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Biomass is a promising renewable resource substitute for petroleum, and transformation of biomass-
derived materials to valuable chemicals is an urgent issue. To date, transformation methods of biomass-
based materials via furfural and 5-hydroxymethyl furfural have been intensively developed, giving some
important chemicals. However, considering the versatility of chemicals from petroleum, development of
other transformation methods of biomass-derived materials is essential; in particular, transformation
methods of biomass-derived materials which can make the most use of the unique structures is preferable.
This perspective focuses on non-furfural routes of sugar derivatives, which are the main scaffolds of
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biomass-derived cellulose and hemicellulose, and it summarizes recent studies on catalytic transformations
to valuable chemicals. These transformation routes are based on key reactions such as hydrogenolysis,
reduction with silane reducing agents using borane catalyst, deoxydehydration (DODH) (+hydrogenation
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(HG)) and combination of dehydration and hydrogenation (and/or hydrogenolysis), and some of these
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Introduction

Biomass is one of the important resources for the production
of chemicals in place of petroleum because biomass is the
only organic compound among various renewable resources.
Therefore, the development of effective transformation
methods of biomass-derived materials, particularly inedible
biomasses, to valuable chemicals is highly required. Woody
and herbaceous biomasses are well known as inedible ones,
and they are composed of cellulose, hemicellulose and lignin.
Cellulose is the largest component in lignocellulose (about
30-50%), and hemicellulose and lignin have a similar
composition ratio (20-40%)." Polysaccharides are the main
framework of cellulose and hemicellulose, and they are
composed of monosaccharides, namely simple sugars, which
are useful chemicals for various applications.”> Simple sugars
have unique stereostructures, and hence, methodologies for
effective conversion of poly- and monosaccharides to useful
chemicals while maintaining the original stereostructure are
essential to make the most use of biomass.

So far, various transformation methods of saccharides
have been developed such as pyrolysis, biological
transformation, and chemical transformation.> Biological
transformation such as enzymatic transformation can
provide chemicals while maintaining the original
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transformation methods enable the synthesis of chiral products derived from the original sugars.

stereostructure; in  contrast, pyrolysis destroys the
stereostructure of saccharides, and it is generally thought
that the chemical approach is not good at transforming with
retention of the original stereostructure. Among chemical
transformation routes of saccharides, the most popular one
is transformation of saccharides via formation of furfural
and 5-hydroxymethyl furfural, denoted as the furfural-based
route, by multiple dehydration reactions (Scheme 1), which
provides various useful chemicals." However, generally,
handling of furfural and 5-hydroxymethyl furfural is difficult
due to the low stability to heat, and they are often
decomposed or polymerized to form humin. At the same
time, the intrinsic stereostructure of sugars is lost by the
route via formation of furfurals, and therefore, development
of new transformation routes and methods, particularly while
maintaining the original stereostructure, is necessary for the
production of various chemicals and making the most use of
sugars.” Dehydration to levoglucosan and levoglucosenone,
hydrogenation to sugar alcohols, oxidation to sugar
carboxylic acids and alcoholysis to alkyl glycosides can be
regarded as possible alternative routes (Scheme 1).
Levoglucosan, levoglucosenone, sugar alcohols, sugar
carboxylic acids and alkyl glycosides are important platform
chemicals from these transformation routes and can
maintain some of the original stereostructures without C-C
bond dissociation. The largest difference between the
furfural-based route and the other transformation routes is
the stereostructure of the platform chemicals, and the
platform chemicals by non-furfural routes can have chiral
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Scheme 1 Platform chemicals from sugars derived from cellulose and hemicellulose without dissociation of C-C bonds.

centers derived from the mother sugars. Chiral products
from sugars and sugar derivatives include deoxy sugars and
chiral polyols. Deoxy sugars can be found in natural products
as the scaffold, and dideoxy sugars can be used for the
synthesis of rare sugars, chiral ligands, glycolipids, and
medicines, for example (+)-asperlin, (-)-isofagomine,
daumone, digitoxin, methymycins and 2,3-dihydroxy-
epilupinine.® Chiral polyols such as tri- and tetraols have high
potential for polymers such as polyesters, polyurethanes, and
alkyd resins” and can be further transformed to polymer
precursors such as tetrahydrofurandimethanol, 1,6-
hexanediol and 1,5-pentanediol.® Effective catalyst systems for
the synthesis of valuable chemicals via these transformation
routes are desirable to be developed from now on.

There are many excellent reviews on the transformation of
lignocellulosic biomass to saccharides,” saccharides to
furfurals,'® and furfurals to valuable chemicals.” In this
perspective, we focus on the transformation routes of C4-C6
sugar derivatives, not via formation of furfurals, particularly
on reactions without dissociation of C-C bonds in sugar
derivatives because C-C bonds and the stereostructure are
important in organic synthesis. The routes mainly include
transformation of levoglucosenone, sugar alcohols,

3806 | Catal. Sci. Technol., 2020, 10, 3805-3824

isosorbide, sugar carboxylic acids and methyl glycosides as
platform chemicals with catalysts (Scheme 1). We categorized
recent catalyst systems based on the key reactions such as
hydrogenolysis, reduction with borane catalyst + silane
reducing agents, deoxydehydration (DODH) (+hydrogenation
(HG)), and combination of dehydration and hydrogenation
(and/or hydrogenolysis); simple ring formation from sugar
derivatives by dehydration was excluded from this
perspective.

Hydrogenolysis

The most common and conventional method for removal of
OH groups in sugar derivatives is C-O hydrogenolysis. To
date, various effective heterogeneous catalysts have been
developed for the hydrogenolysis of polyols such as glycerol
and erythritol,'” and many important reviews on the
hydrogenolysis of polyols have been already published;"
hence, the details are not introduced in this perspective.
Focusing on the hydrogenolysis of polyols such as C4, C5 and
C6 sugar alcohols without C-C bond dissociation, selective
formation of single target products is difficult due to the
multiple OH groups and similar properties of OH groups. Ir-

This journal is © The Royal Society of Chemistry 2020
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ReO,/SiO, combined with acid catalysts such as zeolites has
been reported to be effective for total hydrogenolysis and
partial hydrogenolysis of sugar alcohols at a comparatively
low reaction temperature (393-413 K) to provide high yields
of alkanes and mono alcohols, respectively, without
dissociation of C-C bonds (Scheme 2)."* The high yield is
due to the low activity to C-C bond dissociation and high
activity to C-O bond dissociation. The other catalyst systems
required high temperatures (typically 473 K) and provided
comparatively low yields (<90%)."* Moreover, the catalyst
system of Ir-ReO,/SiO, and acid catalysts was applicable to
the transformation of carbohydrates such as glucose and
cellulose by combination with acid-catalyzed hydrolysis,
providing the corresponding alkanes in high yields
(Scheme 2)."* However, selective synthesis of diols and triols
while maintaining the original stereostructure from C4, C5
and C6 sugar alcohols is quite difficult due to the high
activity of the hydrogenolysis-active metal species for
epimerization of OH groups at comparatively high
temperature (=423 K). Therefore, control of the selectivity
and stereostructure in sugar alcohols by hydrogenolysis will
be a future task. The reusability of the Ir-ReO,-based
catalysts in the hydrogenolysis of polyols is fundamentally
high, which is related to the high stability of the catalysts
and comparatively low reaction temperature (typically below

View Article Online
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473 K)." Kinetic studies such as the effect of H, pressure
and substrate concentration were also investigated with Ir-
ReO,-based catalysts."> The reaction order with respect to
substrate concentration is typically zero, suggesting that the
interaction between polyols and Ir-ReO,-based catalysts is
strong. The typical reaction order with respect to H, pressure
is +1 for C-O hydrogenolysis, suggesting that attack of the
hydride species, which is formed by heterolytic dissociation
of H, at the interface between Ir metal and ReO, species, to
the carbon atom of the C-O bond in polyols, leads to the
high activity. However, the kinetics for multiple
hydrogenolysis or combination of hydrogenolysis and
hydration of polyols are complicated, and precise
investigation of the kinetics will be necessary.

Partial reduction with borane catalyst
and silane reducing agents

For the transformation of sugar derivatives while taking
advantage of the original stereostructure, the combination of
tris(pentafluorophenyl)borane (BCF) as a catalyst and tertiary
silane, in particular Me,EtSiH, as a reducing agent was
reported by Gagné and co-workers to be an effective catalyst
system for chemoselective transformation of sugar alcohols
(Scheme 3), 1,2-deoxy sugars (Scheme 4) and doubly
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Scheme 2 Transformation of sugar alcohols and cellulose to alkanes and mono-alcohols with Ir-ReO,/SiO, and acid catalysts.™®
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Scheme 3 Selective transformation of SiMe,Et-protected sugar alcohols with a combination catalyst of BCF and Me,EtSiH.*®

dehydrated sugars (isosorbide and isomannide) (Scheme 5)
to chiral compounds.'® In these reports, the silyl-protected
sugar derivatives were basically used as the starting
materials, while unprotected sugars seem to be applicable to
the catalyst systems by using excess amount of silanes.

In the transformation of sugar alcohols with BCF and Me,-
EtSiH, sorbitol, mannitol and allitol were converted mainly to
the 1,6-reduced tetraols (71-81% yield) with a small amount
of the triols (3-14% yield) and the original stereostructure of
all the residual OH groups was maintained in these products.
On the other hand, iditol and galactitol were converted
mainly to the triols, and the triols had an inverted
stereostructure of the OSi group at the C5 position. The
difference of the results was explained by the difference of
the reactivity of sugars: iditol and galactitol are reactive and
the other sugars are less reactive. The inversion of the
stereostructure was explained by the nucleophilic attack of
H-B™ (CgF5); on the formed 5-membered ring cyclic silyl
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Scheme 4 Selective transformation of 1,2-dideoxy sugars with a
combination catalyst of BCF and Me,EtSiH.*®
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oxonium ion as the intermediate at the sterically non-
congested side.

The catalyst system was applicable to the selective
reduction of 1,2-dideoxy glucose and 1,2-dideoxy galactose
(Scheme 4) and the partial reduction of doubly dehydrated
sugars, isosorbide and isomannide (Scheme 5). The selective
reduction of 1,2-dideoxy glucose and 1,2-dideoxy galactose
provided 1,2,3-trideoxy isomer in high yield (72%) and 1,2,6-
trideoxy isomer in high yield (92%), respectively, with
retention of the stereostructure. The difference of the
reduction position could also be explained by the steric
hindrance of the nucleophilic attack of H-B™ (C¢Fs); on the
6-membered ring cyclic silyl oxonium ion in the
intermediate. As for the partial reduction of doubly
dehydrated sugars, isosorbide was converted to the tetraol,
which is the same product from sorbitol. Isomannide was
transformed to 3,4-dideoxy mannitol in 69% yield by using
Me,EtSiH as a reducing agent and was further transformed
to tetraol via skeletal rearrangement (probably an alkyl shift
in the silyl oxonium intermediate + reduction of the resulting
oxocarbenium ion) by using the bulky silyl-protecting group
Ph,SiH.

In addition, Gagné and co-workers expanded the method
to the reactions of unsaturated carbohydrate derivatives such
as Me;Si-protected styryl sugars and glycals, which was based
on their previous results on the reductive carbocyclization of
unsaturated carbohydrates."”” Some examples are shown in
Scheme 6. Me;Si-protected styryl galactol was converted to
the corresponding tetrahydropyran derivative by cyclization,
and the target tetraol was produced in a high yield of 88% by

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 Selective transformation of doubly dehydrated sugars with BCF and silanes.*®
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Scheme 6 Selective reduction of MesSi-protected styryl galactol and glucal with BCF and EtsSiH.Y78

Sn2’  reduction of the tetrahydropyran  derivative
(Scheme 6, top) with retention of the original stereostructure.
Other Me;Si-protected styryl sugar alcohols (gluco-, manno-,
fuco-, ribo-, xylo- and lyxo- derivatives) were also transformed
to the corresponding polyols in high yields (72-91%). Me;Si-
protected glucal was also converted to anti-(Z)-Sis-triol with
one SiMe; and two SiEt; groups in a high yield of 88%, which
could be furthermore converted to the partially deprotected

product with 82% yield. In addition, glucal was directly

transformed to the corresponding unsaturated triol in a high
yield of 71% by reduction with BCF and Et;SiH and
deprotection treatment (Scheme 6, bottom)."®

Silyl-protected disaccharides also underwent reduction
with the same catalyst system (Scheme 7). Me,EtSiH-
protected B-maltose was converted to 1-deoxyglucose and 1,6-
dideoxysorbitol in high yields (96% and 99%, respectively)."
Other silyl-protected disaccharides such as cellobiose,
trehalose and isomaltose also reacted to give the

SiO_0O._OSi _
\Q’ osi
OSi -y 5mol%BCF o) 0Si 0Si
o ° 0SS 7.0 eq. Me,EtSiH +
L), o CHaClp sio" > “osi b b
sio" “0Si 298K, 24 h 0Si e
OSi 96% yield 99% yield

Scheme 7 Reductive transformation of Me,EtSiH-protected B-maltose to 1-deoxyglucose and 1,6-deoxysorbitol with BCF and Me,EtSiH.*°

This journal is © The Royal Society of Chemistry 2020
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corresponding polyols with the retention of the original
stereostructure.

Other research groups also reported similar catalyst
systems for transformation of sugar derivatives. Oestreich
and co-workers applied the same catalyst method with BCF
and Et;SiH to chemoselective defunctionalization of primary
OH group-tosylated silyl-protected  1,2-dideoxy-p-glucose
(Scheme 8).>° In combination with deprotection treatment,
the target unprotected tetrahydropyran was obtained in a
high yield of 68%.

A similar catalyst system using (C¢F5),BOH and 1,1,3,3-
tetramethyldisiloxane (TMDS) was reported by S. Park, S.
Chang and co-workers to be also effective for reduction of
silyl-protected ~ monosaccharides  (Scheme 9) and
disaccharides (Scheme 10), where reactive (C¢Fs),BH (Piers'
borane) catalyst was in situ generated.>' The reactivity of the
protected monosaccharides seems to be changed by the
direction of the substituent at the anomeric carbon, and
B-anomeric glucoses provided linear polyols via ring-opening
reduction with the retention of the original stereostructure,
and o-anomeric glucoses gave mainly 1-deoxy glucose.
However, the reactivity was also influenced by the presence/
absence of the other substituents, and silyl-protected methyl
glucoside without the C5 silyoxy group afforded linear
polyols, which is completely different from the result of the
silyl-protected methyl glucoside. Silyl-protected 2-deoxy
methyl glucoside gave a 1:1 mixture of cyclic and linear
polyol products. The explanation of the reactivity tendency
will be difficult and the reason for that was not clearly
discussed in the report.

Moreover, the catalyst system was applicable to the
reduction of disaccharides such as silyl-protected cellobiose
and sucrose (Scheme 10).*' In the case of TMS-protected
cellobiose, one ring-opened product was obtained in
moderate yield (67%) by using (C¢F5),BOH and nBuSiH;. On
the other hand, TMS-protected sucrose was converted to
1-deoxy glucose and mannitol in 90% and 68% yield,
respectively, with TMDS at 298 K; however, with (C¢F5),BOH
and nBuSiH; at 313 K, the selectivity to the target polyols was
very low.

Deoxydehydration (DODH)
(+hydrogenation (HG))

Deoxydehydration (DODH) is a powerful tool for reduction of
OH groups in sugar derivatives, where vicinal OH groups in
polyols are simultaneously removed to form the
corresponding olefin group by high-valent metal catalysts
and reducing agents without dissociation of C-C bonds.*

o 10 mol% BCF
TsO 1.1-1.2 eq EtzSiH H
TBDMSO" CHCl,
OTBDMS RT, 12h

(TBDMS = tert-butyldimethylsilyl)
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The most common catalyst for DODH reaction is oxo-
rhenium complexes, and the proposed DODH reaction
mechanism is shown in Scheme 11, where the reaction
proceeds via the redox reaction between Re(vi) and Re(v).
There are two main routes for the DODH reaction with oxo-
rhenium complexes: (i) condensation of diols after the
reduction of oxo-rthenium species and (ii) condensation of
diols before the reduction of oxo-rhenium species. The route
will depend on the reducing agents such as PPh;, alcohols,
H, and so on. CH3ReO(OH), and Re(vm)diolate were also
proposed to be the active species for the DODH reaction
except for the methyldioxorhenium in Scheme 11, and the
presence of CH;ReO(OH), was strongly supported by DFT
calculations.”® The details of the kinetics and the reaction
mechanism of DODH by homogeneous oxo-rhenium catalysts
were highlighted in previous reviews.>*

The application of DODH to the transformation of sugar
derivatives is divided mainly into three cases in terms of
starting materials (Scheme 12): (i) DODH of sugar alcohols to
olefins, (ii) DODH (+HG) of sugar acids to dicarboxylic acids
and esters, and (iii) DODH (+HG) of methyl glycosides to
dideoxy methyl glycosides.

(i) DODH of sugar alcohols and cyclic polyols to olefins and/
or aromatic compounds

In this section, we focus on the DODH of linear polyols
having more than three OH groups such as C4, C5, and C6
sugar alcohols and cyclic polyols such as inositols and
aldoses.

In 1996, M. A. Andrews and G. K. Cook first reported that
Cp*ReO; was an effective catalyst for the DODH of erythritol
with PPh; as a reducing agent at 408 K in chlorobenzene
solvent, giving 1,3-butadiene in about 80% yield, and the
catalyst system seemed to be applicable to the DODH of
xylitol to 2,4-pentadiene-1-ol, although the yield was not
shown.”” Moreover, J. A. Ellman, R. G. Bergman and co-
worker reported that the combination of Re,(CO),, as a
catalyst and 3-octanol as a reducing agent with an organic
acid of TsOH was effective for the DODH of erythritol at 433
K, and 55% yield of 2,5-dihydrofuran was obtained by the
consecutive reactions of dehydration of erythritol to 1,4-
anhydroerythritol and DODH of 1,4-anhydroerythritol.>®

Toste and Shiramizu comprehensively studied the DODH
of C4-C6 sugar derivatives.”” They found that the
combination of CH;ReO; as a catalyst and secondary mono
alcohols as a reducing agent was an effective catalyst system
for transformation of sugar alcohols including C4, C5 and C6
sugar alcohols, and various allylic alcohols and olefins were

o TBAF (1 M in THF) o
then Dowex/CaCcO; H
TBDMSO" MeOH HO™

OTBDMS OH
68% yield

Scheme 8 Selective reduction of the tosyl group in primary OH group-tosylated silyl-protected 1,2-dideoxy-p-glucose with BCF and EtsSiH.2°
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Scheme 9 Selective reduction of protected monosaccharides with (CgFs),BOH and TMDS.%

obtained in moderate to high yields (Scheme 13).” In the
case of C5 and C6 sugar alcohols, low concentration (0.3 M
for C4 alcohols, and 0.05 M for C5 and C6 sugar alcohols) is
necessary to obtain a high yield of the target DODH
products.

They also applied the catalyst system to inositols
(Scheme 14)*” and aldoses such as p-erythrose, 1-threose and

This journal is © The Royal Society of Chemistry 2020
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hexoses (Scheme 15).>” Benzene and phenol were obtained in
moderate to high yields from inositols having more than one
cis-vicinal OH groups; however, the reactivity of myo-inositol
which has only one cis-vicinal OH group is low, which is
related to the higher reactivity of cis-vicinal OH groups than
trans-vicinal OH groups. Moreover, the catalyst system was
also applicable to the reactions of aldoses such as tetroses (p-
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Scheme 10 Application of (C¢Fs),BOH and silanes to the reduction of disaccharides.?*

erythrose and r-threose) and hexoses (p-mannose, p-allose,
p-glucose and p-galactose) (Scheme 15). The tetroses were
transformed to furan in moderate yields by DODH and
subsequent dehydration, and the hexoses were transformed
to 2-vinylfuran by DODH and dehydration with formation of
furan, which can be produced via a retro-aldol reaction. The
authors also tried the reaction of pentoses with the same
catalyst system; however, the yield of the target product
2-(alkoxymethyl)furan seemed to be low.

K. M. Nicholas and co-workers found that indoline was an
effective reducing agent with an oxo-rhenium complex for
DODH reactions by screening various hydroaromatic
compounds.”® Erythritol and xylitol were converted to
1,3-butadiene and buta-1,3-dien-1-ol, respectively, in moderate
yields (43% and 56%, respectively) with the corresponding
amount of indole.

\—/
Extrusion /

RleV Active
o” No species

R R

HO OH

Scheme 11 Proposed reaction mechanism of DODH with oxo-
rhenium complexes.???

3812 | Catal Sci. Technol., 2020, 10, 3805-3824

J. M. Klein Gebbink and co-workers applied 1,3-di-tert-
butyleyclopentadienyl trioxorhenium (Cp"Re03) and 3-octanol
to the DODH of C4 sugar alcohols (erythritol and pr-threitol),
C5 sugar alcohols (xylitol, p-arabinitol and adonitol), C6 sugar
alcohols (p-mannitol and p-sorbitol) (Scheme 16) and various
furanoses  (p-glucose, p-galactose, and  p-mannose)
(Scheme 17).>° From C4 sugar alcohols, 1,3-butadiene was
obtained in moderate yields (~70%). From C5 sugar alcohols,
the corresponding diene ether was obtained in moderate
yields (42-46%); however, the yield of 1,3,5-hexatriene was
low compared with the case of the CH;ReO; and 3-pentanol
catalyst system as described above. Compared with C5 and
C6 sugar alcohols, the yields of the target product, vinylfuran,
from furanoses were low, a tendency that is similar to the
case of the CH;ReO; and 3-pentanol catalyst system.

(ii) DODH (+HG) of sugar acids to dicarboxylic acids and
esters

Dicarboxylic acids are important chemicals in industry for
the synthesis of various valuable chemicals such as polymers
and medicines. To date, various approaches for the synthesis
of dicarboxylic acids and esters by DODH were reported
including homogeneous and heterogeneous catalysts, and
the most common catalysts for the reaction are oxorhenium
complexes. In general, the acidity of the oxorhenium complex
catalysts often brings about esterification of the acids with
alcohols which are used as reducing agents. Therefore, the
synthesis of free carboxylic acids is generally difficult due to
the Lewis acidity of the catalysts. Representative examples are
introduced below.

Toste and Shiramizu presented the first example for the
transformation of aldaric acids, and they demonstrated that
CH;ReO; was an effective catalyst for the conversion of mucic
acid, which can be obtained by the oxidation of galactose, to
muconic acid and its diester (Scheme 18) with 3-pentanol as

This journal is © The Royal Society of Chemistry 2020
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Scheme 12 DODH reaction for transformation of sugar derivatives (typical examples).

a reducing agent.* 43% yield of muconic acid and 13% yield
of its ester were obtained by using CH3;ReO; catalyst at 428 K
under air conditions. By changing the reaction conditions
(CH3ReO3 — HReO,, 428 K — 443 K, 3-pentanol — 1-butanol,
air — N,), a high yield of the target ester (71%) was obtained.
Moreover, one-pot synthesis of dibutyl adipate was also
achieved by the combination of DODH with a HReO, catalyst
system and hydrogenation with Pd/C and H,. They also
showed that HReO, was effective for DODH of mucic acid
dibutyl ester to provide the corresponding DODH product in
a high yield of 94%.

These catalyst systems were applied to the DODH of
p-gluconic acid, one of the aldonic acids (Scheme 19).*° In
the case of the CH3ReO; catalyst, the DODH product was
obtained in 50% yield ((2E, 4Z):(2E, 4E) = 24:26) with the
corresponding ester in 10% yield ((2E, 4Z): (2E, 4E) = 3:7). In
the case of the HReO, catalyst, only (2E, 4E)-DODH product
was obtained in 47% yield. Moreover, they demonstrated the
tandem synthesis of 4-cyclohexene-1,2-dicarboxylic acid
diester from r-(+)-tartaric acid and erythritol via DODH of -
(+)-tartaric acid and erythritol, and Diels-Alder reaction of the
DODH products (Scheme 20) in one pot. 1-(+)-Tartaric acid

This journal is © The Royal Society of Chemistry 2020

and erythritol were transformed to the corresponding DODH
diester and butadiene, respectively, by DODH reaction with
HReO,, and then the diester and butadiene were condensed
to provide 4-cyclohexene-1,2-dicarboxylic acid in a high yield
of 70% based on 1-(+)-tartaric acid.

The same group recently reported that a combination catalyst
of KReO, and Pd/C with hydrogen gas as a reductant was
effective for the synthesis of dicarboxylic acid methyl esters from
biomass-derived dicarboxylic acids and esters, and also found
that addition of H;PO, and activated carbon improved the
activity of the catalyst system (Scheme 21).*' Mucic acid and o-
(-)-tartaric acid were converted to the dimethyl adipate and
dimethyl succinate in 86% and 88% yield, respectively. b-
Glucarate-6,3-lactone was also converted to dimethyl adipate in
86% yield. The catalyst system was applicable to the DODH and
hydrogenation of glucarodilactone, affording the dimethyl
adipate in 72% yield under similar conditions. Moreover, the
authors used water as a solvent for the reaction and obtained
adipic acid directly in 71% yield, while a large amount of KReO,
and Pd/C was necessary. The low stability of CH;ReO; and low
solubility of KReO, limited the usage of water as a solvent, which
will lead to difficulty in direct synthesis of free carboxylic acids.
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