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Isomerization of sugars is used in a variety of industrially relevant
processes and in glycolysis. Here, we show that hydrophobic
zeolite beta with framework tin or titanium Lewis acid centers iso-
merizes sugars, e.d., glucose, via reaction pathways that are ana-
logous to those of metalloenzymes. Specifically, experimental and
theoretical investigations reveal that glucose partitions into the
zeolite in the pyranose form, ring opens to the acyclic form in the
presence of the Lewis acid center, isomerizes into the acyclic form
of fructose, and finally ring closes to yield the furanose product.
The zeolite catalysts provide processing advantages over metal-
loenzymes such as an ability to work at higher temperatures and
in acidic conditions that allow for the isomerization reaction to be
coupled with other important conversions.

glucose isomerization | heterogeneous catalysis | reaction mechanism

here is a growing interest in the use of renewable carbon

sources for the production of chemicals, polymers, and fuels.
Numerous chemical transformations of biomass into a wide vari-
ety of products are currently being explored. We have recently
focused on the isomerizations of sugars, and in particular, the
isomerization of glucose to fructose (Scheme 1) (1-3), as a key
reaction that could be incorporated into a large number of path-
ways to convert biomass into useful products (4, 5). For example,
oligomeric carbohydrates can be depolymerized into glucose
monomers that can then be converted to the chemical platform
molecule 5-hydroxymethylfurfural (HMF) (4, 5), via the fructose
intermediate (3). Analogously, xylose has been converted to fur-
fural via the xylulose intermediate (6). Additionally, the isomer-
ization of glucose to fructose could be a step in creating synthetic
glycolysis pathways (7).

We have shown that the isomerization of glucose to fructose
can be catalyzed in aqueous media by hydrophobic zeolites that
contain Lewis acids (1-3). Specifically, pure-silica zeolites with
the zeolite beta structure containing small amounts of framework
Ti** or Sn**(denoted as Ti-Beta and Sn-Beta, respectively) were
able to isomerize glucose to fructose in high yield at relatively low
temperatures (383-413 K). The Sn-Beta sample had superior
activity to the Ti-Beta material, and could even convert solutions
that contained 45 wt% glucose (1). We demonstrated that the
reaction mechanism in aqueous media was a true Lewis acid-
mediated intramolecular hydride shift (2). Additionally, it was
shown that catalyst activity was maintained in aqueous media
saturated with sodium chloride and acidic pH. This allowed for
the “one pot” conversion of starch to HMF through a cascade
reaction sequence involving the homogeneous acid-catalyzed
depolymerization of starch to glucose, a heterogeneous Lewis
acid-catalyzed isomerization of glucose to fructose, and a homo-
geneous acid-catalyzed dehydration of fructose to HMF (3).

The activation of molecules containing carbonyl groups, spe-
cifically sugars, by solids containing Lewis acid centers is a new
area of heterogeneous catalysis. In addition to the isomerization
of glucose in aqueous media (1-3), the isomerization of triose
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sugars in methanol or water (8) and the conversion of sugars
to lactic acid derivatives in methanol have been reported using
Sn-containing porous solids (9). Activation of carbonyl-contain-
ing molecules with solid acids has recently been reviewed, and
includes the limited data on solid Lewis acid catalysis (especially
in aqueous media) (10).

The conversion of glucose to fructose (used for the production
of high-fructose corn syrups) is accomplished commercially by
immobilized enzyme catalysts, such as D-xylose isomerase XI.
The reaction mechanisms for XI-mediated isomerizations have
been investigated because of their relevance to glycolysis and in-
dustrial biocatalysis (11). It is well established that the aldose to
ketose interconversion occurs by a three-stage mechanism after
binding of the cyclic form of glucose takes place. These steps are:
(¢) aldose ring opening to form the acyclic form of the sugar, (ii)
aldose to ketose isomerization of the linear sugar at C-1 and C-2
via a metal-assisted hydride transfer, and (iii) ring closure to re-
lease the cyclic form of the ketose (see Scheme 1). Similarly, it has
been shown that this metalloenzyme requires two divalent metal
ions (M1 and M2) for the enzyme to be active. The preferred
metal ions are Mg+ or Mn?*. Only recently, complementary
X-ray and neutron diffraction techniques aimed at probing the
location and dynamics of H/D atoms in XI crystal structures have
been exploited to reveal important details of the enzyme reaction
mechanism (12). Three important new features were elucidated:
(¢) the primary role of M1 (in conjunction with specific amino
acid residues) is to destabilize the pyranose structure and pro-
mote the ring opening of the sugar, (ii) M2 binds and stabilizes
O1 and O2 on the acyclic sugar, promoting the hydride shift from
C2 to Cl1, and (iif) a hydroxyl group bound to M2 is responsible
for the deprotonation/protonation sequences that shuttle protons
involved in the interconversion of aldehydes and hydroxyl groups
between O2 and Ol.

Sn-Beta and Ti-Beta reveal a number of analogous reaction
patterns to metalloenzymes when isomerizing glucose. In addi-
tion to having high activity and selectivity similar to the metal-
loenzyme (1), Sn-Beta was demonstrated to perform the isomer-
ization via a metal-assisted intramolecular hydride shift (2).
Given the potential significance of this emerging area of hetero-
geneous catalysis and the possibilities of drawing analogies
between enzyme and heterogeneous catalysis, it is important to
understand the molecular details of the reaction pathways using
these solids. Here, we investigate the glucose isomerization reac-
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tion catalyzed by hydrophobic zeolites that contain Lewis acid
centers using a number of experimental and theoretical techni-
ques. The goal is to clarify the sequence of bond breaking and
bond forming events in the reaction pathway by using a combina-
tion of experimental and theoretical methods, and to determine if
there are further similarities between the heterogeneous, Lewis
acid catalysts, and the metalloenzyme pathways.

Results and Discussion

Reaction Pathways for Glucose Isomerization on Sn-Beta. Ring open-
ing step. The initial step in the enzymatic isomerization of glucose
to fructose involves the ring opening of a glucose molecule at M1
(12). To determine if a similar pathway is followed by Sn-Beta, the
adsorption of 13C labeled glucose and fructose into Sn-Beta and
Si-Beta (pure-silica zeolite without Lewis acid active sites: used as
control) was investigated using '*C NMR (see Fig. 1). Spectra
obtained from glucose and fructose adsorbed into Si-Beta show
that the sugars are in their cyclic configurations (resonances
between 100 and 90 ppm are assigned to the alpha and beta
anomers of the pyranose and furanose rings). No new resonances
are observed when compared to the spectra of pure glucose or
fructose solutions. Conversely, upon adsorption of these sugars
in Sn-Beta, new resonances at ca. 30, 130, 180, and 214 ppm
appear. The resonance at 214 ppm is at the chemical shift re-
ported for the keto carbonyl carbon of the acyclic form of fructose
(13). Cross polarization (CP) experiments with variable contact
times are consistent with an assignment of a keto group for the
214 ppm resonance (Fig. 1). The CP method is based on 'H-'3C
heteronuclear dipolar coupling so the '3C signal strongly depends
on their internuclear distance. Appearance of the 214 ppm reso-
nance only at longer contact times (0.1 and 1.0 ms) rules out the
possibility of the carbonyl carbon having a C-H bond as in an
aldehyde. Quantitative NMR measurements performed on ad-
sorbed fructose samples reveal that the amount of the acyclic
form is on the same order of magnitude as the amount of Sn pre-
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Scheme 1. Schematic representations of the iso-
merization of glucose to fructose (Top) and ery-
throse to erythrulose (Bottom).

sent in the sample. Because of the errors in the elemental ana-
lyses and NMR experiments, greater precision on the estimate of
the amount of the acyclic form is not possible. These measure-
ments indicate that ca. 5% of the fructose inside of the zeolite
is in the acyclic form, approximately an order of magnitude larger
than in solution. Additionally, when fructose is adsorbed in Sn-
Beta (but not in Si-Beta), IR measurements reveal the presence
of a carbonyl band at ca. 1728 cm~! that has been assigned pre-
viously to the keto carbonyl of the acyclic form of fructose (14)
(ST Appendix, Fig. S1). Altogether, these data provide direct evi-
dence for the presence of ring opened fructose molecules in
Sn-Beta, show that Sn is necessary to observe the acyclic form
of fructose, and also suggest that Sn plays an important role in
stabilizing the acyclic form of fructose.

The acyclic form of glucose contains an aldehyde with a che-
mical shift around 205 ppm (15). This resonance is not observed
in the glucose adsorption experiments. Certainly, if the acyclic
forms of glucose and fructose were present in similar proportions
as measured in solution, acyclic glucose would be about a hun-
dred times lower in concentration than acyclic fructose and could
not be detected by solid-state NMR (16). Note that the 214 ppm
resonance is present in the sample where glucose is adsorbed into
Sn-Beta in an amount that corresponds to approximately 30% of
the amount observed in the fructose adsorption experiment (S/
Appendix, Fig. S2). The existence of this resonance implies that
some of the glucose has ring opened and isomerized to the ring
open form of fructose. In fact, when this sample was reanalyzed
after several months of storage at room temperature, the reaction
proceeded further. These NMR data strongly support the ring
opening reaction pathway illustrated in Scheme 1. While there
is an IR assignment of the keto carbonyl of the acyclic form of
fructose, no assignment for the acyclic aldehyde carbonyl of glu-
cose has been reported. However, when glucose is adsorbed on
Sn-Beta, (but not Si-Beta) there is a broad band at ca. 1730-
1720 cm~! that is reasonable to assign to the combination of

Fig. 1. '3C Solid State NMR of sugars adsorbed in
zeolites. (Left) (A) glucose adsorbed into Si-Beta,
(B) fructose adsorbed into Si-Beta, (C) glucose ad-
sorbed into Sn-Beta, (D) fructose adsorbed into
Sn-Beta. (Right) spectra from fructose adsorbed into
Sn-Beta, (A) cross polarization contact time of

220 200 180 160 140 120 100 80 60 40 20 0
ppm ppm
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0.1 ms, (B) cross polarization contact time of
1.0 ms, and (C) no cross polarization.
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the 1728 cm~! band from the acyclic fructose and a band from
the aldehyde carbonyl (ca. 1720 cm~!) of the acyclic glucose (SI
Appendix, Fig. S1). These band intensities and assignments are
consistent with the '*C NMR results. Overall, the NMR and
IR data from both the glucose and fructose adsorbed in Sn-Beta
imply that the reaction pathway parallels the reaction steps ob-
served in enzymatic systems.

At this time, we have not assigned the resonances at ca. 30, 130
and 180 ppm in the '*C NMR spectra with Sn-Beta. After reac-
tion with either 13C labeled glucose or fructose, these resonances
appear as do others (SI Appendix, Fig. S3). The reaction of glu-
cose on either Sn-Beta or Ti-Beta gave ca. 90% yields of glucose,
fructose, and mannose (1). From the NMR spectra of the solids
after reaction, some of the resonances have been assigned to pro-
ducts that can be observed in solution (SI Appendix, Fig. S3,
HMF) or remain on the solid and are not observed in solution
(SI Appendix, Fig. S3, lactic acid). Further attempts to assign the
remaining products in solution and on the solids are in progress.

Isomerization step. The enzymatic isomerization step is believed to
occur primarily at M2. First, a hydroxyl ion bound to M2 pro-
motes deprotonation at O2 (17). Next, M2 forms a bidentate
complex with both O1 and O2, withdrawing electron density from
the C-O bonds and effectively polarizing the substrate. This leads
to a partial positive character on C1, consequently reducing the
energetic barrier for hydride shift. Finally, the protonated hydro-
xyl group at M2 donates the proton to O1, converting the alde-
hyde into a hydroxyl group. Kinetic studies on enzymatic systems
suggest that the kinetically limiting factor is the hydride shift. In-
terestingly, a similar conclusion can be drawn for isomerizations
catalyzed by Sn-Beta and Ti-Beta. Previously, we showed that the
mechanism of the glucose isomerization reaction using Sn-Beta
involves a Lewis acid-mediated intramolecular hydride shift (2).
A kinetic isotope effect of ca. 2 for both Sn-Beta (2) and Ti-Beta
is observed using glucose labeled with deuterium at the C2 posi-
tion, and is consistent with the theoretical kinetic isotope effect
calculated using the Lewis acid-mediated intramolecular hydride
transfer as the rate-determining step (SI Appendix, Text S1). Ac-
tivation energies obtained from initial rate data of glucose to fruc-
tose isomerization are 21.2 £ 0.7 kcal/mol (343-373 K) and
37.1 £ 1.0 kcal/mol (388-403 K) for Sn-Beta and Ti-Beta, re-
spectively. These data show that the hydride step is kinetically
relevant and that Sn-Beta is a more active catalyst than Ti-Beta
at the reaction conditions used.

Reaction Centers with Sn or Ti Containing Zeolites. The reaction
pathway over Sn-Beta and Ti-Beta proceeds via a ring opening,
hydride shift, and a ring closing mechanism. To gain further in-
sights into how these conversions proceed at the metal centers,
the state of the Sn in the zeolite was investigated by solid-state
NMR methods. Different atomic arrangements of framework Sn
are depicted in Scheme 2. Framework Sn can exist in two differ-
ent states, octahedral or tetrahedral, depending if is hexacoordi-
nated or tetracoordinated. Also, Boronat et al. (18) proposed that

C‘)Si H Si(,)
osi +2H,0 . .osi
/Sn< oSi 2 HO g OSi
sio 0Si —_— Ho”” ‘ osi
- 2 H %
OSi
osi SIc
| osi +2H,0 O, | .OSi
Sn” /Sn\ o}
so” Dot S o Mo | SoH
' si 2h H  Osi !

Scheme 2. Schematic representations of the closed (Top) and open (Bottom)
sites in Sn-Beta. Left: dehydrated (tetrahedral), Right: hydrated (octahedral).
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framework Sn can be located in two different types of sites, closed
or open, depending if the Sn centers have four bonds to the si-
licon atoms of the zeolite framework through bridging oxygens or
if the Sn centers have three such bonds to the framework and one
bond that has been hydrolyzed to produce Sn-OH and an adja-
cent silanol group (Si-OH). These atomic arrangements are ana-
logous to those proposed for Ti in Ti-Beta and Ti in pure-silica
ZSM-5 (called TS-1) (ref. 19 and references therein). For the
case of Ti, no NMR data are available; however, EXAFS data
provide strong evidence for the open site (19). Additionally, IR
spectra can be used to identify the silanol group adjacent to the Ti
center in the open site.

1198n solid-state NMR studies of the Sn-Beta prepared with
9Sn enriched starting materials are shown in Fig. 2. After
calcination to remove the structure directing agent (SDA) and
exposure to ambient conditions, the NMR spectrum reveals the
presence of octahedral Sn (main resonances at ca. —685 and
—700 ppm; Fig. 2.4 and B). Upon heating to 393 K under vacuum,
water is removed and the dehydrated spectrum shows the presence
of tetrahedral Sn (main resonances at ca. —420 to —443 ppm; Fig. 2
A and B). Reexposure to ambient conditions returns the sample to
a state with octahedral Sn (shown in Fig. 24 and also occurs with
the sample show in Fig. 2B). The calcination conditions affect the
spectra that are obtained after dehydration, thus suggesting that
the ratio of the —420 ppm resonance to —443 ppm resonance can
vary with the pretreatment conditions (compare Fig. 2 4 to B).

Corma et al. have shown that hydrated Sn-Beta has octahedral
Sn while dehydration can change the Sn coordination to tetrahe-
dral (20). Corma et al. reported only one resonance in their de-
hydrated sample, while our results show that there are two main
resonances, i.e., the tetrahedral Sn centers. These results could
be due to differences in calcination conditions. Using diffuse re-
flectance UV-Vis (1, 20), we confirmed that Sn remains within
the framework of the zeolite. Our cross-polarized NMR spectra
with variable contact time (Fig. 2C) show that only one of the
Sn environments has a proton source in its neighborhood.
Based on the fact that the Sn atoms are located in the zeolite
framework, we assign the resonances in our NMR spectra to the
open (—420 ppm) and closed (—443 ppm) arrangements for de-
hydrated Sn-Beta. Upon hydration, these tetrahedral Sn centers
coordinate two additional water molecules to become octahedral
(Scheme 2). Thus, the Sn-Beta, and by analogy Ti-Beta, will have
both open and closed sites that may be active reaction centers.

Khouw and Davis showed that the active site for the oxidation
of alkanes using aqueous hydrogen peroxide with TS-1 was the
open Ti site (also required the presence of the adjacent silanol
group for reactivity to occur) (21). After exchanging the proton
on the adjacent silanol group of the Ti center with Na* [verified
by IR, band is in the 985-960 cm™! region of the spectrum (21)],
the catalytic activity was completely eliminated. Repopulation of
the silanol group with proton recovered the catalytic active to
conclusively show for this reaction that the active site was the
open site alone. Boronat et al. used theoretical calculations to
suggest that acetonitrile gives two IR bands when adsorbed on
the open and closed sites of Sn-Beta (18). By correlating the in-
tensity of the IR band assigned to the acetonitrile adsorbed on the
open site (as a measure of the amount of the open site) to the
initial catalytic activity of the Baeyer—Villiger oxidation of cyclic
ketones, these workers concluded that the open Sn site was the
active center for this reaction.

TS-1 is not active for the isomerization of glucose; however,
this most likely occurs because glucose (kinetic diameter ca.
0.8 nm) is too large to diffuse into the pores of this zeolite (pore
diameter ca. 0.55 nm) (1). To test this hypothesis, the isomeriza-
tion of erythrose to erythrulose was employed as a test reaction
that uses a reactant that could diffuse into the pores of TS-1. TS-1
is active for the isomerization of erythrose, and these results sup-
port the premise that glucose diffuses into the zeolite catalysts in
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Fig. 2. '9Sn Solid State NMR spectra of Sn-Beta. A. ''9Sn Solid State NMR
spectra of Sn-Beta after different treatments. (a) calcined, (b) dehydrated
after calcination, (c) rehydrated after step (b). The spinning rate was 14 kHz
and spinning sidebands are marked by *. B:''9Sn MAS NMR spectra of
Sn-Beta as a function of hydration. (a) Sample was calcined with more humid
conditions and exposed to ambient conditions, and (b) sample shown in
(a) after vacuum drying at 393 K. The spinning rate was 14 kHz and spinning
sidebands are marked by *. C: '°Sn MAS (a) and CPMAS NMR (b-d) spectra
for dehydrated Sn-Beta. The cross polarization contact times from 'Hto ''9Sn
were varied: b) 0.2 ms, ¢) 1.0 ms, d) 2.0 ms. The spinning rate was 14 kHz for
the MAS spectrum and 10 kHz for the CPMAS spectra, and spinning sidebands
are marked by *.

the ring-closed (pyranose) form, and that the ring-closed form is
too large to diffuse into TS-1. Since TS-1 is active for the isomer-
ization of erythrose, this reaction can be used to test whether or
not exchanging the proton on the adjacent silanol group of the Ti
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center with Na ™ affects the isomerization activity like it did with
the oxidation reaction.

Following the work by Khouw and Davis, TS-1, Ti-Beta, and
Sn-Beta were exchanged with Na* to identify which type of Sn
or Ti center is active for the isomerization reactions. The presence
of the sodium atom was confirmed by IR spectroscopy (21). TS-1
catalyzed the isomerization of erythrose to erythrulose indepen-
dent of whether or not the adjacent silanol group of the Ti center
was exchanged with Na*t [unlike the oxidation reaction (21)].
Ti-Beta and Sn-Beta were also active for the isomerization of er-
ythrose reaction. Additionally, Ti-Beta and Sn-Beta were also
active for the isomerization of both erythrose and glucose before
and after Na™ exchange. In order to rule out the possibility that the
Na™ was being removed from the adjacent silanol group during the
reactions in pure water solvent [the oxidation reaction with TS-1
was conducted in a mixed methanol/water solvent (21)], the glu-
cose isomerization reaction was performed in saturated NaCl
solutions. We have shown previously that the glucose isomerization
reaction can proceed at these conditions (3). After reaction, the IR
spectrum of the Sn-Beta shows that the adjacent silanol group re-
mained populated with Na*. These reaction data, when taken in
total, do not allow us to distinguish whether the open site or the
closed site (or both) is the active center. It is possible that the open
site is an active site, but the adjacent silanol group, whether in the
proton or sodium form, does not significantly alter the reaction
rate (unlike the case with TS-1 and the oxidation reaction).

To further investigate the nature of the active Sn site, Sn-con-
taining zeolite beta was prepared using trichloromethyltin as the
Sn source (SI Appendix, denoted as CH;Sn-Beta, powder X-ray
diffraction pattern in Fig. S4). Successful preparation of zeolite
beta with framework tin in this case gives tin centers that exclu-
sively have three bonds via oxygen atoms to framework silicon
atoms. The SDA in this sample is removed by acid extraction
rather than calcination to preserve the Sn-CH; bond. '*C MAS
NMR and thermogravimetric analyses before and after extraction
can be used to demonstrate that the extracted CH;Sn-Beta sam-
ple does not contain a significant amount of SDA. In addition, N,
adsorption experiments performed on the extracted CH;Sn-Beta
and on a calcined pure-silica Beta (Si-Beta) samples show that
both materials have nearly identical adsorption isotherms and
equivalent micropore volumes, thus further confirming that there
is little to no SDA occluded within the pores after the acid treat-
ment (SI Appendix, Fig. S5). Glucose isomerization reactions
performed in the presence of the extracted CH;Sn-Beta give neg-
ligible glucose conversion after 45 min at 110 °C (SI Appendix,
Fig. S6). In contrast, reactions performed with Sn-Beta show
nearly 50% conversion at the same reaction conditions. Calcina-
tion of CH;Sn-Beta provides an active glucose isomerization cat-
alyst that was no different from the Sn-Beta samples prepared
from tin tetrachloride (SI Appendix, Fig. S6). The similar reactiv-
ity of these two samples suggests that the amounts of both the
open and closed sites are predominantly a function of the high
temperature calcination conditions (upon loss of the methyl
group the tin center would have an OH group that could then
condense with the adjacent silanol group to give a closed site
for some of the tin centers in CH;Sn-Beta).

In an attempt to alter the distribution of the Sn sites, the
CH;Sn-Beta was first exchanged into the sodium form and then
calcined (attempt to limit condensation by reducing the number
of available silanol groups adjacent to the open Sn center). The
reaction rates for this sample were virtually identical to those
obtained with the non-exchanged sample. Based upon these re-
sults alone, it cannot be established which site is the active site or
whether both sites are active. These results strongly suggest that
the calcination and initial exposure to the reaction environment
interconverts the distribution of the tin centers between the open
and closed sites, bringing them to an equilibrated state dictated
by the reactions conditions. Alternatively, the reactivity of the two
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types of sites could be the same, but this situation is highly un-
likely. This hypothesis implies that the distribution of open and
closed sites is dynamic at reaction conditions, requiring the de-
velopment of an in-situ method for determining site distributions.
Such a characterization technique is currently not available to us,
and thus theoretical studies were used to gain further insights into
the structure and reactivity of the active site.

Computational Studies for Glucose-Fructose Isomerization. Quantum
chemical studies were performed to gain further molecular-level
understanding of the glucose—fructose isomerization pathways
and to compare with experimental kinetics of both Sn-Beta and
Ti-Beta. The structures and energies of intermediates and transi-
tion states were determined (S Appendix, Text S2). Based on pre-
vious experimental and theoretical studies, it has been suggested
that the open site in Sn-Beta, TS-1, and Ti-Beta is the active site
for reactions other than the glucose isomerization (18, 19, 21, 22).
The enthalpy profile (Fig. 3) and the free energy profile (S/
Appendix, Fig. S7 and Text S3) for glucose—fructose isomerization
catalyzed by the Sn-Beta open site indicate that, similarly to en-
zymatic systems, the process can be described as a sequence of
ring opening (I to IV), hydride shift (V to VI), and ring closing
(VI to IX) events. The initial adsorption of cyclic glucose and ring
opening does not require any apparent reaction barriers. The
process requiring significant activation is the intra molecular
hydride shift (V to VI) via a transition state (V'S), and is con-
sistent with experimental results showing a kinetic isotope effect
when the glucose is labeled with deuterium at the C2 position.

The enthalpic profiles for glucose—fructose isomerization cat-
alyzed by three open active site models with and without adjacent
silanol groups were also calculated (SI Appendix, Fig. S8, Text S4,
and Table S1), the activation enthalpy for the glucose—fructose
isomerization process was computed to be 18.6, 22.1 and

17.3 kcal/mol for the Sn-Beta open site, the Sn-Beta open
site with one silanol group, and Sn-Beta open site with two ad-
jacent silanol groups, respectively. The calculated activation
enthalpy for the Sn-Beta open site with one adjacent silanol
group is found to be consistent with our experimental value of
21.2 £ 0.7 kcal/mol, and supports the assignment of the catalytic
activity to the open site of Sn-Beta for glucose—fructose isomer-
ization. Overall, these calculations show relatively small energetic
differences between the three open sites models, thus suggesting
that the presence or absence of adjacent silanol groups does not
drastically influence reaction rates. This is in agreement with our
experimental results showing that catalysts with Na* exchanged
silanol groups had similar activity as the nonexchanged catalysts.

It was previously shown that the apparent activation energy for
the hydride shift associated with the isomerization of glyceralde-
hyde to dihydroxy acetone is 10 kcal/mol higher for the Sn-Beta
closed site than that of an open site (22). The glucose isomeriza-
tion over the closed site would require the participation of a water
molecule to allow for ring opening of the glucose. We have
performed calculations on a closed site with the presence of an
explicit water molecule and the computed apparent activation
barrier is approximately 30 kcal/mol (SI Appendix, Text S5
and Fig. S9) and is therefore unlikely to be the primary reaction
pathway for glucose isomerization over Sn-Beta. These results
support the suggestion that the open site is a catalytically more
active site for the glucose—fructose isomerization.

The glucose—fructose isomerization using models of the open
sites of Ti-Beta (SI Appendix, Scheme S2) was also investigated.
The initial glucose absorption on the open Ti-Beta model site
(with one silanol group) is much weaker, and the rate limiting
hydride shift is 10 kcal/mol higher in barrier height (ST Appendix,
Figs. S9 and S10 and Text S6) compared to that catalyzed by the
open site of Sn-Beta with one adjacent silanol group. This trend is
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Fig. 3. Computed enthalpy profile (MP2, 298 K in water dielectric) for glucose-fructose isomerization catalyzed by open site of Sn-Beta. The label A denotes
the sum of the enthalpy of glucose and the active site model (S/ Appendix, Scheme S1a) at infinite separation in aqueous medium, B denotes the same quantity
for fructose. All energies are relative to the energy of A and are in kcal/mol. Note that the mode of binding of the acyclic glucose to the Sn site is slightly

different in structures Ill and IV.
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consistent with previously reported theoretical studies for aldose—
ketose isomerization by Sn-Beta and Ti-Beta active site models
(22). The computed activation enthalpy for glucose—fructose
isomerization catalyzed by the open site of Ti-Beta, open site
of Ti-Beta with one adjacent silanol, and the open site of Ti-Beta
with two adjacent silanol groups are 28.0, 34.3, and 36.3 kcal/
mol, respectively (SI Appendix, Table S1). The computed activa-
tion enthalpies of Ti-Beta with silanol group(s) are consistent
with the experimentally measured activation enthalpy
(37.1 £ 1.0 kcal/mol).

Computational results indicate that the acyclic forms of
glucose and fructose are equally stabilized by Sn centers (Fig. 3,
species Vand VI). Gas phase calculations at the G4 level suggest
that acyclic fructose is more stable than acyclic glucose by
~2 kcal/mol (ketone groups have more intramolecular hydrogen
bonding than the aldehyde) (23). Thus, at thermodynamic equi-
librium, cyclic and acyclic species of both sugars (Fig. 3, species I,
IL, V, VI, VIII, and IX) are expected to be present within the zeo-
lite pores. The enthalpy surfaces support the concept of having
acyclic forms strongly coordinated with the Sn active site, which is
consistent with the experimental observation of acyclic fructose
species by NMR. Note that although the cyclic furanose form
of fructose bound to the Sn center has a lower energy (—19 kcal/
mol; Fig. 3, species VIII) than the bound acyclic form (-9 kcal/
mol; Fig. 3, species VI), it is still possible to observe the bound
acyclic form since a barrier of ~10 kcal is required for the cycli-
zation. A similar conclusion can be drawn for glucose.

Conclusions

The metalloenzyme D-xylose isomerase can catalyze the isomer-
ization of glucose to fructose. We previously have shown that
Sn-Beta and Ti-Beta can also catalyze this reaction to give similar
product distributions to the enzyme, and like the enzyme, Sn-Beta
can convert up to 45 wt% aqueous solutions of glucose (1). With
Sn-Beta (and to a great extent Ti-Beta), we have shown that the
reaction mechanism is very similar to that of the enzyme. We have
provided evidence to conclude that the glucose partitions into the
zeolite in the cyclic form. In the presence of Sn (or Ti), direct
NMR evidence of the acyclic fructose is observed. We infer that
acyclic glucose must have first been bound to the Lewis acid center
prior to being isomerized to obtain the acyclic fructose. The iso-
merization is clearly occurring via a Lewis acid-mediated, intramo-
lecular hydride transfer mechanism (2). Here, both experimental
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results (kinetic isotope effects) and theoretical calculations sup-
port the conclusion that the rate-determining step is the intramo-
lecular hydride transfer, and that the open site is likely the active
site responsible for isomerization activity. It is exciting to learn
that the hydrophobic, Lewis acid containing zeolite catalysts can
perform this type of reaction mechanism with glucose and presum-
ably other sugars such as xylose (6) and erythrose. The fact that
the zeolite catalysts are quite stable allows them to be used at pro-
cessing conditions not possible with enzymes, e.g., low pH, high
ionic strength, high temperature, and have provided ways of cou-
pling the isomerization reaction to other types of reactions impor-
tant to the production of chemicals and fuels from biomass (3, 6).

Materials and Methods

Complete details of materials and methods are found in S/ Appendix.

Synthesis of Materials. The synthesis of the zeolites is described in the S/
Appendix.

Characterization Methods. Powder X-ray diffraction, solid state NMR, IR an
adsorption methods are provided in the S/ Appendix.

Isomerization Reactions. Details of the experimental methods for the isomer-
ization reactions are given in the S/ Appendix.

Computational Methods. The methods used for the computational studies are
provided in the S/ Appendlix.
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SI Appendix:
Experimental Methods

1. Synthesis of materials

Synthesis of Ti-Beta

Ti-Beta zeolite has been prepared as follows: 7.503 g of tetraecthylammonium hydroxide
solution (Sigma-Aldrich, 35 wt% in water) was diluted with 15 g of water. Then, 7.016 g
of tetraethylorthosilicate (Sigma-Aldrich, 98 wt%) and 0.201 g of titanium (IV)
isopropoxide (Sigma-Aldrich, 97%wt) were added to the solution. The mixture was
stirred until complete hydrolysis of the tetraethylorthosilicate and titanium (IV)
isopropoxide was obtained. Next, the solution was allowed to reach the desired water
ratio by complete evaporation of ethanol, isopropanol, and some water. Finally, 0.670 g
of HF solution (Mallinckrodt, 48 wt% in water) was added resulting in a thick gel. The
gel composition was Si0O, / 0.021 TiO, / 0.54 TEAOH / 0.53 HF / 6.6 H,O. This gel was
transferred to a Teflon-lined stainless steel autoclave and heated at 140°C for 14 days.
The solid was recovered by filtration, extensively washed with water, and dried at 100°C
overnight. The solid was calcined at 580°C for 6 hours to remove the organic content
located within the crystalline material.

Synthesis of TS-1

TS-1 zeolite was synthesized following the method reported in the patent literature.(/)
TS-1 was crystallized from a clear solution prepared by mixing titanium butoxide (TNBT,
Sigma-Aldrich 97 wt%), tetraethylorthosilicate (TEOS, Sigma-Aldrich 97 wt%),
tetrapropylammonium hydroxide (TPAOH, 1M, Sigma-Aldrich) and deionized water.
The mixture was stirred until complete hydrolysis of the tetraethylorthosilicate and
titanium butoxide was obtained, then allowing complete evaporation of ethanol, butanol
and some water until the desired water ratio was reached. The gel composition was SiO, /
0.03 TiO, / 0.44 TPAOH / 30 H,O. The TS-1 reaction mixture was charged into Teflon-
lined autoclaves and allowed to crystallize at 175°C for 5 days. The autoclave was rotated
at 50 RPM. After cooling, the solid was recovered by filtration, extensively washed with
water, and dried at 100°C overnight. The material was calcined at 580°C for 6 hours to
remove the organic content located within the crystalline material.

Synthesis of Sn-Beta, '"’Sn-Beta and CH;-Sn-Beta

Zeolites were prepared as follows: 7.57 g of tetraethylammonium hydroxide solution
(Sigma-Aldrich, 35% (w/w) in water) was diluted with 15 g of water. Next, 7.011 g of
tetracthylorthosilicate (Sigma-Aldrich, 98% (w/w)) was added, followed by the addition
of 0.121 g of tin (IV) chloride pentahydrate (Sigma-Aldrich, 98% (w/w)), 0.121 "198n
enriched tin(IV) chloride pentahydrate (Cambridge Isotopes, 82% enrichment) or 0.122 g
of methyltin trichloride pentahydrate (Sigma Aldrich, 97 wt%), depending if Sn-Beta,
19Sn-Beta, or CH3-Sn-Beta were synthesized, respectively. The mixture was stirred until
complete hydrolysis of the tetraethylorthosilicate was achieved, and then allowed to reach
the desired water ratio by complete evaporation of ethanol and some water. Finally, 0.690
g of HF solution (Mallinckrodt, 48% (w/w) in water) was added, resulting in a thick gel.
The gel composition was SiO, / 0.01 SnCly / 0.55 TEAOH / 0.54 HF / 7.52 H,O. The
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gels were transferred to Teflon-lined stainless steel autoclaves and heated at 140 °C for
25 days. The solids were recovered by filtration, extensively washed with water, and
dried at 373 K overnight. The solids were calcined at 580 °C for 6 h to remove the
organic content located in the crystalline material. X-ray diffraction confirmed that the
solid materials have the Beta zeolite topology (see Figure S5 for the diffraction pattern of
CHj3-Sn-Beta), and SEM EDS measurements for the Sn-Beta, 19§n-Beta and CH;-Sn-
Beta samples show a Si:Sn atomic ratio of 125:1, 125:1, and 150:1, respectively.

2. Isomerization reactions

Isomerization experiments were carried out in 10 ml thick-walled glass reactors (VWR)
heated in a temperature-controlled oil bath placed on top of a digital stirring hotplate
(Fisher Scientific). In a typical experiment, 1.5 g of an aqueous solution composed of 10
wt% glucose and the corresponding catalyst amount to achieve a 1:100 metal:glucose
molar ratio were added to the reactor and sealed. The reactor was placed in the oil bath
and removed at specific times. The reaction was stopped by cooling the reactor in an ice
bath, and small aliquots were taken for analysis. Sample analyses were performed by
means of high performance liquid chromatography (HPLC) using an Agilent 1200 system
(Agilent Technologies Corp.) equipped with PDA UV (320 nm) and evaporative light-
scattering (ELS) detectors. Glucose and fructose concentrations were monitored with a
Biorad Aminex HPX87C (300 x 7.8 mm) column (Phenomenex), using ultrapure water
(pH = 7) as the mobile phase at a flow rate of 0.60 ml/min and a column temperature of
80 °C.

3. Adsorption experiments

Sn-BEA or Si-BEA catalyst was mixed with 10 wt% of C13-sugar (glucose or fructose)
solution at Sn or Si to sugar (glucose or fructose) molar ratio of 1/100 for two hours at
room temperature. The mixture was then centrifuged to separate the solid catalyst from
the extra glucose solution. Leftover water was removed by leaving the vessel containing
the catalyst open overnight in the hood.

4. Characterization

Powder X-ray diffraction (XRD) patterns were collected by using a Scintag XDS 2000
diffractometer using Cu Ka radiation. Scanning electron microscopy (SEM) with Energy
Dispersive X-ray Spectroscopy (EDS) measurements were recorded on a LEO 1550 VP
FE SEM at an electron high tension (EHT) of 10 kV. UV-Vis measurements were
recorded using a Cary 3G spectrophotometer equipped with a diffuse reflectance cell. IR
spectra were recorded on a Nicolet Nexus 470 FTIR using a MCT detector. The samples
were pressed pellets of pure powder.

Solid-state, magic angle spinning nuclear magnetic resonance (MAS-NMR)
measurements were performed using a Bruker Avance 500MHz spectrometer
equipped with a 11.7 T magnet and a Bruker 4mm MAS probe. Samples about 60-80
mg in powder were packed into 4mm ZrO, rotors and spun at 14 kHz for MAS



experiments. MAS-NMR experiments were conducted for IH, 13C, 23Na, and '"”Sn
nuclei of which operating frequencies are 500.2, 125.5, 132.3, 186.5 MHz,
respectively. '’Sn MAS NMR spectra were obtained with a recycle delay time of 2 s
or 200 s for dehydrated samples. ''”Sn cross polarization (CP) MAS spectra were
acquired at spinning rate of 10 kHz and using radio frequency (rf) field strength of
62.6 kHz for contact pulse after 4 usec-7/2 pulse on the 'H channel and strong 'H
decoupling during the acquisition. °C CPMAS experiments were carried out at
similar rf field strength. NMR spectra (in ppm) are reported with referenced to
tetramethylsilane (TMS) for 'H and °C, IM aqueous solution of Na(NOs); for *Na,
and (CHj3)3Sn but measured with SnO, at -604.3 ppm as a second external reference
for '"Sn nuclei. For the determination of the amount of the ring-opened carbonyl
carbon, the signal intensity of 214 ppm peak in a >C MAS spectrum of a fructose/Sn-
Beta sample was compared with that of °C MAS spectrum of a known amount of °C
enriched fructose. Once the nuclear spin number of the carbonyl carbon was
determined, the number was compared to the number of Sn sites in the sample. For
the calculation of Sn sites, the zeolite was simply considered to be pure SiO, and Sn
spins were obtained from the Si/Sn ratio. Analogous methods were employed to
determine the amount of ring-opened fructose from the glucose/Sn-Beta sample.

UV-Vis measurements were recorded using a Cary 3G spectrophotometer equipped
with a diffuse reflectance cell. The results for the Sn-Beta samples show the presence
of framework Sn and have been published previously.



Results

Glucose on Sn-Beta

Glucose on Si-Beta
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Fig. S1: Infrared spectra of glucose and fructose adsorbed in Sn-Beta and Si-Beta. The
band at 1775 cm-1 is not assigned to either the ketone or aldedyde groups of the acyclic
fructose and glucose, respectively.
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Fig. S2: "°C solid-state NMR spectrum of glucose adsorbed in Sn-Beta.
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Fig. S3: "C solid-state NMR of Sn-Beta after reaction conditions using either labeled
fructose (a) or labeled glucose (b) as the reactant. Also, HMF absorbed into Sn-Beta (c)
and lactic acid absorbed into Si-Beta (d) at room temperature are shown for comparison.
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Fig. S4: Powder X-ray diffraction pattern of CH3Sn-Beta

(cm3lg)

Vol_Adsorbed

Fig. S5: N, adsorption isotherms of Si-Beta and CH3;Sn-Beta extracted.
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Fig. S6: Glucose isomerization reactivity with Sn-Beta and CH3;Sn-Beta. Grey: Glucose;
White: Fructose; Black: Mannose. Reaction conditions: glucose:Sn = 100:1, 110 °C, 45
min.

Text S1 Calculation of the kinetic isotope effect.

The kinetic isotope effect is calculated using the expression shown below, derived from
transition state theory. The difference in the rate constants between the activation of C-H
and C-D bond results mainly for the difference in their zero-point energies (ZPE).

ku _ ZPEy—ZPEp) _ 0.13=h=c*Vy
kp _eXp( KT )_CXP( k*T )
where 1‘_:1—050.74, ZPE=%h*C*V

H
h is the Planck's constant with the value of 6.63%10>* mzkg/s, c is the speed of light with a
value of 2.998*108 m/s, vy is the vibrational frequency or wavenumber of a C-H bond
scissoring vibration with a value of ~1500 cm™ (we have assumed that the shift of the
proton from C2 of glucose to C1 of fructose goes through a bond scissoring vibration), k
is the Boltzman constant with a value of 1.38%10% m’kg/s%/K and T is the operating
temperature in K.



Computational Studies

Text S2 Computational details

The computations in this paper were carried out using the B3LYP(2) and the MP2 levels
of theory, which is similar to our previous work(3) where we reported a detailed
mechanism for glyceraldehyde- dihydroxy acetone isomerization by a Sn-beta active site
In the computations the Lewis acid metal atom is treated using CC-pVDZ-PP(4) ,
Ahlrich’s VTZ(5) , 6-31+G(d) basis sets for Sn, Ti, and Si atoms, respectively. The 6-
31+G(d) (BSI) basis set is used for the rest of the atoms. The B3LYP level of theory is
used for geometry optimization. In order to assess dispersion energies and basis set
superposition errors a single point energy evaluation is performed at the MP2 level of
theory with a combination of aug-CC-pVQZ (BS2,for Sn(4),Ti(6),) and 6-
311++G(3df,3pd) (rest of the atoms, BS3) on the geometry obtained from the density
functional studies. Effective Core Potentials (ECP) for Sn, was used to include relativistic
effects in both the DFT and MP2 calculations(7). Detailed benchmarking of the theory
used in this paper against high level G4(8) and CCSD(T) levels of theory are described
elsewere(3). Frequency calculations were performed to determine whether the stationary
points are minima or transition states (TS) and to provide zero point energy corrections
(ZPE). Free energy and enthalpy corrections at 298 K were also evaluated using the
B3LYP level of theory. In order to account for the effects of aqueous environment,
calculations were performed in water dielectric using the SMD solvation model(9) at the
B3LYP level of theory with the same basis sets as used for the geometry evaluations. In
order to evaluate the enthalpy of solvation the non-electrostatic contributions to the
solvation energies were excluded. The calculations for this investigation were done using
Gaussian 09(70)

Text S3: Isomerization catalyzed by Sn-Beta active site models

Information regarding the binding modes of glucose on the Sn-Beta active site is based
on the affinity of keto group of the sugar molecule towards the Lewis acid sites and the
active involvement of the hydroxyl group (Lewis base) in the open site, which acts as a
Lewis base. It has been suggested that the actual active site of Sn-Beta is the
(Si0)3Sn(OH) center and previous density functional studies were reported using this
model to understand the energetics and mechanism of the Meerwein-Ponndroff-Verley-
Oppenauer reactions (MPVO) between cyclohexanone and 2-butanol(//). A recent
density functional study also provided insight into the possible role of hydrolyzed T-9
active site of Sn-Beta (Scheme S1 (a) in catalyzing the hydride-shift during the
isomerization of aldose to ketose.
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Scheme S1: Schematic representation of the T-9 site of Sn-Beta models used in the
computational study: (a) hydrolyzed model, (b) hydrolyzed model with an adjacent single
silanol group; and (c) hydrolyzed model with two silanol groups



In aqueous media, the solvation effects of glucose are relatively larger compared to that
of a confined space such as in a zeolite pore. In addition to the solvent effect, binding of
glucose would be also be affected by the dispersive interaction from the zeolite pore.
Therefore, we have incorporated the solvation effect throughout the calculations for
determining the free energy and enthalpy profile, and used MP2 level calculations.
Thermodynamically, the most favorable binding is through a ring oxygen and an adjacent
hydroxyl oxygen ion (C;-OH, after deprotonation) coordinates to the metal center in
aqueous environments. This model provides insight to the reaction barrier for the ring
opening mechanism with the participation of basic hydroxyl group in the presence of the
central metal atom. An alternative binding mode of glucose would be through its
hydroxyl groups to the metal center; however, the free energy of this interaction is
thermodynamically uphill both in gas phase and in aqueous environment. Binding
through the ring oxygen and the hydroxyl group at C1 position was computed as
thermodynamically more favorable compared to any two hydroxyl groups of glucose.
Therefore, this was considered as the initial binding mode of glucose to the active site in
this study. From this binding mode, we have proposed a mechanism, which involves the
ring opening, hydride shift, ring closing and computed a detailed free energy profile at
the MP2 levels of theory in a water dielectric (298 K) for the conversion of glucose to
fructose by the Sn-active site model. The computed free energy profile is shown in Figure
S7 and the enthalpy profile is shown Figure S8. All energies are relative to the initial
state A, the sum of the isolated Sn-(OSiH;);-OH active site and glucose in aqueous
dielectric at infinite distance. The interaction of cyclic glucose with the active site model
(Scheme S1, (a)) to form the initial complex (I) is thermodynamically downhill and
highly exothermic (-17.1 kcal/mol) in aqueous media. The Gibbs free energy of
complexation is quantitatively smaller than the change in enthalpy in solution due to the
decrease in entropy upon binding to the active site. Additionally, the free energy of
complexation in solution is quantitatively smaller than the gas phase due to the decrease
in solvation energy of hydrophilic glucose upon complexation. The hydroxyl group
(Lewis base) of the active site picks up a proton from the C;-OH and forms a water
molecule and an open chain aldehyde (II). This process (proton transfer) requires a Gibbs
free energy barrier of 10.6 kcal/mol (3.3 kcal/mol in gas phase) and results in the
formation of a strong Sn-Oying bond of 2.04 A and weak Sn----OH»(2.33 A) bond. The
cleavage of the Sn-Oying bond occurs through the protonation of oxygen by the water
ligand resulting in the formation of acyclic glucose weakly coordinated with the catalytic
center (III).
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Fig. S7: The computed Gibbs free energy landscape of the isomerization of glucose-
fructose catalyzed by the Sn-(OSiH3)3-OH active site model at the MP2 level of theory in
an aqueous dielectric medium. The aqueous effects were modeled using the SMD
solvation model at 298 K. The label A denotes the sum of Gibbs free energy of glucose
and active site model (a) (Scheme 1) infinitely separated in aqueous medium, the B
denotes the same quantity for fructose. All energies are in kcal/mol.

10



o ——
TH ',‘ 111‘
X o o Y ‘6.4 3
Ne” De” Ne 4.7 D
H, | H, j— L
/0.5 [ B
0 S o —
SiH; -0—2 . ‘1 3.1
— X, Y=H 32 -8.8
N == —_
m— X=OH, Y=H AN Ty e b, '63 -6.4
[N LA T L -11.d 9.6 P

- X,Y=OH '.‘ ‘\‘  — . h _]1.1\‘ . . -19.6¢ l-,l().l

. /133 — NN L

" — -14.0 s —

-17.2 . o

— 220
204 o
234
! 11 v \% VTS \% VIl X

Fig. S8: The computed enthalpy profile (MP2, at 298 K in water dielectric) for glucose-
fructose isomerization catalyzed by different open sites of Sn-Beta. The reaction
coordinates are given in the X-axis. The label A denotes the sum of enthalpy of glucose
and active site models infinitely separated in aqueous medium, B denotes the same
quantity for fructose. All energies are relative to the energy of A and reported in kcal/mol.

This process requires an activation free energy of 18.2 kcal/mol (II"®) and this process (II
to III) of partially detaching acyclic glucose from the active site is thermodynamically
uphill (4.9 kcal/mol). Binding of acyclic glucose to the Sn-active site is much weaker
than cyclic glucose and moderately uphill compared to the free energy of the initial state
A in aqueous solution. Deprotonation of the hydroxyl group at the C, position by the
Lewis base requires an apparent activation free energy barrier of 21.2 kcal/mol and the
computed true barrier (IV—IV"™) for this proton transfer is 4.2 kcal/mol. This process
(IV to V) is thermodynamically downhill (by 11.0 kcal/mol) due to formation of a Sn-O
bond and water. This process is followed by the hydride shift from the C2 to C1 carbon
atom (V to VI). The hydride shift occurs through a hexa-membered transition state and
requires an apparent activation free energy barrier of 25.7 kcal/mol with the active
participation of a tin atom by activation of the keto oxygen atoms of the sugar molecule.
The true activation free energy barrier for (V—V'™) is 19.1 kcal/mol and the true
activation enthalpic barrier for this reaction is 19.6 kcal/mol. Also note that, the apparent
activation enthalpy barrier for this reaction is 11.1 kcal/mol in aqueous solution and the
hydride shift (V—VI) is a thermodynamically downhill process. The hydride shift is
followed by the transfer of a proton from the water ligand to the oxygen attached to the
C1 carbon (VI to VII) and then ring closure (VII to VIII). The first process occurs
through the deprotonation of a water ligand and the resulting hydroxyl group transforms
back to water through re-protonation from the hydroxyl group attached to the C¢ carbon
atom. The activation free energy barrier for the reaction VI to VII is 14.2 kcal/mol. The
ring closure (VII™®) from the intermediate (VIII) is calculated to be barrier-less in
aqueous solution due to the relative stabilization from aqueous dielectric for the cyclic
fructo-furanose form. The complex formed (VIII) after the ring closure is

11



thermodynamically stable and has a relative free energy of -3.8 kcal/mol in aqueous
solution. A proton transfer (activation free energy barrier of 10.4 kcal/mol) from water
ligand to the oxygen atom cleaves the Sn-O bond forming, the intermediate IX. This
intermediate is 8.3 kcal/mol higher in free energy than A. The separated cyclic fructose
and the active site model (B) that form from IX have an energy of 2.8 kcal/mol relative to
A. The highest point in the free energy profile is the hydride shift, which is assumed to be
the rate-limiting step. This is consistent with the recently published experimental
studies(/2, 13)

Text S4 Calculation of Apparent activation enthalpy

The apparent enthalpy was obtained by performing a micro-kinetic analysis using the
elementary steps in enthalpy profiles (Sn-Beta: Figure S8, Ti-Beta : Figure S10, vide
infra) for each of the active sites. The 1,2-hydride shift was assumed to be the rate
limiting step. The apparent activation enthalpy can be calculated using the following

equation,
act _ act adsorption
Happarent - Htrue +AH
b
. . dsorption
Hact Hau‘ AH aasorp . . .
where ~ @parent | “mue - and are apparent activation enthalpy, true barrier

( hydride shift), and change in enthalpy of adsorption of the most abundant intermediates
(exothermic adsorption), respectively.

The AHadsorption — ZAHreactant intermediates _ ZAHproduct intermediates. USil’lg the above expression,
the apparent activation enthalpies for the glucose-fructose isomerization catalyzed by Sn-
Beta active site models (a, b, ¢ in Scheme S1) were computed and shown in Table S1.
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act

Table S1: Computed true activation enthalpy (H’W’), change in adsorption enthalpy

AH adsorption H act
( ) and apparent enthalpy of activation (~~ #?““") for glucose-fructose

isomerization catalyzed by active site models for Sn-Beta (Scheme S1: a, b, c¢) and Ti
(Scheme S2: d, e, ). The energy evaluated at the MP2 level of theory. The calculations
are performed at 298 K, and contribution to enthalpies from aqueous dielectric is also
included. All energies are reported in kcal/mol.

active site model | H o, AH e H o
(a) 19.6 -1.0 18.6
(b) 23.2 -1.1 22.1
©) 20.6 33 17.3
(d) 20.2 +7.8 28.0
©) 20.2 +14.1 343
) 17.6 +18.8 36.4

The computed activation enthalpies for glucose to fructose isomerization catalyzed by
active site models a, b, and ¢ (Scheme S1) are 18.6, 22.1, and 17.3 kcal/mol respectively.
The computed activation enthalpy of active site model b (22.1 kcal/mol), Sn-Beta active
site with one adjacent Si-OH group is consistent with the experimental activation energy
of 21.2 kcal/mol from our experimental kinetic studies. These results suggest that the
active site for the Sn Beta, which promotes the isomerization process, is in fact a
hydrolyzed site rather than the close site. Previously it was shown that, the apparent
activation energy for the hydride shift associated with the isomerization of
glyceraldehyde to dihydroxy acetone is 10 kcal/mol higher for the closed site than the
open site.(3)
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Fig. S9: The computed enthalpy profile of the isomerization of glucose-fructose
catalyzed by the Sn-(OSiH3)s- H>O active site model at the MP2 level of theory in an
aqueous dielectric medium. The aqueous effects were modeled using the SMD solvation
model at 298 K. The label A denotes the sum of Gibbs free energy of glucose and active
site model (Sn-(OSiH3)4- H>O) infinitely separated in aqueous medium, the B denotes the
same quantity for fructose. All energies are reported in kcal/mol.

The detailed enthalpy profile for the glucose-fructose isomerization catalyzed by Sn-Beta
closed site (Sn-(OSiH3)4- H,0) is shown in Figure S9. Due to the lack of a Lewis base in
the closed site model the ring opening and closure is catalyzed by water which is
coordinated with Sn site. Different modes of cyclic glucose adsorption were considered.
Our calculations suggest that upon strong adsorption of glucose (Case 2 in Figure S9), the
rate-limiting step is the ring opening of glucose, while for weaker absorption the rate-
limiting step is the hydride shift. Based on the micro-kinetic model, the computed
apparent activation enthalpy is 30 kcal/mol regardless of the initial adsorption. These
calculations suggest that the closed site can also catalyze the isomerization process, but
not a primary catalytic site due to requirement of a relatively larger activation enthalpy
compared to the open site. Another important observation is the relative stability of
complex formed upon adsorption of acyclic fructose with closed site compared to open
site.
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Text S6 Isomerization catalyzed by Ti-Beta active site models

We have also utilized MP2 theory to calculate the energy associated with elementary
steps involved in the isomerization of acyclic glucose to fructose on a number of different
Ti-Beta active site models including: (d) an open site where framework Ti is bound in
one direction with an OH group and in the other three directions with framework Si
through bridging oxygen atoms , (€) an open site as in (f) with an one adjacent silanol (Si-
OH) group, and an open site as in (d) with two adjacent silanol (Si-OH) groups (Scheme
S2) We found that the lowest energy pathway for the isomerization of acyclic glucose to
fructose on all the Ti-Beta active sites involves a hydride shift from the second carbon
(C2) in acyclic glucose to the first carbon (C1) in fructose as the rate-limiting step,
similar to open site of Sn-Beta (Figure S7). Here, we have computed the detailed
enthalpy profile for glucose-fructose isomerization catalyzed by all these sites (Figures
S9 and S10) for comparison with the experiments and with the Sn-Beta results.

OH

o_| o OH oH
Hsi” 1 siH, PN \./o\ _OH Ho o |_/o\ _OH
H;Si Ti Si Si Ti Si
o H; H, | H,
e (o) (o]
SiH; “siH, “siH,

(d (e) ®
Scheme S2: Schematic of different Ti-Beta active sites used in the computational
models. d) open Ti site, e) open Ti site with one Si-OH group and f) open Ti site with two
Si-OH group.

Figure S10 presents a comparison of the enthalpy profile for the glucose-fructose
isomerization by open site of Sn-Beta (with one silanol) and Ti-Beta (with one silanol
group). The computed rate limiting step and the initial enthalpy of binding of glucose
suggests that Sn-Beta is a much superior catalyst for the isomerization than the Ti-Beta.
This is consistent with the reported studies. Figure S11 shows the calculated energetics
(enthalpies) associated with various elementary steps involved in the isomerization of
acyclic glucose to fructose on the three different active sites. We found that for all three
models of the active site (d, e, f), the rate limiting step is the 1,2 hydride shift. The
computed apparent activation energies for glucose-fructose isomerization catalyzed by
Ti-Beta active site models (d,e,f) is given in Table S1.
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Fig. S10: Comparison of the enthalpic profile of the open site of Sn-Beta and Ti-Beta for
the glucose-fructose isomerization. The MP2 level of theory is employed to compute the
enthalpy surface. The solvation contribution in the enthalpy is computed using the SMD
solvation model. The label A denotes the sum of enthalpy of glucose and active site
model (b and e) infinitely separated in aqueous medium, the B denotes the same quantity
for fructose. All energies are reported in kcal/mol.
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Fig. S11: Enthalpy profile (MP2) for the glucose-fructose isomerization by different Ti-
Beta active site models. The X-axis denotes the reaction coordinate. See Figure S9 for the
schematic representation for species Il to IX. The label A denotes the sum of enthalpy of
glucose and active site model (d,e,f) infinitely separated in aqueous medium, the B
denotes the same quantity for fructose. All energies are reported in kcal/mol.

The computed apparent enthalpy for the glucose-fructose isomerization catalyzed by
models d, e, and f (Scheme S2) are 28.0, 34.3 and 36.3 kcal/mol respectively. If we
compare our calculated overall activation barriers with the measured barriers we find that
our measured activation enthalpy (37.1 kcal/mol) is very similar to the one calculated for
the Ti open site with one and two silanol group model system (34.3 & 36.3 kcal/mol).
Since the apparent activation barriers for the open Ti site with one and two adjacent
silanol group are very close in energy, it would be difficult to distinguish between these
two sites based on the MP2 calculations. Therefore, we can only conclude based on
comparing the MP2 calculations with the experimental data that the active site in Ti-Beta
is a form of an open Ti site, which involves a hydrated Ti-OH center with adjacent silanol
groups.
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