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ABSTRACT: Density functional calculations are used to elucidate
the role of the silanol group adjacent to the active site Sn metal
center of the Sn-BEA zeolite in the isomerization and epimerization
of glucose. We find that the silanol group plays an important role in
the isomerization reaction, wherein hydride transfer and subsequent
proton transfer occur in a single step with a lower energy of
activation. Epimerization, on the other hand, proceeds via a
mechanism similar to the Biĺik mechanism and has lower activation
barrier when the silanol group does not participate directly in the
transition state. Our calculations indicate that cooperative effects,
often encountered in enzymatic catalysis, promote hydride transfer in
the isomerization reaction but not for the Biĺik mechanism for
epimerization.
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Carbohydrates are of immense importance to fields such as
nutrition science, biology and medicine, and the food

industry.1 Since only a handful of aldose and ketose sugars
occur naturally and in abundant quantities, isomerization and
epimerization have played a key role in carbohydrate
chemistry.1−3 However, the current worldwide emphasis on
the search for carbon neutral sources of energy to meet our
energy needs in a sustainable manner has reinvigorated interest
in these chemical transformations. This is mainly because a
large fraction of biomass consists of cellulose and hemicellulose,
polymers of primarily glucose and xylose sugars, respectively.4

The current thrust is toward breaking down lignocellulosic
biomass into their constituents and subsequently converting the
sugars into platform chemicals, such as 5-hydroxymethylfurfural
(HMF) and furfural.4−8 A key step in this process is aldose-to-
ketose isomerization. The current industrial processes employ
enzymes such as D-xylose isomerase to carry out aldose-to-
ketose isomerization. However, as with any other enzymatic
process, these are expensive and require precise control of
process variables, such as pH, temperature, etc.9 The search for
heterogeneous catalysts that can either match or surpass
enzymes in isomerization and epimerization efficiency and cost
effectiveness is a highly active research area.
These efforts led to the discovery of Sn-Beta as an efficient

catalyst for isomerization9 and epimerization10 with water and
methanol as the reaction medium, respectively. In addition, Sn-
Beta was shown to be active for conversion of mono- and
disaccharides into methyl lactate, possibly via retro aldol
condensation.11,12 There have been several experimental and

computational studies seeking to understand the mechanism of
isomerization.13−19 These studies point to an intramolecular
C2−C1 hydride shift to be at play for aldose-to-ketose
isomerization. In contrast, there is just a single study on the
epimerization in Sn-Beta in which the authors employed 13C
NMR experiments and found that glucose-to-mannose
epimerization in methanol proceeds via the Biĺik mechanism;10

however, it is not clear what leads to change in the product
distribution (isomer to epimer) when the solvent medium is
changed from water to methanol.
To date, all the evidence suggests that the active site is a

partially hydrolyzed Sn site (see Figure 1c) in the Sn-Beta
zeolite;20 however, the role of the adjacent silanol group is not
well understood. The majority of the experimental work in this
area has focused on 13C- or 2H-labeled sugar molecules, which
cannot resolve if the silanol groups participate directly in the
key elementary reactions. Bermejo-Deval et al.13 carried out
experiments in a saturated solution of NaCl to populate
adjacent silanol groups with Na+, but these studies were
inconclusive. Similarly, computational studies13−15 have
employed cluster models containing the active Sn site with
and without silanol groups, but completely ignore the structural
arrangement of the partially hydrolyzed Sn site and of the
silanol group created as a result of the hydrolysis of the Si−O−
Sn bond. While this work was under review, Yang et al.21
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carried out periodic DFT calculations and concluded that
isomerization activity can be enhanced by having a silanol nest
in the vicinity of the active site.
In this Letter, we present density functional studies on

isomerization and epimerization of the open form of glucose
into fructose and mannose, respectively, facilitated by Sn-Beta
zeolite and explore the role of adjacent silanol groups in these
chemical transformations. The goal of the present work is to
determine whether silanol groups can cooperatively participate
in the key steps in the isomerization and epimerization
reactions. The cooperative interactions between different
functional groups are a hallmark of enzymatic activity,22,23

and this concept is increasingly being applied to develop
chemical catalysts23−29 that display high selectivity and
specificity.
For our work, we employed M06-2X, a hybrid meta-GGA

functional developed by Zhao and Truhlar30,31 that provides
reliable thermochemistry32 and captures the van der Waals
interactions anticipated to play a role in the present work. The
LANL2DZP basis set33,34 was used for Sn and Si atoms, and 6-
31+G** for H, O, and C atoms.35−37 For the hydrogen atoms
used to satisfy silicon dangling bonds, 6-31G basis functions
were used. These basis sets were downloaded from the EMSL
basis set exchange.38,39 All the calculations were performed with
the Gaussian 09 software suite, rev. C.40 The ultrafine grid was
used in all the calculations, and minima and transition states
were verified by frequency calculations (sample input files are
provided in the Supporting Information). Geometry minima
are characterized by the absence of imaginary frequencies and
transition states by the presence of a single imaginary
frequency. Furthermore, a path along the intrinsic reaction
coordinate was followed to ensure that the transition state
connects the reactants and products. All electronic energies
(kcal/mol) are referenced to the sum of cluster and closed form
glucose molecules at infinite separation. Because the goal of the
present work is to explore different reaction pathways,
vibrational corrections were not applied to the energies to
avoid spurious effects due to the large number of low-frequency
modes in the system considered in the present study.
Following the work of Boronat et al.,20 we built the active

model around the T9 crystallographic site in the zeolite Beta in
a stepwise manner (see Figure 1). In the first step, a
significantly large cluster was cut out from the zeolite structure
(Figure 1b). All the dangling bonds were satisfied by H atoms.
The geometry was optimized with PM641 keeping H atoms
frozen. Subsequently, the cluster was further reduced in size
while maintaining the structural integrity of the partially

hydrolyzed Sn site (Figure 1c). At this stage, the cluster
model consisted of 49 atoms with 8 Si, 1 Sn, 10 O, and 20 H
atoms, and optimizations were carried out using the M06-2X
density functional. Every time a dangling bond was satisfied by
adding an H atom, first, an optimization was carried out
keeping these hydrogen atoms free and heavy atoms frozen. For
subsequent geometry optimizations and transition state
searches, these H atoms were frozen, and all other atoms
were allowed to relax. The key difference from prior
computational work13−15,20 is our careful construction of the
active site model to preserve the structural proximity of the Sn
hydroxyl and silanol groups. The cluster model, although large,
does not allow studying the confinement effects due to the
zeolite framework. However, we believe that “physical”
stabilization or destabilization of the transition state due to
the zeolite framework would be somewhat similar to that of the
intermediates connected by the transition state. Thus, the
confinement effects would be smaller on the activation energies
because the effect of a somewhat “rigid” framework will cancel
out when we compute the differences. Furthermore, the
nonadditive “chemical” effects on the transition state originate
from the active site and nearby framework, which we have
included in the cluster employed for the present calculation.
Figure 1d shows that the lowest unoccupied molecular orbital is
located at the Sn site, indicating the preferred binding site for
sugar molecules.
The glucose-to-fructose isomerization involves three

steps:14,15 (a) proton transfer from the glucose molecule to
the Sn−OH, (b) hydride transfer from the C2 carbon position
to the C1 position, and (c) proton transfer back to the keto
form of the sugar. For these steps, two different binding modes
were considered. In the first case, glucose binds so that the
carbonyl group is hydrogen-bonded to the silanol group (top
row in Figure 2), whereas in the second case, glucose binds in a
bidentate mode to the Sn site (bottom row in Figure 2). The
base-catalyzed proton transfer in the first step is common to
both the glucose-to-fructose isomerization and the glucose-to-
mannose epimerization processes. For the Biĺik reaction,
instead of a hydride transfer from the C2 carbon to the C1
carbon, there is a simultaneous C1−C3 bond formation and
C2−C3 bond cleavage, followed by proton transfer from the
Sn(OH2) moiety back to the deprotonated form of mannose.
To our knowledge, there has not been a computational study to
explore the Biĺik mechanism in sugar molecules.
The binding mode in which the glucose carbonyl oxygen is

hydrogen-bonded to the silanol group is energetically more
favorable compared with the case when it is bound to the Sn

Figure 1. Construction of active site model. (a) Zeolite beta crystal, (b) the large cluster model, (c) the small active site model used in the present
work, and (d) the lowest unoccupied molecular orbital is centered at the Sn atom. The dark blue, red, light blue, and white spheres show Si, O, Sn,
and H atoms, respectively.
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atom (in bidentate mode) by ∼1 kcal/mol (Figure 2).
However, the activation energy for the proton transfer is
significantly lower (≈ 5 kcal/mol) in the first case compared
with the bidentate binding mode. This suggests that although
the initial binding energies are comparable in the both cases,
proton transfer facilitated by direct participation of the silanol
group is much more probable than in the bidentate binding
mode. Furthermore, the configuration of products in the former
case is much more stable (by ∼9 kcal/mol) than in the latter
case of bidentate mode.
The configurations and energetics for the hydride transfer

(step 2 in the overall process) are shown in Figure 3. For the
hydride transfer from the C2 to the C1 carbon, it appears that
the proximity of the silanol group provides immense synergistic
effects. This is evident from the fact that not only is the
activation significantly lower, but also the proton transfer back
to the sugar molecule is completed in a concerted single step.
This type of cooperativity is quite common in the case of
enzymatic systems, and our calculations show that similar
synegistic effects may be in play in the case of the Sn-Beta
zeolite, as well. The transition state involves three different
hydrogen atoms that move in a concerted manner. The hydride
transfer from the C2 to the C1 carbon makes the O1 oxygen
significantly more negative, thereby making it a stronger
Brønsted base than the silanol group. As a result, it pulls the
hydrogen atom from the silanol group, which in turn pulls the
hydrogen atom from the Sn(OH2) moiety and completes the
isomerization in a single step.
In an earlier publication,15 we concluded that the H transfer

from C2 to C1formally described as a hydride transfer
follows a neutral H atom-coupled electron transfer mechanism.
In the current system, natural population analysis supports the
same mechanism. The charge on the H atom that migrates
from C2 to C1 changes from 0.253 in the reactant state to
0.328 in the transition state, indicating that the C2-to-C1 H

transfer is not hydridic in nature, because that would formally
entail a negative charge on the hydrogen. In the transition state,
the electron is delocalized between the O2 and O1 oxygen
atoms. On the other hand, the concurrent hydrogen transfers
from the Sn ligand water to the silanol of the hydroxylated site
and from the silanol to the O1 oxygen of the sugar are, in fact,
proton transfers. Influenced by the previous work on titanium
silicates by Khow and Davis,42 Bermejo-Deval et al.13 designed
an experimental setup in which silanol groups were
deprotonated and coordinated by Na+ ions, but it did not
seem to have any effect on the reaction. We believe that this
could be due in part to the presence of water molecules that
solvate the Na+ ions and could show behavior similar to the
silanol group. Furthermore, it can be difficult to maintain the
silanol group in the deprotonated state in an acidic medium.
Encouraged by the synergistic role played by the silanol

group in the isomerization reaction, we carried out a similar
study for the glucose-to-mannose epimerization reaction.
Bermejo-Deval et al.13 have shown that Sn-Beta can catalyze
the epimerization reaction when methanol is used as the
reaction medium. 13C NMR spectroscopy points to carbon−
carbon bond scrambling similar to that observed in the case of
the Biĺik reaction43 in molybdic acid solutions. To our surprise,
we find that although the direct involvement of the silanol
group in the transition state results in the epimerization process
being complete in a single step, the energetic barrier is
significantly higher when compared with the bidentate mode, in
which the complete epimerization proceeds in the traditional
two-step process (see Figure 4). The higher activation energy
barrier almost makes the epimerization an unlikely reaction
pathway. We believe that the constraints due to the bidentate
mode binding promote the C1−C3 bond formation and C2−
C3 bond scission. When methanol is used as the solvent
medium, it is possible that silanol groups will be methoxylated,
thereby promoting the bidentate binding mode, which results
in the epimerization reaction, to be more favorable than the
isomerization reaction. Our preliminary reaction free energy
calculations suggest that methoxylation of silanol or stannanol
is equally probable, and the methoxylated cluster has a lower
free energy, ∼−0.5 kcal/mol. Thus, from a purely thermody-

Figure 2. Structure and energetics for reactants (R, left), transition
state (TS, center), and products (P, right) for proton transfer from
glucose to the active Sn hydroxyl site. (Top) SiOH direct participation
in the transition state, glucose binds to the Sn site in a monodentate
mode. (Bottom) SiOH spectator, glucose binds to the Sn site in a
bidentate mode. The numbers show energies (kcal/mol) for the
species, and the numbers in the parentheses are the activation energies
(kcal/mol). For clarity only, the Sn hydroxyl, silanol, C1, C2, O1, O2,
H1, and H2 are shown in ball and stick representation, and rest of the
cluster and glucose molecule is shown with the wireframe
representation. The carbon atoms are represented by black spheres,
and the color scheme for the rest of the atoms is the same as Figure.1.

Figure 3. Structure and energetics for reactants (R, left), transition
state (TS, center), and products (P, right) for the hydride transfer in
glucose-to-fructose isomerization. (Top) SiOH direct participation in
the transition state, glucose binds to the Sn site in a monodentate
mode. (Bottom) SiOH spectator, glucose binds to the Sn site in a
bidentate mode. The numbers have the same meaning as in Figure 2.
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namic perspective, methoxylation is feasible, as observed by
Wang et al.;44 however, the methoxylation activation energy
barriers can be different for Sn−OH and Si−OH. The
subsequent methoxylation which results in both stannanol
and silanol being methoxylated has substantially higher free
energy, ∼10 kcal/mol.
Figure 5 shows the proton transfer back to the sugar

molecule from the active Sn site. The energetic barrier for the

proton transfer is 10 kcal/mol and is similar to that of the initial
proton transfer step. The proton transfer back to the sugar
molecules, in the case of the bidentate mode, is somewhat
higher, at 17 kcal/mol, and follows a transition state similar to
that of the isomerization reaction. Overall, the energetic
barriers for proton transfer are smaller than either the hydride
transfer for the isomerization reaction or the carbon skeleton
rearrangement in the case of the Biĺik type mechanism for the
epimerization, consistent with the NMR experiments.13

In summary, our calculations suggest that the silanol group
adjacent to the active Sn hydroxyl site in Sn-Beta promotes,
synergistically, the hydride transfer in the isomerization of
glucose to fructose. We find that when the silanol group
participates directly in the hydride transfer step, the isomer-
ization is complete in a single step with lower activation energy
barrier (see Table 1). For the epimerization reaction, although
the key C1−C3 bond formation, C1−C2 bond scission and
subsequent proton transfer back to the sugar molecule are
completed in a single step, the energy barrier to this pathway is
almost 11 kcal/mol higher than the case when silanol is not
directly involved in the transition state. Our study indicates that

hydride transfer for the isomerization reactions can significantly
benefit from the cooperative effects of the silanol group, similar
to an enzymatic processes. However, for the Biĺik type
rearrangement, it seems beneficial to have sugar molecules
bound to the active site in a bidentate mode, and thus, the
absence of a silanol group, via solvent selection, could enhance
the epimerization rate. Furthermore, we believe that the
polarity of the solvent can also affect the reaction pathway
that the system could follow. The isomerization reaction
involves a hydride transfer and two concomitant proton
transfers; hence, the isomerization transition state is a very
polarized state. On the other hand, the Bilik transition state
involves the breaking of a C−C bond and the formation of
another and, thereby, is less polarized. Thus, we believe that the
isomerization transition state should be greatly stabilized in a
polar environment. However, because methanol is not as polar
as water, the presence of methanol (strictly as adsorbed solvent
molecules in the vicinity of the active site) or the possible
methoxylation of the stannanol or silanol groups provides a less
polar (local) environment that is not as conducive to the
formation of a polarized transition state complex. Our current
efforts are targeted at quantifying these solvation effects.
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Table 1. Activation Energies in kcal/mol for Isomerization
and Epimerization Reactionsa

HT Biĺik

mechanism PTI HT PTB Biĺik PTB

A 9.4 29.7 32.0
(6.6) (26.3) (30.2)

B 14.5 34.4 10.0 20.6 17.2
(12.6) (31.6) (8.1) (19.7) (14.4)

aThe numbers in parentheses are based on the enthalpy. bPTI, initial
protron transfer to the silanol; HT, hydride transfer step; PTB, proton
transfer back to the sugar molecule; mechanism; A, when silanol is
directly participating in the transition state; B, when silanol is
spectator.
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