst of ReO4-Pd/CeO, activates H, via
the catalysis of active Pd species, whereas atom-pair cata-
lysts activate H, via Ru or Ir atomic clusters without the
participation of a second metal component. Overall, the
C-H activation pathway is superior to the C-OH direct clea-
vage pathway in the case of MoS,-supported atom-pair cat-
alysts (see Figure 11b).
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2.2 Tungsten catalyst

W holds great potential to catalyze DODH considering that
the nature of W is very similar to that of Mo, a widely
studied active component for DODH catalysts. However,
the successful application of W-based catalysts for DODH
is rare. Sharpless et al. reported that K,WClg can be used to
facilitate the DODH reaction of diols [76]. Under a nitrogen
atmosphere, the conversion of diols to olefin proceeded
smoothly using THF as a solvent in the presence of methyl
lithium (MeLi) and K,;WClg. The diol first reacts with 2
equiv. of MeLi to form the dilithium intermediate 22, fol-
lowed by adding 2 equiv. of K,WCl for catalysis and reflux
into the corresponding olefin (see Scheme 10). The number
of substituents in the vicinal diol has an effect on the reac-
tion efficiency. The reaction time for tetra-substituted vic-
inal diols was 5-9 h with the olefin yields of 72-74%, while
the reaction time for mono-, di-, and tri-substituted vicinal
diols was up to 2-4 days with the olefin yields of 36-66%.
Strictly speaking, K,WClg cannot be considered a catalyst
despite its DODH ability, since the oxidized W' species
(K;WCl407) needs another reduction step to regenerate
the initial K;WClg. In addition to K;WClg, oxygenated W
compounds have also been explored for DODH including
WO0;, Pd-WO,, and oxide-supported tungstate [103,104].
However, these W oxides showed negligible activities in the
DODH of diol substrates into olefins with the considerable

Ro

2 equiv. Meli, Ry
R1:1:0H in ether RO 2 equiv. KW Clg
| —
Ry T 0OH THF, N, Ri Do THF, reflux
Ry ° Ry
22

formation of side products. To open the potential of W
species for DODH, more studies are needed to investigate
the interaction of diols with W species as well as the effect
of different ligands/atoms connected to W center.

2.3 Vanadium catalyst

In 2013, Chapman and Nicholas first reported that V oxide
compounds could serve as catalysts for DODH reaction (see
Figure 12b) [105]. Various V catalysts including VO;~ and
dioxovanadate derivatives along with reductants (e.g.,
PPhs;, sodium sulfite) were screened for the DODH reaction
of styrene glycol and 1,2-octanediol. As indicated by experi-
mental results, the combination of N,0,0-tridentate V com-
plex [n-BuyN](dipic)VO, (dipic = 2,6-pyridinedicarboxylate)
(see Figure 12a) with PPh; or sodium sulfite as reductant
showed the highest DODH activity with the conversions of
both styrene glycol and 1,2-octanediol up to 100%. The
highest yield of 1-octene (97%) was obtained when using
PPh; as a reductant in PhCl after 48 h without the forma-
tion of olefin isomers. Despite the high yield of 1-octene, the
TON of [n-BuyN](dipic)VO, catalyst was estimated to be
only 9.7. This very low activity is a result of the applied
high catalyst loading (10 mol%). The catalytic activity of [n-
BuyN](dipic)VO, in the DODH of various diols with dif-
ferent stereoselectivity was examined using PPh; or

2- Ry 2-
Cl O0-l-R cl
Ch, \5 ! CI/,,,\//(\?I Riv/ T2
M == ]
af | 0L Rs a’ o
c Ra cl Rs Ry

Scheme 10: The DODH of vicinal diol into olefin via an intermediate of vicinal dialkoxide promoted by methyllithium and K,WClg in sequence.

Reprinted with permission from ref. [76].
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Na,S03 as a reductant. The combination of [n-Bu,yN](dipic)
VO, with PPh; can effectively catalyze the DODH of styrene
glycol, 1,2-octanediol, 1,2-hexanediol, and diethyl tartrate,
with excellent conversions (>90%) and olefin yields (>80%)
at 170°C. However, the DODH of cis-1,2-cyclohexanediol
afforded a relatively low yield of cyclohexene (15%), which
may be caused by spatial/conformational effects during
diolate formation/cleavage or by competitive cis—trans iso-
merization of glycol. The possible V-catalyzed pathways
were hypothesized based on previously reported reaction
pathways for the oxorhenium catalytic system [106]. As
shown in Figure 12c, there are two possible pathways for
the catalytic reaction: (path A) the condensation of vicinal
diol with complex 23 to form complex 24 followed by
reduction by PPh; to form diolate 25 and finally the extru-
sion of olefin from diolate 25 to regenerate complex 23 and

(path B) the reduction of complex 23 by PPh; to form com-
plex 26 followed by condensation with a vicinal diol to
form diolate 25 and finally the extrusion of olefin from
diolate 25 to regenerate complex 23.

In 2016, Galindo et al. further investigated above-men-
tioned two reaction pathways of [n-BuyN](dipic)VO,-cata-
lyzed DODH reaction by DFT calculations [107]. Figure 13
shows the relative Gibbs free energy diagrams for reaction
intermediates and transition states of two catalytic pro-
cesses in benzene. By comparison, the activation energy
for vicinal diol condensation in path B is 13.4 kcal-mol ™,
which is much lower than that of this step in path A
(39.8 kcal'mol ™). The activation energies of the other two
stages (i.e., reduction and olefin extrusion) are similar.
Olefin extrusion was identified as the rate-determining
step for both pathways with an activation energy of up
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to 45.1kcal'mol ™. The main difference between the two
catalytic pathways is the activation energy of the vicinal
diol condensation step. In path A, the vicinal diol condenses
with the coordination-saturated V' complex through the
transition state TS(2-3), while in path B, the vicinal diol
condenses with the coordination-unsaturated V""" complex
(generated from the reduction of V¥ complex) through the
transition state TS(12-13)t. The V-catalyzed DODH reaction
was believed to follow path B by comparing the activation
energies of vicinal diol condensation in two catalytic cycles.

Based on the report by Galindo et al.,, Poutas et al.
proposed a new reaction mechanism for [n-Bu,N](dipic)
VO,-catalyzed DODH in the same year [108]. To simplify
the reaction pathway and reduce computational workload,
the authors replaced PPh; with trimethylphosphine (PMes)
as the reductant and glycerol with glycol as the substrate.
As reported by Galindo et al., the reaction was believed to
follow path B via the condensation of reduced V complex
with diol. Faza et al. proposed a similar reaction mechanism
except that the cleavage of diolate 6 (the condensation pro-
duct of diol with V™" complex) to form olefin prefers to
proceed via a free radical mechanism with an activation
energy of 34.1kcal'mol’, rather than by synergistic [3 + 2]
retro-cycloaddition with a much higher activation energy of
45.1kcal'mol’, as reported by Galindo et al. Specific reaction
steps were proposed based on DFT calculations (see Figure 14):
(1) the reduction of [n-BuyN](dipic)V'0, (complex 1) by
PMe; followed by condensation with glycol to form
[V (dipic)(~O-CH,CH,—-0-)] (complex 6); (2) the homolytic
cleavage of one of the C-O bonds of diolate 6 (with an

energy barrier of 12.5 kcal'mol™) to produce the biradical
intermediate 7; and (3) the subsequent elimination of olefin
from intermediate 7 probably via the [2 + 2] retro-cycloaddition
reaction with the regeneration of complex 1. The cleavage of
the C-O bond of diolate 6 to form biradical is the rate-deter-
mining step with an energy barrier of 34.1kcal'mol .
In addition, the authors proposed that the stabilization
of biradical species 7 could facilitate the C-O bond clea-
vage of diolate 6, thus possibly increasing the reaction
rate. The replacement of oxygen atom with the sulfur
atom for the pyridine ligand of V complex was found to
stabilize the biradical species 7, resulting in an energy
barrier of only 23.0 kcal'mol™ for the conversion of dio-
late 6 to intermediate 7.

Inspired by the multiple reaction pathways reported
for MeReOs-catalyzed DODH reaction [81,84,109], Jiang
et al. systemically studied three possible pathways of
DODH catalyzed by [n-BuyN](dipic)VO, by DFT calculations
[110]. As shown in Scheme 11a, neither path B nor path C is
considered possible for V-catalyzed DODH, owing to the
high energy barriers required for the reduction of oxova-
nadium catalyst (>40 kcal'mol ) as well as olefin extrusion
(>40 kcal'mol ™). The reaction prefers to proceed via path A
through condensation/reduction/olefin extrusion steps with
a lower free energy barrier of 33.7 kcal'mol™ for olefin pro-
duction. Distinct from the aforementioned pathways for
V-catalyzed DODH, the authors have pointed out the impor-
tant roles of spin crossover related to reaction intermediates
in promoting the reduction of V diolate and olefin extrusion,
two key steps in path A. A complete catalytic cycle of path A
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Figure 14: Proposed DODH reaction mechanism catalyzed by [n-Bu4N](dipic)VO,. Reprinted with permission from ref. [108].

is depicted in Scheme 11b. First, LVO, (i.e. [(dipic)VO,]") con-
denses with a vicinal diol to form V" diolate. Subsequently,
the V¥ diolate is reduced by PPh; to form triplet V" diolate
by spin crossover. The cleavage of a C-O bond of V' diolate
generates a carbon radical, followed by a second spin cross-
over to form a singlet alkyl V" cyclic intermediate. Finally,
this cyclic intermediate undergoes synergistic cleavage of
V-C and C-O bonds to yield olefin and complex LVO,.
The total free energy barriers for the reduction of V'-diolate
by PPh; (34.3kcal'mol™®) and the extrusion of olefin
(33.7kcal'mol?) are higher than other steps in path A,
indicating that both the reduction of V¥ diolate and
olefin extrusion act as the rate-determining steps.

In 2016, Gopaladasu and Nicholas explored the catalytic
activity of four Z*[LVO,]-type oxovanadium complexes (see
Figure 15a) for the DODH of vicinal diol to olefin in the

presence of different reductants. Hydroxyquinoline-V com-
plex (complex 28), triazene-hydroxylamine derivative (com-
plex 29), salicylaldehyde hydrazide complex (complex 30),
and [n-BuyN](dipic)VO, (complex 27) have similar electronic
properties and spatial structures, that is, they all have
ONO-type or ONNO-type chelating ligands, five- or six-coor-
dinated geometries, and negatively charged complex ions.
The DODH experiments of styrene glycol as a model
substrate were investigated for these four catalysts in com-
bination with different reductants (Na,SOs;, PPh;, H,, CO).
Compared with other catalyst/reductant systems, the cata-
lytic systems of [BuyN](Salhyd)VO,/H, (20 atm) and [BuyN]
(Salhyd)VO,/CO (20 atm) showed superior catalytic activity
with styrene yields of 33% and 48%, respectively. The com-
bination of complex 28 with all reductants showed very
low catalytic performance. This may be due to the fact
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that complex 28 and styrene glycol tend to generate unreac-
tive resting-state intermediate 31 in the reaction (see Figure
15b). Subsequently, the less reactive aliphatic vicinal diols
(1,2-hexanediol and (+)-diethyl tartrate) were tested using
complex 30 and different reductants at 180°C. As shown in
Table 6, the olefin yield and selectivity of 1,2-hexanediol and
(+)-diethyl tartrate are similar or even better compared with
styrene glycol, probably due to the low tendency of these
less reactive aliphatic diols and olefin products to undergo
side reactions. Among examined reductants, CO always gave
the highest conversions and yields. The catalytic perfor-
mance of the combined system of complex 30 with CO is

DODH of biomass-derived oxygenates = 21

comparable or even higher performance than that of most
LReOy/reductant catalytic systems (Table 6) [61].

In 2017, Kwok et al. reported silica-supported vanadia
as heterogeneous V-based DODH catalysts [111]. As shown
by NH;-TPD (see Figure 16a), V/SiO, shows high intensity
peaks at the lower temperature range (from 120 to 150°C)
compared to other acid catalysts, indicating that V/SiO, is
featured by weak acidic sites. With the increase of V
loading from 1 to 5wt%, the acid site density increases
from 1.64 to 7.12 sites-nm™2. According to XRD, UV-visible,
and Raman spectra, 1V/SiO, and 5V/SiO, mainly contain
monomeric VO, species, tetrahedrally coordinated poly-
meric VO species, and crystalline V,05 with smaller grain
sizes. By contrast, 10V/SiO, mainly contains a bulk-like
octahedrally coordinated V,0s phase. The DODH of 2,3-
butanediol to butene was used to evaluate the catalytic
performance of these V/SiO, catalysts in a plug flow
reactor. Among these catalysts, 5V/SiO, showed the best
catalytic performance with a butene yield of 45.2% at com-
plete conversion of 2,3-butanediol at 500°C. The excellent
catalytic activity of 5V/SiO, could be attributed to the pre-
sence of weak acid sites and surface polymeric VO species.
Under the bifunctional catalysis of weak acid sites and
polymeric VOy species, 2,3-butanediol could be converted
to butene mainly through dehydration and transfer hydro-
genation steps, as shown in Figure 16b. Noteworthy, this
dehydration-hydrogenation-dehydration pathway is signif-
icantly different from above-mentioned V-catalyzed DODH
following sequential reduction-condensation-extrusion or
condensation-reduction-extrusion steps.

Petersen et al. reported the DODH reaction of glycerol
to allyl alcohol catalyzed by a series of high-valence V
catalysts containing terminal oxo ligands in a reactive dis-
tillation setup [112]. Ammonium metavanadate (NH,VO3)
was discovered as the most effective catalyst, affording a
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Figure 15: (a) The molecular structure of oxovanadium complexes 27-30 and (b) complex 28-catalyzed DODH of styrene glycol at room temperature.

Adapted with permission from ref. [61].
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Table 6: The DODH reaction for different substrates catalyzed by complex 30.% Reprinted with permission from ref. [61]
Run Substrate Reductant Solvent Product Conv. (%) Yield (%)
1 OH Na,SO5 PhH N 100 27
2 OH Benzyl alcohol 100 15
3 H, 100 33
4 (24 h) co 100 48
5 0, OH Na,SO3 PhH Q 45 31
6 Eto>_§—<o Benzyl alcohol Etc?_\_(O 25 20

OEt OEt
7 HO ey Ha 50 38
8 co 80 67
9 HO  oH Na,S03 PhCl c H/= 100 75

419

10 CaHo Benzyl alcohol 66 48
1" (96 h) HZ 54 33
12 co 100 97

“Reaction conditions: 1.0 mmol glycol, 1.5 mmol reductant or (20 atm H, or CO), and 10 mol% catalyst in 5 mL of solvent heated at 160-180°C (oil bath)

in a sealed thick-walled glass tube or stainless-steel reactor.
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Figure 16: (a) NHs-TPD profile of various V-based catalysts and (b) proposed reaction mechanism for the conversion of 2,3-butanediol into butene

catalyzed by 5V/SiO,. Reprinted with permission from ref. [111].

Scheme 12: Two possible pathways proposed for the formation of allyl
alcohol from glycerol including (a) acid-catalyzed dehydration with
hydrogenation and (b) V-catalyzed DODH. Reprinted with permission
from ref. [112].

22% yield of allyl alcohol and also a 3.7% yield of acrolein at
275°C. The catalytic activity of V,0s, V(acac)s, and VO(acac),
(acac = acetylacetonate) was comparable to that of NH,VOs.

Lower yields of allyl alcohol were obtained over NaVOs;
(14%) and V,04 (6%) probably due to the poor solubility
of NavVO; and V,04 in glycerol. As revealed by the control
experiment using deuterium-labelled glycerol as substrate,
acrolein was believed to arise from two consecutive dehy-
dration steps of glycerol (see Scheme 12a), while the for-
mation of allyl alcohol likely follows the V-catalyzed DODH
pathway via the extrusion of olefin from a metal-diolate
intermediate (see Scheme 12b). Glycerol serves as a reduc-
tant for V-catalyzed DODH of glycerol to allyl alcohol.

In general, transition metal-catalyzed DODH reaction
is applicable to linear vicinal diols and cyclic cis-diols but
not applicable to cyclic trans-diols [113]. Aksanoglu et al.
studied a V-catalyzed DODH reaction for the transforma-
tion of cyclic trans-diol substrates [62]. Experiments were
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Table 7: The DODH of substrate vicinal diols catalyzed by oxovanadium catalyst in normal light and dark conditions.? Reprinted with permission from

ref. [62]
Je U
@ NG
m-Bu,N] |© o _vod 0o
OH o/’ \\o
A_OH & prh ~~_ + OPPh; + H,0
R el 170 °C, RO ’ :
24-72h
Substrate Product Yield (%) light® Dark® Fold 44
OH I;> 20 6 33
ES-IIOH
OH Q 18 4 4.5
ES«H
OH @ 14 6 2.3
O',’/OH
OH O 16 3 53
CﬁOH
OH N 36 14 26
©/\/0He

“Reaction conditions: 0.1 mmol substrate, 0.15 mmol PPhs, and 10 mol% of the catalyst. Reaction time is 72 h unless otherwise stated. Yields are
determined by "H NMR spectroscopy using mesitylene as the internal standard and based on an average of three repeats. “Olefin yield when the
reaction was carried out in normal light. “Olefin yield in the dark. “Fold difference (fold 4) is calculated as (yield in light)/(yield in dark). °Reaction time

is 24 h.

carried out in normal light conditions or dark conditions
using [n-BuyN](dipic)VO, as the catalyst and PPh; as the
reductant (see Table 7). The experimental results show
that trans-1,2-cyclopentanediol and trans-1,2-cyclohexane-
diol could be successfully converted to corresponding
olefins in yields of around 20% via V-catalyzed DODH reac-
tion. Compared with the normal experiment under light
conditions, the production of olefin was significantly inhib-
ited (below 10%) under dark conditions. The strong depen-
dence of olefin yields on light indicates that light provides
additional energy to promote the spin-crossover of V during
DODH, and the triplet state of V is probably involved in the
DODH. According to computational results of the reaction
mechanism, the DODH of five-membered ring trans-diol
substrates was proposed to proceed through a two-step
extrusion of olefin on the triplet state of V, while the invol-
vement of both triplet and singlet states of V during the
stepwise cleavage of C-0 bonds was predicted to be possible
for the DODH of six-membered ring trans-diol.

3 Summary and outlook

The unique capability of DODH to remove two adjacent OH
groups from diols in one step to generate olefins renders it
a very useful deoxygenation approach in the field of bio-
mass valorization. DODH has found wide applications in
the transformation of various biomass-derived polyols into
valuable chemicals containing double bonds. Numerous
oxorhenium compounds have been extensively explored
as homogeneous and heterogonous catalysts for DODH
showing excellent catalytic performances. The rarity and
high cost of rhenium have stimulated great interest in
searching for alternative DODH catalysts based on cheap
non-noble metals. So far, a range of non-noble metals pri-
marily including Mo, W, and V have been explored as
catalytically active centers to replace Re for DODH. The
application of W-containing compounds as DODH catalysts
seems very challenging with only one successful demon-
stration of K,;WClg. It should be mentioned that K,WClg
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actually serves as a reagent rather than a catalyst, since it
cannot recover to initial state and participate in the next
catalytic cycle. Mo- and V-containing compounds present
very promising DODH activities among these non-noble
metals due to their variable oxidation states and oxyphilic
properties similar to Re. A variety of Mo- and V-based
complexes with different ligands bearing N, S, and O
binding sites have been reported as efficient DODH cata-
lysts. In contrast, only a few attempts have explored the
utilization of Mo and V oxides immobilized on solid sup-
ports as heterogeneous DODH catalysts. Compared to Re
catalysts, Mo and V catalysts usually necessitate higher
reaction temperatures (160-220°C), and their catalytic
activities still cannot rival that of Re catalysts. The sub-
strate scope of Mo and V catalysts is predominantly limited
to model diol compounds (e.g., styrene glycol, alkanediol)
and simple diols like glycerol and 1,4-anhydroerythritol.
Computational studies have shown that the catalytic
mechanism of DODH generally consists of three stages:
condensation of diol with the catalyst to form metal-glyco-
late, reduction of the oxo-metal, and olefin extrusion from
the reduced metal-glycolate. The rate-limiting step is attrib-
uted to either the olefin extrusion or the reduction of oxo-
metal depending on the choice of catalysts and reductants.
The reduction of oxo-metal catalyst is often proposed as the
rate-limiting step when alcohols are used as reductants.
Despite great advancements made in developing non-
noble metal DODH catalysts, there exists a lot of room for
further improvements in the aspects of catalyst activity,
recyclability, and reductant. Secondary alcohols or diols
themselves were frequently used as reductants for Mo-
and V-catalyzed DODH. These alcohol reductants could
lead to side reactions such as acetalization, esterification,
and etherification, thus reducing the formation of olefin
products. H, is an ideal option for reductants considering
that H, only produces water as by product. Further studies
should focus on the utilization of H, to reduce Mo and V
catalysts. This in turn requires the rational design of Mo
and V catalysts to enable the reduction of high-valence Mo
and V species by H, but not lead to over-reduction to form
inactive Mo and V species. The yields of olefin products
obtained from Mo- and V-catalyzed DODH remain at low
levels especially when using complex diol substrates. The
stability of supported Mo and V oxides remains proble-
matic due to the readily leaching of metal species. One
possible reason could be the applied high reaction tem-
peratures for Mo and V catalysts which facilitate metal
leaching. Further studies are required to understand the
structure-activity relationships of Mo- and V-catalyzed
DODH including the electronic and steric effects of organic
ligands and solid supports, as well as the deactivation/
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leaching mechanism. These fundamental understandings
could guide the design of Mo and V catalysts with enhanced
activity and stability. In addition to Mo and V, exploring other
oxyphilic non-noble metals such as Mn and Nb by developing
suitable organic ligands or solid supports to tune the interac-
tion of metal centers with OH groups represents an impor-
tant direction deserving further research efforts.
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