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Biomass is the most abundant and renewable resource in the pursuit of bio-value added chemicals.
Platinum-group metals and typical nonprecious transition metals are considered as the active metals for
catalytic conversion of biomass into value added chemicals and fuels. Rhenium (Re) in particular is a ver-
satile, oxophilic element with a broad variety of easily accessible oxidation states ideally suited for catalytic
applications. Taking advantage of Re’s unique properties and the green concept of biomass, the catalytic
transformation of lignocellulose with Re-based catalysts has gained considerable attention, leading to the
preparation of value-added chemicals including olefins through deoxydehydration from the conversion of
polyols, aromatics through depolymerization of lignin, and alkane fuels through a hydrodeoxygenation
reaction. This review focuses on the catalytic conversion of lignocellulosic main components (cellulose,
hemicellulose, and lignin) and their derived platform chemicals into value-added chemicals and fuels over
homogeneous and heterogeneous Re-based catalysts. The reaction pathways for biomass conversion
over Re-based catalysts are introduced based on different feedstocks or chemical bonds. The unique role
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of Re species in tailoring the active sites of catalysts for these reactions is summarized and possible reac-
tion mechanisms are discussed. Finally, an outlook is provided to underscore both the challenges and
opportunities associated with this interesting and important field, offering a comprehensive overview on

rsc.li/greenchem the current state of Re catalysis with a low carbon footprint.

with basic units of pentose and hexose, respectively, linked by
glycosidic bonds.” Lignin is a polymer of aromatic alcohols

1. Introduction
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The excessive consumption of fossil resources increases CO,
emissions, inducing global climate change and several other
serious environmental issues. Since the Paris Agreement was
signed in 2015, an increasing number of countries have
pledged to limit CO, emissions and now regard carbon neu-
trality as a national strategy.! To achieve this ambitious goal,
renewable energy resources such as solar, wind, hydro,
biomass, tidal, geothermal, and ocean thermal, are gradually
incorporated into energy systems to approach a future without
further consumption of fossil feedstock.>? As the only carbon-
containing renewable energy resource, biomass is an ideal
resource for upgrading into a variety of valuable chemicals,
fuels and materials, gradually replacing the current fossil
sources also as a basis for the chemical industry.*”

Biomass, mainly lignocellulosic biomass, is composed of
cellulose (30-50%), hemicellulose (20-40%), and lignin
(10-30%).>° Cellulose and hemicellulose are polysaccharides
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that is branched and has different C-O and C-C bond combi-
nations.'® In plant cells, these three components interact
strongly to form a rigid structure via hydrogen and covalent
bonds and are hard to degrade under chemical and biological
conditions. In recent decades, significant progress has been
made in the development of novel catalysts and the study of
reaction mechanisms, aimed at efficiently and selectively con-
verting biomass into value-added products.>®"""** Considering
the different structures of (hemi)cellulose and lignin, most
works first separate these components from lignocellulosic
biomass and afterwards transform them into platform chemi-
cals via chemical or biological methods, followed by further
upgrading into key chemicals and fuels. Specifically, the
oxygen-containing functional groups in biomass or platform
chemicals are treated with metal and/or oxide catalysts via
hydrodeoxygenation, hydrogenolysis, decarbonylation, de-
carboxylation, oxidation, esterification, isomerization, de-
hydration and hydrolysis reactions to meet the current require-
ments for achieving industrially useful chemical compounds.*?
For instance, (hemi)cellulose or lignin is catalytically converted
into glycols, furfural, 5-hydroxymethylfurfural or aromatics,
and then upgraded into fine chemicals and advanced fuels, or
the carbohydrates in biomass are fermented into alcohols and
carboxylic acids for further catalytic conversions.'**°
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Fig. 1 Overview of biomass conversion over homogeneous and heterogeneous Re-based catalysts.

During these catalytic processes, transition metal catalysts
have gained great attention due to their specific electronic
structure and ability to easily give or take electrons from
other molecules. Among them, rhenium (Re) is a versatile
element and has widely been applied in catalyzing oxygen-
containing functional groups in biomass conversions.'”'®
Because Re has a variety of easily accessible oxidation states,
it provides a number of possibilities to adjust the interaction
between catalysts and biomass-derived substrates.'®
Typically, organometallic Re species like organo(trioxo-Re)
complexes demonstrate soft “enzyme-like” structures for
deoxydehydration reactions.’*>> Furthermore, ReO, have
acidic, oxophilic and metallic properties and demonstrate
great potential in dissociating H, molecules or suitable inter-
actions for -OH containing compounds’ conversion. Thus,
Re species are used directly as a notable promoter to modify
the coordination environment, electronic structure and
acid-base properties of other metal catalysts in typical redox
reactions, including dehydration,”® hydrogenation,>”*°
hydrogenolysis,**?' hydrodeoxygenation®** and deoxydehy-
dration reactions.**?**

Because of the versatile application of Re-based catalysts,
several reviews have been dedicated to this topic. For instance,
Dilworth provided a detailed review of recent developments in
Re chemistry from 2015 to 2020 concerning properties and
applications."® Raju et al. reviewed recent progress in dehydra-
tion and deoxydehydration reactions of biomass-derived alco-
hols and polyols into olefins over Re-based catalysts.>® DeNike
and Kilyanek surveyed the mechanism of the deoxydehydra-
tion reaction over homogeneous early metal-oxo catalysts.>®
Recently, the achievements in the deoxydehydration reaction
were revisited over transition metal-based catalysts for upgrad-
ing bio-based polyols into value-added chemicals and
fuels.**3*” However, most of the reviews focus on some
specific reactions. Highlighting the achievements in the cata-
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Iytic conversion of biomass over both homogeneous and
heterogeneous Re-based catalysts has not yet been covered,
especially with the newly emerging lignin depolymerization
reactions®®*™** and raw lignocellulosic biomass upgrading.*’

In this review, the application of Re-based catalysts for
biomass conversion including cellulosic biomass, lignin, and
platform chemicals catalyzed by homogeneous and hetero-
geneous Re-based catalysts is comprehensively reviewed and
discussed (Fig. 1). In detail, catalytic conversion of sugar
derivatives and lignin is first introduced, focusing on homo-
geneous organic Re complexes and the discussion of mechan-
istic studies. Then, works on the conversion of hemicellulose,
lignin and platform chemicals over heterogeneous Re catalysts
are discussed from the viewpoint of the key role of Re species
in tailoring different reaction pathways. Moreover, challenges
and opportunities for biomass conversions over Re-based cata-
lysts are addressed. This review offers a useful resource to
explore alternative Re-based catalysts for biomass conversion
in industrial applications and to encourage researchers to
develop feasible, sustainable and economical technologies to
maximize the chemical, fuel and material production from
biomass feedstock.

2. Homogeneous Re-based catalysts
for biomass conversion

Subdividing catalysis into homogeneous and heterogeneous
reactions is a traditional approach, relating to the thermo-
dynamic phases of catalyst and reactants. The characteristic
feature of homogeneous catalysis is the coexistence of the cata-
lyst and reactants in the same phase, which leads to high cata-
Iytic efficiency owing to sufficient contact between the active
center and reactants and only a small influence of diffusion,
as long as enough substrate is available in the proximity of the

This journal is © The Royal Society of Chemistry 2024
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catalyst.*® Additionally, homogeneous catalysis allows for the
catalytic selectivity to be rationally tuned by adjusting the
ligand associated with the active metal. However, separating
homogeneous catalysts from the reaction can be challenging
and/or associated with considerable energy consumption,
which limits industrial applications. Another issue is that
homogeneous catalysis is usually not well compatible for con-
tinuous processes.

Notwithstanding these limitations, homogeneous Re-based
compounds and their applications have gained quite some
interest during recent decades.'®*”™*° In particular, organorhe-
nium oxides are in rapid progress in both catalysis and
materials science,”**">* producing a large number of useful
active and selective Re-complex candidates for catalytic reac-
tions. For instance, methyltrioxorhenium(vu) is utilized as an
oxidation catalyst with a wide variety of applications, display-
ing robust activity and product selectivity.>>">> Building upon
this highly promising foundation, there has been a rapid
increase in studies focusing on organometallic derivatives and
their catalytic reactions. While extensive reviews have covered
aspects such as synthesis, structure, spectroscopy, and chemi-
cal behavior, recent attention has been directed towards
exploring new applications, particularly in the realm of
biomass conversion. In this section, particular emphasis is
given to biomass conversion catalyzed by homogeneous Re-
based catalysts.

2.1 Conversion of (hemi)cellulose

Cellulose is a polymer that is both chemically stable and in-
soluble in the majority of solvents, since glucose is joined by
-1,4-glycosidic linkages to form a strong crystal structure with
a network of intra- and intermolecular H-bonds.>®” Thus, it is
still a challenge to degrade cellulose into target products with
high efficiency.’® In contrast, monosaccharides derived from
carbohydrates are preferably selected as model substrates for
catalytic conversions because of their good solubility and
enhanced reactivity. In addition, previous works show that
homogeneous organometallic Re compounds have outstand-
ing performance in removing hydroxy groups, especially in the
deoxydehydration reaction, which allows the removal of two
adjacent hydroxy groups from diols, leading to an olefin in the
presence of a reducing agent.'”** Since deoxydehydration reac-
tions of polyols (<C4) catalyzed by homogeneous Re-based cat-
alysts have already been reviewed,** the focus of this part is
on the summary of deoxydehydration reactions, categorized by
sugar, sugar alcohols and sugar acids (>C3) along with the
typical ranges of reaction conditions.

2.1.1 Sugars. Glucose is the major cellulose component
and widely employed as a substrate for the production
of olefins through deoxydehydration reactions.
Methyltrioxorhenium catalyzes the conversion of b-glucose
with 3-pentanol as the reducing agent, reaching a 25% yield of
2-vinylfuran and furan at a ratio of 1:1.8 (Table 1, entry 1).>°
Substituted homogeneous Re-based catalysts also enable deox-
ydehydration reactions towards olefins. For instance, cyclopen-
tadiene substituted homogeneous Re (Cp“Re0;) (Cp” = 1,3-di-

This journal is © The Royal Society of Chemistry 2024
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tert-butylcyclopentadienyl) and L*Re(CO); (L* = 2,4-di-tert-
butyl-6-(tetramethylethane-1,2-diamine)phenol) can be applied
for the conversion of p-glucose, yielding 8% and 6% 2-vinyl-
furan and furan at a ratio of 1.7:1 and 1.8:1, respectively
(Table 1, entry 1).°>®* The low yield of product using sugar as
the feedstock might be attributed to difficulties in co-
ordination of the catalyst and substrate due to the multitude
of isomeric states and the thermal instability of substrates.>
Besides p-glucose, other monosaccharides like bp-galactose,
p-mannose and p-allose can also be converted to 2-vinylfuran
and furan applying these Re-based catalysts. Up to 40% yield
of products in the deoxydehydration reaction were achieved
(Table 1, entries 2-4).°>°° In addition, p-xylose and 1-arabinose
catalyzed by methyltrioxorhenium leads to the ether 2-((octan-
3-yloxy)mehtyl)furan as the main product, however in rather
low yields (<7%), presumably owing to the reactivity of furfuryl
alcohol (Table 1, entries 5 and 6). On the other hand, the deox-
ydehydration reaction of p-erythrose and p-threose catalyzed by
methyltrioxorhenium results in 60% and 47% furan yields,
respectively (Table 1, entries 7 and 8). This comparatively high
yield is attributed to two reactions occurring within the
system, including a deoxydehydration reaction of two carbon,
C1 and C2, with hydroxy groups, and the epimerization of the
C2 hydroxy group via erythrulose.’® Based on the aforemen-
tioned findings, achieving a high yield of olefins from the
deoxydehydration reaction of sugars remains a significant
challenge. This is primarily attributed to the complex structure
of sugars, which leads to an equilibrium between multiple iso-
meric forms, coupled with their thermal instability under
hydrothermal conditions.

2.1.2 Sugar alcohols. Sugar alcohols including glycerol,
xylitol, and sorbitol, are promising renewable resources for the
production of value-added chemicals. Xylitol and sorbitol can
be obtained from the hydrogenation of xylose and glucose or
hemicellulose and cellulose, while glycerol is produced as a
by-product from biodiesel in considerable amounts.
Deoxydehydration of sugar alcohols into the corresponding
olefins can therefore be understood as a direct path for utiliz-
ation of biomass in the chemical industry and as enabling the
biorefinery concept. For example, xylitol, p-arabinitol, ribitol,
p-sorbitol and p-mannitol can be transformed to the corres-
ponding olefin products with methyltrioxorhenium as the cata-
lyst in the presence of 3-pentanol (Fig. 2).°° Additionally, cyclo-
pentadiene substituted Cp“ReO; (Cp” = 1,3-di-tert-butylcyclo-
pentadienyl) is also active for the transformation of
p-mannitol to 1,3,5-hexatriene in 35% yield at 135 °C within
15 h in 3-octanol through a deoxydehydration reaction.
Similarly, p-arabinitol can be converted to penta-2,4-dien ether
in 48% yield when applying the same conditions.®*

Both glucose fermentation and pentose decarbonylation
produces erythritol alcohol,’* which is therefore regarded as a
platform chemical in a biomass refinery. A variety of C, chemi-
cals can be obtained from erythritol, of which the deoxydehy-
dration reaction of erythritol to alkenes has caught rapidly
growing attention. Homogeneous Re-based catalysts with a
reducing agent, such as methyltrioxorhenium with 3-octanol,
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Table 1 Deoxydehydration reactions of various sugars

View Article Online

Green Chemistry

Entry Substrate Catalyst Product Yield Reducing agent Reaction conditions Ref.
1 p-Glucose 25% (1:1.8 3-Pentanol 155°C, 3 h, N, 59
,Rle\ o . @ o ( ) 2
oso \_/
(MTO)
M 8% (1.7: 1) 3-Octanol 135°C, 15 h, N, 61
<2
o*%e:o
(Cp"Re03)
. Bu 6% (1.8:1) 3-Pentanol 155 °C, 3 h, air 60
Bu
0 >
/NT'/?‘N\
/Re
oc” | co
Cco
L*Re(CO);
2 p-Galactose MTO o. | o 32% (1:3.0) 3-Pentanol 155°C,3 h, N, 59
Cp“ReO; VEERe 22% (1.2:1) 3-Octanol 135°C,15 h, N, 61
L'Re(CO); 11% (2.0: 1) 3-Pentanol 155 °C, 3 h, air 60
3 p-Mannose MTO o | o 30% (1:2.3) 3-Pentanol 155°C, 3 h, N, 59
Cp“ReO3 VRS 39% (2.3:1) 3-Pentanol 155°C, 12 h, N, 61
L'Re(CO); 32% (1.5:1) 3-Pentanol 155 °C, 3 h, air 60
4 p-Allose MTO o Il o 40% (1:2.1) 3-Pentanol 155°C, 3 h, N, 59
VARRY
5 p-Xylose MTO Trace 3-Octanol 155°C, 2 h, N, 59
L
Ry,
6 L-Arabinose MTO \/(\/\ 7% 3-Octanol 155 °C, 2 h, N, 59
O QO
|y
7 p-Erythrose MTO \0/ 60% 3-Octanol 155 °C, 1.25 h, N, 59
8 L-Threose MTO \0/ 47% 3-Octanol 155 °C, 1.25 h, N, 59
OH OH
oH MTO P P MTO
HO SN HO OH WO
OH OH 3-pentanol OH OH 3-pentanol
200 °C, N, 170 °C, 3h, air
OH OH OH OH OH OH OH
~_OH :
HO ™ O Ho™ HOWOH HO > "y OH HO/\i/'\iAOH
OH OH OH OH OH OH OH OH OH OH
D-sorbitol D-mannitol xylitol D-arabinitol ribitol
(54%) (54%) (61%) (43%) (33%)

Fig. 2 Deoxydehydration reactions of typical C6 and C5 sugar alcohols®® (MTO: methyltrioxorhenium).

1-heptanol or indoline, (NBuy)ReO4 with Na,SO;, or L*Re(CO);
with 3-octanol can be employed for the deoxydehydration reac-
tion of erythritol. Typical product distributions and reaction
conditions are summarized in Fig. 3. With Re-based catalysts,
many olefinic products can be obtained in good yields. In
detail, methyltrioxorhenium enables the double deoxydehydra-
tion of erythritol to 1,3-butadiene in 89% yield within 1.5 h at

10664 | Green Chem., 2024, 26, 10661-10686

167 ©°C. The reaction, maintained by the reducing agent
3-octanol, also yields 11% 2,5-dihydrofuran as the deoxydehy-
dration coupled dehydration (DH) product.”® Additionally,
reducing agents also greatly affect the deoxydehydration reac-
tion of polyols when utilizing the same Re catalysts. For
instance, (NBu,)ReO, catalyzes the transformation of tetrol ery-
thritol to olefins with Na,SO; as a reductant at 150 °C within

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Erythritol conversion catalyzed by homogeneous Re compounds (MTO: methyltrioxorhenium).

100 h. This process leads to a liquid biphasic mixture, ulti-
mately resulting in a 27% yield of 1,3-butadiene.®® Utilizing
3-octanol as the reductant, Li et al. also have been able to
show that L*Re(CO); is efficient in converting erythritol to
butadiene with a yield up to 78% at 180 °C within 3 h under
air.°® Similarly, with 1-heptanol as the reductant, meso-ery-
thritol can be converted into 2,5-dihydrofuran and allyl
alcohol at a total yield of 58% in a 1:0.28 ratio using
methyltrioxorhenium as the catalyst. However, keeping the
reaction for 1 h at 165 °C does not lead to higher product
yields.'® When indoline is used as the reducing agent, ery-
thritol is also converted into 1,3-butadiene in 43% yield
with methyltrioxorhenium as the catalyst. After 4 h of reac-
tion at 170 °C, 61% of the oxidized indole compounds are
obtained, when using 1-butanol as the solvent.®* 1,4-
Anhydroerythritol, obtained through the dehydration of
erythritol, is efficiently converted to 2,5-dihydrofuran in
more than 80% yield with catalytic amounts of organorhe-

This journal is © The Royal Society of Chemistry 2024

nium compounds including methyltrioxorhenium, Cp“ReO;
and L*Re(CO);.

When vegetable oils are transesterified to produce biodiesel
fuel on a big scale, the primary waste is glycerol. Because of its
distinct structural characteristics, chemoselective transform-
ation will produce a variety of platform molecules, including
acrolein,® hydroxyacetone,®® propanediols,’” propene,®® and
propane.”® Besides these products, allyl alcohol, obtained
through the deoxydehydration reaction of glycerol has emerged
as a sustainable and economically viable alternative. Most works
focus on Re-based catalysts including NH,ReO,4, HReO3, methyl-
trioxorhenium and L*Re(CO); for the deoxydehydration reaction
of glycerol. The experimental data and reaction conditions are
summarized in Table 2. In detail, methyltrioxorhenium is able
to catalytically transform glycerol into the corresponding allyl
alcohol in yields ranging from 66% to 90% in the presence of a
reducing agent (Table 2, entries 1-5). The N,N,O coordinated Re
complex (Table 2, entry 6) shows outstanding performance for

Green Chem., 2024, 26, 10661-10686 | 10665
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Table 2 Deoxydehydration reaction of glycerol to allyl alcohol over Re-
based catalysts

HO/\(\OH Re-based catalyst N

OH Reductant OH
Entry  Catalyst Reductant  Yield Condition Ref.
1 MTO Glycerol 54% 165 °C, 1 h air 18
2 MTO 3-Octanol 90% 170 °C, 2.5 h air 59
3 MTO 3-Octanol 70% 170 °C, 2.5 h air 71
4 MTO DMP 87% 140 °C, 16.5 h, H, 70
5 MTO Indoline 66% 150 °C, 24 h, N, 64
6 L'Re(CO); 3-Octanol  97% 180 °C, 3 h, air 60
7 KReO, Glycerol 17% 165 °C, 10 h air 18
8¢ NaReO, Glycerol 76%  165°C, 1 hair 18
9’ NH,ReO,  Glycerol 75% 165 °C, 1.5 h air 18
10 NH,ReO, 3-Octanol 59% 170 °C, 2.5 h air 71
11 NH,4ReO, Indoline 80% 150 °C, 24 h, N, 64
12 ReO; DMP 91% 140 °C, 11.5 h, H, 70
13 ReO; DMP 91%  140°C,13.5h,H, 72

9NH,CI as additive. ?KCl as additive; L* = 2,4-di-tert-butyl-6-(tetra-
methylethane-1,2-diamine)phenol; DMP 2,4-dimethyl-3-pentanol.
MTO = methyltrioxorhenium.

the deoxydehydration reaction, leading to 97% yield of allyl
alcohol at 180 °C within 3 h.*® Likewise, inorganic salts includ-
ing KReO,, NaReO,, and NH,;ReO, and ReO; also enable the
catalytic transformation of glycerol into allyl alcohol in accepta-
ble yields (Table 2, entries 7-13)."'%°%7%72

2.1.3 Sugar acids. Sugar acids are monosaccharides charac-
terized by the presence of a carboxyl group at the end of their
chain. As shown in Fig. 4, sugar acids are mainly aldonic
acids, ulosonic acids, uronic acids and aldaric acids, which are
regarded as sugar-derived building blocks. Considering that
sugar acids contain multiple -OH groups, removing two adja-
cent ~OH groups to produce olefins through a deoxydehydra-
tion reaction, and then hydrogenation of the C=C bond to
obtain the aliphatic diacid is very attractive owing to the wide
application of aliphatic diacids in biodegradable polymer
sectors. Coupling these cascade steps provides a sustainable
and promising strategy for the production of bio-acids.

Glucaric and mucic acids are Cq sugar acids or aldaric
acids, which are produced by the oxidation of glucose and
galactose.®® Specifically, mucic acid is a dicarboxylic acid of
considerable interest. Deoxydehydration reactions of such
acids yield muconic acid or muconic acid diester (esterification
product in acidic conditions), which are potential feedstock
for the production of adipic acid, which is the basic monomer
for the production of nylon 66. To bridge the gap between
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abundant sugars and value-added adipic acids, developing an
efficient synthesis system is therefore in high demand.

Re-based catalysts show high potential for the conversion of
sugar acids to adipic acid. The performance of homogeneous
Re-based catalysts for mucic acid conversion is summarized in
Table 3. Re-based catalysts with secondary and primary alco-
hols including 3-pentanol, 3-octanol and n-butanol are power-
ful systems to deoxygenate sugar acids. Owing to the excess
use of alcohols, mixtures of carboxylic acids and esters are
commonly obtained.”® In detail, methyltrioxorhenium cata-
lyzes mucic acid to muconic acid in 43-99% yields (Table 3,
entries 1-3).”>”7° It has been found that Brgnsted acids such
as para-toluene sulfonic acid (TsOH) as a co-catalyst lead to a
considerable reactivity increase for the deoxydehydration of
mucic acid, and selectivity increases towards esterified pro-
ducts,” allowing for methyltrioxorhenium loadings as low as
0.5 mol%. This is mainly attributed to the assistance of the
acid additive in olefin extrusion via Re diolate intermediate
protonation.”®”” Similarly, other Re compounds including
Cp“ReO; and L*Re(CO); also have high catalytic activity for
this reaction, leading to 75% and 46% yield of muconates
(Table 3, entries 4 and 5). The experiment in Table 3, entry 6
shows that Re,0; catalyzes deoxydehydration of mucic acid in
3-pentanol with high reaction rates. In moist environments,
Re,0; is transformed to HReO,, which promotes the esterifica-
tion and olefin extrusion steps in the deoxydehydration reac-
tion. Thus, employing HReO, as a sole catalyst gives 62% and
71% yield of olefin with n-butanol as the solvent (Table 3,
entries 8 and 9). Furthermore, Zhang et al. found that tuning
the Lewis or Brensted acidity of the reaction system is an
efficient method to obtain high yields of carboxylic acids. For
example, the methyltrioxorhenium system modified by pyri-
dine can influence the selectivity of the reaction towards
muconic acid with a yield of 74% by reducing the acidity of
methyltrioxorhenium (Table 3, entry 3). It is noteworthy that
coupling deoxydehydration reaction and heterogeneous hydro-
genation catalysts such as Pt/C and Pd/C results in good yields
of dibutyl adipate (Table 3, entries 2 and 9).”*>”*

According to the results shown above, the deoxydehydration
reaction catalyzed by Re-based catalysts along with an alcohol
reducing reagent can be regarded as the most efficient method
for the removal of adjacent hydroxyl groups to form olefins.
The advantages of employing an alcohol as both a reductant
and solvent is that polyols or sugar acids have good solubility
in alcohol. Additionally, the alcoholic reductants can be
obtained via hydrogenation of alcohol oxidation products
(ketones or aldehydes).

How OH OH O OH OH O OOH OH O
" OH HOMOH HOMOH HO— 0 o HoNOH

OH OH O OH OH O OH OH OH O OH
Aldonic acid Mucic acid Glucaric acid Uronic acid Aldaric acid

Fig. 4 The structure of typical sugar acids.
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Table 3 Deoxydehydration reaction of mucic acid over Re-based catalysts
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OH QH O Cat. 1 | i 2
Ho. : R MRZ Cat. 2 RMRZ
O OH OH Reductant o} Hydrogenation O
DODH reaction Pro. 1 Pro. 2
Entry Cat. 1 Reductant R' R? Yield/% Pro.1  Condition Cat.2 Yield/% Pro.2  Ref.
1 MTO 3-Pentanol HO HO 43 155 °C, 15 h, air — — 74
2 MTO 3-Pentanol HO/OCH(C,Hs), OCH(C,Hs), 99 120/160 °C, 12/12 h, air Pt/C 99 73
3 MTO 3-Pentanol HO HO 74 120 °C, 24 h, N, — — 75
4 Cp“ReO;  3-Pentanol HO/OCH(C,H;), OCH(C,H;), 75 120 °C, 12 h, N, — — 61
5 L'Re(CO); 3-Octanol  HO/OCgH,, OCgH,;; 46 180 °C, 6 h, air — — 60
6 Re, O nBuOH nBuO nBuO 99 120 °C, 12 h, N, — — 73
7 NH ReO, Indoline nBuO nBuO 57 150 °C, 24 h, N, — — 64
8 HReO, nBuOH nBuO nBuO 71 170 °C, 7.5 h, N, — — 74
9 HReO, nBuOH nBuO nBuO 62 170 °C/RT, 15/4 h, air/H, Pd/C 62 74
L' = 2,4-di-tert-butyl-6-(tetramethylethane-1,2-diamine)phenol; Cp“ = 2,5-di-isopropyl-cyclopentadienyl; nBuO = n-butanol. MTO =

methyltrioxorhenium.

With the aim to provide insights into the mechanism of the
reaction (Fig. 5), the three main pathways are discussed. Toste
et al. reasoned the reduction of the Re"™ center of methyl-
trioxorhenium to a Re" specie, then followed by a conden-
sation of a vicinal diol with the Re" specie. The reaction, it has
been assumed, proceeds via extrusion of olefin and catalyst
regeneration (A in Fig. 5).°° Abu-Omar et al. postulated route B
in Fig. 5.'® However, theoretical calculations suggested that
their overall barriers are high. Therefore, Qu et al. provided
route C in Fig. 5 as the most likely pathway of the reaction.
According to density functional theory, the reduction of Re cata-

H,0 0~4"0

& L5
B
R\fo + Hzo
Rl
Vil |
_Re=0
o)

lyst in a first step is more likely than the direct substrate conden-
sation. Moreover, reduction with alcohol assisted by hydrogen
transfer via the rhenium dihydroxy intermediate MeRe(OH),O is
more stable than the dioxorhenium compound (MeReO,). The
olefin extrusion process is achieved by a concerted process of
diolate cleavage to form the alkene.”® Thus, alcohols apparently
act as a shuttle to promote these hydrogen-transfer steps.
Tartaric acid, being a C, dicarboxylic acid (C,HeOg), can be
obtained from wine fermentation and oxidation of glucose,”
which is extensively utilized in the pharmaceutical and cos-
metic industries. Similar with deoxydehydration of mucic acid

Fig. 5 Proposed mechanism C and alternative mechanisms A and B for deoxydehydration reaction of diols over MTO catalysts with alcohol reduc-

tants’® (MTO: methyltrioxorhenium).

This journal is © The Royal Society of Chemistry 2024
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Table 4 Deoxydehydration reaction of tartaric acid over homogeneous Re-based catalysts

— COOR
HO  OH Catalyst
ROOC
ROOC COOR Reductant
DODH reaction
Entry Catalyst R Reductant Yield Condition Ref.
1 MTO C,H; Na,SO; 35% 150°C, 84 h 63
2 L*Re(CO); H/CgH,, 3-Octanol 81% 180°C, 3 h 60
3 NH,ReO, n-Bu Indoline 78% 150°C,24 h 64
4 NH,ReO, C,Hs Benzyl alcohol 95% 145°C, 24 h 71
5 NH,ReO, H 3-Pentanol 91% 120 °C, 24 h 75
6 (Bu;N)ReO, C,H; Na,SO; 10% 150 °C, 84 h 63

L* = 2,4-di-tert-butyl-6-(tetramethylethane-1,2-diamine)phenol.

to adipic acid, deoxydehydration of tartaric acid to maleic acid
is regarded as the most efficient and promising method for
the production of biopolymer precursors. Homogeneous Re-
based catalysts such as methyltrioxorhenium, NBuyReO,,
NH, ReO,4, and L*Re(CO); with a reducing agent enable trans-
formation of tartaric acid or ester to maleic acid (Table 4).
Specifically, the substrate (+)-diethyl 1-tartrate can be converted
to the trans-alkene, leading to 35% yield of diethyl fumarate
with no cis products catalyzed by methyltrioxorhenium
(Table 4, entry 1). However, the organometallic Re-based com-
plexes L*Re(CO); vastly improve the yield reaching up to 81%
with 3-octanol as the reductant at 180 °C (Table 4, entry 2).°
NH,ReO, has been applied with various reducing agents
including indoline, benzyl alcohol, and 3-pentanol, to catalyze
deoxydehydration reactions and yields >90% target products
(Table 4, entries 3-5),°>”" in contrast to the 10% diethyl fuma-
rate yield for the NBu,ReO, catalyst (Table 4, entry 6). Due to
the versatile application of succinic acid in the synthesis of
valuable C4 commodity chemicals and biodegradable poly-
mers, it has been produced using tartaric acid as substrate via
a two-step method. In detail, tartaric acid undergoes conver-
sion to maleic acid with a notable yield of 91%, utilizing either
methyltrioxorhenium-modified pyrimidine or NH,ReO, cata-
lysts (Table 4, entry 5), following further hydrogenation to suc-
cinic acid in 95% yield over Pt/C catalysts.”®

Since y-butyrolactone is a useful precursor for a multitude
of polymers, the conversion of different lactone derivatives
to y-butyrolactone is an attractive reaction. With methyl-
trioxorhenium as the catalyst, conversion of p-erythronolactone

to y-butyrolactone is achieved at 155 °C in argon within 2.5 h
and utilizes 3-pentanol as both the solvent and reductant.
The subsequent hydrogenation is also achieved with the Pd/C
catalyst (Fig. 6).”* It is noteworthy that the final product
y-butyrolactone is the key precursor for the production of
y-hydroxybutanoic acid and y-aminobutanoic acid through
ring-opening reactions.

2.2 Conversion of lignin

Lignin, the second main component in lignocellulosic biomass,
is considered as the only abundant source of aromatics in
nature,®*®" and regarded as a potential feedstock for aromatic
bio-fuels and bio-chemicals.'**'"8% However, its intrinsic recalci-
trant nature and complex structure has so far made it more
difficult to convert into fuels and aromatics with additional
value. Model compounds of lignin, featuring typical and well-
known structural bonds such as p-O-4, a-O-4, 4-O-5, -1, p-p, and
a-1, are frequently chosen as starting materials for the conver-
sion processes. This choice mirrors the depolymerization of
actual lignin, facilitating the study of its realistic breakdown.®*%

The organorhenium compounds methyltrioxorhenium and
Re,0, were employed as catalysts for the deconstruction of
lignin model compounds containing -O-4, and a-1 bonds
through oxidations, redox-neutral reactions, and hydrogen-
ation reactions (Fig. 7). The oxidation of lignin model com-
pound catalyzed by methyltrioxorhenium/H,0, has been the
first attempt in disintegrating lignin.®*>®” When using the
monomer vanillyl alcohol as the substrate, the oxidation pro-
ducts including vanillin and 4-hydroxy-3-methoxybenzoic acid

0O 0O
0 MTO (5 mol%) o Pd/C (3 mol%) e}
-||OH H
/ 3-pentanol /, H, (250 psi)
OH Ar, 155°C, 2.5h RT, 6h
(57%) (55%)

Fig. 6 Conversion of p-erythronolactone to y-butyrolactone via deoxydehydration and hydrogenation reactions with methyltrioxorhenium as the

catalyst’* (MTO: methyltrioxorhenium).
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Fig. 7 Lignin model compounds catalyzed by Re-based compounds (MTO: methyltrioxorhenium).

are formed as major products in 3.7% and 4.9% yield (Fig. 7,
Route 1). The B-O-4 patterns, being the major linkages, are
further oxidized in the same -catalytic system of methyl-
trioxorhenium/H,0,, leading to 40.5% carboxylic acid deriva-
Additionally, an a-1 model compound has been modi-
fied via oxidation of side functional groups, and the C-C bond
was maintained due to its high bonding energy. Interestingly,
real lignin including spruce kraft lignin, hydrolytic sugar cane
lignin and hardwood organosolv lignin can be degraded
by using methyltrioxorhenium/H,0,. *'P NMR has been
employed to determine the amount of the different unstable
OH groups. After methyltrioxorhenium oxidation degradation,
high amounts of carboxylic acid moieties are obtained with
low contents in aliphatic and condensed OH groups, indicat-
ing that methyltrioxorhenium is also highly efficient in oxi-
dative depolymerization of real lignin.

Apart from the oxidation process, hydrogenolysis of such
segments catalyzed by Re,O, has been developed in the tetra-
hydrofuran and under 1 MPa H,, affording 71% yield of pheny-
lethyl alcohol and 98% yield of guaiacol.*” In contrast, other
metal oxide catalysts (WO;, MoO3, Fe,03, CeO,) show negli-
gible activity in converting the same substrate.”> When using
pinewood as the feedstock, 19% yield of lignin oil is obtained
at 200 °C and 3 MPa H, pressure within 8 h. Interestingly, the
distribution of monomer products is similar to that obtained
from isolated lignin.** Using pinewood lignin as the reactant,
76 wt% liquid oil with phenol compounds as the main pro-
ducts is obtained after 8 h of reaction at 200 °C, at 3 MPa H,.**
After characterization, the Re,O, species in aromatic solvents
shows Lewis-acidic properties for the cleavage of -O-4 bonds
in lignin.**

tives.®®

This journal is © The Royal Society of Chemistry 2024

Since no additional H and O agents were present in the
redox neutral process, it is regarded as the most promising
approach for the depolymerization of lignin via C-O bond clea-
vage of B-O-4 groups. Notably, with methyltrioxorhenium as
the catalyst, the redox neutral process of 2-(2-methoxyphe-
noxy)-1-phenylethan-1-ol yields 95% of phenylacetaldehyde
and 98% of guaiacol.*’ Although this catalytic system is homo-
geneous, methyltrioxorhenium can be reused at least five
times without loss of activity through removing all volatiles in
vacuo. The catalytic system has been extended to the aliphatic
ether 2-phenoxycyclohexan-1-ol, conducted at 155 °C for 45 h
in p-xylene solvent. This reaction yields 18% ketone, 26%
phenol, and 15% dehydration products.

Methyltrioxorhenium is also active as a catalyst for the clea-
vage of p-O-4 bonds in model compounds and real lignin in
the ionic liquid of 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (B[mim]NTf,).®® When the reaction
medium is treated with microwave irradiation for 2 min at 240
W and 180 °C, 64% yield of guaiacol and 98% yield of phenyla-
cetaldehyde (Fig. 7, Route 2) are obtained. Microwave
irradiation shortens the reaction time to 2 min, which might
be attributed to the enhancement of the catalyst’s activity and
the substrate’s solubility under electromagnetic radiation.
Notably, organosolv birch lignin catalyzed by methyl-
trioxorhenium in [Bmim]|NTf, for 2 min at 180 °C produces
34.2% yield of low molecular weight lignin oil, mainly consist-
ing of aromatic monomers.*® Besides methyltrioxorhenium,
Re, 05 catalyzes the deconstruction of f-O-4 model compounds
through a redox neutral reaction, leading to 73% yield of phe-
nylacetaldehyde and 82% yield of guaiacol (Fig. 7, Route 2).**
In addition, modification of an a-1 model compound catalyzed
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Fig. 8 The mechanistic pathway of Re-catalyzed cleavage of
methyldioxorhenium).

by methyltrioxorhenium with H,O, is achieved at room temp-
erature although C-C bonds remain in the final products
(Fig. 7, Route 3).5°

The major pathway for the cleavage of the C-O bond in
lignin p-O-4 model compounds proceeds as an initial exci-
tation by dehydration of the p-O-4 model compound to the
alkenyl ether intermediate, then the cleavage of C-O bond
with organorhenium catalysts (Fig. 8). This mechanism
diverges from previous redox-neutral processes by involving
the cleavage of p-O-4 bonds through o-ketone formation via
dehydrogenation reactions.®® Isotope labeling experiments and
density functional theory calculations indicate the reduction
of Re"™ to Re" by the lignin model compound. This reduction
suggests that methylrhenium dioxide is responsible for the
cleavage of C-O bonds. According to the control experiments
and density functional theory calculations, the different reac-
tion mechanism should be attributed to the O shift of the sub-
strate OH group and methyltrioxorhenium, which is typical of
Re catalysts in lignin depolymerization reactions.

3. Heterogeneous Re-based catalysts
for biomass conversion
3.1 Conversion of (hemi)cellulose

Inspired by the works in the conversion of cellulose to polyols
and glycols,”® " extensive works have been conducted on the
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transformation of cellulosic biomass over heterogeneous Re-
based catalysts (Fig. 9, Route 1). Liu et al. employed Re oxides
to modify Ir catalysts for cellulose conversion. Over the binary
Ir-Re0,/SiO, and HZSM-5 catalysts, the hydrolysis and hydro-
genation-hydrogenolysis reactions were coupled to yield 83%
of n-hexane in a biphasic reaction system of n-dodecane and
water.”> However, the main product shifted to hexanols over
the same Ir-ReO,/SiO, catalyst after modifying the reaction
conditions to 140 °C for 24 h at 10 MPa H,. Under these reac-
tion conditions, cellulose is depolymerized to glucose by the
mechanocatalytic method. Next, using Ir-ReO,/SiO, catalysts,
the glucose is hydrogenated to produce sorbitol. Finally, hydro-
genolysis of sorbitol into hexanols is achieved by the synergy
of Ir-ReO,/SiO, and H,SO,, and hexane is obtained as the
final product (Fig. 9, Route 1).°* In subsequent work, the same
group employed hemicellulose as the feedstock, and also
obtained n-pentane, pentanols or xylitol by simply adjusting
the reaction conditions over the same Ir-ReO,/SiO, catalyst
combined with acids. According to extensive characterization
studies, hydroxorhenium sites (Re-OH) were found to be the
active sites of Ir-ReO,/SiO, for the C-O bond hydrogenolysis in
carbohydrates.*

Carbohydrates such as glucose and fructose are the main
components of biomass and have been selected as probe mole-
cules for catalytic conversions. When using glucose as the
feedstock, over the Ir-ReO,/SiO, catalyst, around 95% of
n-hexane is obtained after 84 h of reaction at 140 °C in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Catalytic conversion of cellulosic biomass into chemicals over Re-based catalysts.

presence of 8 MPa H,, much higher than the cellulose conver-
sion counterpart (Fig. 9, Route 1).>* During the conversion of
sugars, the same group found that ReO,-Pd/CeO, catalysts
selectively transform sugars into chiral polyols with retention
of the intrinsic configuration (Fig. 9, Route 2). Specifically,
employing methyl glycosides as the feedstock, vicinal OH
groups can be selectively removed via the deoxydehydration—
hydrogenation reaction without breaking of the C-C bonds.
Under typical reaction conditions of 140 °C for 24 h with a H,
pressure of 8 MPa, the methyl-p-2,3-dideoxy-mannopyranoside
yield surpasses 90%, serving as an effective reaction process
for producing stereostructure chemicals. Additionally, this
product is an ideal feedstock for producing chiral polyol build-
ing blocks and diols via hydrolysis and/or hydrogenation
reactions.”

Apart from these deoxydehydration and hydrodeoxygena-
tion reactions, Re-based catalysts were also employed for
carbohydrate dehydration due to its specific acidic properties.
By adjusting reaction conditions, different carbohydrate
sources can be transformed into ethyl levulinate, 5-ethoxy-
methylfurfural, 5-hydroxymethylfurfural and levulinic acid
over a HReO, catalyst.”® To solve the recycling issues, Re
species were incorporated into metal catalysts for sugar conver-
sions. Chia et al. synthesized RhRe/C catalysts for the dehydra-
tion of fructose to 5-hydroxymethylfurfural, and confirmed the
acidic properties of Re species in liquid water.”” Recently,
Avramescu et al. loaded Re onto TiO, for carbohydrate conver-
sion. The balanced Brgnsted and Lewis acid sites catalyze the
glucose isomerization and dehydration reactions, and yield
57% of levulinic acid over 10% Re-TiO, catalyst in four cata-
Iytic cycles (Fig. 9, Route 3).%

3.2 Conversion of lignin

Due to the high activity of methyltrioxorhenium(vn) in catalyz-
ing the oxidation of aromatic derivatives, immobilized methyl-

This journal is © The Royal Society of Chemistry 2024

trioxorhenium was developed for the transformation of lignin
utilizing polymeric support, such as poly(4-vinylpyridine and
polystyrene). Employing immobilized methyltrioxorhenium as
the catalyst and H,O, as the oxidant agent, the lignin derived
from sugarcane and red spruce decomposes at room tempera-
ture into soluble lignin fragments with higher amounts of car-
boxylic acid groups.®”

To make full use of the ReO, sites, they are loaded on
different supports for depolymerization of lignin model com-
pounds and real lignin to aromatics and cycloalkanes through
hydrogenation and hydrodeoxygenation reactions. Currently,
the hydrogenation and hydrodeoxygenation reactions of lignin
concentrate on lignin monomers including guaiacol, phenol,
anisole, dimers containing p-O-4, 5-5 model compounds, and
real lignin. Controlled selective hydrogenation of lignin model
compounds still remains a challenge due to some side reac-
tions. Selecting guaiacol as an example, guaiacol can be con-
verted through several pathways, as shown in Fig. 10: guaiacol
can be demethoxylated to phenol, and further hydrogenolyzed
to benzene. The conversion of guaiacol to anisole through
hydrogenolysis is achieved by alkylation/transalkylation of
anisole to methyl anisole. The final products toluene and
methyl cyclohexane are produced through hydrogenation of
cresol. The whole reaction system is rather complicated,
bearing a huge challenge to achieve a catalyst for improving
the selectivity for the target products. Thus, Re-based com-
pounds could be ideal candidates for the controlled hydrogen-
ation reaction owing to the multitude of their accessible
valences. For instance, Re supported on active carbon (AC) has
been carburized under different temperatures between 500 °C
and 700 °C under H,/C,H, with the ratio of 75:25, forming
ReC at 700 °C, Re,C at 650 °C, and a mixture of Re metal,
oxide, oxycarbide and carbide between 500 °C and 600 °C.
Phenol as the main product is obtained for all the catalysts,
while at high conversion (>80%) phenol starts to further
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Fig. 10 The possible pathways for guaiacol, phenol and cresol conversion.

convert into benzene. Utilizing only Re,C as the predominant
active phase, a benzene yield of 51% is achieved, attributed to
the suppression of phenol hydrogenolysis into benzene.”®
Later, Re-based bimetallic catalysts were developed for improv-
ing the catalytic activity. For instance, FeReO,/ZrO, has been
prepared by the incipient wetness co-impregnation method,
and used for hydrodeoxygenation of phenolics such as guaia-
col, m-cresol and anisole."®® Compared to Fe/H-Beta(38),
FeReO,/ZrO, shows clear enhancement in terms of perform-
ance for hydrodeoxygenation of phenolics. The yield of BTX
mixture products (BTX = benzene, toluene and xylenes) is
almost two times higher than in the case of Fe/H-Beta(38) at
350 °C and 0.1 MPa H,. The variations in performance can be
attributed to the finely balanced acidity resulting from both
the presence of Re oxide and the Zr support, leading to
enhanced dehydration efficiency. A range of catalysts, compris-
ing a base-metal (Re, Ga, Ni, and Co) combined with reducible
metal oxides (Mo and V), were developed for the hydrodeoxy-
genation of anisole into benzene/toluene products.'®* Among
these catalysts, Re-MoO,/TiO, and Re-VO,/TiO, exhibit
notably high catalytic activity in breaking C-O bonds to
produce benzene and toluene products at 300 °C and 3 MPa
H,. The catalytic performance of Re-MoO,/TiO, primarily
stems from exposed Mo>" sites, whereas that of Re-VO,/TiO, is
governed by Re*" sites. Control experiments and characteriz-
ation studies have led to the conclusion that despite the Mo>"
sites having the highest intrinsic activity, the presence of Re as
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Cr

Toluene

View Article Online

Green Chemistry

@

Cyclohexane

Hydrogenation

@ Hydrogenoly5|s
Phenol Benzene

Alkylation/
Transalkylatlon

5

Methyl

a specific type of active site in an appropriate amount is
required to enhance benzene/toluene production. Besides the
abovementioned study, hydrodeoxygenation of monomers to
cycloalkanes is regarded as a direct way to obtain alkanes.
When using cresol, anisole, and phenolic compounds as sub-
strates, the inclusion of Re causes the bulk surface of Ni/Cu/Fe
to fragment into smaller ensembles, leading to a reduction in
the electron density of the metals’ d-band through both geo-
metric and electronic influence, resulting in a high activity in
the hydrodeoxygenation of lignin monomers without the
hydrogenolysis of C-C bonds of the products, affording high
alkane yields."' %1271

Re-based catalysts also have outstanding performance for
the selective cleavage of C-O bonds in lignin $-O-4, a-O-4, p-1,
a-5, and 5-5 model compounds and real lignin through hydro-
gen and a hydrogen donating solvent, as shown in Fig. 11.
According to the results of model compounds’ hydrogenation,
different phenols and alkanes can be synthesized selectively.
Zhang et al. found ReO,/AC catalyzes the selective cleavage of
C-0 bonds of lignin $-O-4 model compounds delivering ethyl-
benzene and guaiacol as major products in 81.6% and 83.0%
yield through a H-transfer reaction at 200 °C and 0.7 MPa N,
(Fig. 11a).*" "PrOH has been utilized as both the solvent and
hydrogen donor for reductive cleavage of the ether bonds in
this case. The reaction involves dehydration, dehydrogenation,
and direct hydrogenolysis, with dehydration to vinyl ether
intermediates being the major route.** Furthermore, the ReO,/

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Cleavage of C—O/C-C bonds in lignin model compounds over Re-based catalysts.

AC catalyst can also be utilized for the deconstruction
a-0O-4 model compounds, leading to 80.3% yield of toluene
and 62.5% yield of phenol at 200 °C and 3 MPa H,.*° Re 4f
XPS showed the conversion of ReO, species into low valence
states during catalysis. However, the species is easily oxidized
with air. Lignin linkages involving C-C bonds are regarded as
the most stable bonds due to their high bond dissociation
energies.'® In further research progress, a RuRe alloy was
developed for the deconstruction of -1, a-5, and 5-5 model
compounds, affording a mixture of alkanes and aromatics in
36.9-86.6% carbon yields at 300 °C and 2 MPa H,.*
Furthermore, both kraft lignin and alkaline lignin underwent

This journal is © The Royal Society of Chemistry 2024

degradation, involving the breaking of C-C and C-O bonds,
ultimately yielding monocyclic products at the maximum
theoretical yield based on the cleavage of C-O bonds in real
lignin.

The hydrodeoxygenation degradation of lignin is another
effective way for the production of alkanes, which is the most
direct protocol for the production of fuels. For instance, an Ir-
ReO,/SiO, catalyst was prepared by the wetness impregnation
method, and used for the one-pot conversion of various com-
pounds modeling lignin structures and three kinds of lignin
(enzymolysis lignin, organosolv poplar lignin and commercial
alkaline lignin) into alkanes.*® Various lignin models includ-
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ing p-O-4 and 5-5 were converted to cyclohexane in 95% and
63% carbon yield as well (Fig. 11c).

Compared to model compounds, lignin causes more pro-
blems due to lower solubility and more complicated structure,
when degradation to phenolics is to be achieved (Fig. 12).
Depolymerization of lignin is divided into two processes: oxi-
dation and hydrogenolysis reactions. In the oxidative depoly-
merization process, the challenge lies in controlling bond clea-
vage and catalyst inefficiencies. NiO-Re,0,/GO has been devel-
oped to catalyze fractionated bagasse lignin into 28.4% yield
of phenolics, producing guaiacol as the main product, which
is higher compared to the conversion without incorporating Re
into NiO/GO (23.7%)."%° This catalyst can be reused five times.
The significant improvement observed can be attributed to the
capability of Re to enhance both metal dispersion properties
and selectivity in ether bond cleavage within lignin.

Hydrogenolysis stands as another highly effective method
for lignin depolymerization, involving either the addition of
H, or hydrogen-transfer reactions. Using ReO,/AC with 'PrOH
as both the solvent and H-source, catalysis of organosolv
poplar lignin and organosolv wheat lignin yields monopheno-
lics at 11.4 wt% and 5.3 wt%, respectively, at 200 °C and
100 psi N,. Incorporating noble metals significantly enhances
selectivity toward aromatics under H, atmosphere. For
example, PtRe/TiO, catalysts show activity in f-O-4 bond crack-
ing in extracted birch lignin. After 12 h of reaction at 240 °C, a
notable 18.7 wt% monophenol yield, including 7.5 wt% of
4-propylsyringol, is achieved using isopropanol as an in situ
hydrogen donor.*®”

Apart from H-transfer reactions, depolymerization by H,
addition could favor the degradation of lignin into small mole-
cules. ReS,/Al,0; catalysts were obtained after sulfidation with
dimethyl disulfide in the presence of H,, and they convert
lignin into 21.5 wt% monocyclic product with 72.4% lower
char yield due to the high oxophilicity. The metal-like behavior
of Re sulfide stabilizes the depolymerized lignin fragments.'®
By means of the precipitation-deposition and impregnation
procedures, magnetic nanoparticles of Fe;0,@SiO,@Re can
be synthesized for the fragmentation of lignin into aromatics.
Over the recyclable catalyst, the Re species were found to cata-
lyze both C-C and C-O bonds in the presence of H, at
180 °C.'% Different characterization studies of this catalyst
showed that Re was not reduced to the metallic state and
weakly acidic Brgnsted-type centers were created. Furthermore,

Biomass

Fig. 12 Depolymerization of lignin to phenolics over Re-based catalysts.
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Fe;0,@Nb,0s@Co@Re was developed via a multistep process
and catalyzed lignin to lignin fragments. Compared to a
maximal 40% yield in water-soluble fragments over monome-
tallic Fe;0,@Nb,0s@Co, the addition of Re improved the cata-
Iytic activity and up to 85% yield of light fragments was
achieved due to the synergetic effect between Co and Re
metals."”® In  subsequent advancements, bimetallic
ReMo@zeolitic imidazolate framework (ZIF) catalysts have been
able to crack kraft lignin, yielding 92% of monophenols in the
liquid products. This outcome aligns with the observed synergis-
tic effect between ReO, and MoO, in promoting phenol
conversions."'""** Similarly, in the presence of Ni over NbO,,
kraft lignin is catalytically transformed with 96.7 wt% yield of oil
after 3 h of reaction at 330 °C over 5Ni-5Re/Nb,Oj catalysts.'*®

In reductive approaches, an Ir-ReO,/SiO, catalyst with both
acidic and basic sites was used for one-pot conversion of
lignin, resulting in 44.3 wt% yield of naphthenes from organo-
solv lignin at 260 °C at 4 MPa H,. This high performance is
attributed to a synergistic effect between Ir and ReO, in Ir-
ReO,/SiO,. During the mechanistic study, ReO, and Ir species
were proved to be responsible for C-O cleavage and hydrogen-
ation of aromatic rings, respectively.*®

Converting woody biomass, composed of cellulose, hemi-
cellulose, and lignin, into value-added chemicals remains a
considerable challenge, primarily due to the intricate structure
and inherently resistant chemical composition of raw ligno-
cellulosic biomass. Currently, pyrolysis and pretreatment pro-
cesses are utilized to extract individual components from
woody biomass for utilization. However, these methods
require extensive energy input and incur high costs. The cata-
Iytic utilization of all three components simultaneously
towards different chemicals offers the potential for maximum
conversion efficiency. Designing a robust and multifunctional
catalyst is crucial for this purpose. Li et al. have developed Ni-
ReO,/CeO,, which catalyzes the transformation of woody
biomass to both aromatics and alkanes, as shown in Fig. 13.
Under mild reaction conditions, Ni-ReO,/CeO, achieves an
88.4% yield of lignin oil from woody biomass. Conversely,
under harsh conditions, it converts the same substrate into
alkanes. These results demonstrate that the catalyst can
operate in two modes: first, preserving cellulose in a lignin-
first reaction protocol, and second, converting the entire sub-
strate into alkanes with 43.8% carbon yield.** Additionally, the
catalyst possesses magnetic properties, facilitating easy separ-
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Fig. 13 Conversion of woody biomass to aromatics and alkanes over Ni—ReO,/Ce0,.*®

ation and enabling its reuse for up to seven cycles. This proto-
col presents a clear advantage for cost-efficient production of
aromatics and fuels, while bypassing the need for pretreat-
ment processes.*’

3.3 Conversion of platform chemicals

Besides applications in the upgrading of cellulosic biomass
and lignin, Re-based catalysts have also been widely used in
upgrading platform chemicals via hydrogenation, hydrogenoly-
sis, hydrodeoxygenation and deoxydehydration reactions.

3.3.1 Direct hydrogenation of the C=C bonds. Similar to
some precious metal catalysts, supported Re catalysts show
high activity in C=C bond hydrogenation without affecting
the aromatic rings or carboxylic groups. Over the ReO,/TiO,
catalyst with weak binding between metal oxide and support
(Fig. 14), trans, trans-muconic acid can be selectively hydrogen-
ated into adipic acid with >88% selectivity to dimethyl adipate
after 5 h of reaction at 210 °C and a hydrogen pressure of 6.89
MPa.'"* By the atomic layer deposition method, methyl-
trioxorhenium can be introduced into the metal-organic
framework of NU-1000. This material can be applied in ethene
hydrogenation for at least 1 day."*® Under these reaction con-
ditions, a large number of reduced Re sites are formed, attrib-
uted to the improved hydrogenation activity in C=C bond
conversions.

0 dimethyl adipate
HOL XX ReO,/TiO,
OH
[e) Methanol, H,
o 210°C,25h
trans, trans-muconic acid o
0. NI o

dimethyl hex-2-enedioate

Fig. 14 Hydrogenation of muconic acid into different adipic acid esters
in methanol over ReO,/TiO, catalysts.114

This journal is © The Royal Society of Chemistry 2024

3.3.2 Direct hydrogenation of the C—=0O bonds. In most
cases, carboxylic acids or esters with C=0O bonds are difficult
to be hydrogenated due to the low electrophilicity of carbonyl
carbon atoms.''®''” Interestingly, Re based catalysts demon-
strate high activity for C=0 bond hydrogenation, especially in
the presence of metal catalysts (Table 5).

During the transformation of C¢-C;5 fatty acids to alcohols,
ReO, shows high selectivity for alcohols only under harsh reac-
tion conditions."'®*"'° In the presence of metals, the activity
and product selectivity were greatly improved due to the syner-
gistic effect between metal and ReO, species.**™** In Fig. 15,
among both monometallic and bimetallic catalysts, the Ni;Re;
catalyst demonstrates the highest TOF (turnover frequency),
underscoring the pivotal contribution of Re species in bol-
stering catalytic activity. The H,-TPD findings suggest that
the introduction of Re species amplifies the catalyst’s capa-
bility for hydrogen activation and dissociation, thereby gen-
erating a greater abundance of active hydrogen atoms
crucial for the hydrogenation reaction. Moreover, the NiRe
alloys promote fatty acid adsorption on the catalyst surface,
favouring the conversion of fatty acids to alcohols. As a
result, over the Ni;Re; catalyst, fatty acid conversion sur-
passes 95% with >90% selectivity for fatty alcohols under
mild conditions (150 °C and 4.0 MPa hydrogen)."**
Additionally, the presence of Re species enhances the rate of
hydrodeoxygenation and shifts the product from n-heptade-
cane to n-octadecane for ethyl stearate conversions. Over the
Ru-Re/TiO, catalyst, the ratio of n-octadecane/n-heptade-
cane reached 3.2 due to the newly formed weak acid sites of
the catalyst."*’

Hydrogenation of succinic acid into value-added chemicals
is highly attractive but challenging over most metal cata-
lysts."*° In contrast, over ReO,/C catalysts, y-butyrolactone, the
key intermediate for 1,4-butanediol production, is preferably
formed, due to the weak activity of Re species for the ring-
opening of y-butyrolactone.'”**® After introducing metal
sites, the main product shifts to 1,4-butanediol due to the
synergistic effect between metal and Re species.'”® Over Pd(Ru,
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Table 5 Some typical reaction results for C=0O bond hydrogenation over Re based catalysts

0 Catalyst
/\/\/\/\/\/\/\/\)J\OH — > NN NN 0
H,
Entry  Catalysts Reaction type Solvent T/°C P/MPa Time/h Con./%  Sel./% Ref.
1 Reduced Re,0, Batch Water-dioxane 265 24.5 23.5 71 60.5 118
2 ReO,/TiO, Batch Dodecane 220 2.0 — 80 88 119
3 Re-Pd/SiO, Batch 1,4-Dioxane 140 8.0 4 18 94 121
4 Ir-ReO,/SiO, Batch Cyclohexane 180 2.0 1 100 94 122
5 Pt-Re/TiO, Batch Dodecane 130 2.0 5 62 83 123
6 Ni;Re; Batch Cyclohexane 150 4.0 5 99 94.5 124
(D)
HO o< Ho
OH \/\/\OH
e} Catalyst H»
7 Pd-Re/TiO, Batch Water 160 15.0 48 100 83 129
8 Re-Ru/MC Batch 1,4-Dioxane 200 8.0 7 100 71.2 130
9 Re-Pd Batch 1,4-Dioxane 140 8.0 96 100 89 131
10 Re-Pt/C Batch Water 160 8.0 — >99 80 132
(o] 0_0O
7 0
OH M
0 Catalyst Ho OH
11 Re0,/Zr0, (Si0,)  Batch 1,4-Dioxane 200 5.0 3 100 >90 (GVL) 138
12 Re-Ru-O/HZSM-5  Batch — 230 4.0 4 — 65% yield valeric acid/esters 140
o OH
O catalyst 0
\ — \
H,
13 PdRe/Al, O3 Fixed-bed reactor — 150 0.1 — 10 66.7 142
14 ReO,/SiO, Batch Dodecane 200 4.0 4 10 70 143
sF 784
~ 6+
£ 3
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K] e
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ud ]
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Fig. 15 (a) Comparison of TOF values over different reduced catalysts (0.1 g of fatty acid, 0.02 g of activated catalyst in 10 mL of cyclohexane

solvent at 150 °C and 4.0 MPa hydrogen); (b) H,-TPD profiles of the reduced Ni; and NijRe; catalysts.'?*

Pt)-ReO, catalysts, the succinic acid conversion reaches 100%
with >70% 1,4-butanediol selectivity."**"** According to in situ
characterization, metallic Re and Re*' species are present,
which interact with high coordination metal species to bifunc-
tional sites for the selective hydrogenolysis of the intermediate

10676 | Green Chem., 2024, 26,10661-10686

of y-butyrolactone to 1,4-butanediol.”®*™*** In detail, over a

Pd-ReO,/TiO, catalyst with active Pd-ReO, interfaces, the
activation of y-butyrolactone occurs on protonated Re
species bound to Pd atoms, forming an intermediate with
both the carbonyl group and the oxygen in the cycle, which

This journal is © The Royal Society of Chemistry 2024
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Fig. 16 Schematic reaction pathway for the conversion of y-butyrolactone to 1,4-butanediol.**®

are then transformed into an ester intermediate and further
hydrogenated over Pd° sites to yield 1,4-butanediol
(Fig. 16)."%*

As one of the ten high-value biomass-derived compounds
from lignocellulosic biomass, levulinic acid is employed for
producing a large number of commodity chemicals."**"*” Over
Re oxides supported on ZrO, and SiO,, the y-valerolactone
selectivity exceeds 90% regardless of the support used, demon-
strating the bifunctional properties of ReO, species under reac-
tion conditions."®® Over a RuRe/C catalyst, 1,4-pentanediol is
preferably produced with selectivity up to 75% at 130 °C and
50 bar H,. According to the in situ FT-IR spectroscopy results,
the presence of Re species promoted the adsorption of the
reactant and intermediates, and then facilitated the ring-
opening hydrogenation of y-valerolactone to 1,4-pentane-
diol.”*® The product changes to methyl valerate and valeric
acid when using neat methyl levulinate as the feedstock over
Re-Ru-O/HZSM-5 catalysts. The authors propose that the ReO,
species catalyzes the conversion of methyl levulinate to
y-valerolactone, the acidic HZSM-5 promots the ring-opening
of y-valerolactone, and the ReO, modified Ru hydrogenates the
intermediate to valeric compounds.**® Similarly, ethyl levuli-
nate is transformed into ethyl-4-ethoxy pentanoate with 83%
yield at 160 °C for 2 h under a pressure of 1 MPa H, over
NiReO,/Beta catalysts. The presence of ReO, increases the dis-
persion and reducibility of NiO over the support of Beta
zeolite, affording large amounts of Lewis acid sites and
Brensted acid sites for ethyl levulinate conversions.**"

Re based catalysts have also been used for other C=0 bond
hydrogenations in biomass conversions. For instance, PdRe/
Al,O; catalysts show greater furfuryl alcohol selectivity and
activity than Pd/Al,O; catalysts for furfural conversions due to
the intimate contact of Re clusters with the surface Pd par-
ticles."** At a higher reaction temperature of 200 °C, furfuryl
alcohol is produced over ReO,/SiO, catalysts, and then shifted
to a mixture of furfuryl alcohol and 2-methyl furan, when the
reaction time is extended, confirming the high hydrogenation
activity of partial reduced ReO, species.'*?

3.3.3 Direct hydrogenation of C-OH bonds. Different from
most metal oxides or metals, the Re species show unique
selectivity in tailoring the -OH group of biomass-derived
chemicals such as glycerol, erythritol and carbohydrates via
the hydrogenation, hydrodeoxygenation and deoxydehydration
reactions."** 1,3-Propanediol is a very promising target
product for glycerol conversion because of the versatile appli-
cation of 1,3-propanediol and the structural similarities
between reactant and product.*® However, hydrogenolysis of

This journal is © The Royal Society of Chemistry 2024

glycerol to 1,3-propanediol is very challenging because this
reaction needs to selectively remove the secondary -OH group,
while preserving the primary -OH groups in glycerol. Besides
tungsten-based catalysts, Re-based catalysts developed by
Tomishige’s group demonstrate good performances in terms
of hydrogenolysis activity and product selectivity."*¢*
Typically, over Ir-ReO,/SiO, catalyst with H,SO, being present,
the 1,3-propanediol selectivity reaches ca. 60% at 30% glycerol
conversion at 120 °C for 12 h at 8 MPa initial H, pressure.
According to characterization and experimental results, the
authors propose that glycerol is first adsorbed on the surface
of a ReO, cluster at the terminal position to 2,3-dihydroxyprop-
oxide. Then, the heterolytic hydrogen atoms previously acti-
vated on Ir sites attack the secondary -OH of the 2,3-dihydroxy-
propoxide to form 3-hydroxypropoxide. Finally, the obtained
3-hydroxypropoxide is hydrolyzed to 1,3-propanediol (Fig. 17,
left). The Re cluster shows a steric preference for the activation
of the terminal -OH of glycerol, resulting in high 1,3-propane-
diol selectivity."*® In a follow-up work, different strategies
including the use of solid acidic H-ZSM-5 to replace the corros-
ive H,SO, have been described. Metal loading was elevated to
adjust the Re/metal ratio and the supports were changed to
examine the interaction between the support and metal
species. In this way, the yield of 1,3-propanediol was improved
and the reaction mechanism for this reaction over Re-based
catalysts was elucidated.*>**° For instance, over the Ir-ReO,/
SiO, catalyst with a high Ir loading up to 20%, a high 1,3-pro-
panediol selectivity of ca. 70% was obtained at 20% conversion
of glycerol. Additionally, the high selectivity of 1,3-propanediol
was almost independent of the glycerol concentrations. On the
basis of XRD, EXAFS, and CO-FTIR analyses, the authors posit
that the active site resides at the Ir-ReO, interface, primarily
situated at the periphery or vertex of Ir particles, as illustrated
in Fig. 17 (right).

Besides the structure of Re species, the type of metal also
greatly affects the product selectivity. For instance, 1,2-propa-
nediol is preferably produced over Pt-ReO, based catalysts.
Under the reaction conditions, strong Brensted acid sites are
formed over the bimetallic catalyst, which catalyzes the de-
hydration of glycerol to aldehyde, followed by hydrogenation
reactions over Pt sites.”” > Similarly, the addition of Pt on
Ir-Re0,/SiO, catalysts shifts the main product from 1,3-propa-
nediol to 1,2-propanediol for glycerol conversions without
hydrogen being present.">* Over non-modified Ce-supported
Re oxide catalysts (10 wt% ReO,/CeO, + SiO,), the deoxydehy-
dration of glycerol to allyl alcohol is achieved with a yield up to
86%, using 2-hexanol and 4-methyl-2-pentanol as both a
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Fig. 17 Potential reaction pathway for glycerol hydrogenolysis over Ir—ReO,/SiO, (left) and model structure of Ir—ReO,/SiO, (20 wt%-Ir, Re/lr =

0.34, actual) during the reaction (right). 149150

H-donor and a solvent at 175 °C. Based on the experimental
results, the redox couples of Re""/Re" and Re"'/Re", should be
the active sites for this reaction.'® Additionally, Re based cata-
lysts have been applied in dehydration reactions. For instance,
over Re,0; catalysts, benzylic alcohols were dehydrated into
styrenes in the presence of toluene, at 100 °C and under
ambient atmosphere.’>® In a later work, the reactants were
extended to a wide range of allylic, aliphatic, and homoallylic
alcohols. Interestingly, the heterogeneous Re,O, catalyst
demonstrates superior activity and selectivity when compared
to sulfuric acid and most common solid acids.™”

Another attractive deoxygenation reaction is the catalytic
deoxydehydration reaction, which removes vicinal hydroxyl
groups and forms C—=C double bonds with the help of a sacri-
ficial reductant. Learning from the robust activity of homo-
geneous Re species in deoxydehydration reactions, Re-based
heterogeneous catalysts were also synthesized for this reaction
and showed excellent performances. In 2013, Denning et al.
utilized ReO, on carbon for the deoxydehydration of glycols
into olefins, but these catalysts suffered from leaching
issues."® Afterwards, more stable ReO, nanoparticles and sup-
ported ReO, were synthesized for deoxydehydration reactions.
Under reaction conditions, a mixture of Re"™, Re', and Re’
species is formed in the presence of alcohols, providing a
redox pool for deoxydehydration reactions with improved cata-
lyst stability.">?7'%!

To further improve the catalyst stability and activity, metals
have been introduced into the ReO, system. For instance, over
ReO,-Pd/CeO, catalysts, tetrahydrofuran is obtained with a
selectivity >99% using 1,4-anhydroerythritol as the reactant, as
reported by Tomishige’s group. With the aid of metallic Pd
sites, the high-valent Re species was reduced to Re" by H,,
which was coordinated with vicinal OH groups of 1,4-anhy-
droerythritol to diolate. After removing the -OH groups, the
alkene can be hydrogenated to tetrahydrofuran over metallic
Pd sites in the presence of hydrogen (Fig. 18).>""®* In follow-
up studies, additional metals including Au, Ag, Ni were intro-
duced onto ReO,/CeO, catalysts for the deoxydehydration of
different vicinal diols, and also described achieving >90%
yield of deoxydehydration products.>>*%36¢

10678 | Green Chem., 2024, 26,10661-10686

Due to the versatile applications of 1,4-butanediol in the
polyester sectors, the deoxydehydration reaction was applied
in the conversion of erythritol or 1,4-anhydroerythritol to 1,4-
butanediol. Over the physical mixture of ReO,(Au)/CeO, +
ReO,/C, the 1,4-butanediol yield reaches 90% at 140 °C with
H, as the reductant. Over ReO,(Au)/CeO, as the catalyst, the
rate-determining step of the deoxydehydration of 1,4-anhy-
droerythritol to 2,5-dihydrofuran has been described as being
the activation of H, by ReO,/C. Afterwards, the 2,5-dihydro-
furan is isomerized to 2,3-dihydrofuran over ReO,/C, which is
then further hydrated to hydroxytetrahydrofuran and at last
hydrogenated forming 1,4-butanediol."®”**® Using more abun-
dant erythritol as feedstock, the deoxydehydration reactions,
dehydration and hydrogenation reactions were coupled,
obtaining a selectivity of 33% to 1,4-butanediol with a conver-
sion of 74.2% cover Ir-ReO,/SiO, as the catalyst.”” When chan-
ging the support to rutile-TiO,, the yield of 1,4-butanediol
slightly decreases but with a high selectivity, especially at low
conversion levels.'”® According to kinetic analysis results, C-O
bond cleavage shows lower activation energy than C-C bond
cleavage, in the presence of ReO, species, resulting in a high
selectivity for erythritol to 1,4-butanediol conversion.'”"'”?
During the reaction kinetics study of deoxydehydration and
hydrogenation of erythritol to butanediols and n-butane over
the ReO,-Pd/CeO, catalyst, Cao et al. proposed that the de-
activation of catalyst should not be attributed to the deposition
of organic species, but the aggregation of ReO, species, as evi-
denced by Raman spectroscopy and supported by density func-
tional theory calculations.'”?

Apart from these applications, Re-based catalysts have also
been used in deoxydehydration of multiple -OH chemicals.
For example, ReO,/ZrO, catalysts effectively facilitate the deoxy-
dehydration of p-glucaric acid into valuable adipic acid ester,
achieving a high yield of up to 82% when combined with sub-
sequent hydrogenation over Pd/C catalysts."’* Additionally, a
two-step pathway has been devised for converting glucose into
adipic acid. In the first step, glucose is oxidized into glucaric
acid over Pt/CNT catalysts, obtaining 82% product yield after
4 h at 60 °C and 1 MPa O, pressure. In the second step, the
four -OH groups are removed from adipic acid via the deoxyde-

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 Proposed reaction mechanism for the deoxydehydration reaction over ReO, catalysts.

hydration reaction over ReO,/AC catalysts with yields up to
99%, and then the C=C bonds were hydrogenated to adipic
acid over Pd sites. According to conditional experiments and
density functional theory calculations, the authors propose a
possible reaction mechanism for the second step (see Fig. 19).
Initially, potassium glucarate dissolved in methanol undergoes
esterification with methanol to form lactone and linear esters,
facilitated by a solid acid catalyst. Subsequently, the ReO,
species, featuring the binuclear Re-O-Re site on ReOj; sur-
faces, catalyzes the initial deoxydehydration reaction of methyl
glucarate into corresponding olefins, concurrently oxidizing
the Re-O-Re site. Following this, Pd nanoparticles facilitate
the hydrogenation of the olefin by supplying active hydrogen
through H, dissociation. Pd also facilitates the reduction of
the oxidized rhenium sites with H,. Finally, the saturated
intermediates such as 1 and 2’ are transformed further into 2
with subsequent deoxydehydration and hydrogenation over
ReO, species and Pd nanoparticles to yield adipic acid.'”” With
pure isopropanol as the solvent, a key hydrogen transfer agent,
glucaric acid is efficiently converted into adipic acid over the
same Pt-ReO,/C catalyst via balancing the deoxydehydration
and hydrogenation reactions.'”®

3.3.4 Direct hydrogenation of mixed bonds. Due to the ver-
satile applications of ReO, species in the activation of different
bonds, they are used to upgrade biomass derived platform
chemicals with multiple functional groups, typically for fur-
fural and 5-hydroxymethylfurfural based chemical conver-
sions. During the hydrogenolysis of furfural, 86.4% yield of

This journal is © The Royal Society of Chemistry 2024
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2-methylfuran is reached after 6 h at 200 °C over CuRe/y-Al,O3
as the catalyst. The synergistic effect between Cu and Re active
species is responsible for promoting the hydrogenolysis of the
C-OH bond in furfuryl alcohol to produce 2-methylfuran,
facilitated by a small amount of oxophilic Re species."””” Due
to the high activity of Ir-ReO,/SiO, catalysts in hydrogenolysis
of furfuryl alcohol, it is modified with Pd for the conversion of
furfural to 1,5-pentanediol. Over the Pd-Ir-ReO,/SiO, catalyst,
the 1,5-pentanediol yield reaches 71.4% via a two-step reaction
process. During the lower-temperature reaction step, furfural is
hydrogenated to tetrahydrofurfuryl alcohol over ReO,-modified
Pd as catalyst. It is subsequently transformed into 1,5-pentane-
diol during the high-temperature step over ReO,-modified Ir
particles.'”®'”® The Ir-Re0,/SiO, catalyst is also described to
be effective for the hydrodeoxygenation of furylmethanes to
jet-fuel-range alkanes via hydrogenation of C=C, C-O and
C=O0 bonds (Fig. 20). The Ir metal heterolytically dissociates
H, for the hydrogenation of the furan rings, and then the
strong synergy between Ir and ReO, activates furan rings and
alcoholic C-O bonds for hydrogenation to alkanes."®°
5-Hydroxymethylfurfural can be hydrogenated to tetrahy-
dropyran-2-methanol, which is further converted into 1,6-hexa-
nediol at 84% yield over Rh-ReO,/C as the catalyst. The ReO,
and Rh species show a synergistic effect between the Rh metal
surface and attached ReO, species for hydrogenolysis of tetra-
hydropyran-2-methanol to 1,6-hexanediol.'”®* In another
attempt, 5-hydroxymethylfurfural has been selectively con-
verted into 1,6-hexanediol (1,6-hydrodeoxygenation) over the
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double-layered catalysts of Pd/SiO, + Ir-ReO,/SiO, in a fixed-
bed reactor, obtaining yields as high of 57.8% at 100 °C and 7
MPa H,. Remarkably, the double-layered catalysts exhibit
superior performance when contrasted with single-layer cata-
lysts such as Pd-Ir-ReO,/SiO,, despite containing an equi-
valent amount of active components. As shown in Fig. 21, the
upper layer Pd/SiO, catalyzes the direct hydrogenation of
5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl)-tetrahydro-
furan, which are further hydrogenated into 1,6-hexandiol via
the intermediate 1,2,6-hexanetriol over Ir-ReQ,/SiO, catalysts.
Simultaneously, side reactions including the hydrodeoxygena-
tion of products, reactants and intermediates take place, lower-
ing the final product yield of 1,6-hexandiol.'®*

4. Conclusions and outlook

Re-based catalytic compounds have emerged as highly useful
materials for various catalytic reactions, encompassing olefin
metathesis, aldehyde olefination, oxidation, and dehydrogena-
tion reactions. Biomass, recognized as a sustainable and renew-
able resource, serves as an ideal starting material for the pro-
duction of value-added chemicals through catalytic processes.
The integration of Re-based compounds with biomass conver-
sion has been elegantly demonstrated in previous studies.

Due to rapid progress in this field, this work focuses on the
catalysis of the three main components of lignocellulose (cell-
ulose, hemicellulose, and lignin) and their derivatives through
C-0O bond cleavage, oxidation, hydrogenation, deoxydehydra-
tion, and hydrodeoxygenation reactions using Re-based com-
pounds. The reaction pathways, catalytic systems, the key role
of Re species in controlling product selectivity and the reaction
mechanisms are listed and discussed. This provides insights
into the delivery of value-added chemicals from biomass over
Re catalysts. This review serves as a comprehensive approach
for summarizing and capturing the key highlights, identifying
knowledge gaps, and suggesting potential research directions
for the advancing Re-catalyzed biomass conversion.

Although significant progress has been made, there are still
some challenges in the application of Re-based catalysts in
biomass conversions:

(1) Stability: different from other transition metals, Re-
based catalysts demonstrate unique activity and selectivity in
oxygen-containing feedstock conversions. However, leaching
issues of Re-catalytic systems in both homogeneous and
heterogeneous phases often occur. To date, keeping both high
catalytic activity and stability still remains a huge challenge for
Re-based catalysts. Thus, it is crucial to design supports with a
uniform and well-defined surface structure so as to increase
the interaction between Re sites. Thanks to the rapid develop-
ment of novel porous materials such as metal organic frame-
works (MOFs), covalent organic frameworks (COFs) and poly-
mers, there are a number of options for highly dispersed Re
catalysts synthesis with definite structures. Alternatively, syn-
thesis of high stability Re single atom catalysts would be an
appropriate strategy to maximize the Re activity per atom with
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every site featuring unique electronic structures, while preser-
ving distinct metal support interactions. Here, single atom cat-
alysis bridges the gap between homogeneous and hetero-
geneous catalysts and provides a unique viewpoint on Re
catalysis.'®*'®* For example, the Re-Ni-Fe alloy nanoparticles
over lanthanum ferrite (LaFeO;) showed long-term resistance
to coking and sintering for methane dry reforming due to the
inhibition of Re evaporation issues.'®® This alloy strategy pro-
vides valuable information for metallic Re catalysis and high-
stability catalyst design.

(2) Mechanistic understanding: the incomplete understand-
ing of catalytic behavior of Re-based catalysts hampers the dis-
covery of real active sites for the catalytic reactions due to the
polyvalent behavior of Re compounds. To elucidate the cata-
Iytic mechanisms, advancement of in situ and operando charac-
terization techniques would be helpful for in-depth analysis.
Biomass conversion reactions often take place in organic sol-
vents, but their use poses challenges for operando characteriz-
ation. The presence of liquid organic solvents can lead to inter-
ference due to their significant absorptions in infrared (IR) or
ultraviolet-visible (UV/Vis) spectral ranges. Additionally, the
high viscosity of organic solvents may have a strong impact on
the mass transfer, reactant concentration and diffusion rates
of the reactants. Therefore, the development of appropriate
operando cells and techniques for the conversion in organic
solvents remains an active area of research.

(3) New applications: the high electronic richness combined
with the tunable stereochemical bulk of Re-based catalysts pro-
vides numerous opportunities in biomass reactions. The
renewed interest in lignocellulose-based reactions catalyzed by
Re-based compounds has led to the production of other value-
added biochemicals. For instance, heteroatoms (X) participate
in biomass conversion through the cleavage of C-O/C-C bonds
and the construction of C-X bonds catalyzed by Re-based com-
pounds, resulting in monomers containing heteroatoms. This
expands the applications and functionalization of ligno-
cellulosic production. Additionally, single Re atom catalysis is
also an attractive option for biomass conversion due to its defi-
nite structure and active sites. The transformation of biomass-
derived platform chemicals into high yields of a single
monomer, rather than a mixture of products, should receive
significant attention. Therefore, further advancements in
designing Re-based catalysts for suitable reactions to access
value-added monomers are crucial requirements for cost-com-
petitive and sustainable large-scale production in industry.

(4) Economic feasibility: Re-catalyzed deoxydehydration has
undergone significant advancements, particularly in the pres-
ence of a reductant, resulting in the production of olefin pro-
ducts. Assessments such as life cycle analysis, economic evalu-
ation, and reaction efficiency are essential in determining the
most suitable processes for industrial application. Given the
high cost associated with Re metal, more efforts should be
devoted on the following aspects: (1) developing inexpensive
and abundantly available metals like molybdenum, vanadium,
and tungsten holds promise for large-scale and economically
viable deoxydehydration reactions. (2) Re based catalysts
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should be efficient and recyclable to ensure sustainability and
economic viability. (3) The Re sites should be 100% utilized,
i.e. single Re catalysts for biomass conversions. These method-
ologies hold great potential for overcoming the current limit-
ations and unlocking new opportunities for advancement in
the field.

(5) Carbon neutrality: the recent achievements of Re-based
catalysts for biomass conversion are beneficial for reaching the
goal of carbon neutrality. First, the conversion of biomass to
chemicals, fuels and materials reduces CO, emissions since
biomass is the fixed CO, in the atmosphere via the photosyn-
thesis process. Then, the Re-based -catalysts demonstrate
robust activity and efficiency in tailoring the ~-OH groups in
biomass conversion. For instance, over Re-based catalysts,
high olefin product yields were obtained through the deoxyde-
hydration reaction, thus being a green and atom economic
reaction for biomass conversion. Thereafter, the product separ-
ation energy and the treatment of waste water should be
largely reduced. Finally, the rapid developments of Re catalysis
also inspire the application of Re-based catalysts in other
energy sectors, which will upgrade some energy systems and
promote the construction of a low carbon-footprint society.
For instance, atomically dispersed ReO, exhibited >93%
selectivity to acetic acid for halide-free, gas phase carbonyla-
tion of methanol, representing a new class of promising cata-
lysts for alcohol carbonylation. %

To tackle these persistent challenges, it is essential to foster
close collaboration across various disciplines and facilitate dia-
logue between academia and industry. This review aims to spark
significant interest among researchers in both Re chemistry and
biomass conversion. It will encourage further exploration of Re-
based compounds as promising alternative catalysts, thereby
meeting the current and future needs of biomass conversion.
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