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The Fischer–Helferich glycosidation reaction is generally the initial step in the conversion of glucose to

levulinate in alcohol media. However, the relevant molecular mechanism catalyzed by Al-based catalysts

is still not well understood. In this work, the reaction mechanism of the glycosidation from glucose to

methyl glycosides catalyzed by Al3+ coordinated with methanol/methoxyl was investigated through

density functional theory (DFT) calculations. The whole reaction process includes ring-opening, addition,

and ring-closure events. The addition of methanol to the ring-opening structure of glucose makes the

electronegativity of C1 site stronger to proceed with the following ring-closure reaction. Among the 28

kinds of ways of ring-closure reaction, the most preferred way is to close the loop through the six-

membered ring (O5–C1) to generate methyl glucoside (MDGP). The rate-determining step is the ring-

closure and the Al3+ shows a great catalytic effect which is mainly reflected in coordinating with the

solvents to transfer protons. The results would be helpful to understanding the Fischer–Helferich

glycosidation mechanism catalyzed by Al-based catalysts and comprehend the conversion of glucose to

high value-added chemicals.
1. Introduction

The conversion of biomass resources to valuable platform
chemicals is of critical importance according to the diminish-
ing fossil fuels and global warming effects.1,2 Among the various
biomass-derived products, glucose is the monomer unit of
cellulose which could produce a variety of valuable chemicals,
such as 5-hydroxymethyl-furfural and levulinates.3–5 The
Fischer–Helferich glycosidation is a simple and cheap method
to render alkyl and aryl glycoside from sugars which is also
prevalent in the conversion of glucose to levulinate.6 Besides,
the carbohydrate derivatives have been widely used in food
emulsiers, cosmetic surfactants, and solvents for membranes.7

As a promising approach, alcoholysis technology has been
maturely applied for the conversion of lignocellulose to plat-
form chemicals due to its various advantages. Compared with
the conversion of glucose to biofuels in the water medium,
alcoholysis could avoid wasting water and decrease humins or
g, Quzhou University, Quzhou 324000, P.

gineering, Beijing Key Laboratory of Ionic
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mation (ESI) available. See

3426
chars.8,9 Moreover, the alkyl levulinate generated in alcohol
gives a higher yield than levulinic acid obtained in water.10,11 In
the previous work, Deng et al. reported that abundant products
such as glucose, fructose, and methyl glucoside (MDGP), were
detected in methanol, and the yield of MDGP was relatively high
because glucose tends to undergo Fischer–Helferich glyco-
sidation to generate MDGP.12 In 2019, Chung et al. described
that decyl glucoside was synthesized by direct glucosidation
from glucose in 1-decanol using zeolite catalysts.13 The glucose
could form alkyl glucoside in the alcohol system through
Fischer–Helferich glycosidation which is described in Scheme
1.14,15 Fischer–Helferich glycosidation is one of the most
promising choices to prepare alkyl or aryl glycosides from
sugars. Most studies have concentrated on the conversion
experiments and development of high-efficiency catalysts due to
the wide application of high value-added alkyl glucosides.
However, the detailed reaction mechanism of Fischer–Helferich
glycosidation remains ambiguous.
Scheme 1 The glycosidation of glucose to alkyl glucoside.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In the past decades, numerous kinds of catalysts were used
for the conversion of glucose in the alcohol media, and the
corresponding glycosidation reaction was indicated based on
the intermediate alkyl glucosides.11,16 As one kind of sustainable
clean catalysts, Al-based catalysts, such as Al2(SO4)3, AlCl3, and
AlPW12O40 are efficient for the conversion of biomass carbo-
hydrates in the alcoholic solvents.17,18 Various coordination
structures could be formed with the solvents to catalyze many
reactions, such as the sugar isomerization, Fischer–Helferich
glycosidation, and the dehydration of fructose.19 He et al.
investigated the predominant coordination of cyclic b-D-glucose
to [Al(OH)(aq)]2+ and [Al(OH)2(aq)]

+ ions and gained many
stable coordination species, which may aid in understanding
the glucose isomerization.20 Norton et al. reported that the
hydrolyzed Al3+ complex [Al(H2O)(OH)2]

1+ was the active species
in the glucose isomerization.21 Furthermore, Saravanamurugan
et al. proposed that bifunctional Lewis and Brønsted acid sites
in the Al-based catalyst structures were one of the most
important reasons to catalyze the glycosidation.22 Recently, as
a promising bifunctional catalyst for biomass carbohydrate
transformation to methyl levulinate, AlPW12O40 has shown
superior activity and the bifunctional Lewis and Brønsted acid
site structure [Al(CH3O)2(CH3OH)2]

+ can be detected by GC-MS
experiments.23 However, the detailed glycosidation mecha-
nism of glucose to methyl glycosides catalyzed by Al-based
catalyst is still not clear.

To understand the fundamental reaction mechanism of
Fischer–Helferich glycosidation of glucose to methyl glycosides
catalyzed by Al-based catalysts in methanol solvent, we inves-
tigated in detail the reaction pathways of glucose to methyl
glycosides over [Al(CH3O)2(CH3OH)2]

+ catalyst by DFT calcula-
tions in this work. In the Fischer–Helferich glycosidation
process, there are mainly three steps including the ring-opening
of glucose, addition, and ring closure reaction. The reaction
pathways were explored in detail and activation barriers of each
step were compared. The reaction pathways without catalyst
and catalyzed by Al-based catalysts in methanol solvent had
been also probed. Finally, the Fischer–Helferich glycosidation
mechanism of glucose catalyzed by Al-based catalysts had been
proposed. The calculated results would provide comprehensive
information to understand the glycosidation of glucose to alkyl
glycosides in alcoholic solution.

2. Computational method

All the calculations were carried out by using the M06-2X
functional,24 which is proposed to be one of the best func-
tionals to accurately calculate energy barrier, with the standard
6-311+G** basis set and Grimme's D3 dispersion corrections,25

as implemented in Gaussian 09 soware package.26 The
geometries for the reactants, transition states, and products
were fully optimized without any constraints in the gas phase
and generated by CYL view.27 To account for the solvent effects,
single-point calculations were performed in a methanol
dielectric by using the SMD solvation model.28 Vibrational
frequency calculations were also carried out to verify the opti-
mized structures as minima (zero imaginary frequency) or rst-
© 2022 The Author(s). Published by the Royal Society of Chemistry
order saddle points (one imaginary frequency) and to provide
free energies at 298.15 K, 1 atm. Gibbs free energies were
calculated by the sum of energies in the SMD solvent and
thermal correction to Gibbs free energies at M06-2X-D3/6-
311+G** level. The intrinsic reaction coordinate (IRC) path-
ways29 of transition states have been traced to conrm that each
of them connects the desired reactant and product. Further-
more, the potential energy surface (PES) scans30 were performed
to search for the TS structures. The activation energy (Ga) which
is the energy barrier and reaction energy (Gr) of the systems are
dened as follows:

Ga ¼ GTS � GR, Gr ¼ GP � GR (1)

where GTS, GR, GP represent the Gibbs free energies of transition
state, reactant, and product. Noncovalent interactions (NCIs)
were characterized by using Reduced Density Gradients (RDGs)
approach31 which can be dened as the following:

s ¼ 1

2ð3p2Þ1=3
jVrj
r4=3

(2)

where r stands for the electron density and jVrj represents the
norm of electron density gradient vector. The RDG is typically
plotted against sign(l2)r in a scattering diagram where the
sign(l2) is the sign of the second curvature of the electron
density. The topological properties were generated by Multiwfn
program32 with the wave functions in M06-2X-D3/6-311+G**
level.
3. Results and discussion

For the Fischer–Helferich glycosidation reaction, it is prevalent
in the conversion experiments of glucose under alcohol
solvent.33 The detailed reaction pathways were not expounded
in most of the studies. The Mayer bond order is a natural
extension of the Wiberg bond order, which has proved
extremely useful in bonding analysis.34 The Mayer bond order
analysis has beenmade for the C–O of glucose which was shown
in Fig. S1.† TheMayer bond order of C1–O5 (the C–O in the ring)
and C1–O1 (the C–O in hydroxyl) are 0.86, and 1.36, respectively.
It means the C1–O5 bond is easier cleavage than C1–O1. For the
direct etherication reaction of methanol (the oxygen of CH3OH
attacks C1 of glucose), the potential energy 3D surface scan was
made in Fig. S2.† When the methanol attacks the C1 site of
glucose, the C1–O1H1 bond length would increase and attract
the proton of methanol for dehydration. It can be found that the
relative energy will increase for direct etherication and there
are also no saddle points in the 3D surface scan. In addition, the
ring-opening of glucose with a linear hemiacetal structure (IM1)
can be detected in the initial reaction stage by using radioactive
sugars.35,36 Based on previous research on the glycosidation of
glucose to MDGP,37,38 it is generally recognized that the
conversion occurs through the methanol addition to the ring-
opening structure of glucose which is shown in Scheme 2.
Therefore, the whole glycosidation mechanism generally
includes ring-opening, addition, and ring closure events. In the
RSC Adv., 2022, 12, 23416–23426 | 23417
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Scheme 2 The general mechanism for the glycosidation of glucose to methyl glycoside.

Fig. 2 The structure of [Al(CH3O)2(CH3OH)2]
+ optimized at M06-2X-

D3/6-311+G** level (bond length in Å).
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following sections, we will discuss the mechanism of glucose to
MDGP without and with [Al(CH3O)2(CH3OH)2]

+ catalyst.

3.1 The ring-opening reaction of glucose

The ring-opening reaction step where the proton from the
hydroxyl group at C1 transfers to O6 atom has been reported by
some theoretical studies like the isomerization of sugars.39,40

Firstly, the ring-opening reaction of glucose without catalyst
was calculated and shown in Fig. 1. The proton at O1 directly
transfers to O5 and the length of C1–O5 bond gradually
increases cleavage with the structure of TSa. The product (IM1)
of the ring-opening reaction will be formed with
a 47.1 kcal mol�1 energy barrier. This process is an endothermic
reaction of 8.0 kcal mol�1.

Saravanamurugan et al. reported that Al-based zeolites with
combined Brønsted and Lewis acid sites could catalyze the
glucose isomerization at relatively low temperatures.22 In
aqueous media, the distribution of hydrolyzed AlCl3 species
depends on many parameters, e.g., the concentration of AlCl3,
pH value, temperature, and so on.41 It is generally believed that
Al3+ exists in the form of (1) hexa-coordinated [Al(aq)]3+ in
strong acid solution (pH < 3.0), (2) [Al(OH)2(H2O)n�2]

+, and
[Al(OH)(H2O)n�1]

2+ around a pH of 4.0 (where n is the coordi-
nation number), (3) [Al(OH)(H2O)n�1]

2+ as well as [Al(OH)4]
� at

pH values of 5.2–6.7, (4) a tetrahedral [Al(OH)4]
� structure (pH >

7.0).42,43 Theoretical and experimental research studies indicate
that the four-coordination [Al(OCH3)2(CH3OH)2]

+ plays a crucial
role in the conversion of sugars aer the typical stable
[Al(CH3O)m(CH3OH)n]

3�m (m ¼ 0–6, m + n # 6) species were
Fig. 1 The potential energy (kcal mol�1) profile with the structures of
reactant, transition state, and product for the ring-opening of glucose
without catalyst (bond distances in Å).

23418 | RSC Adv., 2022, 12, 23416–23426
calculated.19 To gain a further understanding of the Fischer–
Helferich glycosidation mechanism, the [Al(CH3O)2(CH3OH)2]

+

structure (Fig. 2) containing both bifunctional Lewis and
Brønsted acid sites was used and reported in our previous
study.19 To investigate the ring-opening reaction of glucose
catalyzed by [Al(CH3O)2(CH3OH)2]

+, the energy prole and
reactants, transition states, and products of this process were
probed and presented in Fig. 3. For the ring-opening reaction,
the O1H1 of glucose was activated by [Al(CH3O)2(CH3OH)2]

+. In
R1 ([(h1

O1-Glu)Al(CH3O)2(CH3OH)2]
+), the Al3+ interacts with the

hydroxyl group (O1) at a Al–O bond length of 2.031 Å, and the
methanol coordinated with Al3+ forms H-bonds with O5 at
a distance of 1.769 Å. The H1 transfers to the methoxy group
coordinated with Al3+ via TS1 with a barrier of 4.5 kcal mol�1,
which means it is easy to undergo the rst step, and it will form
P1 (H1 of glucose transfers to OCH3 of [Al(CH3O)2(CH3OH)2]

+).
This step is exothermic by about 4.6 kcal mol�1. The P1 and R2
are isomers in differently spatial position. Then, the hydrogen
of methanol coordinated with Al3+ transfers to O5, and the
length of C1–O5 bond gradually becomes longer (TS2). Finally,
the ring-opening of the glucose (P2) was formed with the C1–O5
bond cleavage. The second step involves a free energy barrier of
10.1 kcal mol�1 which is 5.5 kcal mol�1 higher than the rst
step. The ring-opening catalyzed by [Al(CH3O)2(CH3OH)2]

+

shows that [Al(CH3O)2(CH3OH)2]
+ can signicantly decrease the

energy barrier through the hydrogen transfer of methanol
coordinated with Al3+.
3.2 Addition reaction

The ring-opening structures of glucose (IM1) and MDGP (IM2)
are two important intermediates in the Fischer–Helferich gly-
cosidation.44,45 As a useful method to predict the reactive site of
the molecular surface, quantitative molecular surface analysis
of electronic potential (ESP) had been widely used in many DFT
studies.46,47 Based on the structure of reactants optimized at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The potential energy (kcal mol�1) profile with the structures of reactants, transition states, and products for the ring-opening of glucose
catalyzed by [Al(CH3O)2(CH3OH)2]

+ (X1 ¼ CH3OH, X2 ¼ CH3O, bond distances in Å).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1/

29
/2

02
4 

2:
48

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
M06-2X-D3/6-311+G** level, the ESP of IM1 and IM2 had been
analyzed and listed in Fig. 4. The ESP surface minimum of IM1
and IM2 is located in the O1 area which is �0.046 and �0.070
a.u., respectively. In the IM2, the addition of methanol makes
the ESP around the O1 area more negative to undergo the
following ring-closure reaction. Besides, the electropositive
region of IM1 and IM2 are located around the O6 site. However,
the change (0.003 a.u.) is not obvious when the methanol was
added to IM1. As one of the most widely used methods to
accurately describe the charge distribution in the chemical
system, the natural population analysis (NPA) charge was also
calculated.48 The NPA charge of IM1 and IM2 was calculated and
summarized in Table S1.† In IM2, the NPA charge of C1–C6 are
0.430, 0.073, 0.078, 0.098, 0.074, and �0.054 a.u. The most
positive and negative sites are located in C1 and C6, respec-
tively. These changes in the chemical properties when the
methanol was added in IM1 would be benecial for the
Fig. 4 The electrostatic potential on the van der Waals surfaces of (A) IM

© 2022 The Author(s). Published by the Royal Society of Chemistry
following ring-closure reaction. The subsequent step is the
addition reaction where the ring-opening form glucose (IM1) is
transformed into IM2 (Fig. 5). A transition state (TSb) is located
to connect Rb (IM1) and Pb (IM2) with a reasonable activation
barrier of 35.5 kcal mol�1. In the geometry of TSb, the oxygen of
methanol is found to be close to the C1 with a distance of 1.58 Å
in the four-membered ring transition structure. In the addition
reaction step, the H-transfer assisted by two MeOH molecules
had been probed and combined in Fig. 5. A six-membered
transition state can be formed with 19.8 kcal mol�1 energy
barrier which is lower than that of Rb–Pb.

To explore the addition reaction catalyzed by [Al(CH3O)2(-
CH3OH)2]

+, the energy prole with the structures for two
different pathways in the addition reaction is shown in Fig. 6. In
the R3–P3 reaction pathway, the proton (hydroxyl) of CH3OH
coordinated with [Al(CH3O)2(CH3OH)2]

+ transfers to O1 of IM1,
and the OCH3 coordinated with Al3+ was added to C1 of IM1.
1 and (B) IM2.

RSC Adv., 2022, 12, 23416–23426 | 23419
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Fig. 5 The potential energy (kcal mol�1) profile with the structures of reactant, transition state, and product for the addition reaction without
catalyst. (bond distances in Å).
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The IM1 was active by the coordination of [Al(CH3O)2(CH3-
OH)2]

+ (R3). In TS3, the hydrogen of methanol coordinated with
Al3+ transfers to the O1, and the methoxy attacks C1 with only
Fig. 6 The potential energy (kcal mol�1) profile with the structures of rea
addition reaction catalyzed by [Al(CH3O)2(CH3OH)2]

+. (X1 ¼ CH3OH, X2

23420 | RSC Adv., 2022, 12, 23416–23426
a 14.3 kcal mol�1 energy barrier. This process is exothermic by
2.8 kcal mol�1. In another reaction pathway (R30–P30), H-bonds
initially can be formed between Al3+ and O5, then H (hydroxyl)
ctants, transition states, and products for two different pathways in the
¼ CH3O, bond distances in Å).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of CH3OH transfers to O1, and the methoxy was added to C1 of
IM1. The energy barrier of R30–P30 is 32.5 kcal mol�1 and higher
than that of R3–P3. Therefore, the role of Al3+ is mainly reected
through the hydrogen transfer of coordinated methanol. In the
Fischer–Helferich glycosidation, the energy barrier of the
addition reaction (R3–P3) is higher than that of the ring-
opening step.
3.3 Ring-closure reaction

Cyclic anhydrosugars are important intermediates in synthetic
carbohydrate chemistry.49 Four different main rings, i.e., three-,
four-, ve-, and six-membered ring, can be formed due to the six
hydroxyls in IM2. For the three-membered rings, there are ten
different kinds of ways which are the connection of O1–C2, O2–
C3, O3–C4, O4–C5, O5–C6, O2–C1, O3–C2, O4–C3, O5–C4, and
O6–C5, respectively. For the four-membered ring, there are
eight different types of ways which are O1–C3, O2–C4, O3–C5,
O4–C6, O6–C4, O5–C3, O4–C2, and O3–C1. In the ve-
membered ring reactions, important intermediates would be
produced such as methyl fructoside which can provide a refer-
able pathway in the alcohol system. There are six different kinds
Table 1 The computed activation energy (Ga), reaction energy (Gr), and t
and six-(25–28) membered ring-closure reaction from IM2. (unit kcal m

Entry Ring-closure Ways Ga

1

Three-

O1–C2 72.3
2 O2–C1 53.6

3 O2–C3 64.8
4 O3–C2 78.5

5 O3–C4 80.3
6 O4–C3 75.0

7 O4–C5 73.7
8 O5–C4 72.5

9 O5–C6 74.9
10 O6–C5 73.0

11
Four-

O1–C3 77.1
12 O3–C1 57.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
of ways which are O1–C4, O2–C5, O3–C6, O6–C3, O5–C2, and
O4–C1. Also, for the six-membered ring to form meaningful
products like MDGP, there are four different ways which are O1–
C5, O2–C6, O6–C2, and O5–C1. As a result, there are 28 kinds of
ways in the ring-closure reaction step. We had calculated all of
the ring-closure reactions discussed above. The corresponding
energies and the structures of products are summarized in
Table 1. The H5 of O5 transfers to O1H1 and the O5–C1 bond
will be formed to produce MDGP based on the pathway with the
lowest energy barrier. The detailed discussions of the various
ring-closure reactions were put in ESI.†

Based on the results mentioned above, the lowest energy
barrier (52.8 kcal mol�1) is for the O5–C1 six-membered ring
closure reaction which can produce MDGP. Aer probing the
reaction pathways of the ring-closure reaction without a cata-
lyst, we choose the way of O5–C1 six-membered ring closure
with lowest energy barrier and the reaction mechanism cata-
lyzed by [Al(CH3O)2(CH3OH)2]

+ had been investigated based on
the DFT calculations. The lowest energy barrier of IM2 through
O5–C1 ring-closure reaction to MDGP is demonstrated in Fig. 7.
Initially, H-bonds were formed between Al3+ and O1 with a 1.960
he structures of products in the three-(1–10) four-(11–18) five-(19–24)
ol�1)

Gr Structure of products

22.7
16.3

15.4
21.8

17.0
19.6

18.3
16.5

16.2
12.3

19.1
13.0
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Table 1 (Contd. )

Entry Ring-closure Ways Ga Gr Structure of products

13 O2–C4 79.9 17.4
14 O4–C2 82.2 15.8

15 O3–C5 92.3 17.5
16 O5–C3 88.2 18.3

17 O4–C6 81.3 14.8
18 O6–C4 82.7 8.2

19

Five-

O1–C4 65.6 �1.3
20 O4–C1 65.1 �3.5

21 O2–C5 70.9 �4.6
22 O5–C2 74.7 �5.5

23 O3–C6 76.3 �0.8
24 O6–C3 73.4 1.8

25

Six-

O1–C5 70.3 �5.4
26 O5–C1 52.8 �6.5

27 O2–C6 70.8 �7.8
28 O6–C2 71.1 �12.0
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Å bond length. The C1 site was activated by Al3+ as the C1/O1H
bond elongated by 0.538 Å (original 1.422 Å). In the TS4 struc-
ture, the H5 of O5 transfers to the methoxy coordinated with
23422 | RSC Adv., 2022, 12, 23416–23426
Al3+, and the O1–H1 broke away with the coordination of Al3+.
The length of C1–O5 gradually decreased and MDGP was nally
formed with 30.3 kcal mol�1. This process is exothermic by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The potential energy (kcal mol�1) profile with the structures of
reactants, transition states, and products for the O5–C1 ring-closure
reaction to MDGP catalyzed by [Al(CH3O)2(CH3OH)2]

+. (X1 ¼ CH3OH,
X2 ¼ CH3O, bond distances in Å).
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1.6 kcal mol�1. Comparing the energy barrier of each step, the
ring-closure reaction is the overall limited step in the Fischer–
Helferich glycosidation.
Fig. 8 RDG analysis for the (A) five-number ring and (B) six-number ring
values of sign (l2)r, ranging from �0.05 to 0.05 a.u. Blue indicates stron

© 2022 The Author(s). Published by the Royal Society of Chemistry
As a practical tool for visualizing interaction types, reduced
density gradient (RDG) analysis was proposed by Yang et al.
based on the reduced density gradient versus the electron
density multiplied by the sign of second Hessian eigenvalue.50

This method has been prevalently used to study non-covalent
interaction in many DFT types of research.51,52 To assess the
ability of different ring-closure reactions, RDG analysis was
performed for the products of ve-(O4–C1) and six-(O5–C1)
membered ring closure reactions as listed in Fig. 8. In the ring
formation, the effects of steric hindrance will become
apparent.53,54 The red region (Fig. 8) which was plotted with
a red rectangle can be classied as the steric hindrance effect in
the ring closure process. The sign(l2)r of the ve- and six-
membered ring closure products is 0.0425 and 0.0209 a.u.,
respectively. It indicates that the steric effect in the middle of
the ve-membered ring is stronger than that of six-.
3.4 The whole glycosidation of glucose to methyl glycosides

Combining the above DFT calculations, the complete mecha-
nism of glycosidation of glucose to methyl glycosides catalyzed
by [Al(CH3O)2(CH3OH)2]

+ is depicted in Fig. 9 and the detailed
reaction mechanism is presented in Scheme 3 based on the
lowest reaction pathways by DFT calculations. The optimized
XYZ coordinates of all TSs without catalyst and catalyzed by
[Al(CH3O)2(CH3OH)2]

+ are listed in Table S2 and S3,† respec-
tively. The rst stage of the ring-opening reaction corresponds
to the approach of glucose toward the active site resulting in
. The isosurfaces are colored on a blue–green–red scale according to
g attractive interaction and red indicates steric effect.

RSC Adv., 2022, 12, 23416–23426 | 23423
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Fig. 9 The potential energy (kcal mol�1) profiles for glycosidation of glucose to methyl glycosides catalyzed by [Al(CH3O)2(CH3OH)2]
+ at M06-

2X-D3/6-311+G** level.
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complex R1, in which the O1 strongly bonded to the Al3+ center
(Al–O1 ¼ 2.031 Å) and the O5 bonded to the methanol coordi-
nated with Al3+ (OH/O5 ¼ 1.769 Å). About 4.5 kcal mol�1

energy barrier needs to be overcome via the transition state
structure of TS1. The formation of intermediate P1 where Al3+

coordinated with O1 of glucose will be benecial for the
following ring-opening step. Subsequently, the hydrogen of
hydroxyl of methanol coordinated with Al3+ migrates to O5, and
the reaction needs to overcome the 10.1 kcal mol�1 energy
barrier with the C1–O5 bond cleavage. The formation of the
ring-opening structure is endothermic with an energy change of
8.1 kcal mol�1. The structure of P2 was the ring-opening of
glucose with the Al3+ interacting O1 site. For the R3, it has the
same 2D molecular formula as P2 through the rotation of C–C
bond. They are spatial isomers without transient states. For the
Scheme 3 The proposedmechanism for glucose tomethyl glycosides in
¼ CH3O).

23424 | RSC Adv., 2022, 12, 23416–23426
ring-opening step of glucose, it had been referred by the isom-
erism of glucose to fructose reported before.55,56 Then, the
methoxy (CH3O) coordinated with Al3+ forms CH3O–C1 bond,
and the hydrogen of hydroxyl of methanol migrates to the O1 via
TS3. The barrier of the addition reaction is 14.3 kcal mol�1

which is relatively higher than the ring-opening step. This step
is exothermic with 2.7 kcal mol�1. In the last step, the center
Al3+ strongly coordinated with O1, the C1–O1 bond has been
activated where the bond length of C1–O1 becomes longer
(original 1.409 to 1.453 Å). For the TS4, the O1H will break away
from C1, and the H5 transfers to the methoxy coordinated with
Al3+, at the same time O5–C1 bond was formed and nally
generate MDGP. The energy barrier is 30.5 kcal mol�1 and this
step is exothermic with 1.6 kcal mol�1. It can be concluded that
the rate-determining step is the ring closure reaction.
methanol solvent catalyzed by [Al(CH3O)2(CH3OH)2]
+. (X1¼CH3OH, X2

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Compared with the energy prole of no catalyst, the Al3+ can
show a great catalytic effect in the glycosidation of glucose to
MDGP, and Al3+ plays a critical role in the hydrogen transfer.
4. Conclusion

For the methanolysis of carbohydrates into methyl levulinate,
Al-based catalysts, such as Al2(SO4)3 and AlPW12O40 have shown
great advantages in the conversion process. As a prevalent
reaction, Fischer–Helferich glycosidation is easy to proceed
from glucose to alkyl glucosides in an alcoholic solvent. DFT
calculations have been carried out to reveal the detailed
mechanism for the glycosidation of glucose to methyl glyco-
sides by Al-based catalysts. There are mainly three steps for the
Fischer–Helferich glycosidation, which are ring-opening, addi-
tion, and ring-closure steps. The Al3+ coordinated with
methanol/methoxyl could reduce the energy barrier to some
extent in the ring-opening step by transferring the proton. In the
addition reaction, the electronegativity of C1 increased when
themethanol was added to the C1 site. It would be benecial for
the following ring-closure step. For the ring-closure step, there
are probably 28 different kinds of ways, and the O5–C1 which
rendering the MDGP is more preferred with the lowest energy
barrier. In the whole process of Fischer–Helferich glycosidation
catalyzed by [Al(CH3O)2(CH3OH)2]

+, the ring-closure is the rate-
determining step and the Al3+ coordinated with methanol/
methoxyl mainly reects on a proton shuttle to promote the
reaction. A novel reaction mechanism of Fischer–Helferich
glycosidation was proposed based on our DFT calculations. This
work would provide basic aid to understand the mechanism of
Fischer–Helferich glycosidation catalyzed by Al-based catalysts
and the conversion of glucose in the alcoholic solvent.
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