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Density functional theory calculations were performed to under-
stand the detailed reaction mechanism of aluminum alkoxy-
catalyzed conversion of glucose to 5-hydroxymethylfurfural
(HMF) using Al(OMe)3 as catalyst. Potential energy surfaces were
studied for aggregates formed between the organic com-
pounds and Al(OMe)3 and effects of the medium were consid-
ered via continuum solvent models. The reaction takes place
via two stages: isomerization from glucose to fructose (stage I)
and transformation of fructose to HMF (stage II). Stage II
includes three successive dehydrations, which begins with a
1,2-elimination to form an enolate (i.e., B), continues with the
formation of the acrolein moiety (i.e., D), and ends with the for-
mation of the furan ring (i.e., HMF). All of these steps are facili-
tated by aluminum alkoxy catalysis. The highest barriers for

stage I and stage II are 23.9 and 31.2 kcal/mol, respectively, and
the overall catalytic reaction is highly exothermic. The energetic
and geometric results indicate that the catalyzed reaction path
has feasible kinetics and thermodynamics and is consistent with
the experimental process under high temperature (i.e., 120 �C).
Remarkably, the released water molecules in stage II act as the
product, reactant, proton shuttle, as well as stabilizer in the con-
version of fructose to HMF. The metal–ligand functionality of
the Al(OMe)3 catalyst, which combines cooperative Lewis acid
and Lewis base properties and thereby enables proton shut-
tling, plays a crucial role in the overall catalysis and is responsi-
ble for the high reactivity. © 2019 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.25812

Introduction

The chemistry of conversion of nonfood plant biomass to fuels
and chemicals has been significantly developed in the past
decades.[1–13] The majority of sugars in plant biomass are stored
in the form of hemicellulose and cellulose.[14] It is exciting that
cellulose can be hydrolyzed into water-soluble reducing sugars
with high conversion rate under the catalytic effect of mineral
or organic acid,[15,16] or even without any additional catalyst in
ionic liquids (ILs)–H2O mixtures.[17] The reducing biomass sugars
can be further transformed into the important biomass plat-
form chemical 5-hydroxymethylfurfural (HMF).[18]

HMF is a multipurpose intermediate for the synthesis of high
value-added chemicals and fuels,[19] and in fact, HMF produc-
tion has become an important component of biomass
conversion.[20–28] Since glucose is the most abundant monosac-
charide, the catalyst-mediated direct conversion of glucose to
HMF is particularly promising. Early attempts focused on lantha-
nide halide catalysts (i.e., LnCl3, Ln = La3+ − Lu3+), which can
promote the conversion of glucose to HMF with very low
yield (~10%).[29–31] Later studies found that the chromium
halides (CrCln, n = 2, 3) could be the effective catalysts for the
conversion of glucose into HMF. For example, Zhao et al.[32]

reported that the CrCl2-catalyzed reaction in the IL 1-alkyl-
3-methylimidazolium chloride gives a high HMF yield of 70%.
The HMF yield could be further increased to 81% by adding
N-heterocyclic carbene ligand to the reaction system.[33] In
2012, Hensen and coworkers[34] reported that the conversion of

glucose to HMF can be promoted by the transient Cr2+ dimer
with rationally HMF yields (ca. 60%). In 2013, Chen group devel-
oped CrCl2/imidazolium chloride systems which higher turnover
rates with reasonably high HMF yields of >65%.[35] In addition,
they reported that Chromium(0) nanoparticles in the CrCl2/IL
system were effective catalyst for the conversion of glucose to
HMF.[36] Under the catalytic effect of CrCl3 in DBU-based ILs
(DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene) and in benzenesul-
fonate ILs, the conversion of glucose to HMF can be signifi-
cantly improved to very high HMF yields.[37,38] It should be
emphasized that the ILs play key role in the chromium halide-
mediated conversion reactions.[39,40] The use of CrCln catalyst in
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Br�nsted acid solvents, such as H2SO4
[15] or the acidic IL

[EMIM][HSO4]
[16] produces only 8–9% HMF yields.

Alternative to chromium halides, many efforts have also been
made to develop inexpensive and less harmful catalysts for the
conversion of glucose to HMF.[41] In 2009, Hu and coworkers[42]

reported that the common Lewis acid SnCl4 can be used as
the catalyst in this conversion with 62% HMF yield. In 2010,
Chidambaram and Bell found that the H3PMo12O40/[EMIM]Cl
system with acetonitrile as the cosolvent can obtain high-to-
quantitative yield.[43] Later, it was found that nanophase mate-
rials, such as nano-POMs(polyoxometalates)/nano-ZrO2/nano-
γ-Al2O3, can be used as an effective catalyst for the conversion
of glucose to HMF with yields of >60%.[44] Matsumiya et al.[45]

reported in 2015 that the combination of choline dihydrogenci-
trate and glycolic acid can provide a yield of ~60%. Recently,
Chu et al.[46] found that WO3/RGO (reduced graphene oxide)
could also catalyze the conversion of glucose to HMF.

Regardless of the impressive developments of metal halide
and complex metal oxide catalysts to transform glucose into
HMF, it remains a challenge to identify new catalysts for this
purpose with high efficiencies that are easily accessible and less
harmful to the environment. Recently, Chen and coworkers[47]

made much progress in this direction with their discovery that
aluminum alkyl (e.g., AlMe3, AlEt3) and alkoxy compounds
(e.g., Al(OiPr)3, Al(O

tBu)3) are also very effective catalysts for
glucose-to-HMF conversion. In a more recent study, Ladipo
found that the LRAIMe2 (LR = (aminomethyl)phenolate) com-
plexes are effective catalysts for the transformation of glucose
to HMF in the ILs.[48] Remarkably, the aluminum alkoxy com-
pounds have become commodity chemicals and they are much
cheaper than the benchmark catalyst CrCl2 (by a factor of
180 for Al(OiPr)3) and they exhibit high reactivity toward
glucose-to-HMF conversion with comparable or even higher
HMF yield (ca. 62%).

Intrigued by the novelty of the aluminum alkoxy catalysts,
we studied the detailed reaction mechanisms of the catalytic
conversion of glucose to HMF by using Al(OMe)3 as a represen-
tative catalyst model. On the basis of the stabilities and the
structures of the intermediates and transition states, we can
consistently rationalize the origins of the high reactivity of the
aluminum alkoxy catalysts. The insights gained by our mecha-
nistic analysis suggests that the development of more efficient
catalysts should focus on tuning structural features that
improve the last dehydration step leading to furan formation,
which can provide further synthetic strategy for experiments.

Computational Details

All calculations involved in this study were carried out by using
the Gaussian 09 program.[49] Previous mechanistic study on the
chromium, as well as boric acid-catalyzed dehydration of glucose
to HMF in ILs indicated that the B3LYP[50,51] Density functional
theory (DFT) functional calculations are reasonable for such reac-
tions. The B3LYP functional was thus used to carry out all DFT cal-
culations in this study. We use Al(OMe)3 as the computational
model of the catalysts (i.e., Al(OiPr)3). Briefly, all structures involved
were optimized and characterized as minima or transition states

at the B3LYP/6-31G** level. The harmonic frequencies were com-
puted at the same level for the zero-point energy corrections,
thermal and entropic corrections at 298.15 K and 1 atm. Intrinsic
reaction coordinate calculations were performed to examine the
correct connections between the transition states and the corre-
sponding minima if necessary. The relative energies were then
improved by M06-2X[52]/6–311++G(2d,p)//B3LYP/6-31G(d,p)
single-point calculations with solvent effects accounted by
means of IEFPCM,[53–56] using the experimentally used ILs as
solvent. The solute cavities were constructed using the default
set of UFF atomic radii.[57] The solvent ILs was parameterized
in analogy to dibromomethane (ε = 7.26). The effective sol-
vent radius Rsolv = 292.3 pm was derived using the Stearn–
Eyring equation,[58] and the molecular density (5,000 pm−3)
and the molecular volume (Vmol = 120.25 cm3 mol−1) were
obtained from the macroscopic properties of ILs (density = 1.186
g cm−3, molecular mass = 142.62 g mol−1). The Gibbs free ener-
gies in the solvent at the M06-2X/6–311++G(2d,p) level are used
in the following discussion, unless otherwise specified, and the
enthalpies are given for references in the related schemes and
figures.

Results and Discussion

The goal of this study includes unveiling the detailed mecha-
nism of the Al(OMe)3-catalyzed conversation of glucose to HMF
and rationalizing the origin of the reactivity of the aluminum
alkoxy catalysts. In particular, we herein show that the reaction
takes place via two stages (Scheme 1): the isomerization of glu-
cose 1 to fructose 2 (stage I) and the dehydration of fructose
2 to HMF 3 (stage II). Stage II includes a series of three succes-
sive dehydrations steps, which begins with a 1,2-elimination
step to form an enolate B intermediate, which is the anion form
of (2R,E)-2-(hydroxymethyl)-5-(hydroxymethylene)-tetrahydrofu-
ran-3,4-diol. The reaction continues with the formation of the
acrolein moiety D, which has the resonance structure with C,
and ends with the formation of the furan ring HMF 3.

Stage I: Catalytic isomerization of glucose 1 to fructose 2

The Al(OMe)3-catalyzed conversion of 1 to 2 can be character-
ized by three steps: (1) ring-opening of the cyclic pyranose 1 to
its open-chain isomer; (2) isomerization from the open-chain
form of glucose to the open-chain form of fructose; and (3) ring
closure generating fructose 2. Note that the direct conversion
of 1 to 2 without catalyst is excluded because of the very high
barriers (>48 kcal/mol; see Supporting Information Scheme S1).

Step 1: Ring-opening of glucose 1 to its open-chain isomer. As
shown in Scheme 2, the initial step is the formations of the Lewis
acid–base adduct IM1, which is 13.6 kcal/mol more stable than
the separated Al(OMe)3 and 1. After crossing a low barrier of
10.7 kcal/mol (TS1), the H1 atom of OH group in IM1 can be eas-
ily transferred to one OMe ligand of Al(OMe)3 leading to the
more stable intermediate IM2 with exothermic by 5.2 kcal/mol.
The activated H1-atom can further be transferred to O3-atom in
the six-membered ring via a barrier of 13.8 kcal/mol (TS2) lead-
ing to IM3, which is the open-chain isomer of glucose 1.
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We also considered the concerted ring opening step via tran-
sition state TS1’ without the assistance of the OMe ligand of
the catalyst. However, the high barrier, which is 25.4 and
27.5 kcal/mol higher than TS1 and TS2, respectively, precluded
the concerted reaction channel. It is noteworthy that the
metal–ligand (i.e., Al OMe) bifunctional effect plays a critical
role in stabilizing the transition states and the intermediates, as
indicated by optimized transition states in Figure 1.

In order to generate the open-chain conformation of fruc-
tose, the catalyst Al(OMe)3 in IM3 needs slight adjustment in its
position to approach to the carbonyl and the neighboring OH
group leading to IM4 with a barrier of 8.2 kcal/mol (TS3).
Although IM4 is 1.1 kcal/mol less stable than IM3, the subse-
quent steps (see Scheme 3) can provide thermodynamic driving
force to move the reaction forward.

Step 2: Isomerization from the open-chain form of glucose to
the open-chain isomer of fructose. Two reaction pathways for
the isomerization process from the open-chain form of glucose
to the open-chain form of fructose mediated by the Al(OMe)3
catalyst were explored. Scheme 3 shows the calculated free
energy profiles, and the optimized geometries of some key
transition states are given in Figure 2.

The Al-atom of Al(OMe)3 catalyst first binds to the OH
group neighboring the carbonyl group via a barrier of 9.7 kcal/-
mol (TS4) leading to the more stable intermediate IM5 (the
black path). As shown in Scheme 3, the metal–ligand bifunc-
tional effect plays significant role in the following hydrogen
transfer process from IM5 to IM7. The hydrogen shift takes
place via a stepwise mechanism: the H2-atom of OH in IM5 is
transferred to the O5-atom of OMe by crossing the TS5

Scheme 1. Proposed mechanisms for
the Al(OMe)3-catalyzed conversation of
glucose 1 to HMF 3. [Color figure can
be viewed at wileyonlinelibrary.com]

Scheme 2. Free energy profiles for the
ring opening step (step 1) in stage
I. Values in kcal/mol are free energies
and enthalpies (in the brackets),
respectively. [Color figure can be
viewed at wileyonlinelibrary.com]
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transition state to give the more stable IM6, followed by a con-
certed H-shift transition state TS6 to generate the open-chain
form of fructose as indicated by IM7. The barriers for the two H-
transfer steps are 9.3 and 17.9 kcal/mol, respectively, which are
in the range for experimental realization under mild conditions.
The optimized geometries of the transition states TS5 and TS6
in Figure 2 illustrate the O H/C H bonds activation and follow-
ing H-shifts process. IM6 and IM7 are 6.0 and 8.7 kcal/mol,
respectively, more stable than IM5, implying a thermodynamic
reaction channel.

An alternative mechanism was proposed on the basis of dif-
ferent hydrogen shift sequences. As shown the blue path in
Scheme 3, the H2- and H3-atom can be simultaneously trans-
ferred to one –OMe ligand of Al(OMe)3 catalyst and the car-
bonyl carbon atom (i.e., CCO), respectively, via a concerted
transition state TS7 to generate IM8. The hydrogen transfer pro-
cess is illustrated by the C H C (1.347 and 1.391 Å) and
O H O (1.097 and 1.336 Å) distances in TS7 (Fig. 2). By com-
parison, the reaction channel from IM4 to IM8 is kinetically
4.7 kcal/mol less favorable but thermodynamically 9.7 kcal/mol

more favorable than the path of IM4 ! IM5. The H2 OMe moi-
ety in IM8 then adjusts its position to release the activated
H2-atom to the O1-atom by crossing a barrier of 16.8 kcal/mol
(TS8) giving IM9. Although IM9 is 6.2 kcal/mol higher than IM8,
the following step via a low barrier of 4.7 kcal/mol (TS9) leading
to IM7 is exergonic by 5.2 kcal/mol, which can afford thermody-
namic driving force. Comparisons in Scheme 3 indicated that
both the scenarios for this step are reasonable for experimental
realization under mild reaction conditions, but the black reac-
tion channel is slightly kinetically favorable.

Step 3: Ring closure generating cyclic fructose 2. As indicated
by Scheme 4, the OMe ligand of Al(OMe)3 also plays an
important role in the ring-closure step. After overcoming a bar-
rier of 4.2 kcal/mol (TS10), the five-membered-ring intermediate
IM10 can be formed with the H4-atom of the OH group simul-
taneously transferred to the OMe ligand of Al(OMe)3. The
H4-OMe moiety then regulates its position to transfer the
H4-atom via TS11 (ΔG6¼ = 16.3 kcal/mol) to give IM11, in which
the cyclic fructose is generated. The optimized structures of

Figure 1. Optimized geometries of TS1 and TS2, along
with the key bond distances in Å. Trivial hydrogen
atoms are omitted for clarity (color code, C: black, H:
white, O: red, Al: pink). Other structures are given in
Supporting Information Figure S1. [Color figure can be
viewed at wileyonlinelibrary.com]

Scheme 3. Free energy profiles for the isomerization process from the open-chain form of glucose to the open-chain isomer of fructose (step 2) in stage
I. Values in kcal/mol are free energies and enthalpies (in the brackets), respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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TS10 and TS11 are shown in Figure 3. Similar to the ring-
opening process in step 1, the direct ring-closure pathway via
TS10’ can be easily excluded because of the high barrier of
34.7 kcal/mol. The step from IM7 to IM11 is endothermic by
0.7 kcal/mol, implying the reversible process and IM11 can even
be easily converged to the thermodynamically slightly stable
IM7. This agrees that only trace amount of fructose could be
detected in the experiment. Nonetheless, as expected, the sub-
sequent steps in stage II are highly exothermic, which can

provide enough thermodynamic driving force for moving the
reaction forward.

Stage II: Catalytic conversion of fructose 2 to HMF 3

After generating the cyclic fructose as shown in IM11, dehydra-
tion reactions will subsequently take place to release three
water molecules and lead to the final product HMF 3. On the
basis of the energetic and geometric results, we characterize

Figure 2. Optimized structures of some important transition
states, along with the key bond distances in Å. Other
structures are given in Supporting Information Figure S2.
Trivial hydrogen atoms are omitted for clarity (color code, C:
black, H: white, O: red, Al: pink). [Color figure can be viewed
at wileyonlinelibrary.com]

Scheme 4. Free energy profiles for the ring-closing
step (step 3) in stage I. Values in kcal/mol are free
energies and enthalpies (in the brackets), respectively.
[Color figure can be viewed at wileyonlinelibrary.com]

WWW.C-CHEM.ORG FULL PAPER

Wiley Online Library J. Comput. Chem. 2019, 40, 1599–1608 1603

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WWW.C-CHEM.ORG


the detailed mechanism of stage II in terms of the following
three steps: (1) release the first water molecule via
1,2-elimination to form enolate B (i.e., IM15); (2) release the sec-
ond water molecule to generate acrolein moiety D (i.e., IM17);
and (3) release the third water molecule to produce the final
product HMF 3.

Step 1: Release the first H2O molecule via 1,2-elimination to
form enolate B. The energy diagram shown in Scheme 5
describes the detailed reaction mechanism for this step, and
the optimized structures of key transition states are displayed
in Figure 4.

To release the first H2O molecule, the catalyst Al(OMe)3 in
IM11 needs to slightly adjust its position via TS12 to give the
thermodynamically more stable IM12. The H4-atom of the OH
group that bonding to Al(OMe)3 in IM12 can be further trans-
ferred to the nearby –OMe ligand via TS13 with a barrier of
11.1 kcal/mol leading to IM13. In TS13, the O H O distances
are 1.225 and 1.240 Å (Fig. 4), respectively, confirming the

correct hydrogen shift process. Subsequent to the formation of
IM13, the reaction needs to overcome the transition state TS14
and TS15 to liberate one water molecule, and the corresponding
barriers are 17.9 and 16.8 kcal/mol, respectively. Related to the
more stable IM13, the barrier for TS15 is 31.2 kcal/mol, which is
slightly higher but still accessible for experimental realization
under high temperature (i.e., 120 �C). Note that the direct dehy-
dration from IM12 via TS13’ can be easily excluded because of
the very high reaction barrier (i.e., 68.2 kcal/mol). The formation
of the enolate B (i.e., IM15) intermediate is exothermic by
14.8 kcal/mol, which is the anion form of (2R,E)-2-(hydroxy-
methyl)-5-(hydroxymethylene)tetrahydrofuran-3,4-diol.

Step 2: Release the second H2O molecule to generate the
acrolein moiety D. After reaching enolate B (i.e., IM15), the
released H2O molecule then adjusts its position by passing a
very low barrier of 2.7 kcal/mol (see Scheme 6). In TS16, the
activated H5-atom on the OMe ligand of Al(OMe)3 is trans-
ferred to another OMe ligand with the assistance of long-

Scheme 5. Free energy profile for the
first H2O molecule release (step 1) in
stage II. Values in kcal/mol are free
energies and enthalpies (in the
brackets), respectively. [Color figure can
be viewed at wileyonlinelibrary.com]

Figure 3. Optimized structures of key stationary points,
along with the key bond distances in Å. Other structures
are given in Supporting Information Figure S3. Trivial
hydrogen atoms are omitted for clarity (color code, C:
black, H: white, O: red, Al: pink). [Color figure can be
viewed at wileyonlinelibrary.com]
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range hydrogen-bonding interactions, which is confirmed by
the changed bond distances (1.359, 1.096, 1.198, 1.229, 1.055,
and 1.438 Å, respectively) shown in TS16 (Fig. 5). The generated
IM16 is only 0.5 kcal/mol more stable than IM15, suggesting the
reversible transformation process. With the assistance of the first
released H2O molecule and the –OMe ligand of Al(OMe)3, the
second H2O molecule could be easily liberated from IM16 via
TS17 to generate the acrolein moiety IM17 (i.e., D). The barrier
for the second H2O molecule release is predicted to be
22.4 kcal/mol, which is much less than the first H2O molecule lib-
eration with a barrier of 31.2 kcal/mol. The optimized TS17 in
Figure 5 indicated that the long-range hydrogen-bonding

interactions play significant role in stabilizing the structure, and
H2O acts as the product, reactant, proton shuttle, as well as stabi-
lizer during the transformation process.

Step 3: Release the third water molecule to produce the final
product HMF 3. As illustrated by the energetics and geomet-
rics in Scheme 7, the released two H2O molecules and the cata-
lyst Al(OMe)3 will firstly liberate from IM17 (i.e., D) to give the
less stable intermediate IM18. The in stiu generated IM18 bonds
to Al(OMe)3 facilely giving IM19, which can then be trans-
formed to the more stable IM20 via a low barrier of 8.4 kcal/-
mol (TS18). Note that the –OMe ligand of Al(OMe)3 is important

Figure 4. Optimized structures of key stationary points according to Scheme 5, along with the key bond distances in Å. Other structures are given in
Supporting Information Figure S4. Trivial hydrogen atoms are omitted for clarity (color code, C: black, H: white, O: red, Al: pink). [Color figure can be viewed
at wileyonlinelibrary.com]

Scheme 6. Free energy profile for the second H2O
molecule release (step 2) in stage II. Values in kcal/mol
are free energies and enthalpies (in the brackets),
respectively. [Color figure can be viewed at wileyonline
library.com]

Figure 5. Optimized structures of key stationary points
according to Scheme 6, along with the key bond
distances in Å. Other optimized structures are given in
Supporting Information Figure S5. Trivial hydrogen
atoms are omitted for clarity (color code, C: black, H:
white, O: red, Al: pink). [Color figure can be viewed at
wileyonlinelibrary.com]
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for abstracting the H-atom in the –OH group, which is illus-
trated by the optimized geometry of TS18 in Figure 6. On the
other hand, we also considered the direct dehydration from
IM17 without releasing the two H2O molecules and the catalyst.
However, the very high barriers (see Supporting Information
Scheme S2 for details) precluded such reaction pathways.

Subsequent to the formation of IM20, the third water mole-
cule was formed mediated by the metal–ligand bifunctional
Al(OMe)3 catalyst. The two barriers for the hydrogen transfer
(H8-transfer) and water release process are 27.7 (TS19) and

1.9 kcal/mol (TS20), respectively. In addition, the water mole-
cule assisted hydrogen transfer process was further considered.
However, the barrier of TS19-H2O and TS20-H2O is slightly unfa-
vorable than TS19 and TS20 (see Supporting Information
Scheme S3 for details). The process of IM20 ! IM22 is highly
exothermic by17.8 kcal/mol. Therefore, the hydrogen shift and
water formation process is both kinetically and thermodynami-
cally favorable. With the assistance of the released H2O mole-
cule, the activated H9-atom on the –OMe ligand of Al(OMe)3
can be further transferred to the O6-atom attached to the Al-

Figure 6. Optimized structures of key stationary points
according to Scheme 7, along with the key bond
distances in Å. Other structures are given in
Supporting Information Figure S6. Trivial hydrogen
atoms are omitted for clarity (color code, C: black, H:
white, O: red, Al: pink). [Color figure can be viewed at
wileyonlinelibrary.com]

Scheme 7. Free energy profiles for the
third H2O molecule release (step 3) in
the stage II. Values in kcal/mol are free
energies and enthalpies (in the
brackets), respectively. [Color figure can
be viewed at wileyonlinelibrary.com]
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atom via a long-range hydrogen-bonding interaction TS21
(Fig. 6) to generate the intermediate IM23, in which the final
product HMF is produced. Although the liberation of free HMF
from IM23 is endothermic, the regenerated catalyst Al(OMe)3
will react with the initial reactant glucose 1 starting the next
catalytic cycle, which can provide enough thermodynamic driv-
ing force to reach the final product.

On the basis of the discussions on the Al(OMe)3-catalyzed
target reaction, we assemble the two stages together to give
the most favorable catalytic cycle in Figure 7. Each stage is
kinetically and thermodynamically feasible. The barrier (TS15)
for abstracting the OH group and forming the first water mol-
ecule is the highest (ΔG6¼ = 31.2 kcal/mol), which is demon-
strated to be the rate-determining step in the whole catalysis. It
is worthy of mentioning that the long-range hydrogen-bond
interactions among the catalyst, reactant, and the released
water molecules play important role in the whole catalytic pro-
cess and the released H2O molecules act as the product, reac-
tant, proton shuttle, and stabilizer during the reaction pathway.
In addition, the metal–ligand bifunctional effects in the catalyst
Al(OMe)3 play crucial role in stabilizing the intermediates and
transition states during the whole catalytic cycle.

Conclusion

In conclusion, DFT calculations were performed to understand
the detailed reaction mechanism of Al(OMe)3-catalyzed conver-
sation of glucose to HMF. Our study reveals that the reaction

takes place via two stages, including the catalytic isomerization
of glucose to fructose (stage I) and the catalytic transformation
of fructose to HMF (stage II). There are three steps involved in
stage I, which include (1) ring-opening of cyclic pyranose 1 to
its open-chain isomer; (2) isomerization from the open-chain
form of glucose to the open-chain isomer of fructose via long-
range intermolecular hydrogen-bonding interactions; and (3):
ring-closure generating cyclic fructose 2. The highest barrier in
stage I is predicted to be 23.9 kcal/mol (i.e., IM2 ! TS6), which
is low enough for experimental realization under mild condi-
tions. There are also three steps in stage II, which includes three
successive dehydrations that begins with a 1,2-elimination to
form enolate B, continues with the formation of acrolein
moiety D, and ends with the formation of the furan ring HMF
3. Each step is kinetically and thermodynamically favorable feasi-
ble. The highest barrier in stage II is predicated to be 31.2 kcal/
mol (i.e., IM13 ! TS15), which is somewhat higher but still
experimentally accessible under high temperature (i.e., 120 �C).
Stage II is highly exothermic by 31.3 kcal/mol, which can afford
enough thermodynamic driving force to reach the final product
and release the Al(OMe)3 catalyst for the next catalytic cycle.

Our mechanistic study affords further insights on the origin
of high reactivity of the catalyst. On the one hand, the metal–
ligand bifunctional effects in the Al(OMe)3 catalyst play critical
role in stabilizing the intermediates and transition states during
the reaction pathway. The alkoxy-oxygen is the Lewis base and
can be protonated by alcohols or activated C H bonds. On the
other hand, the released water molecules in stage II act as

Figure 7. Complete catalytic cycle for the Al(OMe)3-
catalyzed conversation of glucose 1 to HMF 3 via
fructose 2. [Color figure can be viewed at wileyonline
library.com]
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product, reactant, proton shuttle, as well as stabilizer in the
conversion of fructose to HMF. Finally, the long-range
hydrogen-bonding interactions among the catalyst, reactant,
and the released water molecules are helpful to improve the
kinetics and thermodynamics for the whole catalysis.
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