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Selected aldohexoses (p-glucose, b-mannose, and p-galactose)
and aldopentoses (b-xylose, L-arabinose, and b-ribose) are
readily available components of biopolymers. Isomerization re-
actions of these substances are very attractive as carbon-effi-
cient processes to broaden the portfolio of abundant mono-
saccharides. This review focuses on the chemocatalytic isomeri-

1. Introduction

The chemical industry is nowadays dependent on fossil resour-
ces such as oil, coal, and gas."" However, a long-term outlook
predicts biomass to become a main carbon source for chemi-
cal manufacture. Therefore, numerous investigations are now
focused on the efficient valorization of biomass. Given that car-
bohydrates represent most of the biomass-derived organic
compounds,”? great attention is currently being paid to trans-
formations of mono-, oligo-, and polysaccharides. Noteworthy,
the main source of saccharides are polysaccharides, such as
cellulose, starch, hemicelluloses, inulin, and so on. The strategy
of “platform chemicals”™ considers first the depolymerization
of such biopolymers to release the monomers® and, second,
upgrading of these monomers."™ Remarkably, numerous
recent investigations have elaborated protocols for the synthe-
sis of fuels along with commodity and fine chemicals based on
monosaccharides.!">*®

Biopolymers are sources of several aldoses and 2-ketoses,
but seven monosaccharides significantly predominate, namely,
p-glucose, p-fructose, D-xylose, L-arabinose, p-ribose, p-man-
nose, and b-galactose (Figure 1). b-Glucose clearly prevails as
the major building block of plant biomass.”” From a synthetic
point of view, it would be interesting to extend the list of read-
ily available monosaccharides. Isomerization is a well-known
carbon-efficient way to produce rare monosaccharides based
on abundant ones (Figure 1). Moreover, valuable compounds
can be produced on the basis of the products of isomerization
(Figure 2). For instance, p-xylose can be converted into p-xylu-
lose and further into furfural under much milder conditions
than those typically used for furfural production.” Together
with 5-hydroxymethylfurfural (HMF), furfural is a biomass-de-
rived platform chemical of great interest. b-Tagatose is a very
promising ketose that can be applied as a low-calorie sweeten-
er and in cosmetic and pharmaceutical formulations. Currently,
p-tagatose is produced from p-galactose catalyzed by L-arabi-
nose isomerase.”
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zation of aldoses into the corresponding ketoses as well as epi-
merization of aldoses at C2. Recent advances in the fields of
catalysis by bases and Lewis acids are considered. The empha-
sis is laid on newly uncovered catalytic systems and mecha-
nisms of carbohydrate transformations.
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Figure 1. Formulae of aldoses available from biomass, epimeric aldoses, and
ketoses.

Furthermore, epimerization of biomass-derived monosac-
charides at the C2 position gives rise to rare monosaccharides
with interesting properties. For example, p-lyxose, p-arabinose,
and p-talose can be used as starting materials for the synthesis
of antitumor agents.” The b epimers of saccharides dominate
in nature with the exception of L-arabinose, which is available
from hemicelluloses. Consequently, L-arabinose can be used as
a substrate for the synthesis of rare L-monosaccharides. For in-
stance, epimerization of L-arabinose enables synthesis of L-
ribose, which is in high demand in medical chemistry for the
synthesis of potent agents against the hepatitis B virus as well
as the Epstein-Barr virus.'” Considering that epimerases are
only active on sugars substituted with phosphate or nucleotide
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Figure 2. Application areas of monosaccharides. A photo of a tree is depict-
ed from pihtahvoya.ru.

groups, efficient chemocatalytic systems for the direct epimeri-
zation of monosaccharides are of upmost importance.!'”

In addition to isomerization into 2-ketoses and C2 epimeriza-
tion processes, the synthesis of other isomers is potentially of
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industrial relevance. For example, catalytic activity of Ti-f} zeo-
lite was reported for the isomerization of p-glucose into L-sor-
bose with 73% enantiomeric purity.'? L-Sorbose is an impor-
tant intermediate for the production of vitamin C. Currently, L-
sorbose is manufactured from p-glucose by means of a com-
plex multistep biotechnological process.”

Isomerization of glucose into fructose is an important exam-
ple of an isomerization process implemented on an industrial
scale.”"™ Though fructose is present in nature as a monomer
of inulin or levan, the biotechnological production of fructose
by glucose isomerization appears to be more economically at-
tractive. Currently, fructose is produced mostly as a part of
high fructose syrups (HFSs) employed as sweeteners. The man-
ufacture of HFSs is a multistep process that includes: (1) enzy-
matic hydrolysis of starch to release glucose; (2) isomerization
of glucose in the presence of immobilized p-xylose ketoiso-
merase; (3) chromatographic enrichment to produce HFS-90
containing 90% fructose and 10% glucose.?>'*' The immobi-
lization of p-xylose isomerase together with the elaboration of
the respective separation technology has enabled the continu-
ous commercial production of fructose since the launch of this
process in 1967." Today, p-xylose ketoisomerase remains one
of the largest biocatalytic processes™ owing to the high
demand for sweet HFSs. In 2006, the annual worldwide pro-
duction of fructose was estimated by Lichtenthaler to be ap-
proximately 60 000 metric tons.”” Recently, research interest in
fructose has increased, because it is regarded as a key inter-
mediate for the valorization of cellulosic biomass. It was dem-
onstrated that fructose can be readily converted into HMF'®
and further into valuable products such as fuels and mono-
mers for biomass-based polymers."™>'¢417) |n this context, the
enzymatic production of fructose appears to be expensive
owing to the high cost and the low stability of the enzymes,
the need for highly pure glucose, and the use of buffer solu-
tions. This has propelled extensive research with the aim to de-
velop suitable chemocatalysts for the isomerization of glucose
into fructose.

In this review, we address recent advances in the field of the
chemocatalytic isomerization of monosaccharides. The first and
the second sections of this review are focused on the isomeri-
zation of aldoses into C2 ketoses in the presence of basic and
Lewis acidic catalysts, respectively. The third part considers
progress made in the epimerization of aldoses.

Noteworthy, herein we mostly focus on aqueous-phase pro-
cesses. In recent years, various studies have addressed isomeri-
zation with the use of ionic liquids as solvents. This direction
of research was previously reviewed by Zakrzewska et al."® In
what follows, monosaccharides mentioned without specifying
epimeric configuration refer to the b enantiomers.

2. Isomerization over Basic Catalysts

Bases were the first chemocatalysts that were uncovered for
the isomerization of carbohydrates as long ago as 1885. This
base-catalyzed isomerization is also named after the discover-
ers of this reaction, that is, the Lobry de Bruyn-Alberda van E-
kenstein transformation. The isomerization of an aldose results
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Figure 3. Isomerization of aldoses catalyzed by bases via the enediol
ion 1191
anion.

in the formation of a ketose and an epimeric aldose, but the
isomeric ketose is usually formed in higher amount (Figure 3).

Early investigations mainly involved the use of soluble alka-
lis, such as sodium hydroxide or calcium hydroxide, operating
at high pH values and room temperature.!"** Under these
conditions, the reaction suffers from a low rate of isomeriza-
tion and the formation of numerous acidic byproducts. The
formation of acidic compounds is also catalyzed by bases,
which promote the isomerization of saccharides into oligomer-
ic acidic products, saccharinic acids, or lactic acid.?" This leads
to low carbon efficiency as well as neutralization of the basic
catalyst by acidic byproducts. Additionally, dehydration and
condensation of the byproducts result in a strong darkening of
the reaction solution. This strong coloration is indicated as one
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of the reasons why alkali catalysts are regarded as inappropri-
ate for fructose production in the food industry."¥ Later on,
the utilization of organic bases, for example, triethylamine, was
shown to improve the selectivity.”® Amines have been con-
firmed to be efficient catalysts for the isomerization; moreover,
the degradation of saccharides in the presence of amines is
much slower than that over inorganic bases. In 2001, Angyal
summarized the main results on the isomerization of saccha-
rides over soluble bases.”?

Table 1 presents an overview of literature data on isomeriza-
tion over base catalysts. Though isomerization in the presence
of soluble bases does not result in a high yield of a product,
the yield can be significantly improved by adding borates, bor-
onates,”*?” or aluminates.”®** For instance, Mendicino report-
ed an 85% yield of fructose by glucose isomerization in the
presence of borates and NaOH.?® The yield increases owing to
in situ complexation of fructose under basic conditions. Nu-
merous patents have appeared on the isomerization of glucose
promoted by complexation of fructose, and this highlights the
great commercial interest in such an approach. For instance,
good yields of ketoses have been reported in the presence of
aluminate resins to facilitate a 72% yield of fructose® and in
the presence of poly(arylboric acid) resins and NaOH to give
fructose in 57% yield.”” A combination of amines with boric
acid gives rise to p-fructose and b-tagatose with yields up to
63 and 52 %, respectively.®” More recently, Despax et al. revisit-
ed sodium aluminate as a catalyst for glucose isomerization
into fructose.”” Fructose yields of 40 and 49% are reported for
aqueous and organic solvents, respectively.

Table 1. Literature data on catalytic activity of basic catalysts for glucose isomerization into fructose.
Entry  Reaction conditions Results® Ref.
catalyst solvent T glucose concen- glucose/catalyst™ X S Y
[°Cl tration [wt %] [%] [%] [%]
Soluble alkalis
1 KOH water 78 0.45 8 18 61 n [23]
38 47 18
2 NaOH water 90 10 - 20 70 14 [24]
36 50 18
3 Et;N water 100 10 17.8 57 54 31 [25]
Soluble alkalis with complexing agents
4 NaOH + Na,B,0, water 100 0.018 0.01 n.d. n.d. 85 [26]
5 NaOH + p-tolyl boric acid water 50 234 n.d. n.d. n.d. 56 [27]
6 NaAlO, water 43 12 1.1 n.d. n.d. 60-70 [28]
7 NaAlO, water 55 40 3.1 59 70 41 [29]
8 NaAlO, DMSO/propylene glycol/water 55 40 3.1 68 72 49 [29]
Solid catalysts
9 CsA zeolite water 95 10 5 34 66 22 [30]
10 NaA zeolite water 95 10 5 26 72 19 [30]
1 MgO-AlL,0, water 95 10 5 30 66 20 [30]
12 Mgo75Alg25(OH),(OH), 5 DMF 80 3 3 50 69 35 [31]
13 Mgj75Alg 25(OH),(OH)g 55 DMF 100 3 3 42 88 37 [32]
14 Mdo75Alo25(OH)5(CO5)g125 water 110 10 5 34 89 30 [33]
15 Fe,0,@Si0,-TMG™ water 120 20 4 46 54 25 [34]
[a] Conversion (X), selectivity (S), and yield (Y) are given for fructose formation; n.d.=not determined. [b] Mass ratio: initial mass of glucose divided by
mass of catalyst. [c] Calcined hydrotalcite with Mg/Al=2.5. [d] Hydrotalcite rehydrated under sonication. [e] Magnet base catalyst: tetramethylguanidine
(TMG) immobilized onto silicon dioxide coated magnetic iron oxide.
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The reason for the improved yield of fructose in the pres-
ence of complexing anions has been discussed in literature.
Enhanced vyields are explained by complexation of fructose
with an anion, for example, borate or aluminate.”? It is well
known that borates form more stable complexes with ketoses
than with aldoses.®® In situ complexation of fructose enables
higher yields owing to a decrease in the ketose concentration,
which results in a shift in the glucose—fructose equilibrium to-
wards fructose, and owing to the prevention of fructose degra-
dation as a result of the increased stability of the obtained
complexes relative to that of pure fructose.

Current investigations mainly focus on elaborating chemoca-
talytic processes to substitute the biotechnological process for
the isomerization of glucose into fructose. In this respect, solid
catalysts are beneficial owing to facile catalyst separation and
recycling. Materials such as hydrotalcites,***3? immobilized
amines,?¥ zeolites in alkaline-exchange form, mesoporous
ordered molecular sieves of the M41S family," zirconium car-
bonate,”” and anion-exchanged resins™® have been reported
as efficient solid base catalysts. In the interest of productivity,
the experiments are conducted at elevated temperatures,
though saccharides, especially ketoses, are not stable under
harsh conditions.?**! Therefore, isomerization is usually per-
formed at temperatures not exceeding 110-120°C. Owing to
good solubility, water is a solvent of choice for saccharides,
though polar organic solvents, such as DMF2"323%! pMmsQ,
DMSO/ethylene glycol,*” and DMSO/propylene glycol,”” have
also been utilized. Interestingly, a solvent can potentially influ-
ence the kinetics of isomerization over a solid base, analogous-
ly to what was uncovered for glucose isomerization in the
presence of NaOH. Thus, the isomerization rate is 2.4 times
higher for a water/ethanol (30:70) mixture than for pure water.
This can be explained by the greater ionization constant of
glucose in the water/ethanol mixture (ionization of glucose as
a step of the isomerization mechanism is discussed below)."

The kinetics of isomerization in the presence of solid bases
resembles that over soluble bases. Thermodynamics predict
a fructose yield of approximately 50% based on glucose (not
taking into account mannose).“*® In the presence of epimerases
under physiological conditions, the equilibrium of glucose/
fructose/mannose corresponds to 41:41:18.%” El Khadem et al.
have investigated the isomerization of hexoses in the presence
of KOH as a catalyst, and they report different compositions of
the final mixture when starting from an aldose, an epimeric
aldose, or an isomeric ketose. For instance, the distributions of
obtained monosaccharides upon starting from glucose, man-
nose, and fructose are shown in Table 2. Very similar results are
reported for glucose isomerization in the presence of other
soluble and solid catalysts, that is, the yield of fructose does
not usually exceed 35 9%,230-3439%.¢41,42,44,48]

Cation-exchanged zeolites demonstrate high activity and se-
lectivity for the isomerization of glucose®** as well as disac-
charides such as lactose, cellobiose, and maltose."” Shukla
et al. reported that the isomerization of disaccharides is accom-
panied by hydrolysis and release of monosaccharides. At the
same time, degradation of the saccharides over zeolites is
much slower than that over soluble NaOH. Thus, the disacchar-

[30,40]

41]
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Table 2. Composition of glucose/fructose/mannose mixtures obtained
starting from different isomers in the presence of KOH.“”
Total amount of mono-

Starting mono- Glucose/fructose/mannose

saccharide saccharides [%]
glucose 53:39:8 87
fructose 63:31:6 80
mannose 35:25:40 99

ides degrade as much as 55-62% in the presence of NaOH,
but the substrate decomposes by only 10-13% over zeolites
under the same reaction conditions.”” The catalytic activity de-
creases in a row: NaA>NaX>Nay, that is, lower Si/Al ratios
provide higher concentrations of basic sites and greater activi-
ty.2%%% Considering the exchanged cation, the following series
of activity is observed for the isomerization of glucose: Ca’" <
Ba’" <Li* <Na" <K' <Cs".B Interestingly, A zeolite outper-
forms X zeolite and Y zeolite in terms of catalytic activity, and
a small pore aperture of 4.1 A does not seem to cause diffu-
sional issues.®” An obstacle for the application of sodium-ex-
changed zeolites is rather leaching of sodium into the aqueous
medium.B%3 Nevertheless, NaA zeolite has successfully been
tested for the isomerization of glucose under a continuous op-
eration mode. The initial glucose conversion of 20% drops to
10% after 25 h on stream. Thereafter, the catalyst demon-
strates a constant glucose conversion of 10% for another 25 h
on stream.

Magnesium-aluminum hydrotalcites have been proven to
be efficient catalysts for the isomerization of glucose into fruc-
tose. Hydrotalcites are layered double hydroxides with the
general formula [Mg;_Al(OH),"(A,,")-mH,0, for which
Mg?" ions are partially substituted by A" in the brucite-type
layers. A" is an interlayer anion, x (0.17 <x<0.33) is the frac-
tion of aluminum, and m denotes water molecules of crystalli-
zation.®” Hydrotalcites containing HO™ or CO,> as interlayer
anions have been tested for the isomerization reaction. Hydro-
talcites in the HO™ form exhibit activity superior to materials in
the carbonate form because the basicity of the hydroxide ion
is higher than that of the carbonate ion. Nevertheless, han-
dling of hydrotalcites in the HO™ form requires precaution, as
contact of the catalyst with air leads to consumption of CO,
and the formation of carbonates in the interlayer space.**°"
Calcination of Mg-Al hydrotalcites results in a MgO-Al,O; mix-
ture possessing medium-strong Lewis basic 0> —M"" pairs and
isolated 0%  ions as strong basic sites.”? The presence of
strong basic centers appears to be detrimental, as saccharides
undergo rapid decomposition in the presence of MgO-Al,O;
oxides, which leads to lower selectivity for fructose.*"3%
Though we have detected some leaching of Mg upon using
[Mg;_,AlL(OH),I*" (CO,),,,»mH,0 hydrotalcites for the isomeriza-
tion of glucose in the aqueous phase, the catalysts can be suc-
cessfully recycled after calcination and rehydration.*** We
have tested commercial Mg¢Al,(CO,;)(OH),s4H,0 for glucose
isomerization under continuous conditions and have observed
a gradual decrease in catalytic activity. Nevertheless, the cata-
lytic activity can be restored by calcination and rehydration of
hydrotalcite.*”
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Figure 4. Schematic representation of [Mg;_,Al,(OH),I*" (CO,),,,»m H,0 hydrotalcite structure. Water in the interlayer space is not shown.

Importantly, similar to zeolites, hydrotalcites outperform
soluble hydroxides in terms of selectivity. In the presence of
hydrotalcites, the number of byproducts is much lower than
that formed with the use of soluble bases. Dihydroxyacetone,
glyceraldehyde, glycolaldehyde, and lactic acid have been
identified as side products that are formed in the presence of
[Mg, Al (OH),]*"(CO,),,,>m H,0 hydrotalcites.**>?

An interlayer anion of hydrotalcites is regarded as an active
center for isomerization. Figure 4 demonstrates the structure
of [Mg,_AL(OH),]*"(CO,),,»mH,0 hydrotalcites. Hydrotalcites
consist of layered nanocrystallites that are a few nanometers in
size. Noteworthy, owing to significant electrostatic forces and
a network of hydrogen bonds, the interlayer space is unavail-
able for a neutral substrate such as glucose. Owing to electro-
static attraction, nanocrystallites are organized into polycrystal-
line primary particles that have diameters of tens to hundreds
of nanometers. The primary particles interact with each other
to form materials with different morphologies, for example, hy-
drotalcites with a “sand-rose” structure, or the materials are
formed by stacking of basal planes.*™ At the end, the majority
of the carbonate anions are no longer accessible to the sub-
strates (Figure 4). Previous studies have suggested that two lo-
cations of carbonates provide good access to the active sites.
First, the interlayer anions located at the edges of the primary
particles are accessible to the substrates.®® Moreover, the
anions located at crystal defects of the lamellar structure are
also catalytically active.*2°*®°¥ |ee etal. have demonstrated
that calcination and sonication-assisted rehydration of hydro-
talcites results in improved catalytic activity of the materials for
the isomerization of glucose into fructose. Sonication during
rehydration leads to vertical breaking and exfoliation of the hy-
drotalcite layers. This results in an increased concentration of
basic centers and improves catalytic activity for isomeriza-
tion.B? Later on, we have also found a dependency of glucose
conversion on basicity of the hydrotalcites and have proposed
protocols for the synthesis of hydrotalcites with a high concen-
tration of basic sites.*® Precipitation in aqueous medium at
the isoelectric point of the hydrotalcite (pH 10) gives rise to
materials with a “sand-rose” structure. These materials exhibit
a higher concentration of basic sites than materials prepared
at pH values below 10 and demonstrate stacking of the basal
planes. Alternatively, hydrotalcites with a high concentration of
accessible basic sites can be produced by precipitation in
aqueous ethanol media.®™
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Amines have also been studied as catalysts for the isomeri-
zation of glucose into fructose.”>***? The so-called Maillard re-
action is an undesired side process that occurs during isomeri-
zation and causes the formation of colored products by the re-
action of reducible sugars with primary or secondary amines.
Nevertheless, the Maillard reaction proceeds much more
slowly for secondary amines than for primary amines, and terti-
ary amines are not expected to react at all. Liu et al. have ob-
served some darkening of the reaction mixture during glucose
isomerization in the presence of secondary and tertiary
amines, but the authors explain this by caramelization.””’ The
reaction mixture can be decolorized by using activated carbon
as a sorbent.”” The data published so far on the relative activi-
ty of different amines is somewhat controversial. On the one
hand, Carraher et al. conclude that HO™ ions are active species
for catalysis and that an amine is required only for the genera-
tion of hydroxide anions upon reaction with water*” On the
other hand, Yang et al. have titrated the reaction mixture with
different amines to reach the same pH, value. Therein, a clear
dependence of the reaction rate on the nature of the catalyst
is observed.?¥ Thus, isomerization in the presence of a strong
base such as tetramethylguanidine (pK,=21) is quicker than
that in the presence of weaker bases, for example, 1-(3-amino-
propyl)imidazole (pK,=9.63, 6.5) and 1,5,7-triazabicyclo[4.4.0]-
dec-5-ene (pK,=13.6). Elucidating the role of the amines
during isomerization is hampered by the fact that the pH
changes during the reaction. As a result of the formation of
acidic byproducts, the pH drops by 2—4 units by the end of the
isomerization.* Immobilized amines appear to be stable for
glucose isomerization.®¥ Yang et al. have very recently report-
ed the fabrication of a magnetic base catalyst based on mag-
netic iron oxide coated with silicon oxide. The surface of the
latter is functionalized with (3-chloropropyl)trimethoxylsilane
prior to immobilization of the amines. As a result, magnetic
spheres with diameters of approximately 300 nm can be pre-
pared and successfully recycled for isomerization. Interestingly,
amines immobilized onto chloromethylated polystyrene resin
undergo quick deactivation owing to sorption of byprod-
ucts.®” The mechanism of the isomerization of glucose into
fructose has been studied by Carraher et al. by using molecular
amines as catalysts and water as the solvent. The proposed
mechanism consists of the following steps: (1) ionization of
glucose in cyclic form to give a glucose anion existing in the
open-chain (acyclic) form; (2) abstraction of a hydrogen atom

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@’* ChemPubSoc
ey Europe

' CHEM:!USCHEM
& Reviews

O._OH (o RP o} 0O _o OH O,
(a) z (b) %
HO HO HO™ ™Y 1y HO o
HO OH + OH" HO OH HO OH HO (0]
OH

Glucose Glucose anion

OH

Glucose anion
(acyclic)

Ene-diol intermediate

(©)

HO HO, y
HO HO O _OH
SRS ¢
OH (o}
+H,0 HO [0}
HO OH _oH HO OH OH
Fructose Fructose anion Fructose anion

(acyclic)

Figure 5. Mechanism of glucose isomerization into fructose catalyzed by amines proposed by Carraher et al.*¥

from C2 to yield an enediol intermediate; (3) formation of
a fructose anion in open-chain form; (4) closing of the cycle
and abstraction of a proton from water (Figure 5).

Formation of the enediol intermediate has been proven by
the presence of an absorption band at 1=286 nm in the UV
spectrum of the reaction mixture.” By using glucose isotopi-
cally labelled at the C2 position ([C2-Dlglucose), a kinetic iso-
topic effect of k./k,=3.8 is observed. This indicates that ab-
straction of a hydrogen atom from the C2 atom of glucose
(Figure 5, step b) plays a significant role in the overall reaction
rate. Carraher et al. have considered two possibilities for imple-
mentation of stage b, and they are an intramolecular shift of
a hydrogen atom from C2 to O5 (as shown in Figure 5) or bi-
molecular deprotonation with HO™ followed by reprotonation
from H,O (not shown). None of the possible mechanisms can
be excluded and parallel deprotonation/reprotonation by
either intramolecular reaction or by HO™ is proposed.“”

3. Isomerization over Lewis Acids

The catalytic activity of Lewis acids for the isomerization of
monosaccharides was uncovered much later than that of basic
catalysts for the same reaction. It is not surprising, taking into
account that classic Lewis acids such as AICl; and FeCl; are
usually deactivated in the presence of water. In aqueous
media, water molecules coordinate to a metal cation and the
obtained hydrated cation undergoes partial hydrolysis. As
a result, reactions catalyzed by Lewis acids are usually per-
formed under anhydrous conditions to avoid deactivation of
the catalyst.®™ At the same time, water is a solvent of choice
for monosaccharides, as they are highly polar and poorly solu-
ble in organic solvents. The revealed catalytic activity of Lewis
acids for the isomerization of carbohydrates in bulk water has
prompted enormous research interest. As a result, catalysis by
Lewis acids has been studied very intensively for both soluble
and solid catalysts. Though a few reviews have already consid-
ered isomerization catalyzed by Lewis acids,’®%*%¥ this research
area is developing very quickly. Herein, we summarize the
latest findings of this research topic.

Moliner et al. demonstrated for the first time the catalytic ef-
ficiency of Sn silicalite with [ zeolite topology for the isomeri-
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zation of glucose into fructose in water.*® This catalyst is also
referred to as Sn-f§ zeolite. Embedded into the hydrophobic
matrix of (3 zeolite, the tin ions maintain the Lewis acidity to
catalyze the isomerization in aqueous media. Even very con-
centrated solutions of glucose, up to 45 wt%, can be success-
fully converted."® Sn-B has also been shown to be efficient

in the isomerization of other carbohydrates such as
xylose,”:*>5661 |yxose,®*  ribose,*>% arabinose,**® man-
nose,”>%¥ galactose,?>%? and lactose.%® The structure of the

active centers and the mechanism of isomerization have re-
cently been intensively studied by means of spectroscopic and
computational tools, with a focus mostly on glucose as a sub-
strate. Glucose and fructose are present in water solution
nearly exclusively in the six-membered (pyranose) and five-
membered (furanose) ring forms.”” Nevertheless, it has been
shown by solid-state NMR and IR spectroscopy that glucose
and fructose are adsorbed on Sn-f in their open-chain forms.
Roman-Leshkov et al. have confirmed that the reaction takes
place through an intramolecular hydride shift from the C2
carbon atom of glucose to the C1 position.®” Investigations of
the kinetic isotopic effect have revealed that the hydride shift
is kinetically relevant.#¢*% The mechanism of the isomeriza-
tion over Sn-f} can be described stepwise as follows: (1) coordi-
nation of glucose to an active site; (2) hydride transfer; (3) de-
sorption of fructose (Figure 6). The ring-opening and ring-clos-
ing steps do not exhibit significant apparent reaction barri-
ers.

A number of studies aimed at elucidating the structure of
the active sites of Sn-f. Boronat et al. suggest the presence of
two types of sites for Sn- (Figure 7)."” The first type is a dehy-
drated closed site containing tetracoordinated Sn connected
to four O—Si groups. Partial hydrolysis of a closed site gener-
ates an open site consisting of a (Si0);Sn(OH) group adjacent
to a silanol group Si(OH). Both open and closed sites can coor-
dinate two molecules of water, which changes the tetrahedral
state into an octahedral state (Figure 7). The presence of differ-
ent sites can be determined spectroscopically, for example, by
using solid-state "'°Sn NMR spectroscopy.®®® A detailed descrip-
tion of the methods used for the characterization of solid
Lewis acids can be found in recently published reviews.”” The
role of the open and closed sites for catalysis has been widely
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Figure 6. Mechanism of glucose isomerization into fructose by hydride shift proposed by Romén-Leshkov et al.
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Figure 7. Schematic representation of tin sites present in Sn-f, as suggested
by Boronat et al.””

discussed. Noteworthy, there is strong evidence that the open
sites of TS-1 are more active than the closed sites for the oxi-
dation of alkanes with hydrogen peroxide.”? Moreover, it has
been demonstrated that the open sites of Sn-p are responsible
for activity in the Meerwein-Ponndorf-Verley and Baeyer-Vil-
liger reactions.”®’® In line with this, computational studies of
glucose isomerization suggest that the open sites of Sn-f} are
more active than the closed ones.”®™’ The cooperative action
of a Sn metal site and a proton donor is proposed to stabilize
the transition state during hydride transfer. Different proton
donors are suggested, that is, an adjacent silanol group”*”
and co-adsorbed water molecules.”® Additionally, the role of
the hydroxy groups attached to the Sn metal center in the
(Si0);Sn(OH) open site as a Brensted base has been consid-
ered. It is suggested that the Brgnsted base lowers the energy
barrier for the initial deprotonation step.®®! In general, stabili-
zation of the hydroxy group on the C2 atom of glu-

cose by the oxygen atom in the first coordination
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portance of three hydrogen atoms: (1) a proton atom that is
transferred from glucose to the Sn—OH group; (2) a hydrogen
atom of a silanol group; (3) a hydride that undergoes hydride
transfer from the C1 atom to the C2 atom of glucose. Such co-
ordination facilitates hydride transfer and subsequent proton
transfer in a single step with a lower energy of activation.
A concerted mechanism, typical of enzymatic catalysis, has
been demonstrated to be energetically favorable for isomeriza-
tion catalyzed by Sn-f. Interestingly, the same group has also
performed calculations for the monodentate coordination of
a substrate to a Sn metal center, that is, considering an adja-
cent silanol group as a spectator (Figure 8)."¥ In this case, epi-
merization of glucose into mannose is energetically more fa-
vorable than isomerization into fructose. Epimerization
through monodentate coordination is predicted to take place
through a carbon shift, also known as the Bilik mechanism (see
Section 4 for details). Later on, Bermejo-Deval et al.”® reported
experimental evidence supporting the conclusions of Rai
et al.” Bermejo-Deval et al. have performed cationic exchange
of H* of the silanol groups for Na™ to exclude the possibility
that the silanol groups participate in catalysis. Sn-f-containing
silanol groups in the OH form (Sn-f) isomerize glucose into
fructose (Figure 8, left), whereas the catalyst in the Na® form
(Na-Sn-f) catalyzes the epimerization of glucose into mannose
(Figure 8, right). The experimental studies have also confirmed
the predicted” change in the reaction mechanism: isomeriza-
tion over Sn-p takes place through intramolecular hydride
shift, whereas glucose-mannose epimerization in the presence
of Na-Sn-f occurs through intramolecular carbon shift. Addi-
tionally, Sn-f can be treated with ammonia prior to the catalyt-

sphere of Sn is proposed_[69] Glucose Fructose isomerization Glucose Mannose epimerization
Rai et al. have performed density functional calcu-

lations to reveal the distinction between the open "o CH,OH
and closed sites.” Their results suggest that isomeri- oS g OH
zation takes place on the open sites and that the ad- 56 g'ig’;snw/ j .

. Z~
jacent silanol group participates directly in the hy- Slio' HO, O
dride-transfer step. They considered proton transfer HO_

Si

from the OH group attached to C2 of glucose to
Sn—OH as the first step. Thereafter, glucose in the
open-chain form coordinates in a monodentate fash-
ion toward Sn, whereas the OH group connects to
the silanol group through hydrogen bonding, as illus-
trated in Figure 8. Rai et al. call this transition state
a “3'H’ shuttle transition state” to highlight the im-

Monodentate coordination
Adjacent silanol participates
Reaction via hydride shift
Fructose as preferrential product
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Bidentate coordination

Adjacent silanol as spectator
Reaction via carbon shift
Mannose as preferrential product

Figure 8. Transition states proposed by Rai et al.”* for glucose isomerization (left) or epi-
merization (right) in the presence of Sn-f3.
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ic tests, which results in adsorption of NH; on the open sites
(Figure 7). Such a blockage of the open sites causes a dramatic
decrease in the catalytic activity, and this confirms the signifi-
cance of the open sites for catalysis.”® These tendencies are
observed for both water and methanol solvents.”® Very recent-
ly, Brand et al. have reported further evidence to support the
fact that an adjacent silanol group participates in the hydride
transfer mechanism. In this case, molecular complexes of Sn
(tin silsesquioxanes) have been used to model the open and
closed sites of Sn-B. Results in line with the model depicted in
Figure 8 have been acquired.”” To sum up, recent reports sug-
gest that isomerization of glucose into fructose takes place on
the open sites of Sn-f3, and a Sn metal site with an adjacent si-
lanol group presents an active site for isomerization (Figure 8).

Understanding of structure-activity relationships is a key
point for optimization of a solid catalyst. As described above,
Sn-B is the first solid Lewis acid uncovered for isomerization."®
Sn-B surpasses Ti-B in terms of catalytic activity.**% Li et al.
reported the results of a computational study on metal (M)-
containing BEA (3 polymorph A) zeolite considering different
metals as active sites in the zeolite matrix, namely, Sn, Ti, Zr, V,
Nb, Si, and Ge. The lowest energy barriers for glucose isomeri-
zation were found forSn and Zr."*”

The role of the hydrophobic matrix in catalysis over Sn-f3 has
been under discussion. The first reported Sn-f catalyst®® was
prepared according to a method reported by Corma et al.*" to
obtain a material containing isolated Sn ions surrounded by
a matrix of silicalite with a Sn-to-Si molar ratio of approximate-
ly 1:100.”% The high hydrophobicity of zeolites results from
its high crystallinity and very low defect density. The obtain-
ment of such an ideal structure requires the use of HF as a re-
agent, because the traditional synthesis of zeolites under alka-
line conditions gives rise to hydrophilic materials.®®*”® Experi-
mental evidence suggests that the hydrophobic matrix of Sn-
P protects the active sites from deactivation through contact
with bulk water’® Osmundsen etal. have comparatively
studied the catalytic activity of Sn-BEA, Sn-MCM-41, and Sn-
SBA-15. Sn-MCM-41 and Sn-SBA-15 exhibit a hydrophilic nature
of the pore walls owing to their amorphous structure, as op-
posed to hydrophobic Sn-BEA."? Interestingly, Sn-BEA demon-
strates good catalytic activity in both water and methanol sol-
vents. Conversely, Sn-MCM-41 and Sn-SBA-15 exhibit signifi-
cantly higher catalytic activity in methanol than in water.”
These results indicate that the hydrophobic matrix of 3 silicalite
prevents interaction of the Sn metal centers with bulk water,
whereas the active centers of Sn-MCM-41 and Sn-SBA-15 un-
dergo deactivation in aqueous media.”” Gounder and Davis
have studied glucose isomerization in the presence of Ti-con-
taining solid Lewis acids: Ti-B-OH (a material with a high con-
centration of defects aged in NaOH medium) and Ti-B-F (a ma-
terial with a low concentration of defects aged in fluorine
medium). Ti-B-F has higher catalytic activity than Ti-B-OH, and
this has been explained in terms of the hydrophobic and hy-
drophilic natures of the respective titanosilicates.”® At the
same time, solid-state "°Sn NMR spectroscopy and calorimetry
data suggest that the metal centers of Sn-f and Ti-} are hy-
drated under ambient conditions.®*%27¢ Thys, octahedral co-
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ordination is typical for the Sn active sites of Sn-f, even
though the active centers are surrounded by a hydrophobic
matrix (Figure 7). Consequently, coordination of glucose to Sn
proceeds by dehydration of the metal center, transfer of glu-
cose from the aqueous solution into the hydrophobic silicalite
pocket, and sorption of glucose. Bai et al. have found that the
entropy of glucose transfer from aqueous solution into silicalite
is rather large and positive.®” It has also been found that glu-
cose isomerization is accelerated if methanol is used as the sol-
vent instead of water. This effect is explained by the fact that
methanol shows better wettability of the hydrophobic zeolite
walls than water.®®

Potential diffusion hindrances for penetration of a carbohy-
drate substrate into the zeolite grain have been considered in
a series of investigations. The high catalytic activity of Sn-f3 has
been explained by its appropriate pore diameter (=~0.7 nm),
which does not hinder diffusion of the glucose molecules
(0.85 nm in size).”® Gounder and Davis have used the kinetic
isotopic effect to prove that glucose isomerization occurs over
Ti-B in the kinetic regime.®® Contrary to zeolites with § topolo-
gy, tin-containing zeolites with MFI topology exhibit low cata-
lytic activity for glucose isomerization. This can be explained
by the pore diameter of MFI, which is too small at approxi-
mately 0.55 nm.#6°*7*078 Dapsens et al. have comparatively
investigated the catalytic activity of a conventional Sn-MFI [ex-
ternal surface area (S.,): 49 m?g~'] versus that of hierarchical
mesoporous Sn-MFI (S.,= 133 m?g™"). Opposite to convention-
al Sn-MFI, mesoporous Sn-MFl is catalytically active for the iso-
merization of glucose and even disaccharide lactose. Conver-
sion of xylose into xylulose over mesoporous Sn-MFl is faster
than over conventional Sn-MFI.®® Cho et al. report a similar in-
crease in the reaction rate for xylose isomerization upon using
templating synthesis of Sn-MFI.[°

The majority of recent investigations focus on C2 isomeric
ketose as a target product of isomerization. In addition, for
nearly every investigation the formation of an epimeric aldose
(Figure 1) occurs, though in somewhat lower amounts than
the ketose (Table 3, for more details see Section 4). Additional-
ly, Gounder and Davis have uncovered the parallel conversion
of p-glucose over Ti-f into p-fructose and L-sorbose.™” The
ratio of Keycrose/Ksomose depends on the solvent, and the forma-
tion of sorbose predominates in methanol.'>% A mechanism
occurring through C1-C5 hydride shift has been proposed on
the basis of NMR spectroscopy investigation and a study of
the reaction kinetics (Figure 9).'?

In addition to the products of isomerization, a number of
byproducts also form and the mass balances are often not
closed. Retro-aldolization of carbohydrates®® and the forma-
tion of lactic acid®*®* have been reported as side reactions
over solid Lewis acids. In addition, the formation of HMF,®¢% ¢!
furfural,®*® and levulinic acid®®’ is observed. Exactly similar to
basic catalysts, the yield of glucose—fructose isomerization
does not exceed approximately 35% (Table 3). In some studies,
thermodynamic equilibrium is reached, but at the expense of
an overall decrease in mass balance."®%?

The stability of a catalyst is a crucial point determining its
potential applicability on large scale. Deactivation of Sn-
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Table 3. Literature data on the catalytic activity of Lewis acids for the isomerization of aldoses.
Entry Reaction conditions Results® Ref.
catalyst substrate substrate concen- T substrate/catalyst” substrate/metal” X S Viewse Sepimeric adose  Yepimeric aldose
tration [wt %] ra [%]  [%] [%] [%] [%]
Isomerization using water as solvent
1 Sn-p glucose 10" 110 1.5 50 55 58 32 16 9 [46]
2 Sn-pf glucose 10 110 5 926 45 67 30 17 8 [55]
3 meso-Sn-MFI  glucose 3 80 15 381 35 72 25 3 1 [56]
4 CrCly glucose 4.5 120 - 10 52 49 25 n.d. n.d. [57]
5 AlCl, glucose 4.5 120 - 10 32 83 26 n.d. n.d. [57]
6 Sncl, glucose 4.5 120 - 10 18 26 5 n.d. n.d. [57]
7 Sn-ptf mannose 10 110 5 926 75 63 47 18 13 [55]
8 Sn-ptf galactose 10 110 5 926 38 67 25 5 2 [55]
9 Sn-p xylose 10 100 1.2 50 60 45 27 18 il [7]
10 meso-Sn-MFl  xylose 3 80 15 458 18 44 8 trace trace [56]
n meso-Sn-MFI  lactose 3 80 1.5 201 30 80 24 n.d. n.d. [56]
12 Sn-pt ribose 10 110 5 926 69 29 20 37 25 [55]
13 H-USY erythrose 1.1 120 1.7 - 52 75 39 4 2 [58]
Two-step isomerization using methanol and water as solvents (Figure 10)
14 H-USY glucose 39 120 1.7-125 - 73 75 55 n.d. nd. [59]
15 H-USY xylose 3 100 1.7-125 - 65 72 47 trace trace [60]
[a] Conversion (X), selectivity (S), and yield (Y). [b] Mass ratio: initial mass of substrate divided by mass of catalyst; n.d.=not determined. [c] Molar ratio of
initial substrate amount to amount of Lewis acid. [d] Sn-B was prepared according to the procedure of Corma et al.®"” [e] Up to 45 wt% is possible with
nearly the same efficiency. [f] Sn-f was prepared by grafting of Sn to dealuminated zeolite. [g] Similar results were obtained for solutions with a glucose
concentration up to 16.7 wt %.

133_0 HLE—OH H_E_OH Notably, optimization of the synthetic procedure used to

- prepare Sn-f has also attracted significant attention.*>® As

HCD) gH €5-C1 hydride shift Hg CH)H Rotate 180° (l_)' stated above, the synthesis of hydrophobic Sn-f requires

H——0oH Ti-Beta H——OH H——oH ageing of the material in the presence of HF for a long period

H——OH o] HO——D of time. Therefore, the up-scaling of catalyst synthesis is ex-

CHZ0H CH,0H "3CH,0H pected to be challenging owing to the coproduction of dan-
D-Glucose L-Sorbose

Figure 9. Isomerization of p-glucose into L-sorbose catalyzed by Ti-f3 through
C5-C1 hydride shift.'>¢

B during the course of the reaction has been shown.® Never-
theless, Sn-p can be regenerated by calcination in air to restore
its catalytic activity.”**** Filtration tests have demonstrated
that the isomerization of glucose is truly heterogeneously cata-
lyzed in the presence of Sn-B.** Leaching of Sn from hierarchi-
cal Sn-MFI during isomerization has been reported, though it
can be suppressed by using ethanol or methanol as the sol-
vent instead of water.”® Lari et al. have comparatively studied
the stabilities of Sn-containing zeolites with different topolo-
gies (e.g., MFI, MOR, BEA, and FAU) for the isomerization of
xylose under continuous operation. Two methods of catalyst
preparation have been investigated, namely, hydrothermal syn-
thesis and alkaline-assisted metalation. The hydrophobicity of
the zeolites appears to play a key role in the stability of the
materials. Thus, hydrothermally prepared Sn-f demonstrates
good stability during 24 h on stream. Deactivation of other
materials is observed owing to Sn loss, partial amorphization
of the zeolites, restructuring of the Sn active sites, and fouling.
The authors draw attention to the chelation capability of
xylose, a representative polyol. As a result, significant leaching
of Sn is observed for many materials.®
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gerous wastes. In recent years, more environmentally benign
methods for the synthesis of Sn-f have been elaborated.
Advances in this field have been comprehensively reviewed by
Dapsens et al.”™

The use of zeolites in the H* form as catalysts for isomeriza-
tion has been suggested by Saravanamurugan et al. They pro-
pose a two-step procedure for the preparation of fructose, as
presented in Figure 10. The first step produces methyl fructo-
side in methanol. The second step involves hydrolysis of
methyl fructoside in aqueous media to release fructose. Both
steps are catalyzed by the same catalyst, which is a zeolite in
hydrogen form. Fructose can be obtained in yields as high as
55%. Screening of materials suggests that the catalytic activity
of H-USY exceeds that of H-Y and H-f3. This is explained by an
optimal ratio of strong and medium acid sites for H-USY.*” The
same protocol has successfully been applied to the isomeriza-
tion of xylose into xylulose.®™ Remarkably, the isomerization of
tetroses, that is, erythrose and threose to erythrulose, efficient-
ly proceeds over an H* zeolite in aqueous media. Surprisingly,
the reaction rate decreases upon using alcohols as solvents in-
stead of water.¥

In addition to solid Lewis acids, molecular salts are catalyti-
cally active for the isomerization of glucose into fructose.
According to Tang et al., the catalytic activity of the soluble
catalysts decreases in a row: CrCl; > AlCl; > SnCl,.”” Insight into
the structure of the active species for CrCl; has been provided
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Figure 10. Isomerization of glucose into fructose in a two-step process catalyzed by a zeolite in the H* form. Step 1 (in methanol): isomerization of glucose
into fructose and formation of methyl fructoside; step 2 (in water): hydrolysis of methyl fructoside releasing fructose.®

by Choudhary et al. through the use of computational meth-
ods and extended X-ray absorption fine structure (EXAFS).
They note that a partially hydrolyzed [Cr(H,0)s(OH)]*" cation is
responsible for the isomerization of glucose into fructose.®”
Interestingly, the Cr-containing metal-organic framework MIL-
101 demonstrates comparatively low catalytic activity for iso-
merization.® Tang et al. have demonstrated that [AlI(OH),aq]™
are the active centers for isomerization in the presence of alu-
minum salts in water.”” Analogously to catalysis by Sn-f, iso-
merization of glucose over soluble Lewis acids proceeds by
C2-C1 hydride shift as a rate-limiting step.®”®" Choudhary
et al. have performed a comparative study and have identified
a similar reaction mechanism for the isomerization of glucose
over solid (Sn-B) and soluble (AICl; and CrCl;) Lewis acids.®" It
is suggested that an OH group on the metal center assists in
the deprotonation step® &% (Figyre 11).

An advantage of isomerization in the presence of Lewis
acids is compatibility of these catalysts with Brensted acids.
Therefore, one-pot processes utilizing a combination of these
catalysts can be implemented. For example, glucose can be
isomerized over a Lewis acid to obtain fructose, and subse-
quent dehydration of fructose catalyzed by HT yields
HMF.'%d Analogously, a one-pot process starting from xylose
to yield furfural has been reported.” Interestingly, both solid
and soluble Lewis acids have been proposed for such one-pot
reactions. For example, CrCl;,®" AICI;,®”" and lanthanide salts®
have been intensively studied for the one-pot conversion of
glucose into HMF. A number of reports consider combinations
of Brgnsted acids with solid Lewis acids including Sn-B,”

H H H,0 H H,0

=0 =0 ! .H,O =0.._ | .H0
H——OH L e N Hf*O/'\Iﬂ‘"HZo
HO——H =—= HO——HH-OH === HO—H o,
H——OH H——OH H——OH
H——OH H——OH H——OH

CH,OH CH,OH CH,OH
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H H H “‘"c_)/H H H,0
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Figure 11. Mechanism of glucose isomerization into fructose in the presence

of soluble Lewis acids.

[57,68b,81]
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Nb,O,-nH,0,®" Cr-based heteropoly acid ionic crystal,®” Ti
phosphates,”” and dealuminated B zeolite.®” Nevertheless,
there are some concerns regarding the long-term stability of
zeolites in hot water in the presence of Brgnsted acids and
salts.”?

4. Epimerization of Aldoses

Epimerization of aldoses at the C2 atom (Figure 1) has received
much less attention than their isomerization into ketoses. In
fact, to date only a few chemocatalytic systems have been un-
covered for selective epimerization. As mentioned in Sections 2
and 3, epimerization takes place in the presence of basic cata-
lysts, as well as Lewis acids (Table 4). However, in both cases,
formation of ketoses predominates (Tables 1-3). If catalyzed by
a base, isomerization takes place via an enediol intermediate,
as shown in Figure 3. Prevailing formation of ketoses over epi-
meric aldoses has been explained by de Wit in terms of entro-
py of activation. Thus, glucose isomerization into fructose re-
quires little reorganization of the intermediate, whereas forma-
tion of mannose takes place through rotation around the
C2—C3 bond (Figure 3)." The rotation is connected with sub-
stantial reorganization of the water shell, and thus, mannose is
formed more slowly than fructose."

Selective epimerization of aldoses can proceed through the
formation of molecular complexes. The calcium-catalyzed epi-
merization was discovered by Kusin in 1936.°4 Much later, this
process was revisited and investigated by Yanagihara
et al.”>"®" and Angyal."®? It has been suggested that, under al-
kaline conditions, glucose forms complexes with selected cat-
ions, such as Ca’", La*", and Nd**.*>'°"1% Angyal supposes
a rare tetradentate coordination of glucose to the metal
center."" The epimerization catalyzed by metal ions proceeds
through rearrangement of the carbon chain, as shown in Fig-
ure 12a. The bond of C3 migrates from C2 to C1 to give rise to
an inverted configuration at C2. The Ca-catalyzed epimeriza-
tion requires a threo configuration at C3 and C4, which limits
the substrate scope of this reaction. More details on this epi-
merization can be found in a literature survey reported by
Angyal.”? In addition, aldoses can be epimerized by reaction
systems containing a nickel complex with diamine ligands.!
This epimerization proceeds through formation of a ternary
nickel/amine/saccharide complex intermediate"® through the
carbon shift illustrated in Figure 12a."° The reaction system
proves to be feasible for epimerization of a variety of aldose
substrates, which was recently comprehensively reviewed by
Osanai."® Herein, we would like to point out an interesting
peculiarity of Ni-catalyzed epimerization. The reaction proceeds

103]
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Table 4. Literature data on the catalytic epimerization of aldoses.
Entry Reaction conditions® Results® Ref.
substrate catalyst substrate concen- T substrate/catalyst'”  substrate/metal™ X S Y
tration [wt %] [a [%] [%] [%]
Epimerization by molecular complexes
1 glucose Ca(OH), 1.4 65 - 0.25 40 53 21 [95]
2 glucose Ni/amine 1.2 80 - 1 29 100 29 [96]
Catalytic epimerization
3 glucose molybdic acid 17 95 100 100 25 100 25 [97]
4 glucose Sn-B + sodium borate 5 85 25 100 16 94 15 [98]
5 glucose H;PMo,,0,, 10 100 - 50 31 920 28 [99]
6 glucose HNbMoOg 10 120 30 48 33 88 29 [100]
7 mannose molybdic acid 17 95 100 100 75 100 75 [97]
8 mannose Sn-f+ sodium borate 5 85 25 100 17 82 14 [98]
9 mannose HNbMoO, 10 120 30 48 67 96 64 [100]
10 xylose Sn-B + sodium borate 5 85 25 100 30 67 20 [98]
n xylose HNbMoOg 10 120 30 57 31 99 31 [100]
12 arabinose HNbMoOg 10 120 30 57 31 76 24 [100]
13 arabinose Sn-B + sodium borate 5 85 25 100 34 88 30 [98]

[a] All results are for reactions performed in aqueous media. [b] Conversion (X), selectivity (S), and yield (Y) are given for C2 epimeric aldose. [c] Mass ratio:
initial mass of substrate divided by mass of catalyst. [d] Molar ratio of initial substrate amount to amount of metal ions.

product is limited by the thermodynamics of the

=) H H complexes, not the saccharides. Consequently, the
#c=0 D C-0H ®¢=0 use of an excess amount of the complexing agent
Hg OH 2.1 hyaride shift o CH) C1-C2 hydride shift HcH) g” enables thermodynamically predicted yields to be
H——0oH Sn-Beta H——0OH Sn-Beta H——0H surpassed. For instance, the thermodynamic equilibri-
H——OH H——OH H——OH um of mannose/glucose is approximately 28:72, but
CH,OH CH,OH CH,0H mannose Yyields above 50% have been reported in
D-Glucose D-Fructose D-Mannose  the presence of Ca(OH)," and Ni/amine."®® At the
same time, it should be noted that epimerization by

b) 13'7' H molecular complexes utilizes an equimolar or higher
GF0 13(.320 amount of the complexing metal with respect to the

H(I—)!::CH)H Carbon shift HIC-I)—_(‘_—gH substrate concentration. If lower amounts of Ca(OH),

H—OH  Complex with Ca?* or Nifamine H——OH are used, isomerization yielding a ketose predomi-

H——OH Mo! H——OH nates in the obtained alkaline medium.”® Brunner

CH20H Sn-Beta + sodium borate CH,OH and Opitz have reported a significant decrease in the

D-Glucose Na-Sn-Beta D-Mannose catalytic activity of Ni/amine upon using substoichio-

Figure 12. Mechanism of glucose epimerization into mannose by a) carbon shift and

b) two successive hydride shifts.

smoothly in methanol for different diamine ligands. However,
only nickel complexes with hydrophobic ligands (i.e., with alkyl
chain lengths > C,,) exhibit catalytic activity in aqueous media,
whereas complexes with hydrophilic ligands are completely in-
active. It has been shown that Ni complexes bearing hydro-
phobic ligands agglomerate in water to form metallomi-
celles.”™ The hydrophobic environment of these metallomi-
celles plays a crucial role in catalysis, in line with the recently
uncovered high importance of hydrophobic pores of Sn-§ (Sec-
tion 3).

Epimerization through the formation of molecular com-
plexes with Ca’" or Ni/amines exhibits a number of advantag-
es, including very mild reaction conditions. Indeed, the reac-
tion can be completed at 65°C in 10-15 min.?>' Additionally,
epimerization proceeds by complexation, and the yield of the
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metric quantities of catalysts. Thus, mannose yields
drop from 47 % for a glucose/nickel molar ratio of 1:1
to 10% for a glucose/nickel molar ratio of 10:1.1%

In this respect, discovery of an efficient molybde-
num catalyst by Bilik in the 1970s has attracted much atten-
tion. The epimerization takes place under mild reaction condi-
tions, that is, the reaction equilibrium in 10-20 wt% aqueous
solution of a substrate is usually reached after 2-6 h at 70-
90°C by utilizing 0.1-0.2% molybdic acid." The reaction is
very sensitive to the pH of the solution, and the highest epi-
merization rate is obtained in the pH range of 1.5 to 3.5. The
epimerization follows the carbon-shift mechanism (Figure 12a)
through coordination of a substrate toward a Mo"' dimer. Inter-
estingly, the epimerization of aldoses by carbon shift is some-
times referred to as the “Bilik mechanism” or the “Bilik reac-
tion”. A wide scope of substrates can be epimerized in the
presence of molybdenum catalysts, though some limitations
for substrates have been reported. The substrate should have
a carbon chain length of at least four carbon atoms with hy-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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droxy groups at C2, C3, and C4. Importantly, the Bilik reaction
was very quickly scaled up to a pilot plant running in Bratisla-
va. A large number of publications and patents focusing on
Bilik epimerization highlight the great commercial importance
of this process. Given that the early literature was thoroughly
reviewed by Petrus et al.,"° herein, we concentrate on more
recent publications. Chethana et al. have performed a computa-
tional study explaining the dependence of the rate of epimeri-
zation on the pH. They have found that under optimized con-
ditions (pH 1.5-3.5), the concentration of the dimeric Mo"' spe-
cies is maximal."® Ju etal. have recently reported the high
catalytic activity of molybdenum-based polyoxometalates for
the epimerization of glucose. The catalytic activity of
H;PMo,,0,0, Ag;PM0,,0,,, and Sn,;sPMo,,0,, has been demon-
strated.®”

A one-pot process combining hydrolysis of starch and glucose/
mannose epimerization has been performed by Hricoviniova.
An equilibrium mixture of glucose and mannose was ob-
tained.'® Numerous efforts have been made to produce solid
catalysts containing molybdenum(VI) species to perform epi-
merization continuously. For instance, immobilization of mo-
lybdate species on ion-exchange resins has been per-
formed." Kockritz et al. have studied the long-term stability
of immobilized molybdates with 800 h on stream. A slow de-
crease in catalytic activity has been observed mostly because
of leaching of the active species into the liquid phase.""” Addi-
tionally, heptamolybdate exchanged on quaternary ammonia
modified SBA-15-type mesoporous silica exhibits good activity
and stability.""" Takagaki et al. have recently demonstrated the
catalytic activity of the layered niobium molybdates LiNbMoOg
and HNbMoOs. The latter is also efficient for the one-pot hy-
drolysis—epimerization of cellobiose, which leads to an equilib-
rium mixture of glucose and mannose."™ Noteworthy, some
authors have reported the reduction of Mo"' species during ep-
imerization.”"% Nevertheless, the catalyst can be reoxidized
upon treatment with dilute H,0, solution.'%2

Lewis acids catalyze epimerization, but the selectivity for epi-
meric aldose is low compared to that of the ketose (Table 3).
Bermejo-Deval et al. suggest that glucose epimerization into
mannose over Sn- takes place by two consecutive hydrogen
shifts (Figure 12b).”® Notably, this mechanism occurs over the
open sites of Sn-f, that is: (1) if no salt is added to the reaction
mixture to exchange the protons of the silanol groups with
cations; (2) water or methanol is used as the solvent; (3) fruc-
tose is produced as the major product. Computational studies
confirm that the energetically favored formation of mannose
proceeds over the open sites of Sn-p through two hydride
shifts.""¥ Choudhary etal. suggest the formation of lyxose
during isomerization of xylose to proceed through a similar
pathway with the same intermediate for xylulose and lyxose
formation. &

In fact, Sn-p can be used as a selective catalyst for preferen-
tial epimerization if used in combination with salts. Gunther
et al. report the selective aqueous-phase epimerization of glu-
cose, mannose, xylose, and arabinose catalyzed by Sn-f+
sodium borate {with molecular formula Na,[B,O5(OH),]-
8H,01.%% " The epimerization takes place through carbon shift
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(Figure 12a). Under the same reaction conditions without
sodium borate, formation of ketoses dominates over epimeri-
zation. It is suggested that complexation of the borate anion
with saccharides leads to a change in the reaction mechanism.
Formation of the borate-saccharide complexes confined in the
pores of Sn-f has been confirmed by means of solid-state
NMR spectroscopy.”® Calculations performed by using density
functional theory suggest that a glucose complex with tetrahe-
dral borate inhibits competitive isomerization.'"” More recent-
ly, Bermejo-Deval et al. have demonstrated that epimerization
of glucose into mannose through carbon shift also takes place
over Na"-exchanged Sn-B.”® The postsynthetic exchange of
the protons of the silanol groups with Na*t leads to the pre-
vailing formation of mannose in both water and methanol as
solvents. This effect has also been suggested by Rai et al., who
used a computational approach. If the silanol group adjacent
to a Sn metal center does not participate in the transition
state, carbon shift is predicted to become a more energetically
favorable mechanism (Figure 8right).”¥ Nevertheless, sodium-
exchanged Sn- is unstable and leaching of Na™' into solution
is observed during the course of the reaction.”®

5. Conclusions and Outlook

Summarizing the recently published literature on the isomeri-
zation of monosaccharides, a few breakthroughs can be high-
lighted. First, the catalytic performance of solid bases appears
to be outstanding compared to that of soluble bases, especial-
ly in terms of selectivity for ketoses. Though the catalytic activ-
ity of basic catalysts for isomerization has been known for
more than a century, the application of basic catalysts on
a commercial level has been hindered mostly because of low
selectivity. The good catalytic performance of solid bases is in-
dicative of the high potential of these materials. Second, the
discovery of Lewis acids with high catalytic activity in the
aqueous phase has significantly broadened the range of cata-
lysts for the transformation of monosaccharides. The superior
catalytic performance of Sn-§§ zeolite is a fascinating example
of a chemocatalyzed reaction occurring through a concerted
mechanism, analogously to enzymatic catalysis. So far, catalytic
systems for the isomerization of p-glucose into p-fructose (Sn-
B), L-sorbose (Ti-f), and p-mannose (Sn-f+ sodium borate)
have been uncovered. We are convinced that ongoing inten-
sive work in this area will result in new interesting catalytic sys-
tems for the isomerization of monosaccharides in the near
future.

As an outlook, we would like to put forward the following
points. The long-term stability of catalysts for isomerization is
of great interest, as porous catalysts are expected to be influ-
enced by hot water. The chelating effect of saccharides can
result in redistribution of metal species. Moreover, strong ad-
sorption of (by)products potentially causes deactivation of the
catalysts. Therefore, investigation of the catalytic isomerization
processes under continuous conditions will be informative in
terms of catalytic activity and selectivity as a function of time
on stream. Additionally, the majority of investigations currently
report on isomerization leading to equilibrium mixtures of iso-
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mers. However, efficient recovery of individual substances from
these mixtures is crucial, as recovery and purification processes
can be limiting factors for process economy, even if catalysis is
very efficient. Finally, insight into the structure of the active
species as well as the isomerization mechanisms and reaction
networks will facilitate the establishment of structure-activity
relationships. We believe that addressing these challenges will
accelerate the implementation of newly discovered catalytic
processes on a commercial level.
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