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Abstract

Catalysis provides a technology-based method to efficiently convert raw materials to useful products.
Zeolite catalysis enables high product selectivity and is widely used due to the high activity, thermal
stability, and well-defined crystalline pore structure of zeolites. Moreover, incorporation of metals into
the framework of hydrophobic zeolites results in water-tolerant Lewis acids. This thesis discusses the
synthesis, characterization, and structure-activity relations of metal-substituted Beta zeolites in the
conversion of oxygenates. Chapter 2 discusses the application of dynamic nuclear polarization (DNP)
NMR to characterize natural-abundance Sn-Beta. An indirect use of proton spin diffusion resulted in a
50-fold signal increase and the ability to observe natural-abundance 119Sn-Beta in <24 h. Since DNP NMR
only enables efficient detection of spin-1/2 nuclei, a secondary method of adsorbing pyridine on
framework metal sites in zeolites permits further characterization of quadrupolar nuclei. Chapter 3
examines how pyridine chemical shift can resolve framework and extraframework metal sites as well as
provide a measure of Lewis acidity. Additionally, solid-state NMR offers the ability to quantify the
concentrations of these sites. Promoter addition to the active sites of zeolites can further provide
cooperative catalysis and tuning of product distribution. Chapter 4 describes the borate-promoted Sn-
Beta zeolite-catalyzed conversion of aldoses via an unusual 1,2 carbon shift mechanism. The addition of
a borate promoter to Sn-Beta resulted in a complete shift towards near-equilibrium epimerization
product distribution. Chapter 5 further examines the catalytic consequences of varying key reaction
parameters such as the borate to sugar ratio, pH, and reaction time. This full factorial experimental
design showed that epimerization dominates under neutral conditions and is still active at
substoichiometric borate to sugar ratio. This observation suggests that borate is acting pseudo-
catalytically potentially through interaction with the Sn site. These findings motivated a detailed
mechanistic study, as discussed in Chapter 6. Solid-state NMR proximity measurements in conjunction
with directed removal of substrate functionality led to a proposed Bilik-type reaction mechanism
involving borate. This body of work contributes to a molecular-level understanding of Lewis acid sites in
hydrophobic zeolites. Furthermore, the ability to tailor Lewis acid sites through promoter incorporation
can enable novel catalytic reactions.

Thesis Supervisor: Yuriy Rom n-Leshkov
Title: Assistant Professor of Chemical Engineering
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1 Introduction

The global economy depends on an uninterrupted supply of fuels and chemicals to manufacture

medicines, fertilizers, pesticides, synthetic rubber, dyes, paint, lubricants, asphalt and many other

needed products. Production of these chemicals often involves the oxidation of hydrocarbons to provide

reactive functional groups. However, these processes are energy-intensive due to the high temperatures

and pressures required to activate C-H bonds and also come at the cost of a partial loss of the energy

content of the molecules. Catalysis provides a technology-based method to improve energy efficiency.

For instance, the catalytic cracking of naptha to olefin can generate energy savings of 10-20% compared

to conventional steam cracking and titanium-substituted zeolite (TS-1) catalysts can convert propylene

to propylene oxide using hydrogen peroxide with an energy reduction of 10-12%. These relatively small

improvements when applied on a large scale can greatly reduce the use of energy in chemical

processing. This is particularly significant given that the chemical industry is the largest industrial energy

user, accounting for ~10% of final energy demand, and ninety percent of chemical processes use

catalysts.1

1.1 Oxygenates as an alternative feedstock

Oxygenates, molecules containing a high-oxygen content, have a lower energy density than pure

hydrocarbons and provide a large scale renewable source of fixed carbon, which the U.S. Department of

Energy estimates at 1.3 billion dry tons per year in the U.S. 2 These reserves have a defined cost structure

and can serve as a buffer to swings in the petroleum markets. Through reduction, oxygenates can be

converted to many petroleum-derived chemicals such as olefins and aromatics. This is important given

the recent collapse of natural gas prices, which has led to the use of ethane as opposed to naptha in

steam crackers, resulting in almost preferential production of ethylene over propylene and aromatics.3

Other oxygenate products can serve as blending components to improve the performance and

emissions of internal combustion engines.

Many oxygenates require deconstruction to enable a wide range of catalysis. Deconstruction of

oxygenates can occur through a number of processes that result in carbonyl-containing compounds,

such as aldoses, ketoses, and furfural derivatives from carbohydrate acid hydrolysis and carboxylic acids,

aldehydes and ketones from biomass pyrolysis. The oxygen atoms present as carbonyl groups provide

sites for extending the carbon backbone at low temperatures. Additionally, these reactive oxygen sites

may be removed through dehydration and hydrogenation reactions to provide a final product. A major
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challenge of this process is that the oxygen content leads to high boiling points and poor thermal

stability, necessitating low temperature and liquid phase processing which represents a large departure

from traditional thermal catalysis. 4 Many of the early conversion processes rely on enzymatic catalysis

and, more recently, a number of inorganic catalytic processes have been developed.2 Compared to

enzymes, inorganic catalysts can function over a wider range of reactant purities, temperatures and pH,

which allows for cost effective process intensification. One class of catalysts that selectively activates

carbonyl groups is the Lewis acids.

1.2 Lewis acids as catalysts

Lewis acid catalysis plays a critical role in organic synthesis and oxygenate conversion, particularly in

reactions that require activation of carbonyl functionality. Lewis acids are broadly defined as electron

pair acceptors, whereas Bronsted acids are molecules that can donate protons.5 Unlike Bronsted acids,

Lewis acids are not susceptible to ion exchange, which is especially useful for processing oxygenated

feedstock containing ionic impurities. In particular, Lewis acids bind to the carbonyl oxygen and

withdraw electron density, thus making the carbonyl carbon more electrophilic and susceptible to attack

by nucleophiles. Effective catalysis generally involves strong Lewis acid-Lewis base complexation while

6
avoiding product inhibition. This is achieved through the interaction between the lowest unoccupied

molecular orbital (LUMO) of the Lewis acid and the highest occupied molecular orbital (HOMO) of the

Lewis base. As an extension of this concept and to explain deviations from electronegativity, Pearson 7

later introduced the concept of hard and soft acid and bases (HSAB). Hard acids have a high charge

density while soft acids have a small charge density and are very polarizable. According to the HSAB

theory, hard acids prefer to bind hard bases and soft acids tend to bind soft bases.

Of the many common Lewis acids, the homogeneous catalyst AIC1 3 in particular can catalyze numerous

industrial reactions," but there are limitations with this catalyst. Oftentimes, homogeneous catalysts are

used stoichiometrically and dissociation of the product complex can destroy the Lewis acid. Solid acids

can facilitate catalyst recovery because these heterogeneous catalysts are easy to separate from gas or

liquid phase reactions. Additionally, reactions involving AIC 3 must be performed under strictly

anhydrous conditions since coordinated water leads to decreased catalytic activity and irreversible

active site degradation due to unwanted side-formation of oxides.
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1.3 Zeolite Catalysis

One important class of heterogeneous catalysis involves zeolites, which are nanoporous crystalline

materials comprised of silicon and oxygen and are characterized by their high surface area and thermal

stability. In order to add catalytic functionality, Lewis acid metal sites can be incorporated within the

pores of zeolites. Two typical zeolite frameworks are the 12-membered ring Beta zeolite and the 10-

membered ring MFI zeolite. In particular, Beta zeolites have a 3D intersecting pore structure with large

0.65-nm pores that facilitate small molecule transport to internal catalytic sites within the large surface

area. An organic structure-directing agent (SDA) is oftentimes used to direct the formation of a

particular zeolite framework. In general, it is difficult to make extra-large pore zeolites containing rings

with more than 12 members. Ordered mesoporous silicas such as MCM-41 can have larger pores but are

amorphous. Table 1 shows several important processes that utilize zeolite catalysts.

Table 1. The most important processes involving zeolites as catalysts9

Structural type Catalytic process
(zeolite or zeotype)
FAU (Y) Fluid catalytic cracking, hydrocracking, aromatic alkylation and

transalkylation, olefin/paraffin alkylation, NOx reduction, acylation

BEA (Beta) Benzene alkylation, acylation, Baeyer-Villiger reaction

MOR (Mordenite) Light alkanes hydroisomerization, dewaxing (cracking), aromatic
alkylation and transalkylation, olefin oligomerization

LTL (KL) Alkane aromatization

MTW (ZSM-12) Aromatic alkylation

MFI (ZSM-5, TS-1, Silicalite) Fluid catalytic cracking, dewaxing (cracking), MTG/MTO
gasoline/olefins, olefin cracking and oligomerization, benzene
alkylation, xylene isomerization, toluene disproportionation and
alkylation, aromatization, NOx reduction, ammoxidation, Beckmann

rearrangement
MWW (MCM-22) Benzene alkylation

FER (Ferrierite) n-Butene skeletal isomerization

TON (Theta-1, ZSM-22) Dewaxing (long chain alkane hydroisomerisation), olefin skeletal
isomerization

AEL (SAPO-11) Dewaxing (long chain alkane hydroisomerization)

ERI (Erionite) Selectoforming

CHA (SAPO-34) MTO

Zeolite catalysis allows for exquisite shape and product selectivity due to the pores within, which can

also minimize subsequent energy-intensive separation tasks. For example, zeolites can break the

equilibrium product distribution such as in the selective production of p-xylene, which is used to make

terephthalic acid for polyester fiber manufacturing. 0 This is enabled by the precise pore size of a specific
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catalyst that allows for selective diffusion and thus separation from a mixture of other xylenes.

Furthermore, the confined geometry of zeolites can prevent the formation of large transition states and

their associated reactions.

1.4 Hydrophobic Zeolites as Water-Tolerant Lewis Acids

Lewis acids are involved in many important C-C bond forming and hydride transfer reactions and

typically require anhydrous conditions to prevent adsorption of water. Pure silica zeolites containing

isolated metal atoms (e.g. tin, zirconium, and titanium) have recently emerged as a new class of water-

tolerant Lewis acid catalysts." These materials are salt-tolerant and very stable with greater than 10,000

turnovers per metal center, no leaching and activities comparable to enzymes.12 The hydrophobic pores

of these molecular sieves exclude bulk water similar to certain pockets within enzymes and the metal

atoms function analogously to enzyme cofactors. In 2001, Corma et al. showed that Sn-substituted Beta

zeolite synthesized under fluoride media was catalytically active in the Baeyer-Villiger oxidation of cyclic

ketones under hydrated conditions."c Then in 2010, Moliner et al. showed that the same catalyst could

convert glucose into fructose in the presence of bulk water through an intramolecular Meerwein-

Ponndorf-Verley reaction.12b The activity and selectivity of Sn-Beta approaches those of enzymes due in

part to the uniform active sites. In these catalysts, Sn is bonded to electronegative silicon atoms and can

act as a Lewis acid through the displacement or expansion to pentacoordinate or hexacoordinate

structures.4 For catalysts containing transition metals, the highly dispersed tetrahedrally coordinated

metal centers can accept electron pairs through empty d orbitals and expand their coordination shells.4

Finally, the addition of fluoride as a mineralizer in Sn-Beta zeolite production accounts for their defect-

free structures, which leads to hydrophobicity and water tolerance. That is, bulk water cannot enter the

hydrophobic pores, though gaseous water molecules can still diffuse through without drastically

affecting the catalytic potential of the Lewis acid site due to the lack of hydrogen bonding interactions.

Historically, zeolite catalysis has been done in the gas phase at high temperatures, but the different

design criteria for oxygenate-containing reactions requires working at low temperatures in the liquid

phase. 2 Water-tolerant Lewis acids provide a solution for such large-scale reactions, while also avoiding

waste associated with the use of homogeneous catalysts. Lewis acids catalyze many industrially relevant

reactions and the ability to perform Lewis acid catalysis heterogeneously and in the presence of water

holds great potential.
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1.5 Zeolite Modification and Cooperative Catalysis

Zeolites may be modified by the incorporation of promoters-chemical components that enhance the

reactivity of the active site-to enable cooperative catalysis and to tune the product distribution. For

example, incorporation of a phosphorous promoter to ZSM-5 can select for olefins over aromatics in

fluid catalytic cracking, toluene alkylation and methanol to hydrocarbon conversion and can improve

hydrothermal stability.13 Cooperative catalysis involves two reactive sites in close proximity. In terms of

Sn-Beta, the key to its unique catalytic activity is the ability to hydrolyze one of the four metal-O-Si

bonds of the framework that are normally intact to form an open site with dual Lewis acid/base

character. This dual character is a result of electron density from an incoming Lewis base being

distributed over four Sn-O anti-bonding orbitals, giving the neighboring oxygen atoms basic character

and these catalysts their unique activity. In contrast, most Lewis acids absorb electron density into the

metal atom itself.

One way to modify the properties of the Sn active site in the hydrophobic zeolite is through the

incorporation of a sodium tetraborate promoter. Borate is known to interact with cis-diols such as those

present in sugar molecules to shift equilibrium distribution. Similar to sulfated zirconia, borate can also

interact with catalysts to form borated zirconia, titania and stannia. Additionally, borate can interact
.14 -odrdu f08

with silica surfaces such as SBA-15. Given that boron has a single-bond radius of 0.85 A compared to

1.16 A for Si, borate may fit in the Sn-Beta open site in a manner analogous to complexation with cis-

diols.15 As such, borate can promote stronger complexation by enabling reactants to bind to multiple

sites (chelation) and alter the geometry of reactant adsorption, potentially leading to different reaction

pathways. These promoter-incorporated materials in general may function as biomimetic catalysts due

to the multiple sites present in close proximity. Promoter addition may also impose strains on bonds and

therefore promote reactivity.

The ability of boron to expand its coordination shell from trivalent to tetravalent allows it to temporarily

form and break bonds to the reactant and catalyst active site. Boron has three valence electrons (2s 2 2p')

which can form a trigonal planar sp2 hybrid, such as B(OH) 3. This structure is stabilized by electron

donation from the filled oxygen pz orbitals to the unfilled 2pz orbital on the boron through the n-bonding

framework. However, in this structure, boron is electron deficient (6 shared electrons, unsatisfied octet)

and therefore acts as a Lewis acid. Addition of an electron donor to this structure leads to a negatively

charged tetrahedral anion with sp3 hybridization. Borate is known to catalyze Aldol reactions through
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tight 6-membered transition states and can also undergo addition with itself to form rigid structures

that potentially facilitate more complex reactions.16

In the borate-promoted Sn-Beta catalyst, boron, silicon and Sn are positioned at the metal-nonmetal

boundary and are known to be active in C-C bond forming reactions, which are important in catalysis.

They also have increasing electronegativity in the order Sn<Si<B, suggesting that the incorporation of

borate may improve the Lewis acidity of the metal active site. Thus, these elements are natural choices

for a catalyst and promoter pair. Since the first use of borate-promoted Sn-Beta, a number of other

studies have shown the promotional effects of exchanging ions into Sn-Beta zeolites.'2

1.6 Methods to Characterize Active Sites within Zeolites

Within the crystalline framework of the zeolite, atomically dispersed metal sites are tetrahedrally

coordinated under dehydrated conditions, but adopt a pseudo-octahedral geometry upon the

adsorption of two water molecules. By contrast, extraframework metal oxide species form an

octahedral geometry and display very different catalytic activity.' 9 Due to their location within the

zeolite pores, these materials are not amenable to surface characterization spectroscopic techniques.

Consequently, solid-state nuclear magnetic resonance (ssNMR) of samples enriched with "9Sn isotopes

are the only reliable methods to verify framework incorporation. In the literature, framework

incorporation has mostly been inferred from indirect reactivity data or from qualitative infrared (IR) or

diffuse reflectance ultraviolet (DR-UV) spectra. These spectroscopic methods provide additional insight

into the nature of active sites and have been used to obtain the site densities needed to calculate

turnover frequencies. However, many of these methods are difficult to implement reliably. 0 For

instance, diffuse reflectance ultraviolet spectroscopy (DRUV)"' , x-ray diffraction 9' 22 " 9Sn Mossbauer

spectroscopy21b, x-ray photoelectron spectroscopy (XPS) 2 'a, Raman spectroscopy , and synchrotron

based techniques22 provide only qualitative or semi-quantitative measurements.

In solution-state NMR, Brownian motion averages out the orientation effects on local chemical

environments, which does not occur in the solid state. In ssNMR, magic angle spinning (MAS) mimics the

molecular motion in liquids and averages out the dipolar interaction. Additionally, excitation of 'H

followed by cross polarization (CP) magnetization transfer to 1
3 C or other heavy atoms can improve the

signal and provide information on chemical structure, though the intensities are not quantitative.
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Rotational-echo double-resonance (REDOR) NMR is a ssNMR-based technique that measures the

proximity of isolated spin pairs, typically up to 6 A. In its most basic sense, REDOR involves siphoning off

spin polarization on the observed nucleus into the dephased nucleus and measuring the decreased

intensity of the observed nucleus. In REDOR, synchronizing a pulse sequence with rotor rotation can

selectively reintroduce the dipolar interaction between nuclei under MAS. This allows for the transfer of

spin polarization from the observed nuclei to neighboring atoms and the resultant dipolar interaction is

inversely proportional to the cube of the distance between the nuclei. For isolated spin pairs, it is

possible to fit accurate distances that can be used to infer the structure of an active site complex such as

glucose-borate-Sn.

1.7 Focus of this Dissertation

This project seeks to understand the synthesis and properties of isolated Lewis acid sites inside water-

tolerant hydrophobic zeolites for tailoring reactivity in heterogeneous catalysis. The production of these

advanced catalytic materials with molecular control over the placement of single and multicomponent

active sites allows for highly selective chemical transformations. The broad objectives of this thesis are

three-fold. We sought to synthesize water-tolerant hydrophobic zeolites and to apply solid-state NMR

for characterizing the nature of the Lewis acid sites. Having developed methods to characterize

framework incorporation and Lewis acidity, we aimed to modify the catalytic properties of these zeolites

and enable cooperative catalysis through the incorporation of promoters.

A major focus of this research has been to distinguish framework and extraframework metal sites within

zeolites using ssNMR-based methods. To address the low intrinsic sensitivity of NMR, a dynamic nuclear

polarization NMR (DNP NMR) method enabling natural abundance "9Sn spectra of Sn-Beta zeolites was

developed. Since some metals are not amenable to NMR characterization, a second method using the

indirect probe molecule 15N pyridine was developed that allows quantification of the strength and

concentration of acid sites within zeolites. Pyridine 'N NMR was applied to many metal-substituted

zeolites, including Sn-Beta.

The next three chapters are motivated by the second goal - to devise catalytic strategies to understand

the mechanistic and kinetic behavior of Lewis acid centers and exploit the benefits of cooperative

catalysis by rational design of catalytic pairs. The particular system studied was the borate-promoted Sn-

Beta catalyzed epimerization of aldoses. It was discovered early on that the addition of a borate
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promoter shifted a reaction from a hydride transfer to an unusual 1,2 C-C carbon shift. This was found

using isotopic labeling experiments and NMR. As a follow up, I conducted a parametric screen of key

reaction parameters, which suggested the importance of a pH-dependent glucose-borate-Sn complex.

The study also focused on intrinsic kinetics in the context of L-arabinose to L-ribose. Since then, I have

conducted a detailed study of the reaction mechanism. Experiments confirmed the Sn-borate catalytic

pair forms a stable nanostructure that may have applications in other reactions. Solid-state NMR proved

to be the method of choice for determining the structure of the active site complex.

Concluding remarks and future directions are addressed in Chapter 7. This project involved synthesis of

numerous substituted zeolites and detailed catalyst characterization. This work also required the

synthesis of metal-substituted zeolites and led to the first ever synthesis of Hf-Beta using hydrothermal

methods.
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2 Dynamic nuclear polarization NMR enables the analysis of Sn-Beta

zeolite prepared with natural abundance "9Sn precursors'

2.1 Abstract

The catalytic activity of tin-containing zeolites, such as Sn-Beta, is critically dependent on the successful

incorporation of the tin metal center into the zeolite framework. However, synchrotron-based

techniques or solid-state nuclear magnetic resonance (ssNMR) of samples enriched with "9Sn isotopes

are the only reliable methods to verify framework incorporation. This work demonstrates, for the first

time, the use of dynamic nuclear polarization (DNP) NMR for characterizing zeolites containing -2 wt %

of natural abundance Sn without the need for ' 19Sn isotopic enrichment. The biradicals TOTAPOL, bTbK,

bCTbK, and SPIROPOL functioned effectively as polarizing sources, and the solvent enabled proper

transfer of spin polarization from the radical's unpaired electrons to the target nuclei. Using bCTbK led

to an enhancement (E) of 75, allowing the characterization of natural-abundance 119Sn-Beta with

excellent signal-to-noise ratios in <24 h. Without DNP, no mSn resonances were detected after 10 days

of continuous analysis.

2.2 Introduction

Pure-silica zeolites containing a small amount of tetravalent heteroatoms with open coordination sites

(e.g., Sn, Zr, or Ti) have emerged as highly active, water-tolerant solid Lewis acids for many important

reactions. 4 Tin-containing zeolites have been shown to promote the intermolecular Meerwein-

Ponndorf-Verley (MPV) reaction between alcohols and ketones as well as the Baeyer-Villiger oxidation

of cyclic ketones.", Sn-Beta transforms hexoses, pentoses, and trioses through intramolecular hydride

and carbon-atom shifts in both organic and aqueous media.12b, 2 4

The catalytic activity and water tolerance of Sn-Beta critically depend on three factors: the successful

incorporation of the metal center into the zeolite framework, the presence of a defect-free pore

structure that promotes a hydrophobic environment, and the hydrolysis of one Sn-O-Si bond to form an

"open site" with a neighboring silanol group. These site requirements are essential to catalyze many

1 This chapter is adapted from Gunther, W. R.; Michaelis, V. K.; Caporini, M. A.; Griffin, R. G.; Rom n-

Leshkov, Y., Dynamic nuclear polarization NMR enables the analysis of Sn-Beta zeolite prepared with

natural abundance "1Sn precursors. J. Am. Chem. Soc. 2014, 136, 6219-6222.

22



industrially relevant reactions. 19'2 Synthesizing the zeolite in fluoride media affords defect-free pores

and minimizes extra framework species but also limits the maximum amount of heteroatom

incorporation and slows down crystallization when compared to other methods. 23
,

For this reason, Sn-Beta is usually synthesized with Si/Sn ratios >100 (i.e., <1.9 wt % Sn) and

crystallization times >20 days. Recently, other methods, including solid-state ion exchange, seeding, and

grafting, have emerged as faster synthesis routes, but framework incorporation has been inferred

mostly from indirect reactivity data or from qualitative infrared (IR) or diffuse reflectance ultraviolet

(DR-UV) spectra.26

Although framework Sn incorporation can be quantitatively verified with 1"9Sn (I = 1/2, natural

abundance = 8.6%) magic angle spinning (MAS) NMR, the coupled effects of low natural abundance of

the 119Sn isotope, low intrinsic NMR sensitivity, and low Sn loadings in the sample make NMR analysis

impractical without mSn isotopic enrichment.2 Unfortunately, the high cost of isotopic enrichment

drastically hinders high-throughput screening, routine analysis, or analysis of low-yield syntheses with

NMR. DNP addresses these challenges by transferring the larger polarization of electron spins, such as

those found in stable exogenous radical compounds, to nuclear spins through irradiation with high-

frequency microwaves. The target nuclei then become dynamically polarized, and their NMR signals are

enhanced by orders of magnitude. DNP has been a valuable tool for studying local and medium range

structure in challenging biological and inorganic materials,28 including Sn0 2 nanoparticles, 29by

drastically reducing acquisition times.

Here, we demonstrate DNP NMR characterization of zeolites containing -2 wt % of natural abundance

119Sn. Our approach, using indirect polarization, is exemplified in Figure 1. First, high-power microwaves

irradiate the sample treated with an exogenous biradical and a glassing agent (i.e., 1,1,2,2-

tetrachloroethane, [TCE]). Next, the electron polarization is transferred from the radical to the protons

in the solvent through electron-nuclear dipolar couplings. Freezing the sample at cryogenic

temperatures (100 K) allows for 'H- 1 H spin diffusion to occur efficiently and enables the relay of

polarization to the solvent molecules present inside the zeolite pores. Lastly, by using appropriate

contact times (ranging from 1 to 8 ms), 1H polarization can be effectively transferred to the Sn sites

using a cross-polarization (CP) step. Enhancements of E > 35 (Et > 100, accounting for the gain in

Boltzmann levels when acquiring the data at 100 vs 300 K) are achieved with nitroxide-based biradicals,
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thus enabling the characterization of nonenriched Sn-Beta zeolites with superb signal-to-noise ratios

(S/N) in <24 h.

2.3 Results and Discussion

with DNP
Biradical (hours)

wpthot DNP

e- to 'H Dyna icWihout DNP
Nuclear Polarization (Weks)

a a
IH IH 4W0 -WsO
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a H
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Figure 1. Hyperpolarization of Sn-Beta Zeolite Using Dynamic Nuclear Polarization

The DNP method was first optimized using enriched 1"9Sn-Beta samples (Si/Sn = 102, 82% "'Sn

enrichment). Figure 2 shows the 119Sn DNP NMR resonances for a hydrated and dehydrated 119Sn-Beta

calcined sample using bis-cyclohexyl-TEMPO-bisketal (bCTbK) as the radical and TCE as the solvent. In

agreement with literature reports, dehydrated Sn-Beta (Figure 2a) features resonances corresponding to

tetrahedrally coordinated framework Sn sites in the closed (-443 ppm) and open (-420 ppm)

configurations. ,30 Under hydrated conditions the Sn site complexes with two water molecules leading

to a pseudo-octahedral geometry and corresponding resonances centered at -700 ppm (Figure 2b). The

1H detected enhancements were 36 and 52 for the dehydrated and hydrated "1 9Sn-Beta materials. These

enhancements led to spectra with high S/N ratios in <2 h using 25 [pL of sample. For comparison, a

typical MAS NMR experiment without DNP requires 58 h of acquisition time at 300 K and using 80 pL of

sample to obtain comparable S/N ratios (see Figure 2c).
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Figure 2. DNP-enhanced 1"9Sn spectra of dehydrated (a) and hydrated (b) enriched i"Sn-Beta zeolite.

Spectra were acquired at 100 K for 3.8 h. 1'9Sn MAS NMR spectrum of 119Sn enriched dehydrated Sn-

Beta zeolite (c) was acquired at 300 K for 58 h. * denotes spinning sidebands.

The strong Lewis acid sites in Sn-Beta readily coordinate with functional groups containing lone pairs of

electrons. To determine and minimize potential undesirable interactions of the radical with the Lewis

acid center, four biradical polarizing agents with varying kinetic diameters were impregnated on the Sn-

Beta sample (Table 2).

The corresponding 119Sn MAS NMR spectra showed that the radicals 1-(TEMPO-4-oxy)-3-(TEMPO-4-

amino)propan-2-ol (TOTAPOL) and bis-TEMPO-bis-ketal (bTbK) entered the zeolite pores and complexed

with the Sn sites, leading to multiple resonances in the range of -600 to -800 ppm. Conversely, the

radicals bis-TEMPO-bis-thioketal-tetra-tetrahydropyran (SPIROPOL) and bCTbK did not affect the

resonances of the dehydrated Sn site (Figure S4). We hypothesize that SPIROPOL and bCTbK are too

bulky (Table 2) to enter the pores of zeolite Beta (ring pores of 7.7 x 6.6 A and 5.6 x 5.6 A) and thereby

rely exclusively on the protons in the solvent to transfer polarization to internal sites. Note that even
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after prolonged exposure (>48 h, 298 K) of both bCTbK and SPIROPOL with the zeolite, no adsorption on

the Sn site was detected.

Table 2. Experimentally Determined Enhancements (E) and Build-Up Times (TB) for Hydrated,

Isotopically-Enriched 1"9Sn-Beta Samples Analyzed with 10 mM Nitroxide-Based Biradical Polarizing

Agents (20 mM electrons in TCE)

Polarizing Agent

TOTAPOL
4

01
0

ON N0 O
H OM

bThK'"
M o

.0-1i _/\ j N-0.

SPIROPOL 6 *

N N

O

bCTbK'7

O-N N-

(S)

9(1) 3.55

25(3) 2.90

32(3) 4.77

52(3) 3.4

*The NMR magnetic field was swept -50 kHz to the left-edge of the maximum SPIROPOL

enhancement.'

Although both small radicals interacted with the Sn site, they still provided a gain in sensitivity. As shown

in Table 2, enhancements of 9 and 25, were observed for TOTAPOL and bTbK, respectively. The sterically

hindered SPIROPOL and bCTbK proved to be optimal polarizing agents, offering consistent

enhancements >30 at 100 K in TCE. Ultimately, bCTbK was chosen for subsequent studies because it

generated slightly better enhancements and shorter build-up times, allowing for faster recycling during

acquisition. Note that bCTbK 'H enhancements range from 28 to 75 depending on the sample (see Table

3), which we attribute to the glass-forming behavior of the solvent.
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Table 3. Enhancements and Build-Up Times of Dehydrated and Hydrated Sn-Beta Zeolites with 10 mM

bCTbK in TCE

Sn site TB (sec) E E t

dehydrated ("9Sn - enriched) 2.7 36 108
hydrated (1" 9Sn enriched) 3.4 52 156
dehydrated/hydrated (119Sn - enriched) 3.2 36 108
dehydrated ('19Sn natural abundance) 5.5 75 225
hydrated (119Sn natural abundance) 4.2 28 84

Although control experiments in the absence of radical showed that the TCE solvent does not interfere

with the dehydrated Sn signal, neat TCE is not an ideal glass-forming medium as is the case for

glycerol/water or DMSO/water mixtures. For this reason, TCE is typically doped with a small percentage

of another solvent (e.g., methanol or ethanol) to assist in the glass-forming process.3 ' Although the use

of TCE dopants or glycerol/water or DMSO/water mixtures was avoided in this study to prevent

interaction with the Sn site, appropriate glass formation at low temperatures is a critical parameter to

enhance transfer polarization processes. For instance, drastically different enhancements for 3C DNP

NMR spectra of glucose bound to Sn-Beta were obtained when performing DNP with 10 mM TOTAPOL

dissolved in either TCE, DMSO/water or glycerol/water (Figure S5). TCE generated an enhancement of 3,

whereas DMSO/water and glycerol/water generated enhancements of 70 and 100, respectively. Further

studies are currently underway to better understand solvent-radical-zeolite interactions.

The use of 'H-'H spin diffusion to polarize crystalline materials in an organic medium was first

demonstrated by van der Wel et al. for amyloidgenic peptide cores (dimension, -0.2 x 0.2 x 1 pam). 34

Similar approaches have been used in other chemical systems, including amorphous silica frameworks,

wherein the large abundance of intrinsic protons within the matrix governs the 1H nuclear spin-diffusion

across the sample.35 In contrast, dehydrated Sn-Beta zeolite crystals (dimensions, -0.45 x 7 x 7 pm

based on Figure S) are severely proton deficient, thus limiting intrinsic 1H spin-diffusion.

Indeed, a polarization gradient can evoke differences in the polarization transfer between the solvent

and the crystalline solid system. These effects are mainly dependent on the width of the smallest

dimension of the crystal, the nuclear T1, and the nuclear spin diffusion.34 The extremely long contact

times required during analysis (i.e., 6-8 ms) indicate that a considerable distance exists between the Sn

site and the nearest proton. Since the radical is confined to the external surface of the zeolite, the

solvent provides the sole medium for 1H spin diffusion and is therefore responsible for the observed

27



DNP enhancements." The physical barrier between the internal Sn sites and the radical minimizes

paramagnetic broadening, while the protonated solvent allows for effective 'H-'H dipolar couplings for

polarization transfer. Importantly, since the 'H- 119Sn CP transfer efficiency depends on the local proton

density, collected spectra can only provide qualitative estimates of Sn resonance intensities.

Tin features a significant shell of electron density, making its inherent chemical shift very sensitive to the

local environment. Resolution is very sensitive to the degree of crystallinity, site dynamics, and

surrounding environment. Cryogenic temperatures and the TCE solvent impart additional broadening, as

evidenced by the spectra of the hydrated samples wherein the isotropic chemical shift is

heterogeneously broadened. The spinning side bands result from a larger chemical shift anisotropy

generated by the bound water molecules. Thus, although cross-polarization of 1H to 119Sn is more

efficient in the hydrated state, broader isotropic resonance and larger chemical shift anisotropy (CSA)

are observed when compared to the dehydrated state due to complex interaction of the TCE solvent

and pseudo-octahedral Sn geometry.

Optimized DNP conditions were implemented on the analysis of natural abundance Sn-Beta samples.

Figure 3 shows 119Sn resonances for a natural abundance sample (Si/Sn = 89) in both hydrated and

dehydrated states. Both spectra were acquired in <24 h using a rotor with a 25 lpL fill volume. The

natural abundance hydrated and dehydrated Sn-Beta DNP enhancements were 28 and 75, respectively

(Figure 3a,b). In stark contrast, a regular MAS NMR experiment performed on the dehydrated sample

using a rotor with a 80 pL fill volume showed no evidence of 119Sn resonances after 246 h of continuous

analysis (see Figure 3c). These data demonstrate that DNP enables the analysis of Sn-Beta zeolite

without 19Sn isotopic enrichment. Table 3 summarizes the enhancements obtained with 10 mM bCTbK

in TCE for different Sn-Beta samples. Water molecules increase the proximity of protons to the Sn site,

thereby improving CP efficiency. As a result, the effective contact times for 119Sn CP varied drastically

between the dehydrated (c, = 6-8 ms) and hydrated (Tc = 2-3 ms) sites.26d
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"'Sn Natural Abundance Sn-Beta

W. H

28=22
0 / Iw\th DNPa) ' 0

H H

Hydrated

-500 -660 -760 -860 -900

b) E=75 '
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Dehydrated

-300 -40 ' -500 -60

c) Dehydrated
without DNP

-300 6 -460 -50 -660 -700 -0 -900

11Sn Chemical Shift (ppm)

Figure 3. DNP-enhanced "'Sn spectra of hydrated (a) and dehydrated (b) natural abundance Sn-Beta

zeolite. Spectra were acquired at 100 K for 18 and 21 h, respectively. '19Sn MAS NMR spectrum of

natural abundant dehydrated Sn-Beta zeolite was acquired at 300 K for 246 h. * denotes spinning

sidebands.

In conclusion, indirect DNP of 119Sn allows the observation of NMR signals from natural abundance Sn

atoms in microporous materials without the need for isotopic enrichment. This technique reduces

acquisition times more than -2 orders of magnitude, allowing for a difficult analysis to be completed in

a matter of hours. The framework incorporation of Sn in porous materials can be readily studied using

appropriate radical/solvent combinations; specifically, we show that the radicals bCTbK or SPIROPOL

generate extraordinary gains in sensitivity without interacting directly with intrapore Sn sites.

Optimizing methods to resolve local environments of the tetrahedral sites is one of our current

objectives. With the development of high-frequency, high-power microwave sources and advances in

cryogenic MAS probes,37 DNP NMR has emerged as the method of choice for chemical structure

determination in extremely challenging systems.
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3 Interrogating Lewis acid character of metal sites in Beta zeolites

with 1-N pyridine MAS NMR

3.1 Abstract

Pyridine was adsorbed on framework metal sites in Beta zeolites and analyzed with magic-angle

spinning nuclear magnetic resonance (MAS NMR). The 15N chemical shift of adsorbed pyridine scales

with the acid character of both Lewis (Ti, Hf, Zr, Nb, Ta and Sn) and Bronsted (B, Ga, and Al) acidic

heteroatoms. The 15N chemical shift showed a linear correlation with Mulliken electronegativity of the

metal center in the order Ti < Hf < Zr < Nb < Ta < Sn < H+. Theoretical calculations using density

functional theory (DFT) showed a strong correlation between experimental 15N chemical shift and the

calculated metal-nitrogen bond dissociation energy, revealing the importance of active site

reorganization when determining adsorption strength. The relationships found between 15N pyridine

chemical shift and intrinsic chemical descriptors of metal framework sites complement adsorption

equilibrium data and provide a robust method to characterize, and ultimately optimize, metal-reactant

binding and activation for Lewis acid zeolites. Using 15N MAS NMR direct detection protocols for the

Lewis acid-base adducts allowed the differentiation and quantification of framework metal sites in the

presence of extraframework oxides, including highly quadrupolar nuclei.

3.2 Introduction

Pure-silica zeolites containing framework metal centers with open coordination sites have emerged as

highly active, water tolerant solid Lewis acids. For example, framework metal centers, such as Ti, Hf, Zr,

Nb, Ta and Sn, have shown remarkable activity for the inter- and intra-molecular Meerwein-Ponndorf-

Verley (MPV) reduction of aldehydes and ketones,'20,3 the etherification of alcohols, 2 0, 39 and the

Baeyer-Villiger oxidation of ketones to lactones.4 Sn-Beta has also been shown to promote various C-C

coupling reactions.41 The nature of the metal center and the degree of framework incorporation

drastically influence reactivity. For example, Bermejo-Deval and co-workers showed that octahedral

extraframework Sn0 2 and pseudo-tetrahedral framework Sn sites can catalyze the same reaction

through completely different reaction pathways.' 9

Distinguishing framework and extraframework sites within the confines of a zeolite pore is critical for

assessing catalyst performance. Though reactivity studies provide the most direct measure of
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framework incorporation, catalysts often have a complex mixture of sites leading to an apparent overall

activity. For example, in the isomerization of glucose to fructose with Sn-Beta, various authors have

attributed the observed decrease in turnover frequency with increasing metal loading to the presence of

framework Sn sites with different activities or the formation of condensed SnOx species.21b, 26b

Spectroscopic methods provide additional insight into the nature of active sites and have been used to

obtain the site densities needed to calculate turnover frequencies. However, many of these methods are

difficult to implement reliably or routinely.20 For instance, diffuse reflectance ultraviolet spectroscopy

(DRUV) 19, 21, x-ray diffraction 1 , "9Sn Mossbauer spectroscopy21b, x-ray photoelectron spectroscopy

(XPS) 2 1 a, Raman spectroscopy2 1, and synchrotron-based techniques 22 provide only qualitative or semi-

quantitative measurements. Magic-angle spinning nuclear magnetic resonance (MAS NMR) can quantify

the ratio of extraframework to framework metal sites, but is limited to NMR-active nuclei. For instance,

analysis of tin in Sn-Beta is accessible with NMR but requires expensive 119Sn isotopic labeling.20, 30

Roman-Leshkov et al. and Hermans et al. have recently shown that hyperpolarization techniques based

on dynamic nuclear polarization (DNP) MAS NMR can be implemented to characterize non-enriched Sn-

211,42Beta samples, but specialized NMR equipment is required. Other metals of interest, including Ti, Zr

and Hf, suffer from extreme challenges in NMR sensitivity that stem from low natural abundance, large

quadrupolar moment and/or low gyromagnetic ratios (as shown in Table S2).43

The adsorption of probe molecules has been an effective technique to interrogate acid sites in zeolites.

Infrared (IR) spectroscopy using pyridine to titrate solid acid sites has been utilized to distinguish Lewis

and Bronsted acid sites and provide quantitation with molar extinction coefficients.44 IR spectra of

pyridine adsorption on zeolites has been used to determine acid strength of several heteroatoms based

on differences in vibrational frequencies.1 The frequencies for pyridine adsorbed on different Lewis

acid sites (i.e., Ti, Zr, Nb, Ta, Sn, Ga and Al-Beta) appears in a very narrow range from 1445-1454 cm 1 as

21a, 45shown in Table S3. 2 Gorte et al. showed that careful dosing of acetonitrile onto a dehydrated Sn-

Beta sample gives rise to vibrational signatures of the resulting adducts that differentiate framework

from extraframework sites with adequate resolution.46 As shown in Table S4, limited data exists on the

full range of Lewis acidic metals. Corma et al. performed a number of cyclohexanone adsorption

experiments that cover a wider range (shown in Table S5), but the resonance widths at half maximum of

~25 cm-1 do not provide a high degree of resolution. We note that IR has limitations when analyzing

samples in the presence of water or other solvents due to unwanted adsorption frequencies that can

interfere with quantitative analysis.
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NMR measures the electron shielding around a targeted nucleus, which can be used as a highly sensitive

method to study changes that arise from the effects in local electron density and overall

electronegativity induced by neighboring atoms. Consequently, the chemical shift of an acid-base adduct

can be used to assess Lewis acid character by directly probing the local chemical environment of acid-

base interactions, to understand bond activation at a specific site without bulk effects due to non-

specific adsorption, and to infer optimal reactant binding strengths both under hydrated and

dehydrated environments.47 NMR has been used to characterize acidity of Lewis acid catalysts, for

instance, by studying the interaction of trimethylphosphine (TMP), trimethylphosphine oxide (TM PO)

48 15and acetone with the active sites. Similarly, N MAS NMR of adsorbed pyridine has been used to

distinguish multiple acid sites on y-alumina with high resolution. Although pyridine 1N MAS NMR has

been used to probe the acidity of certain zeolites, the full range of Lewis acid metal-substituted zeolites

has not been investigated with this method.49

Here, we assess the acid character of Beta zeolites with Lewis (Ti, Hf, Zr, Nb, Ta and Sn) and Bronsted (B,

Ga, and Al) acid centers by investigating the adsorption of pyridine with 15N MAS NMR. We rationalize

that the interaction of pyridine with the metal site leads to a change in chemical shift of the 15N nucleus

that can be correlated to fundamental measures of Lewis acidity, such as bond dissociation energies and

Mulliken electronegativities. We show that the method is broadly applicable to investigate metal

centers in zeolites under hydrated and dehydrated conditions. Using direct detection protocols, we

show that quantitative measurements can be performed on the pyridine-metal adducts, thereby

yielding the ability to differentiate and quantify the number of framework metal centers even for NMR-

inactive nuclei.

3.3 Experimental Section

Detailed methods and protocols can be found in the supporting information.

Catalyst synthesis

Beta zeolites were synthesized based on the procedure reported by Corma et ai."c using the following

precursors: hafnium(IV) chloride, zirconium(IV) oxychloride octahydrate, tin(II) chloride dihydrate,

titanium(IV) isopropoxide, tantalum(V) ethoxide, and niobium(V) ethoxide. Tin(II), which oxidizes to

tin(IV) in water, was used in place of SnCl 4-5H 2 0 and resulted in Sn-Beta consistently free of
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extraframework SnO2. 50 Briefly, Hf-Beta was synthesized as follows: aqueous tetraethylammonium

hydroxide [27.158 g; Sigma-Aldrich, 35 wt% (TEAOH)] and tetraethylorthosilicate (23.968 g; Sigma-

Aldrich, 99 wt%) were added to a Teflon [polytetrafluoroethylene (PTFE)] dish, which was magnetically

stirred at 250 rpm and room temperature for 90 min. Additional deionized water (15 mL) was added,

and the dish was cooled in an ice bath. Then, hafnium(IV) chloride (0.3747 g; Sigma-Aldrich, 98 wt%)

dissolved in ethanol (2 mL) was added drop wise while stirring. The solution was left uncovered on the

stir plate for 10 h to reach a total mass of 33.147 g after evaporation of ethanol and some of the water.

Next, aqueous hydrofluoric acid (2.620 g; Sigma-Aldrich, 48 wt%) was added drop wise using a plastic

syringe, and the mixture was homogenized using a PTFE spatula, resulting in a thick gel. Si-Beta (0.364 g)

was seeded into the mixture. The preparation of Si-Beta is analogous to Sn-Beta but without seeding or

metal addition. The weight of the resulting sol-gel was evaporated under light heating to 33.956 g over

ca. 2 h, resulting in a final molar composition of 1 Si0 2 /0.01 HfC 4/0.56 TEAOH/0.56 HF/7.5 H 20. The

thick paste was transferred to a PTFE-lined stainless steel autoclave (45 mL) and heated to 413 K for 20

days under static conditions. Mixing the contents weekly can accelerate crystallization. The solids were

recovered by filtration, washed with ultrapure deionized H 20, and dried at 373 K. The zeolites were

calcined under flowing dry air by heating to 853 K with a 1 K min' ramp (with 1 h isothermal steps at

423 and 623 K) and kept at that temperature for 10 h. After calcination, the overall inorganic oxide yield

was 80-90%.

Sn-MCM-41 and Sn-MFI were synthesized according to previously published protocols.5 1 Sn0 2/Si-Beta

was prepared by incipient wetness impregnation of Si-Beta with an aqueous tin(IV) chloride solution,

followed by drying at 383 K and calcination in air flow at 533 K. Mixed framework/extraframework "9Sn-

Beta was made by calcination of the as-prepared material in a box furnace at 1173 K for 10 h with a 1 K

min' ramp and 1-hour stops at 423 and 623 K. The furnace was connected to a fume hood vent and

filled with 100 mL/min of dry air. Analogous experiments showed negligible Sn0 2 formation up to 1073 K

and heating to 1273 K lead to pore blockages.

Catalyst characterization

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was recorded on an Optima 2000

DV spectrometer (PerkinElmer Inc.). Samples were dissolved in a few drops of 35% HF before dilution

into 2.5% HNO3. Powder x-ray diffraction (PXRD) patterns were collected using a Bruker D8

diffractometer using a CuKct radiation source between 5 and 450 20, in 0.020 steps with a step time of 30
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s. Ultra-violet/visible (UV/Vis) analysis was performed using a Varian Cary 5000 UV/Vis near-infrared

spectrometer equipped with a Praying Mantis diffuse reflectance accessory. The spectra were collected

at 190-450 nm and referenced to BaSO4. N 2 adsorption-desorption isotherms were measured on a

Quantachrome Autosorb iQ apparatus at liquid-nitrogen temperature (77 K). All samples were degassed

under vacuum prior to use (623 K, 12 h). Micropore volumes were analyzed by the t-plot method.

Pyridine adsorption

Sample preparation consisted of weighing 100 mg of the catalyst, sealing in a 5 mL microwave vial and

connecting to a Schlenk line. The air within the sample was purged out by alternating three times

between vacuum and Ar, followed by heating the sample to 1500C for 2 h under dynamic vacuum.

Samples were pre-dried before pyridine adsorption to promote uniformity among the sites and prevent

competitive adsorption. The sample vial was refilled with Ar and removed from the Schlenk line. Next,
1
5 N-labeled pyridine adsorption was performed by flowing pyridine saturated Ar over the sample.

Specifically, the vial containing the dried zeolite sample was connected with a cannula to another

purged and septum-sealed vial containing 1
5N pyridine under Ar flow (- 30 mL/min). A needle was

inserted into the vial containing the zeolite to avoid pressure build-up. For weakly binding oxide

samples, such as Sn0 2-Beta and ZrO2-Beta, as well as Si-Beta, the temperature was reduced from 150 to

100'C. After 30 min, the sample vial was isolated, reconnected to the Schlenk line and placed under

vacuum for 1 hr to remove physisorbed pyridine. Afterwards, the sample was transferred into a

glovebox where it was opened and packed into an o-ring sealed ZrO 2 NMR rotor. For experiments

probing hydrated sites, the zeolite sample was exposed to ambient moisture after dosing with pyridine.

For quantitative runs, 10 mg of 98% 1sN-labeled glycine (Cambridge Isotope Laboratories, Andover, MA)

as an internal standard was weighed into a septum-sealed vial, dried at room temperature under

vacuum and ground together with the catalyst using a glass stir rod before being packed into a rotor. For

all pyridine quantitation experiments, zeolites were calcined under dry air before dosing to remove any

contamination and avoid the creation of open sites from the hydrolysis of one of the Sn-O-Si bonds.

Nuclear magnetic resonance

MAS NMR experiments were performed on custom-designed spectrometers (courtesy of D. J. Ruben,

Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology) operating at 360 and 500 MHz

('H Larmor frequency). The 360 MHz NMR spectrometer was equipped with either a double resonance
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home-built (FBML-MIT) or a triple resonance Varian-Chemagnetics probe (Palo Alto, CA), which were

doubly tuned to "9Sn/ 1 H. The 500 MHz NMR spectrometer was equipped with a triple resonance Varian-

Chemagnetics probe (Palo Alto, CA) doubly tuned to "N/'H. Powdered samples were packed into either

3.2 mm (26 ptl fill volume) or 4 mm (80 pl fill volume) outer diameter ZrO 2 rotors equipped with Vespel

drive- and top-caps. Top-caps were equipped with rubber O-ring seals to inhibit water contamination of

the sample (Revolution NMR, Fort Collins, CO). Dry samples were prepared by heating to 423 K under a

10 Pa vacuum and packing the NMR rotor in an Ar-filled glovebox.

1sN cross polarization (CP) 5 2 MAS NMR spectra were acquired with a spinning frequency set to 9 kHz

(w,/2T() and regulated with a Bruker (Billerica, MA) MAS controller. The recycle delay was set to 1.5

seconds, 64k co-added transients were acquired and the temperature was maintained at 290 K. The

spin-lock on 15N during CP was optimized to match the Hartmann-Hahn condition5 3 under MAS with

yB 1/2n = 50 kHz on protons during a contact time of 2.0 ms, which was maintained constant for all

samples. Proton pulses and two pulse phase modulation (TPPM) decoupling54 were optimized for yB1/2n

= 83 kHz. All spectra were referenced externally to liquid ammonia (0 ppm NH 3). CP MAS NMR revealed

the bound Bronsted sites and selectively probed bound pyridine molecules. 15N chemical shielding

anisotropy experiments were acquired using CP MAS NMR and a spinning frequency of 5 kHz

(supporting information).

For quantitative purposes, -N MAS NMR analyses used direct detection (Bloch) and spin-lattice

relaxation times (T1) were measured using either an inversion recovery or saturation recovery

experiment. Typical Tj's were on the order of 200 to 800 ms for '5 N and recycle delays were chosen to

be 5 x T 1 (or greater) for all NMR experiments. All spectra were acquired using a 9 kHz spinning

frequency and between 16,384 and 32,764 co-added transients. Spectra were processed using 125 Hz of

exponential apodization function. Spectra fitting of the pyridine and glycine resonances were performed

using a single Lorentzian and the baseline with one sine function using least squares. All quantitative

data were carefully fitted to account for the spinning side band intensity of the larger CSA of bound

pyridine (span, Q = 360 ppm, skew, K = 0.8) relative to the internal 1
5 N glycine (0 = 15 ppm, K = 0.05)

standard.

119Sn MAS NMR spectra were acquired by performing a Hahn-echo ( 1"9Sn, VB,/2n = 50 kHz) with recycle

delays between 10 and 40 s, between 8,192 and 35,850 co-added transients, and a spinning frequency
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of 8 kHz. Typical Ti's were on the order of 2 to 8 s for 119Sn and recycle delays were chosen to be 5 x T1

of the slowest relaxing site. 119Sn spectra were referenced externally using a secondary reference solid,

Sn0 2 (-604.3 ppm, relative to tetramethyltin, 0 ppm).

Quantum chemical calculations

Simulations were run on a Unix cluster implementing Gaussian G09 revision B.01.ss A 17T model of the

Beta zeolite T2 site was created from the International Zeolite Association (IZA) crystallographic

structure and the outer atoms were frozen with hydrogens pointing in the direction of missing oxygen

atoms for cluster termination. Hybrid density functional theory (DFT) geometry optimizations and

energies were run at B3LYP/Def2-TZVPD level of theory16 and counterpoise corrections were applied to

remove basis set superposition error. All of the metal atoms except Ti used an effective core potential

(ECP). The reported energy values represent the electronic contribution to enthalpy and were not

adjusted for the thermal correction since the vibrational frequencies of the zeolite cluster may be non-

physical. Additional data were gathered at B3LYP/Def2-TZVP and Def2-TZVPPD to demonstrate

convergence. Detailed descriptions of the methods used appear in the supporting information.

3.4 Results and Discussion

The adsorption of pyridine onto metal-substituted zeolites will form adducts that feature specific 15N

chemical shifts. The 15N chemical shifts of pyridine and pyridinium (protonated pyridine) are 318 and

212 ppm, respectively, yielding a 106 ppm chemical shift span that can be used to assess the acid

character of specific pyridine-acid adducts. Note that pyridine adsorption on an acid site causes changes

in the nitrogen chemical shift anisotropy (CSA) component, 5t, which lies in the plane of and tangential

to the pyridine ring. This component change appears as 61, and 622 in the chemical shift tensor for

pyridine and pyridinium, respectively.5 7 Consequently, after binding to an acid, the pyridine resonances

will appear at lower frequency, which is opposite to the expected trend for the interaction between

electron density-withdrawing sites and electron density-shielding nuclei (see Figure 4).
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Figure 4. Rotation of CSA components into the pyridine radial 6r, tangential 6t, and perpendicular 6

reference frame. The pyridine 6t decreases upon binding to a proton or Lewis acid site, causing it to

change from 61 to 622 in NMR nomenclature (533 622561).

Figure 5 shows the 15N chemical shift of pyridine adsorbed on a series of porous materials, including

pure silica zeolites, metal-substituted and metal-impregnated zeolites, as well as mesoporous Sn-MCM-

41. In the absence of framework metals, the defect-free Si-Beta showed no bands associated with

pyridine, while Si-Beta containing extraframework Sn and Zr oxides showed very weak Lewis acidity,

with the appearance of a 15N resonance near 318 ppm. Taken together, these control experiments show

that in the absence of framework metal sites, pyridine does not interact with a defect-free zeolite

framework and that extra-framework heteroatoms feature 15N chemical shifts on the far left extreme

(high frequency side) of the chemical shift scale that correspond to weakly bound pyridine molecules.

The 15N pyridine chemical shifts resolve the Bronsted acids in the expected order of acid strength as

follows: silanols < B-Beta < Ga-Beta < Al-Beta. The resonance at 288 ppm for weakly acidic silanols

defines a lower limit of Bronsted acid strength. The fluoride synthesized Al-Beta showed a chemical shift

of 212 ppm that is consistent with a fully protonated pyridine molecule, thus defining the upper limit of

Bronsted acid strength in this scale.

In contrast to Bronsted acid sites, the interaction of pyridine with a Lewis acid site leads to a more

diverse chemical shift range. This phenomenon can be rationalized from the Ramsey expression for NMR

chemical shift by noting that the energy of the nitrogen sp 2 lone pair electron is located just below that

of an anti-bonding n orbital associated with the pyridine ring.58 Binding to a Lewis acid allows the

nitrogen electron lone pair to enter a definite lower energy a bond with each metal center, leading to

larger transitions to the anti-bonding n orbital and, consequently, a smaller chemical shift component.

The isotropic resonance is the average of the chemical shift components and a smaller chemical shift

component moves the resonance to lower frequency (i.e., closer to protonated pyridine). Interestingly,
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the radial (822 in pyridine and 61 in pyridinium) and perpendicular (633) components of the chemical

shift tensor are related exclusively to electronic transitions internal to the pyridine molecule. Since the

lone pair is not involved in pyridine ring resonance and the pyridine geometry does not change

drastically upon binding to a Lewis acid site, these chemical shift components are not significantly

perturbed upon adsorption. Taken together, these features provide a robust and highly sensitive probe

for assessing Lewis acid character.

For our samples, the '5N pyridine chemical shift resolves the Lewis acid centers over a 20 ppm range,

with the following order: Ti < Hf < Zr < Nb < Ta < Sn. Among the different Sn-containing structures, Sn-

Beta shows the highest frequency Lewis acid character with a 15N chemical shift of 260 ppm. Two

overlapping 15N pyridine resonances are observed for most materials, which we hypothesize correspond

to the open and closed sites in analogy with the two 119Sn resonances observed in the 19Sn NMR

spectrum of dehydrated samples for tetrahedrally-coordinated Sn atoms.20,3 Sn-MFl and the

mesoporous Sn-MCM-41 have similar Sn resonances centering at 262 ppm as well as a resonance near

285 ppm consistent with the presence of silanol groups in the framework. In an earlier work, Van der

Waal et al. mention that, as a hard Lewis acid, Ti prefers hard Lewis bases such as oxygen over pyridine

(a Lewis base with intermediate hardness). 59 Based on this, the authors suggest that pyridine would

deprotonate a Bronsted acidic silanol group rather than coordinate directly to the Lewis acid site.

However, the chemical shift of pyridine on Ti-Beta (281 ppm) is distinct from Si-Beta with defect sites

(288 ppm) indicating that the data presented here does not agree with this conclusion. The chemical

shift of 15N pyridine adsorbed on framework Sn (ca. 263 ppm) is drastically different from that adsorbed

on extraframework Sn0 2 (319 ppm) and, similarly, the chemical shift of 15N pyridine adsorbed on

framework Zr (275 ppm) differs from that adsorbed on extraframework ZrO 2 (318 ppm). Hf and Zr have

similar resonances because Hf appears below Zr in the periodic table and the elements have similar

covalent atomic radii due to the Lanthanide contraction (i.e., 1.50 A vs. 1.48 A). Nb and Ta show

intermediate 1N chemical shifts of 274 and 268 ppm, respectively. These metals are active in many of

the same reactions as Hf, Zr and Sn and offer a higher charge to radius ratio. Tin- and tantalum-

containing samples also exhibited small resonances associated with strong Bronsted acidity near 210

ppm. For tantalum, this effect may result from an inductive effect of the =0 group similar to that

observed in sulfated zirconia. These NMR trends are in agreement with prior work investigating probe

molecule adsorption on zeolites with IR spectroscopy (vide supra).
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Figure 5. 15N CP MAS NMR of pyridine adsorbed on metal-substituted zeolites. Spinning sidebands

appear outside the field of view. Dashed lines correspond to spectra of hydrated samples. H-Al-Beta-F

had a Si/AI=50, H-Al-Beta-OH had a Si/AI=19 and all other materials had Si/Metal =100.

In order to understand the catalytic behavior of Lewis acid sites in the presence of water, additional

MAS NMR experiments were performed to study the substituted Beta zeolites under hydrated

conditions. We anticipate that water will interact strongly with the metal site in the hydrophilic

materials but weaker in the hydrophobic materials, thereby influencing hydrogen bond networks near

the active site.60 For the fluoride-synthesized zeolites, the results of pyridine adsorption are
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indistinguishable for dehydrated and hydrated samples, thus showing that the 1N chemical shift data

generated under dehydrated conditions may be applicable to hydrophobic materials under hydrated

conditions. Extended silanol nests in hydrophilic materials can stabilize hydrogen bond networks and

promote the presence of water in the pores. This effect can be observed from the slight changes in

chemical shift for the hydroxide-synthesized and mesoporous materials that feature defect sites and

terminal hydroxyl groups. As shown in Figure 5, a slight shift to lower frequency (high field shift) in the

leftmost 15N resonance is observed for the Sn-MFI and Sn-MCM-41 samples, which is consistent with a

displacement of pyridine from the weakest sites with water.

The resonance width and chemical shift tensor provide information on the modes of complexation

between pyridine and the metal center and numerical analysis of the spinning sideband pattern

provides additional structural information.61 The wide resonances observed for Ti-Beta correspond to a

high degree of flexibility for the pyridine-Ti adduct geometry. Slow spinning experiments to study the

chemical shift anisotropy (CSA) are shown in Figure S12. Sn and Zr showed nearly identical patterns

consistent with a similar orientation of the chemical shift tensor. Additionally, a hydrated Sn-Beta

showed the rise of a disordered structure between 210 and 215 ppm, which we attribute to pyridine co-

adsorbed with water on a metal center that acquires a Bronsted acid character.

Assessing Lewis acidity

The use of chemical shift to assess Lewis acidity enables us to establish correlations with fundamental

measures of Lewis acidity. There have been many attempts to find a fundamental parameter that

quantifies Lewis acidity, which has proven to be particularly difficult for solids. The simplest and most

widely used measure is the binding strength of a basic molecule onto an acid site. The most

fundamental description for this interaction is represented by Fukui functions that describe the electron

density in a frontier orbital resulting from a small change in the total number of electrons. These

functions can be used to determine degree of electrophilicity of active sites. Pearson et al. showed that

the Mulliken electronegativity (X,) and the hardness (q), analogous to the first and second derivatives of

energy with respect to number of electrons, respectively, can be used to measure Lewis acidity with

more accuracy.62 Applying a finite difference approximation for the first derivative and three-point finite

difference approximation for the second derivative leads to operational definitions in terms of ionization

potential (1) and electron affinity (A) as follows:
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x =- OE -= -(I + A) (1)

1 ( 2 E) = (1 -A) (2)

Where pt is electronic chemical potential, E is the energy, N is the number of electrons, and V is the

potential. As such, the Mulliken electronegativity can be interpreted as a finite difference

approximation of the electronic energy with respect to the number of electrons, which provides a

measure of how strongly a Lewis acid site can polarize a reactant.

Hard-soft acid base theory (HSAB) uses chemical hardness to describe deviations from a pure

electronegativity analysis. Indeed, such deviations exclude the possibility of establishing a universal scale

for all Lewis acid-base interactions. The HSAB theory suggests that hard acids prefer to bind with hard

bases and soft acids prefer to bind with soft bases. When the difference between the highest occupied

molecular orbital (HOMO) of the donor and lowest unoccupied molecular orbital (LUMO) of acceptor is

large, charge control involving electrostatic interactions is dominant and hard-hard interactions are

favored while, for smaller differences, frontier-orbitals at the outer edge of a molecule are dominant. In

the numerical version of HSAB, the difference in electronegativity drives the electron transfer and the

sum of the hardness parameters acts as a resistance leading to an overall charge transfer of AN where C

refers to the Lewis acid and B to the base. HSAB however does not take into account the shapes and

phases of the participating orbitals, says little about hard-soft complexes, and fails to explain variations

in the strength of bonds.

AN = XC-XB -(3)
2(r7C+?IB)

Several different measures of Lewis acidity have been proposed including LUMO energy,

electronegativity, degree of electron transfer and strength of interaction between the acid-base pair.

Corma et al. proposed using the LUMO energy of a mixed oxide as a measure of Lewis acidity; however

the authors noted that this comparison only holds for Lewis acid sites of the same central atom, in the

same valence state, and with the same coordination number.8 LUMO energies are difficult to obtain

experimentally but correlate linearly with electron affinity. 3 Similarly, the HOMO energies correlate

with ionization potential and the HOMO-LUMO gap is important to determine the extent of interaction

between an acid base pair. The values of the relevant parameters describing Lewis acid character for

different metals are summarized in Table 4.
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Table 4. Experimental values for ionization potential (1), electron affinity (A), Mulliken electronegativity

and hardness taken from literature. 2

Ionization Electron Mulliken Hardness, q
potential, I affinity, A electronegativity, X [kJ/mol]
[kJ/mol] [kJ/mol] [kJ/mol]

Pyridine 900 -60 420 500
Ti 658 8 333 325
Hf 650 80 370 300
Zr 660 41 351 310
Nb 670 100 400 300
Ta 761 31 397 366
Sn 708 121 410 294
B 800 27 414 387
Ga 600 30 310 280
Al 578 44 312 267
Si 786 134 460 326
H+ 1310 72 693 620

Proportional to HOMO LUMO HOMO+LUMO HOMO-LUMO

As shown in Figure 6, electron affinity and Mulliken electronegativity show a linear correlation with the

experimentally determined 15N chemical shift values (averaged from the resonances of open and closed

sites). Furthermore, using the proton electronegativity for Al-Beta-F shows that the linear trend extends

over the entire chemical shift range spanned by Lewis and Bronsted acid sites. The observed 15N pyridine

trend is noteworthy because it captures the interaction of pyridine with metal centers featuring

significantly different electronic states. We note that different coordination environments often lead to

different chemical shifts, especially for polarizable metal atoms. Also, nitrogen is directly bound to the

metal and the lack of chemical shielding effects not directly related to the metal's ability to function as a

Lewis acid points to a more fundamental association. We posit that the linear correlation between the

15N chemical shift and Mulliken electronegativity occurs because of the correspondence between the

HOMO-LUMO energy gap and the ionization energy-electron affinity energy gap. The former appears in

the Ramsey expression of chemical shift and the latter in the definition of Mulliken electronegativity.

The correlation is facilitated by the similar M-O-Si coordination environment. The partial electron

transfer (AN) calculated according to equation 3 does not improve the trend (see Figure S11), suggesting

that the hard-soft nature of the system does not significantly perturb the chemical shift.
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Figure 6. Experimental Mulliken electronegativity vs. pyridine 15N MAS NMR chemical shift. The chemical

shift shown is un-weighted average of the chemical shifts associated with open and closed sites. The

dashed line and grey envelope show a regression with standard errors.

Quantum chemical calculations

The strength of interaction between the acid-base pair is proportional to orbital overlap and inversely

proportional to its HOMO-LUMO energy difference. Adsorption isotherms at multiple temperatures or

calorimetry can provide experimental measures of pyridine binding strength; however, these techniques

have technical challenges and competing effects are difficult to separate. Evidently, covalent bonding in

an acid-base pair is a function of many parameters other than the degree of electron transfer. Quantum

chemical calculations are ideal to determine the metal-nitrogen bond dissociation energies and the

energetics associated with active site reorganization.

Specifically, density functional theory (DFT) provides fundamental insight into the structure and bonding

of the catalyst substrate complex such as bond distances and charge distributions in order to support

the use of chemical shift as a proxy to evaluate Lewis acidity. DFT includes the effects of orbital overlap

and provides a deeper understanding of HOMO-LUMO interactions than the electronegativity-based

charge transfer model discussed earlier. Determining the pyridine dissociation energy and geometric

distortion energy of the metal site can address the possibility that reactant activation can differ from

adsorption enthalpy due to geometric changes induced by the flexibility of the metal in the framework.
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Additionally, NMR calculations allow comparisons of calculated chemical shielding components with

experimental data to validate the model and verify pyridine complexation on specific metal sites.

Consistency between the two sets of data facilitates assignment of resonances and the absence of

multiple pyridine binding.

To this end, we developed a 17 tetrahedral site model that incorporates both geometric constraints and

local distortion of the crystal lattice. Specifically, the model fixes the outer atoms at specific

crystallographic locations, but allows the inner five tetrahedral sites with their associated oxygen atoms

to relax (see Figure S13). Heteroatom substitutions were confined to the T2 site of a Beta zeolite, in

accordance with prior studies suggesting the preferential substitution of Sn into this site. 4 Nb and Ta

exist in a +5 oxidation state and were modeled with a M=O functional group. We note that the present

study did not model the preferential substitution of small B, Al and Ga atoms, which may localize to

other sites. Simulations starting with two pyridines resulted in one of the two moving away from the

metal site; consequently, the cluster models included only a single pyridine molecule bound to a single

metal center.

The model for Sn-Beta was extended by one shell of oxygen atoms (see Figure S13) in order to allow

relaxation of both shells of Si atoms near the Sn center. For group IV and V transition metal elements,

the LUMO is the unfilled dz 2 orbital, which is less sensitive to the coordination geometry. In contrast, the

LUMO of Sn is a linear combination of the 4 Sn-O n* orbitals, making bonding very sensitive to

coordination geometry. Sn delocalizes electron density from an incoming base to its four adjacent

framework oxygen atoms, lengthening and polarizing its bonds in the process and resulting in a

distortion of the crystal lattice. Even without substrate binding, X-ray adsorption spectroscopy (XAS)

data on Sn-Beta had previously shown distortion of the Beta lattice to at least two Si atoms away from

the Sn site.
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Table 5. Calculated pyridine-metal (M-N) bond distances, metal-oxygen (M-0, M=O) bond distances,

bond dissociation (DO) and relaxation (AEM relax) energies. B3LYP/Def2-TZVPD

Catalyst M-N M-0 M=O Do AEM relax

[] [A] [A] [kJ/mol] [kJ/mol]
Ti-Beta 2.67 1.79 n.a. 21 24
Hf-Beta 2.58 1.94 n.a. 60 32
Zr-Beta 2.61 1.94 n.a. 53 29
Nb-Beta 2.44 1.91 1.73 91 45
Ta-Beta 2.41 1.92 1.76 105 59
Sn-Beta* 2.39 1.93 n.a. 105 69
*denotes an extended model
+ DFT methods used: B3LYP/Def2-TZVPD

Table 5 shows the results of the geometry optimization for several Lewis acid zeolites. There is a strong

correlation between the dative covalent bond length and bond dissociation energy for all six substituted

zeolites, which suggests that a 30 kJ/mol increase in adsorption energy brings the nitrogen 0.1 A closer

to the metal site. As shown in Figure 7, the metal-N bond dissociation energies show a strong correlation

with experimental 15N chemical shift values, indicating consistency between the two Lewis acidity scales.

The good fit presumably results from error cancellation associated with adsorption energy as an energy

difference. In Figure 7, Sn appears 23% off the trend line, likely because of limited flexibility of the

cluster model combined with not accounting for expansion of the zeolite unit cell. Hf also showed a 16%

difference from the trend line likely due to the presence of f-electrons, which can lead to stronger sigma

bonding. 65
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Figure 7. Distortion and dissociation energetics associated with pyridine adsorption calculated with DFT.

Allowing the metal site to return to its most stable state without pyridine resulted in a geometric

distortion energy analogous to those reported by Bell et al. 6 The calculated geometric distortion

energies also correlate with chemical shift. Relaxation of the metal site can recover a portion of the

metal pyridine dissociation energy and the sum of the dissociation energy and the geometric distortion

energy provides an estimate of the adsorption energy. The trend resembles a plot for catalyst active site

distortion energy vs heteroatom radii, 60a potentially due to the near linear trend of chemical shift with

46

-

-



metal-N bond length. This may correlate to the atomic radii and polarizability discussed by Bell et a/.60a

As an additional correlation illustrating Lewis acidity, pyridine Mulliken charges are plotted in Figure S14

and show increasing charge transfer to the metal cluster with increasing Lewis acidity. Def2-TZVP and

Def2-TZVPP calculations trend better than Def2-TZVPD likely resulting from the greater basis set balance

without diffuse functions.

As shown in Figure S14, NMR calculations on the structures showed the expected correlation between

calculated chemical shielding and experimental chemical shift, suggesting the model involving a single

pyridine bound directly to the metal center adequately represents the system. The simulations also

showed that stronger Lewis acids had smaller chemical shift anisotropies resulting from movements of

the 633 chemical shift component, which is consistent with the description of the pyridine system put

forth at the beginning of the discussion section. Chemical shift anisotropy contains directionally

dependent information and the similar pattern suggests a similar complex structure, a requirement to

function as an effective probe of Lewis acidity.

The systems of interest have a number of computational challenges, including the presence of inorganic

and organic groups, high valence heavy metal atoms with relativistic corrections, aromatic bonds within

the pyridine and diffuse lone pairs. These challenges are addressed in more detail in the supporting

information section. We note that the largest source of error is the finite cluster size. Owing to the

computational complexity of modeling an entire zeolite pore, the model neglected the effects of non-

specific physisorption. Typically, physisorption resulting from van der Waals forces involves an enthalpy

change as high as 40 kJ/mol. Corma et a/. showed a 60 kJ/mol adsorption energy for toluene adsorption

on fluoride synthesized Si-Beta. Application of the dispersion-corrected wB97X-D functional on the Sn

17T cluster model increased the binding energy by approximately 30 kJ/mol. These differences should

not affect the trends between the different substituted Beta zeolites but would result in an offset when

using small molecules such as pyridine and glycine to relate calculated and experimental values. A larger

periodic model might better address expansion of the Beta unit cell and the potential for double Sn

substitutions.

Quantifying framework sites

Direct detection methodologies using 15N glycine as an internal standard were used to indirectly quantify

the framework metal sites in 119Sn-Beta and Zr-Beta zeolites. A linear correlation was observed between
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the amount of adsorbed pyridine and framework tin content (calculated from 119Sn MAS NMR data and

ICP analyses) for samples with Si/Sn molar ratios ranging from ca. 100 to 350 (see Figure 8). This

correlation effectively translates into a calibration curve to determine framework content of any metal.

To demonstrate the applicability of the method to quantify framework atoms even in the presence of

extraframework species, a pristine 119Sn-Beta samples (Si/Sn = 115) was subjected to a heat treatment

to convert framework tin species into extraframework Sn0 2 clusters. Specifically, treating the sample at

1253 K for 10 h in dry air converted 14% of the framework atoms into extraframework species. Nitrogen

adsorption data confirmed that the structure (i.e., crystallinity and micropore volume) of the zeolite

structure remained intact after heat treatment (see Table S7). The 15N pyridine MAS NMR quantification

method effectively captured the change in framework content. Importantly, this method is general and

can be applied to quantify metal centers that cannot be easily analyzed with NMR. As shown in Figure 8,

the Zr content of various Zr-Beta samples could be quantified. We note that a recent infrared

spectroscopy study suggested that pyridine can only access 62% of Sn sites, which contrasts the near

66
quantitative adsorption values observed for our samples. We hypothesize that the difference in

dosing temperatures between both studies (423 vs 323 K) impacts the diffusion and adsorption events

within the entirety of the zeolite crystal.66
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Figure 8. Quantification of adsorbed pyridine using 15N MAS NMR. The dotted line represents a parity

line. The Y-error bars are based on the signal-to-noise of each spectra; each experimental data point was

analyzed in triplicate and the error bars represent two times the sample standard deviation. X-error bars

represent the range of errors (ca. 10%) typically obtained during elemental analysis, including zeolite

dissolution and ICP characterization.

3.5 Conclusion

A 15N MAS NMR-based method is presented for assessing the strength and number of framework metal

sites using pyridine as a probe molecule. MAS NMR analysis of the 15N chemical shift of adsorbed

pyridine on metal-substituted zeolites (e.g., Sn, Ti, Zr, Hf, Nb, Ta, B, Ga, and Al) shows linear correlations

with several fundamental descriptors and is applicable to heteroatoms that are difficult to analyze with

traditional methods. 15N NMR spectra of pyridine displayed good resolution for both Lewis and Bronsted

acids and control experiments showed complete resolution of framework sites from inactive SnO 2.

Spectra of these water tolerant solid acids were obtained under dehydrated and hydrated conditions,

showing the role of water in hydrophilic materials. The 15N chemical shift of pyridine resolved the

identity of different heteroatoms in Beta zeolite, including framework sites in the presence of

extraframework oxides. A linear correlation of 15N chemical shift with Mulliken electronegativity was

found which is consistent with HSAB theory of Lewis acidity. DFT studies demonstrated the utility of

adsorption energy as a measure of Lewis acidity and illustrated the importance of considering active site

reorganization when computing adsorption equilibrium. The selective insight generated by this
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technique into activation of framework sites complements adsorption equilibrium data and facilitates

rational catalyst selection to optimize reactant binding. Lewis acids are more diverse than Bronsted

acids and this diversity offers the ability to develop highly selective processes. This method is general

and can be easily implemented to compare the Lewis acid strength of samples with the same

heteroatom but synthesized with different methodologies. Recent kinetic results on the

substituted Beta materials 67 suggest that higher solvent polarity results in tighter binding to the Lewis

acid center and decreased flexibility in the transition state. Current efforts are focused on investigating

the impact of condensed phases and solvents with different dielectric constants on binding properties.
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4 Sn-Beta zeolites with borate salts catalyse the epimerization of

carbohydrates via an intramolecular carbon shift2

4.1 Abstract

Carbohydrate epimerization is an essential technology for the widespread production of rare sugars. In

contrast to other enzymes, most epimerases are only active on sugars substituted with phosphate or

nucleotide groups, thus drastically restricting their use. Here we show that Sn-Beta zeolite in the

presence of sodium tetraborate catalyses the selective epimerization of aldoses in aqueous media.

Specifically, a 5 wt% aldose (for example, glucose, xylose or arabinose) solution with a 4:1 aldose:sodium

tetraborate molar ratio reacted with catalytic amounts of Sn-Beta yields near-equilibrium epimerization

product distributions. The reaction proceeds by way of a 1,2 carbon shift wherein the bond between C-2

and C-3 is cleaved and a new bond between C-1 and C-3 is formed, with C-1 moving to the C-2 position

with an inverted configuration. This work provides a general method of performing carbohydrate

epimerizations that surmounts the main disadvantages of current enzymatic and inorganic processes.

4.2 Introduction

Carbohydrate chemistry is a critical enabling technology for numerous processes in the health, food,

chemical and alternative fuel industries. Of all possible pentoses and hexoses, only seven (that is, D-

glucose, D-galactose, D-mannose, D-fructose, D-xylose, D-ribose and L-arabinose) are found in nature in

sufficient amounts to allow their commercial production, while all others are denominated as 'rare'.

Despite their low natural abundance, rare sugars have enormous potential in several important

applications, including their use as components for antiviral drugs, 69 low-calorie sweeteners with low

glycemic indexes,70 anti-inflammatory agents with immunosuppressive properties 71 and chiral building

blocks in natural products synthesis. Biochemical processes are primarily employed to transform

abundant sugars into rare ones using three main classes of enzymes, namely keto-aldol isomerases,

epimerases and oxidoreductases (see Figure 9). Isomerases and oxidoreductases are widely used

because they are active on a wide range of simple substrates; however, such general activity is not

always an advantage because it can result in the formation of side products (for example, xylose

2 This chapter is adapted from Gunther, W. R.; Wang, Y.; Ji, Y.; Michaelis, V. K.; Hunt, S. T.; Griffin, R. G.;

Rom n-Leshkov, Y., Sn-Beta zeolites with borate salts catalyse the epimerization of carbohydrates via an

intramolecular carbon shift. Nat. Commun. 2003, 3, 1109.

51



isomerase converts glucose into fructose and simultaneously converts fructose into mannose). These

processes have generated some commercially available rare sugars (for example, D-sorbose and D-

tagatose), but in most cases the complex nature of the bio-chemical process coupled with the

thermodynamic limitations associated with sugar conversions performed at a strict upper bound

temperature makes the synthesis and purification of rare sugars costly. In this respect, epimerases are

potentially the most useful biocatalysts for the widespread production of rare sugars. They offer high

specificity for products and are capable of selectively modifying sugars at multiple carbon positions

(unlike isomerases, which are restricted to modifications of C-1 and C-2 positions).73 For example, a 2-

epimerase could replace the double keto-aldol isomerization required to convert D-xylose into D-lyxose.

Unfortunately, most epimerases (with the notable exception of D-tagatose 3-epimerase) are only active

on sugars that are substituted with phosphate or nucleotide groups, thus drastically restricting their use.

CH2OH
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Figure 9. Representative glucose conversion pathways using

isomerases, oxidoreductases and epimerases.
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Inorganic catalysts can provide alternative chemical pathways to those offered by biological systems. In

contrast to enzymes, inorganic catalysts function over a larger range of reactant purities, temperatures,

pressures and pH. For equilibrium-limited endothermic reactions, the ability to function at higher

temperatures allows for operation in a regime where the equilibrium is more favorable. In addition,

solid catalysts, such as zeolites, are easily separated from gas- or liquid-phase reactions and can be

readily regenerated by calcination upon deactivation. The performance of the current generation of

inorganic catalysts rarely matches that of their enzymatic counterparts; however, newly developed

inorganic catalysts that have activities and selectivities comparable to those of enzymes will provide

more efficient isomerization, epimerization and oxidation/reduction routes. This will increase the

availability of rare sugars for the discovery and implementation of new applications.

Tin-containing silicates have recently emerged as a new class of inorganic solids with Lewis acid

character capable of activating carbonyl functional groups in the presence of water.4 The pioneering

work by Corma et al. 23b,25c,45d showed that Sn-Beta (that is, a zeolite with the Beta topology

containing a small weight percent of tin present as isolated sites tetrahedrally coordinated in the zeolite

framework) is highly active in Meerwin-Ponndorf-Verley (MPV) reduction and Baeyer-Villiger oxidation

reactions. In contrast to most Lewis acids that require strictly anhydrous conditions, Sn-Beta remained

active in the presence of small amounts of water. For the MPV reaction between alcohols and ketones,

Corma et al.45d showed that Sn incorporated in the framework of zeolite Beta has adequate Lewis acidity

to polarize the carbonyl group in the ketone while providing open coordination sites for both the ketone

and the alcohol. Davis et al.12b, 24b, 30 have recently demonstrated that Sn-Beta is active in the

isomerization of sugars in bulk water and showed that it operates via chemical pathways analogous to

those observed in isomerases. Sn-Beta and other tin-containing silicates have also been used for the

isomerization of trioses in organic media to produce lactate derivatives.2 4c, 24 d, 2 4f, 7 4

Here we show that zeolites containing isolated Lewis acid sites used in conjunction with borate salts

catalyse the epimerization of carbohydrates in a cooperative manner. This catalytic system is robust,

featuring high activity and selectivity for the conversion of various aldoses over a broad range of

reaction conditions. For example, a system comprising Sn-Beta and sodium tetraborate (SB) (molecular

formula Na2[B 4 0 5 (OH) 4 ].8H20) epimerizes aldoses to an equilibrium mixture containing the reactant (for

example, glucose, xylose or arabinose) and the epimer (for example, mannose, lyxose and ribose,

respectively), without producing significant quantities of the ketose isomer (for example, fructose,
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xylulose and ribulose, respectively). We demonstrate that borates have a critical role in stabilizing the

intermediate required for Sn-Beta to catalyse the epimerization by way of a 1,2 intramolecular carbon

shift, whereby C-1 and C-2 undergo a transposition such that the former C-1 takes the place of C-2 with

an inverted configuration. This drastically differs from the typical use of borates to shift the

thermodynamic equilibrium through LeChatlier's principle by preferentially complexing with the ketose

products.75 The present work demonstrates a simple, general route for the epimerization of

carbohydrates using solid Lewis acid catalysts. This catalytic system features activities and selectivities

resembling those of epimerases, while also overcoming many of the drawbacks associated with

biocatalytic processes.

4.3 Results

Reactivity data

Glucose reactivity data obtained with the combined use of Sn-Beta and SB show that both constituents

are needed to achieve the epimerization of glucose to mannose. Specifically, when a 4:1 glucose:SB

solution is used in the presence of Sn-Beta at a temperature of 358 K for 60 min, a product distribution

of 84:1:15 glucose:fructose:mannose (99% of the total carbon) is generated (see Table 6, entry 4). On

the contrary, when the reaction is performed under identical conditions but in the absence of borate, an

83:16:1 glucose:fructose:mannose (95% of the total carbon) distribution is obtained that is consistent

with the product distribution previously reported for glucose isomerization using Sn-Beta (see Table 6,

12bentry 5). Additional control experiments show that under the temperature and reaction times

investigated, glucose is unreactive in SB solutions or in SB solutions containing pure silica Beta zeolite

(see Table 6, entries 1 and 2). We note that similar results are obtained for other aldoses (see Table 6,

entries 7-14). Thus, starting from D-xylose, a 75:3:22 xylose:xylulose:lyxose (93% of total carbon)

product distribution was obtained with SB, as compared with a distribution of 79:13:8 (96% of total

carbon) in the absence of borate, and starting from D-arabinose with SB, a 68:1:31

arabinose:ribulose:ribose (97% of total carbon) product distribution was obtained as compared with

84:11:5 (83% of total carbon) in the absence of borate. Time studies for glucose, xylose and arabinose

are shown in Table S9 to Table S11.
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Table 6. Results for the isomerization/epimerization of sugars.

Entry Sugar Sugar:SB Catalyst Temp Time Conversiona Product Distributionb Total
Sugar

[mol:mol] [K] [min] [%1 Reagent Isomer Epimer Yieldc

[%] [%] [%] [%]

Glucose Fructose Mannose

1 Glucose 4:1 None 358 60 1 100 - - 99

2 Glucose 4:1 Si-Beta 358 60 1 100 - - 99

3 Mannose 4:1 None 358 60 2 0 0 100 98

4 Glucose 4:1 Sn-Beta 358 60 16 84 1 15 99

5 Glucose - Sn-Beta 358 30 21 83 16 1 95

6 Mannose* 4:1 Sn-Beta 358 60 17 14 0 86 97

Xylose Xylulose Lyxose

7 Xylose 4:1 Sn-Beta 358 15 30 75 3 22 93

8 Xylose - Sn-Beta 358 15 24 79 13 8 96

9 Xylose 4:1 Sn-Beta 333 120 21 81 1 18 97

10 Xylose - Sn-Beta 333 120 18 83 7 10 98

Arabinose Ribulose Ribose

11 Arabinose 4:1 Sn-Beta 358 15 34 68 1 31 97

12 Arabinose - Sn-Beta 358 15 30 84 11 5 83

13 Arabinose 4:1 Sn-Beta 333 120 17 84 1 15 99

14 Arabinose - Sn-Beta 333 120 11 91 5 4 95

Reactions were performed with a 5 wt% sugar feed (~2 mL), using the corresponding amount of catalyst

to maintain a 100:1 sugar:metal molar ratio (~40 mg).

a Conversion is defined as the ratio of moles of sugar consumed to moles sugar added initially, expresse

as a percentage

b Product distribution is the molar ratio of each sugar to the sum of the three sugars expressed as a

percentage.

Sugar yield is the ratio of the sum of moles of the reagent, isomer and epimer sugars to moles of sugar

added initially, expressed as a percentage.

The epimerization product distributions at the thermodynamic equilibrium are: Glucose:Mannose =

70:30, Xylose:Lyxose = 67:33, and Arabinose:Ribose = 69:31. Values obtained from Gibbs free energies

reported by Angya 1.76

* For this entry the Reagent and Epimer columns in the product distribution are exchanged so that they

match the type of sugar used.
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Reaction mechanism

To gain insight into the epimerization reaction mechanism, isotopically labeled glucose was reacted with

the Sn-Beta/SB system and investigated using 13C nuclear magnetic resonance (NMR). Before reaction, a

5 wt% D-(1-' 3C)glucose solution containing SB in a 4:1 glucose:SB molar ratio generates resonances at

6=97.0 and 93.2 ppm, as well as a multiplet at 6=103.4-104.5 ppm (see Figure 10a). The first two

resonances correspond to the C-1 carbon of the P-pyranose and ct-pyranose configurations of glucose,

respectively, and the multiplet is consistent with the chemical shifts induced on C-1 by complex

formation between the borate anion and the hydroxyl group at C-1.77 Previous reports have shown that

SB readily interacts with molecules containing vicinal diols, forming stable monomeric and dimeric

boroxy species. B and 1C NMR spectra for sugars dissolved in the presence of SB confirm the

presence of monomeric and dimeric sugar-boron complexes (see Table S12 and Table S13 and Figure

S15 to Figure S23). After reaction, a new set of resonances appear at 5=71.8 and 72.3 ppm (see Figure

10b). Surprisingly, these resonances correspond to the two chemical shifts of D-(2-"C)mannose that are

separated by ~0.5 ppm due to vicinal C-C coupling interactions with the a and P forms of the anomeric

carbon.79 Fractionation of the reaction mixture using high-performance liquid chromatography (HPLC)

followed by 13C and 1H NMR analyses of the product fraction confirm the identity of the products (see

Figure S24 and Figure S25). These results indicate that a rearrangement of the carbon backbone

occurred, with C-1 and C-2 exchanging positions by way of an intramolecular carbon shift where the

bond between C-2 and C-3 is cleaved and a new bond between C-1 and C-3 is formed. To obtain the

epimer, the former C-1 atom (now at the C-2 position) must have an inverted configuration and the

process has to be accompanied by hydride transfer steps at 0-1 and 0-2. An isotopic effect was not

observed when the reaction was performed in deuterium oxide (D 2 0), suggesting that H-D exchange

processes are not involved in the kinetically relevant steps.
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Figure 10. 13C NMR spectra of reactants and products for epimerization and isomerization reactions.

(a) D-(1- 1 3C)glucose with SB in a 4:1 glucose:SB ratio; (b) product mixture after reacting D-(1-' 3 C)glucose

with SB in a 4:1 glucose:SB ratio and Sn-Beta; (c) D-(1-' 3C)glucose; and (d) product mixture after reacting

D-(1-' 3C)glucose with Sn-Beta.

A similar 13 C NMR study performed under identical reaction conditions but in the absence of borate

generates drastically different results. Before reaction, only the two resonances at 6=97.0 and 93.2 ppm

are observed for the 5 wt% D-(1-' 3 C)glucose solution (see Figure 10c). After reaction, two new sets of

resonances appear: the first set at 6=63.7 and 65.0 ppm corresponding to the a-furanose and 1-

pyranose conformations of D-(1-' 3C)fructose and the second set at 6=94.6 and 95.1 ppm corresponding

to the -pyranose and a-pyranose configurations of D-(1-' 3C)mannose (see Figure 10d). Evidently, when

the reaction is catalysed by Sn-Beta without borates, no carbon backbone rearrangement occurs and the

24breaction proceeds by way of an intramolecular hydridle shift as reported in previous studies .
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Sugar-borate complex

To determine the role borate-sugar complex formation has on product distribution, a series of reactions

varying the SB content were performed. As shown in Table 7, decreasing SB content results in a shift in

the product distribution from mannose to fructose, while addition of stoichiometric or higher amounts

of borate yields virtually no fructose. This indicates that epimerization and isomerization processes

occur competitively. Note that the epimerization is still dominant with sub-stoichiometric amounts of

borate, suggesting that the sugar-borate complex is not permanent and could form preferentially within

the pores of the zeolite. Additional experiments showed that pretreating the catalyst with borate before

adding the sugar or premixing the sugar with borate before adding Sn-Beta did not affect these results.
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Table 7. Results for the isomerization/epimerization of sugars.

Entry Sugar Sugar:SB Catalyst Temp Time Conversiona Product Distributionb Total
Sugar

[mol:mol] [K] [min] [%] Reagent Isomer Epimer Yieldc

[%] [%] [%] 1%]

Borate content study

Glucose Fructose Mannose

1 Glucose 4:1 Sn-Beta 358 60 16 85 1 14 99

2 Glucose 10:1 Sn-Beta 358 60 31 76 3 21 91

3 Glucose 20:1 Sn-Beta 358 60 32 77 4 19 88

4 Glucose 40:1 Sn-Beta 358 60 28 78 10 12 92

Catalyst study

5 Glucose 4:1 Sn-MCM-41 383 120 38 76 11 13 81

6 Glucose 4:1 Sn-MFI 358 120 7 97 0 3 95

7 Glucose 4:1 Ti-Beta 358 120 23 87 0 13 88

8 Glucose None Sn-MCM-41 383 120 8 93 6 1 99

9 Glucose None Sn-MFI 358 120 4 98 1 1 98

10 Glucose None Ti-Beta 358 120 9 92 6 2 99

Xylose Xylulose Lyxose

11 Xylose 4:1 Sn-MFl 358 120 20 84 12 4 95

12 Xylose None Sn-MFl 358 120 23 79 15 6 97

Reactions were performed with a 5 wt% sugar feed (-2 mL), using the corresponding amount of catalyst

to maintain a 100:1 sugar:metal molar ratio (~40 mg).

a Conversion is defined as the ratio of moles of sugar consumed to moles sugar added initially, expressed

as a percentage

b Product distribution is the molar ratio of each sugar to the sum of the three sugars expressed as a

percentage.

Sugar yield is the ratio of the sum of moles of the reagent, isomer and epimer sugars to moles of sugar

added initially, expressed as a percentage.

Solid-state magic-angle spinning (MAS) 13C and "B NMR spectra reveal that the sugar-borate complex

exists inside the pores of the zeolite (see Figure 11). Specifically, Sn-Beta was mixed with a D-(1-

13C)glucose solution containing SB (with molar ratios of 2:0.5:1 and 100:25:1 D-(1-"C)glucose:SB:Sn for

13C and 11B, respectively) for 30 min at room temperature and then separated by vacuum filtration. The

1C MAS NMR spectrum of the filtered Sn-Beta contains a set of resonances at 6su=103 ppm that is

consistent with the formation of glucose-borate complexes. Similar outcomes are observed in spectra

obtained post reaction in the presence of SB. When the D-(1- 13C)glucose solution does not contain SB or
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when SB is adsorbed in the absence of glucose, the resonances at 6 iso=103 ppm are not observed. In

addition, "B MAS NMR of the D-(1-"C)glucose sample adsorbed on Sn-Beta in the presence of SB shows

the characteristic four-coordinate "B resonances associated with sugar-borate complex formation.

Specifically, we observe one three-coordinate "B resonance centered at 6=17 ppm that is correlated

with a disordered borate moiety likely due to the presence of free SB and four four-coordinate 11

resonances centered at 5is0=11, 5.5, -0.5 and -4 ppm. The broad lineshapes observed for all the three-

coordinate "B environments are due to a significant quadrupolar coupling constant of ~2.5 MHz and a

low-asymmetry parameter (q<0.2). In crystalline systems such as SB, a clean second-order quadrupolar

pattern is observed (CQ=2.53 MHz, r=0.0 9 and 5i,.=19.8 ppm); however, in a disordered solid this will

cause a broadening of the resonance into a Gaussian-like lineshape as seen for SB adsorbed on Sn-Beta

and D-(1-"C)glucose with SB adsorbed on Sn-Beta (see Figure lle-g).80 This phenomenon is not the case

for the higher-symmetry four-coordinate "B resonances. The reduction in second-order quadrupolar

broadening occurs due to the local symmetry being pseudo-tetrahedral (quadrupolar couplings on the

order of a few 100 kHz), resulting in a near-isotropic lineshape. Of the four four-coordinate 11

resonances, only the one at 6is.=-0.5 can correspond to B-O-B (that is, re-arrangement within SB) and

B-O-Si (that is, Sn-Beta and SB interactions) environments.8 These assignments are further confirmed

by the "B MAS NMR spectrum of SB adsorbed on Sn-Beta (see Figure 11f), which exhibits a broad three-

coordinate "B resonance and a narrower four-coordinate "B resonance centered at 6 is(=0.5 ppm and a

shoulder at 5is,=-0.5 ppm The concentration of possible B-O-Sn environments is too low to be detected

with the current analytical method; therefore, the remaining four-coordinate "B resonances must

correspond to sugar-borate complexes. Note that these resonances match those observed for glucose-

borate complexes present in solution (see Figure S15).
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Figure 11. 13C and '1 B solid-state MAS NMR spectra for glucose adsorbed on Sn-Beta.

(a) 13C MAS NMR cross-polarization (CP) of D-(1-"C)glucose adsorbed on Sn-Beta with a 2:1 glucose:Sn

molar ratio; (b) "C MAS NMR (CP) of D-(1- 23C)glucose with SB in a 2:0.5:1 glucose:SB:Sn molar ratio; (c)

13 C MAS NMR (CP) of D-(1- 13C)glucose with SB after reaction at 358 K for 30 min with a 50:12.5:1

glucose:SB:Sn molar ratio; (d) "B MAS NMR of Sn-Beta; (e) "B MAS NMR of SB; (f) "B MAS NMR of SB

adsorbed on Sn-Beta with a 12.5:1 SB:Sn molar ratio; and (g) "B MAS NMR of D-(1-' 3C)glucose with SB

adsorbed on Sn-Beta in a 2:0.5:1 glucose:SB:Sn molar ratio.

X-ray photoelectron spectroscopy (XPS) data of Sn-Beta samples containing adsorbed species show both

an increase in the amount of carbon on the surface and changes in the chemical nature of surface tin

sites (see Figure S26). Specifically, calcined Sn-Beta showed doublets for Sn 3d5 / 2 and 3d3 / 2 electrons

with binding energies of 487.2 and 495.6 eV, respectively, which is indicative of Sn species on the

surface. Spectra for Sn-Beta containing adsorbed glucose and glucose/borate show a downward shift in

the binding energy for the Sn 3d signal of ~0.3 and 0.9 eV, respectively. Also, these samples show an

increase in the binding energy for the C is signal when compared with freshly calcined Sn-Beta.

To gain further insight into the nature of the interaction between the sugar-borate complex, the zeolite

pore and the active site, the epimerization of sugars with Sn-MCM-41 and Sn-MFl, which are

stannosilicates with pore topologies different from Beta, was investigated. Interestingly, the

epimerization-promoting effect of SB was only slightly detected for Sn-MCM-41 and not observed for
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Sn-MFI. For experiments performed with Sn-MCM-41 at 383 K with a 4:1 glucose:SB molar ratio, the

product distributions in the presence and absence of SB are 76:11:13 (81% of total carbon) and 93:6:1

(99% of total carbon), respectively (see Table 7, entries 5 and 8). Sn-MFI experiments with glucose did

not show reactivity, but this is consistent with the fact that glucose is too large to enter the pores of MFI

(see Table 7, entries 6 and 9). Using xylose as the starting reagent, the product distributions in the

presence and absence of SB are 84:12:4 and 79:15:6 xylose:xylulose:lyxose with sugar yields of 95% and

97%, respectively (see Table 7, entries 11 and 12). In contrast, xylose reacted with Sn-Beta and SB is

almost exclusively converted into lyxose (see Table 6, entries 7 and 9).

4.4 Discussion

The results of the present study indicate that zeolites containing isolated Lewis acid sites and borate

salts cooperatively catalyse the epimerization of carbohydrates. Base catalysts are typically used to

produce epimers following Lobry de Bruyn-Alberda van Ekenstein pathways that produce mixtures of

81-82the ketose isomer and the aldose epimer via ene-diol transition states. - A rare exception to this

mechanism was discovered by Bflik, who showed that treatment with catalytic amounts of molybdic acid

under acidic conditions will epimerize aldoses via transition states that promote a 1,2 carbon shift. 83

Many catalytic systems based on molybdate chemistry have been investigated.84 The accepted

mechanism involves the complex formation of a binuclear molybdate species with four adjacent

hydroxyl groups (OH-1 to OH-4) in the sugar. 5 The molybdate species creates a rigid framework that

holds the atoms in the required conformation to promote the concerted C-3 bond migration from C-2 to

C-1. Similar results have been reported for homogeneous Ni2 complexes with diamine co-catalysts in

methanolic solutions.8 6 In all cases, a rigid metal-sugar complex was required to achieve the carbon

backbone rearrangement. In the present study, NMR investigations on isotopically labeled sugars show

that the epimerization occurs via a 1,2 intramolecular carbon shift, which is similar to the mechanism

proposed for the Bilik reaction catalysed by molybdate species. The borate-sugar complexes likely have

a critical role in providing a rigid framework for the carbon shift to occur at the active site in the zeolite.

This rigid complex facilitates bond bending to bring C-i and C-3 close enough to promote bond

migration.

The data suggest that a synergistic effect between the pore walls of Beta, the isolated Lewis acid sites

and the sugar-borate complex has to exist for the epimerization reaction to occur selectively. The 1
3 C

and ' 1B MAS NMR data show that the complex is likely present inside the pores of Sn-Beta and the XPS
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data indicate that adsorbed components change the electronic environment of the Sn surface sites. The

inferior epimerization performance of other pore topologies suggests the presence of a strong confining

effect in the 12-membered rings of Beta. We hypothesize that the large pores of Sn-MCM-41 allow all

molecules, complexed and uncomplexed, to reach and react at the active site without restriction to

generate a mixture of epimers and isomers. Conversely, the pores of Sn-MFI are too small for the sugar-

borate complex to enter or form inside them, but are large enough to allow uncomplexed sugar to enter

and undergo normal isomerization reactions at the tin site. In Sn-Beta, the borate may preferentially

reside inside the pores, form the sugar-borate complex and preferentially absorb in the pores, or form a

unique complex with both the sugar and the tin site. The present reaction and NMR data cannot

conclusively exclude any of these options, thus requiring further studies. We note that the epimerization

chemistry is not restricted to tin-containing zeolites. Experiments with Ti-Beta using glucose under

standard reaction conditions showed that this catalyst had much lower activity than Sn-Beta, but

generated a similar product distribution in the presence (87:0:13 glucose:fructose:mannose) and

absence (92:6:2 glucose:fructose:mannose) of SB, with carbon balances exceeding 88% (see Table 7,

entries 7 and 10).

The combination of Sn-Beta and SB generates a highly active catalytic system for epimerization reactions

that, unlike most epimerases, can be used to process a variety of sugars to the thermodynamic

equilibrium limit (see Table 6 for calculated equilibrium compositions) without the need of prior

substrate functionalization. Currently, heterogeneous catalysts containing immobilized molybdate

species in ion-exchange resins represent the state-of-the-art in sugar epimerization chemistry.7 These

inorganic catalysts have been optimized to minimize deactivation; however, slow and continuous

leaching of the active phase is always observed and this effect is expected to increase in the presence of

dissolved anions in the feed (for example, as those encountered in lignocellulosic biomass feedstock).

The Sn-Beta/SB system is stable and active in the presence of high ionic strength solutions, thus offering

an attractive alternative to process 'dirty' carbohydrate feeds containing dissolved anionic species that

would foul catalysts based on ion-exchange resins. Importantly, the zeolite component can provide

interesting reactivity pathways based on confining and shape selectivity effects induced by the

micropores that are unattainable by ion-exchange resins.

Future studies geared at designing catalytic sites that allow the formation of an immobilized rigid sugar-

borate complex within the zeolite pores will be critical to reduce the number of separation unit
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operations by eliminating the use of complexing agents in solution. Finally, having observed C-C bond-

breaking and bond-forming events associated with rigid sugar complexes activated with Sn-Beta, it is

anticipated that this catalytic system may be applied to other classes of oxygenated molecules and more

general reactions. We are intrigued by the potential links between the observed carbon backbone

rearrangement and C-C bond-forming events in prebiotic chemistry. For instance, the formose reaction

involves the bottom-up synthesis of pentoses and hexoses by a series of borate- or silicate-stabilized

88formaldehyde coupling sequences, while the 'glyoxylate scenario' proposes glyoxylate and

dihydroxyfumarate intermediates for forming carbohydrates in the presence of Lewis acidic salts. 9

Understanding such C-C coupling in carbohydrates is currently the subject of additional studies within

our group.

4.5 Methods

Synthesis of Sn-Beta

Sn-Beta was synthesized according to Corma et al.,90 as follows: 24.67 g of aqueous

tetraethylammonium hydroxide (Sigma-Aldrich, 35% (w/w)) and 22.14 g of tetraethylorthosilicate

(Sigma-Aldrich, 99% (w/w)) were added to a Teflon® (Polytetrafluoroethylene, [PTFE]) dish, which was

stirred at room temperature for 90 min. Then, 0.380 g of tin (IV) chloride pentahydrate (Sigma-Aldrich,

98% (w/w)) dissolved in 15 g of deionized water (DI H20) was added dropwise. The solution was left

uncovered on a stir plate for 10 h to reach 15 g of total water. Next, 2.407 g of aqueous hydrofluoric acid

(Sigma-Aldrich 48% (w/w)) was added dropwise and the mixture was homogenized using a PTFE spatula,

resulting in a thick gel. Then, 0.333 g of previously made Sn-Beta was seeded into the mixture, which

was allowed to evaporate to a final molar composition of Si0 2/0.01 SnCl 4/0.55 TEAOH/0.54 HF/7.52 H 2 0.

The thick paste was transferred to a PTFE-lined stainless steel autoclave and heated to 413 K for 40 days.

The solids were recovered by filtration, washed with DI H 20, dried at 373 K and calcined at 853 K for 10

h with a 1-K min- ramp and 1 h stops at 423 and 623 K, leading to an overall inorganic oxide yield of 80-

90%.

Powder X-ray diffraction (PXRD) confirmed that the solid material has the Beta zeolite topology (see

Figure S27). The ultraviolet-visible diffuse reflectance spectrum of the calcined sample shows the

presence of a unique band at ~200 nm, which has been associated with Sn tetrahedrally coordinated

into the zeolite framework (see Figure S28). A scanning electron microscopy (SEM) image is shown in

Figure S29 and SEM energy-dispersive X-ray spectroscopy (EDS) measurements show an atomic ratio
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Si:Sn of 110:1. This result is consistent with the Si:Sn of 111:1 obtained from elemental analysis

(Galbraith Laboratories, Inc).

Ti-Beta was synthesized in a similar way as described in the supporting information, with an XRD shown

in Figure S30.

Synthesis of other stannosilicates

Sn-MFI was synthesized according to Mal et al.,51a as follows: 0.098 g of tin (IV) chloride pentahydrate

(Sigma-Aldrich, 98% (w/w)) was added to 5 g of DI H 20 in a PTFE dish. Further, 8.350 g of

tetraethylorthosilicate (Sigma-Aldrich, 99% (w/w)) was added and the solution was stirred for 30 min.

Then, 8.966 g of aqueous tetra-n-propyl ammonium hydroxide (Alfa Aesar, 20%(w/w)) was added and

the mixture was stirred uncovered for 1 h. Next, 20.083 g of DI H 20 was added and the solution was

allowed to mix for 30 min to a final synthesis gel molar composition of SiO2 /0.01 SnO2/0.44 TPAOH/34.3

H 20. The solution was transferred to a PTFE-lined stainless steel autoclave and heated to 433 K for 48 h.

After this time, the solids were repeatedly centrifuged and washed with DI H 20, dried at 373 K, and

calcined at 853 K for 10 h with a 1 K min ramp and 1 h stops at 423 and 623 K, leading to an overall 70-

90% yield.

PXRD confirmed that the solid material has the MFI zeolite topology (see Figure S31). The ultraviolet-

visible diffuse reflectance spectrum indicates Sn is in the framework (see Figure S32). SEM EDS

measurements for the Sn-MFI sample show an atomic ratio Si:Sn of 180:1.

Please refer to the supporting information for a detailed description of the Sn-MCM-41 synthesis

method.

Catalytic reactions

Catalysts were added at a 1:100 metal:sugar molar ratio to a 5 wt% sugar solution in a 5-ml thick-walled

glass reactor containing a small magnetic stir bar (typically ~40 mg of catalyst in 2 ml of sugar solution).

After taking a sample for t=0, the vial was sealed using a PTFE/silicone septa and metal crimp top, placed

in a temperature-controlled oil bath and samples were taken at various times. After quenching the vial

for 5 min in an ice bath, a small sample was removed using a syringe and filtered into a small vial. Next,

100 pl of the filtered sample and 20 pl of a 10 wt% mannitol solution were mixed in an HPLC vial. The
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samples were analysed on an Agilent 1260 HPLC system equipped with photodiode array ultraviolet and

evaporative light-scattering detectors. The reaction products were separated using a Bio-Rad Aminex

HPX-87C column heated to 353 K with DI H20 (pH=7) as the mobile phase at a flow rate of 0.6 ml min-'.

Xylulose and ribulose concentrations were determined using the ultraviolet detector at 210 nm. At this

wavelength all other sugars had negligible ultraviolet signals. For all ultraviolet-inactive carbohydrates,

the analysis was performed using the evaporative light scattering detector and Origin software

(OriginLab Corp., ver. 9) for peak deconvolution when needed. The peak deconvolution function is based

on Gaussian/Lorentzian fitting functions that provided an accuracy of ~8% when compared with

standard mixtures.

Sugar adsorption

For the sugar adsorption studies, 100 mg of Sn-Beta was mixed with a 0.01-g ml' sugar solution (2:0.5:1

or 100:25:1 D-(1-"C)glucose:SB:Sn) for 30 min at room temperature and then quickly separated by

vacuum filtration and dried under vacuum at room temperature. Post-reaction catalysts were produced

in a similar way starting with a 0.05-g ml1 sugar solution (50:1 D-(1-"C)glucose:Sn) and heating the

mixture to 358 K for 30 min.

Characterization

PXRD patterns were collected using a Bruker D8 diffractometer with Cu Kct radiation. SEM EDS

measurements were recorded on a JEOL 6700F at an electron high tension of 10 kV. Ultraviolet-Vis

measurements were recorded using a Cary 3G spectrometer with a diffuse reflectance cell after

calcination without subsequent drying. Nitrogen adsorption/desorption experiments were performed

on a Quantachrome Autosorb iQ apparatus.

Solution NMR was performed on a Bruker AVANCE 400 MHz spectrometer with a Magnex magnet and 5

mm double-resonance probe, which was tuned to 1H, "B and "C before use. Samples were prepared at

a sugar concentration of 0.05 g mlF using quartz NMR tubes. The spinning frequency was 20 Hz. For 'H

and "B 64 transients were taken, and for 13C between 1024 and 2048 transients were taken. H NMR

spectra were referenced with respect to residual water. "C was referenced with respect to the C-1

carbon of D-glucose at 97.0 ppm as a secondary standard relative to 4,4-dimethyl-4-silapentane-1-

sulphonic acid. All "B spectra were referenced using boric acid (H3BO3, 19.6) as a secondary standard

relative to boron trifluoride etherate (BF3 EtO2 ).
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1
3C solid-state MAS NMR experiments were measured using an 11.7-T ('H, 500.057 MHz) Magnex

magnet and a home-built spectrometer (courtesy of Dr David Ruben, FBML-MIT). Experiments were

performed using a 4-mm Varian-Chemagnetics MAS triple-resonance probe, doubly tuned to "C and 'H.

Powdered samples were packed into 4 mm outside diameter (o.d.) ZrO 2 rotors equipped with Vespel

drive-caps and Kel-F top-caps. All "C spectra were acquired using two second recycle delays, a spinning

frequency of Wr/2fl=9.00 kHz, and between 10 240 and 35 840 co-added transients. "C{'H} " cross-

polarizations4,92 experiments were acquired using yB, of 50 kHz on H and an optimized 1C ramp with

high-power 'H decoupling (Two-pulse phase-modulated [TPPM],'9 yB1 of 83 kHz). All 1
3 C spectra were

referenced with respect to adamantane at 38.48 ppm (relative to neat tetramethylsilane).4
3

"B MAS NMR experiments were measured using a 16.4-T ('H, 697.8 MHz) Magnex magnet and a home-

built spectrometer (David Ruben, FBML-MIT). Experiments were acquired using a 3.2-mm Varian MAS

triple-resonance probe, tuned to "B. Samples were packed into 3.2 mm (o.d.) ZrO 2 thin-wall rotors (36

pl fill volume). Spectra were acquired using short (200 tip-angle) quantitative pulses, recycle delays of 2

s, between 4096 and 30 720 co-added transients, and a spinning frequency of Wr/2Ti=14.00 kHz. All "B

spectra were referenced using 0.1 M H3B03 (19.6 ppm) as a secondary standard relative to BF3 EtO 2.

All XPS spectra were collected using a PHI Versaprobe I equipped with a multichannel hemispherical

analyser and aluminium anode X-ray source operating at 100 W with a 100-lam beam scanned over a

1.4-mm line across the sample surface. A dual-beam charge neutralization system was used with an

electron neutralizer bias of 1.2 eV and an argon ion beam energy of 10 eV.
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5 Catalytic consequences of borate complexation and pH on the

epimerization of L-arabinose to L-ribose in water catalyzed by Sn-

Beta zeolite with borate salts 3

5.1 Abstract

Sn-Beta zeolite with sodium tetraborate cooperatively catalyzes the epimerization of aldoses via an

intramolecular 1,2 carbon-shift mechanism. L-arabinose is one of the seven common sugars and its

epimer, L-ribose, is a valuable rare sugar with applications in antiviral and anticancer agents. Here, a full

factorial experimental design is performed to demonstrate the catalytic consequences of varying key

reaction parameters such as pH, borate to sugar ratio, and reaction time. Reactivity data revealed that

isomerization is favored under acidic pH conditions (pH < 7.0); that epimerization dominates under

neutral conditions (pH ranging from 7.0 to 7.8); and that drastic inhibition of both epimerization and

isomerization rates occur under basic conditions (pH > 7.8). Using a 5 wt% arabinose feed and 100:1

sugar-metal ratios at 343 K, conversions ranging from 20% to 30% were obtained with selectivities of

75%, 84%, and 91% for boron-sugar ratios of 0.2:1, 0.5:1, and 1:1, respectively. The predominance of

epimerization over isomerization products with substoichiometric borate suggests that one borate can

influence the reactivity of several sugar molecules and may influence the Sn active site directly. Reaction

data obtained under differential conditions revealed that the epimerization reaction follows first order

kinetics over a wide temperature range with an apparent activation energy of 98 kJ/mol and pre-

exponential factor of 1.9 x 1014 L mol Sn s1.

5.2 Introduction

Carbohydrates are involved in important biological processes and also serve as valuable building blocks

in many commercial applications. For instance, the common pentose D-ribose is a major component in

ribonucleic acid (RNA), adenosine triphosphate (ATP), and nicotinamide adenine dinucleotide (NADH) in

metabolism. The industrial production of riboflavin also involves the use of D-ribose.94 The rare pentose,

L-ribose, has found applications in anti-viral and anti-cancer drugs because its reverse stereochemistry

95
alters the interaction with enzymes, inhibiting the nucleoside synthesis-replication process.

3 This chapter is adapted from Gunther, W. R.; Duong, Q.; Rom n-Leshkov, Y., Catalytic consequences of
borate complexation and pH on the epimerization of L-arabinose to L-ribose in water catalyzed by Sn-
Beta zeolite with borate salts. J. Mol. Catal. A: Chem. 2013, 379, 294-302
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Additionally, L-RNA binds tightly to natural RNA and is resistant to degradation by nucleases, allowing it

to silence gene expression. Consequently, L-ribose is part of several pharmaceuticals presently on the

market or undergoing clinical trials.96 To meet the demand for such rare sugars, costly and complex

biochemical 97 and synthetic organic processes are currently used to produce them from common

carbohydrates.9 Therefore, the development of simpler and more effective catalytic pathways to

produce rare sugars is of great relevance.

The selective epimerization of aldoses is an attractive pathway for the production of rare sugars. L-

arabinose is a common sugar found in the hemicellulose fraction of biomass. As depicted in Figure 12,

arabinose is interconverted into an equilibrium mixture consisting of ca. 66% arabinose, 11% ribulose

and 23% ribose in the presence of isomerase enzymes or inorganic base catalysts at 333 K. 99 Ribulose is

the ketose isomer, while ribose is the aldose epimer, typically formed by way of a double isomerization

process. The direct epimerization of arabinose into ribose may be accomplished using epimerase

enzymes to generate a distribution of 74% arabinose and 26% ribose at 333 K. However, most

epimerases only function on substrates modified with phosphate or nucleotide groups. Direct

epimerization yields a product distribution that does not contain ribulose, and is therefore more

amenable for purification. Epimerization of arabinose to ribose is slightly endothermic, and

consequently, high temperatures lead to higher equilibrium ribose yields (see Figure S34). In this

respect, inorganic catalysts may be attractive epimerization candidates given that they are not limited

by temperature or substrate functionalization in the same manner as biological catalysts. 99

H O H

H OH Epimerization HO H
HO H HO- H
HO -H HO-rH

CH2OH CH2OH
L-Arabinose CH2OH L-Ribose

Isomerization = Isomerization
HO--H
HO--H

CH2OH
L-Ribulose

Figure 12. Schematic representation of the isomerization and epimerization of L-arabinose. The D form

is the mirror image of the L form.
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Hydrophobic zeolites with metal atoms substituted in the crystalline microporous framework have

recently emerged as a new class of Lewis acid catalysts capable of activating carbonyl functional groups

in the presence of water. The highly dispersed tetrahedrally-coordinated metal centers can accept

electron pairs through empty d orbitals and expand their coordination shells from 4 to 5 or 6 sites due to

their large covalent radii. Tin-containing zeolites are active in the Meerwein-Ponndorf-Verley

reduction 23,4sd, Baeyer-Villiger oxidation"' , and carbonyl-ene reaction . In the context of

carbohydrate chemistry, the incorporation of Sn, Ti, and Zr in the framework of Beta zeolite has found

applications in the conversion of hexoses12b, 24b, pentoses 4a,02, and trioses24c, 24d, 24f, 74b via intramolecular

hydride shifts, as well as in the production of gamma-valerolactone from xylose and alpha-

hydroxyacids 41c, 103 from C-2 and C-4 oxygenates. Recent work shows that Sn-Beta catalyzes the chiral

Baeyer-Villiger oxidation of sugar derivatives. 10 4

Our recent work has shown that Sn-Beta with sodium tetraborate cooperatively catalyzes the selective

epimerization of aldoses in aqueous media under mild conditions.24 e The reaction mechanism,

investigated using 13C-labeled sugars and nuclear magnetic resonance (NM R), proceeds by way of a 1,2

carbon-shift mechanism whereby C1 forms a new C-C bond with C 3, while C 2 moves to the C 1 position. In

the absence of the borate promoter, no carbon backbone rearrangement occurs and Sn-Beta catalyzes a

regular aldose-ketose isomerization via an intramolecular hydride shift as reported in previous

studies.12b The epimerization mechanism is analogous to the Bilik reaction using molybdenum-based

catalysts that form rigid complexes by interacting with the hydroxyl groups of C 1-C 4 in the sugar.8,

Isomorphic substitution of tin for silicon tetrahedrally-coordinated in the crystalline zeolite framework

generates a closed site. Hydration with two water molecules produces a Sn site with octahedral

coordination, while hydrolysis of one of the Sn-O-Si bridges generates an open site. For the

isomerization of glucose to fructose, Bermejo-Deval and co-workers showed that the open-site in Sn-

30
Beta promotes the ring opening and the hydride transfer steps more favorably than the closed site. In

the presence of borate, the 1,2 hydride-shift isomerization pathway is drastically inhibited in favor of a

1,2 carbon-shift epimerization pathway. Interestingly, a similar 1,2 carbon-shift product has been

recently reported using Sn-Beta in methanol, although epimerization rates are lower when compared to

the Sn-Beta/borate system in water.19 Borates can interact with the hydroxyl groups found in

carbohydrates and with the silanol groups found near the Sn open site, both with a strong dependence

on pH.105 We hypothesize that the borate additive interacts with the sugar and/or the active site to
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change the reaction from a hydride-shift isomerization to a carbon-shift epimerization pathway. Here,

we present a full factorial experimental design to investigate the impact of pH, sugar to borate ratio, and

reaction time on the epimerization of L-arabinose to L-ribose. The conversion of arabinose to ribose

provided a high value added case to investigate the role of sugar-borate complexation. Understanding

which species and reactions are dominant under controlled reaction conditions provides insight into the

role of additives in directing the sugar conversion pathway. Thus, we show a comparison of

isomerization activity with the fraction of free sugar under low borate loadings and use "B NMR and

Raman spectroscopy characterization to identify sugar borate dimers and polyborates in solution. A

temperature study is performed to extract kinetic parameters and optical rotation measurements are

used to assess stereospecificity.

5.3 Experimental

Catalyst synthesis

Sn-Beta was synthesized as follows: 26.735 g of aqueous tetraethylammonium hydroxide (Sigma-

Aldrich, 35% (w/w)) and 24.069 g of tetraethylorthosilicate (Sigma-Aldrich, 99% (w/w)) were added to a

Teflon® (Polytetrafluoroethylene, [PTFE]) dish, which was magnetically stirred at room temperature for

90 min and then cooled in an ice bath. Then, 0.261 g of tin (11) chloride dihydrate (Sigma-Aldrich, 98%

(w/w)) dissolved in 15 g of cold deionized water (DI H 20) was added dropwise. Sn(ll) which oxidizes to

Sn(IV) in water was used in place of SnC1 4 5H 20 and has resulted in Sn-Beta consistently free of

extraframework Sn0 2. The solution was left uncovered on a stir plate for 10 h to reach a total mass of 35

g. Next, 2.600 g of aqueous hydrofluoric acid (Sigma-Aldrich, 48% (w/w)) was added dropwise and the

mixture was homogenized using a PTFE spatula, resulting in a thick gel. Then, 0.358 g of previously-made

Sn-Beta was seeded into the mixture, which was allowed to evaporate to 33.776 g, which corresponds

to a final molar composition of Si02/0.01 SnCl2/0.55 TEAOH/0.54 HF/7.52 H 20. The thick paste was

transferred to a 45 ml PTFE-lined stainless steel autoclave and heated to 413 K for 40 days under static

conditions. The solids were recovered by filtration, washed with DI H 20, dried at 373 K and calcined at

853 K for 10 h with a 1 K min- ramp and 1 h stops at 423 and 623 K, leading to an overall inorganic oxide

yield of 80-90%.

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D8 diffractometer with Cu Kct

radiation, which confirmed that the solid material has the Beta topology (see Figure S35). Ultraviolet-

visible (UV-vis) measurements were recorded using a Varian Cary 5000 UV-vis-NIR spectrometer with a
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diffuse reflectance cell after calcination without subsequent drying. The ultraviolet-visible diffuse

reflectance spectrum of the calcined sample shows the presence of a unique band at -200 nm, which

has been associated with Sn tetrahedrally coordinated into the zeolite framework (see Figure S36); as

additional confirmation of framework incorporation, 19Sn NMR of an analogous sample is included in

Figure S37. Sn content was measured using a Horiba Jobin Yvon ACTIVA-S ICP-AES. Catalyst samples

were dissolved in a few drops of 48% HF and diluted in 2% nitric acid after evaporation of the HF.

Solutions

Within this study, the sugar content was held constant and the borate content was varied to obtain the

desired ratios. The sodium to borate ratio was adjusted by mixing boric acid, sodium tetraborate,

sodium metaborate and sodium hydroxide on a mass basis on a 50 ml solution scale (see Table S15). The

pH was measured with a Mettler Toledo FiveEasy FE20 probe, calibrated with pH 6, 7 and 10 buffers

prior to use at 298 K. For the control experiments, the pH-adjusted solutions without borate were very

sensitive and were therefore measured while mixing. NMR solutions were prepared analogously in D 2 0

on a 5 ml scale.

Reactions

For the factorial design experiments, Sn-Beta (Si/Sn = 96) was added at a 100:1 sugar-metal molar ratio

to a 5 wt% sugar solution in a 5 ml thick-walled glass reactor containing a small magnetic stir bar

(typically -40 mg of catalyst in 2 ml of sugar solution). Reactions were performed with d- and L-

arabinose interchangeably with no difference in kinetics. Initial rate experiments were done with larger

volumes and higher sugar-metal ratios in order to capture the low conversion data points. In order to

determine the initial rates at higher temperature ranges, an arabinose to Sn ratio of 1000 or 2000 was

used. The thick-walled glass vials were sealed using a PTFE/silicone septa and metal crimp top, placed in

a temperature-controlled oil bath, and removed periodically to take samples. The glass reactors were

quenched in ice and a small sample volume was removed. Next, 100 p1 of the filtered sample and 25 pI

of a 10 wt% mannitol solution were mixed in a vial. The samples were analyzed by high-performance

liquid chromatography (HPLC) on an Agilent 1260 system equipped with photodiode array ultraviolet

and evaporative light-scattering detectors. The reaction products were separated using a Bio-Rad

Aminex HPX-87C column heated to 353 K using deionized water (pH = 7) as the mobile phase at a flow

rate of 0.6 ml min 1. Ribulose concentrations were determined using an ultraviolet detector at a

wavelength of 210 nm. At this wavelength all other sugars had negligible ultraviolet signals. For all
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ultraviolet-inactive carbohydrates, the analysis was performed using the evaporative light scattering

detector. Samples were run in duplicate on the HPLC and the column was regenerated daily with 0.1 M

Ca(N0 3)2. Ketoses showed the strongest tendency to shift retention time in the column. Fractionation

and NMR were used to check peak purity.

Conversion, selectivity, yield, and turn over frequency (TOF) are defined as follows:

Conversion Initial moles of reactant - Moles of reactant (4)
Initial moles of reactant

Selectivity = Moles of product - Initial moles of product (5)
Initial moles of reactant - Moles of reactant

Yield = Conversion * Selectivity (6)

Moles of product - Initial moles of product

Initial moles of reactant

TOF = Moles of converted (7)
Moles of Sn * Time

Characterization

Solution NMR was performed on a Varian Inova 500 MHz spectrometer with an Oxford Instruments

magnet and 5 mm double-resonance probe, which was tuned to 1H, ' 1B, and "C before use. Samples

were prepared at a sugar concentration of 0.05 g ml-1 in D20 using quartz NMR tubes. No correction was

made for an isotope effect on the ion product of water. The spinning frequency was 20 Hz. For "B 128

transients were taken and for 1C 1024 transients were taken. All 11B spectra were referenced using

boric acid (H 3BO 3, 19.6 ppm) as a secondary standard relative to boron trifluoride etherate (BF 3 EtO2).

Boric acid was used as an external standard for "B NMR since the chemical shift for free borate changes

with pH. A variable temperature study was also performed in 10 K increments between room

temperature and 343 K. 1C NMR was referenced with respect to the C-1 carbon of D-arabinose at 99.47

ppm as a secondary standard relative to 4,4-dimethyl-4-silapentane-1-sulphonic acid.

Raman spectra were acquired on a Kaiser RamanRXN1 spectrometer with a 784.807 nm exciting line

from an Invictus diode laser using a HPG-785 grating and a 20x microscope objective. For analysis, a

drop of sample was placed on a microscope slide coated with aluminum foil. Post-processing included

baseline removal and normalization of the largest peak to an intensity of 1.
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Optical rotation measurements were performed with a Jasco P-1010 polarimeter using the 589 nm

sodium D line at room temperature. After performing separate epimerizations of L-arabinose and D-

arabinose and separation of the products by HPLC, the ribose fraction was dried using a lyophilizer and

redissolved in D 20 (see Figure S38). The optical rotation was measured and used to calculate the specific

rotation based on the concentrations determined by HPLC using a power law calibration curve for dilute

samples. Solutions were prepared 24 h prior to measurement in order to allow the sugar conformers to

equilibrate.

1 19 Sn solid-state MAS NMR experiments were measured using an 8.46-T (1H, 360.336 MHz) Oxford wide

bore magnet and a home-built spectrometer (courtesy of Dr. David Ruben, FBML-MIT). Experiments

were performed using a 4-mm Otsuka Electronics MAS double-resonance probe, tuned to 119Sn.

Powdered samples were packed into 4 mm outside diameter (o.d.) ZrO 2 rotors equipped with Vespel

drive-caps and Kel-F top-caps with 0-ring seals. Dry samples were prepared by heating to 473 K under a

0.1 mbar vacuum and loading the NMR rotor in a glovebox. 119Sn spectra were acquired using a Hahn-

echo experiment, RD = 1.3*T1, 50 kHz vrf, 2-125 second recycle delays, a spinning frequency of Wr/2n =

9-10 kHz, and between 70 and 80k co-added transients at 295 K. All "Sn spectra were referenced with

respect to Sn0 2 at -604.3 ppm as an external standard relative to trimethyltin. A T1 curve was generated

to determine an appropriate relaxation time.

Contour plots were generated by fitting a surface to the experimental data using a linear scattered

interpolant, applying five cycles of 40 x 40 point surface convolution using a 3 x 3 matrix with a central

weight of 0.4, side weights of 0.1 and corner weights of 0.05, and then stretching this smoothed surface

to fit the data using nonlinear parameter fitting. This method avoided data over fitting, the introduction

of anomalous peaks due to cubic splines and the use of polynomial surface models which have unusual

behavior at the edges of the data. In order to maintain continuity between the sodium to borate and pH

plots the pH contour plots were obtained by a conformal mapping of the sodium to borate reactivity

surface using a separate pH surface response model. This was possible because reactivity varied

smoothly with sodium to borate ratio. Contour lines were determined using a default Origin Delaunay

triangulation with B-Spline curves.
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5.4 Results and discussion

Borates have found application in organic synthesis due to their ability to complex with cis-diols of

organic molecules.106 Thus, in the presence of borates, sugars in solution can exist as a free sugar, a one

boron one sugar molecular complex (BTL), a one boron two sugar molecular complex (B1L2) and/or a two

boron one sugar molecular complex (B )2L (see Figure 13). The ribose-borate complex is ca. 41 k/mol

more stable than the arabinose-borate complex.10 7 Previous studies have also shown that sugar-borate

complexes formed with tetrahedral borate are much stronger than those formed with trigonal borates

with complexation timescales considerably faster than those involved in the epimerization reactions.78

Borates in solution can exist in an uncharged trigonal form, a negatively charged tetrahedral form as

well as an intricate polyanionic mixture (see Figure 13). The nature of the borate speciation in solution is

a strong function of pH. For pH < 5 borate exists almost exclusively as boric acid H3BO3; for pH > 11 as

the tetraborate ion B(OH) 4~; and at intermediate pH values, as a complex mixture of trigonal borate (B),

tetrahedral borate (B-), and borate polyanions.108 Sodium tetraborate (the borate salt initially used in

the Sn-Beta/borate epimerization system) contains two neutral B and two negatively charged B~ species

counterbalanced by two sodium cations and, due to charge neutrality arguments, the fraction of

tetrahedral boron in solution is equal to the ratio of sodium to boron in the starting material. Thus

sodium tetraborate has a B-/B of 0.5 while, sodium metaborate has a B~/B of 1. Sodium metaborate

corresponds to boric acid fully titrated with sodium hydroxide (NaOH) into tetrahedral borate;

therefore, titration of boric acid with NaOH provides an effective method to control the B~/B ratio, and,

consequently, reaction pH.

OH OH OH OH
B-0i I 1 -BI B,.

HO OH HO' HI 10 O01I OH I HO
B(OH)3 B(OH)4  B2O(OH)5

OH OH 2 H

0-9I-O\O 0 f1  B0 B 001 10 ' 810, Ii -3N
IO I' -O O0, - O H OI%0B-O '10- 0

L OH HO OH L HLHO

830,(OH)4 B30(O1)i B401(OH)," BsO(OH)4

12.
1- -C-W OH

- .B-11 42 0 O---H O- - 0- 'OH - -0- O- -0, -OH
-C-O' 'OHlii~ II -10O

BL B'L BL (BL

Figure 13. Schematic representation of borate species in solution and borate-sugar complexes.

75



Table 8 and Figure 14 show the results of a full 7 x 4 x 4 factorial design involving pH, sugar to borate

ratio, and reaction time as reaction variables for the epimerization of arabinose to ribose. Experiments

were designed to facilitate comparison at constant B-/B and pH. In this chapter, low pH refers to values

lower than 7, near-neutral pH refers to values in the range of 7-7.8, and high pH refers to values of

higher than 7.8. In order to relate reactivity to the concentration of borate species, the fraction of BiL

and ~L 2 was determined with 11B NMR at room temperature (see Table S16 and Figure S43). A separate

variable temperature "B NMR study showed similar spectra up to 343 K with a shift toward monoester

at higher temperatures. The "B data show that the fraction of complexed borate increases steadily with

pH and that the ratio between mono and diester is almost constant across the pH spectrum.
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Table 8. Full factorial design involving pH, borate to sugar ratio and reaction time as reaction variables

for the epimerization of arabinose to ribose.

Entry Borate- B/B pH BL~ BL2  15 min 30 min 45 min 60 min
arabinose

C a b2 C C S1 S2 C 
a S2 c

[%] [%] [%] [%] [%] [% [%] [%] [%I [%] [%] [%J
1 1:01 0 3.75 0 0 11 11 24 14 22 27 17 27 26 18 31 26

2 0.23 6.5 0.05 0.12 31 73 5 39 71 4 44 64 5 48 60 5

3 0.41 6.97 0.15 0.26 31 87 3 40 78 2 45 75 2 49 69 4

4 0.5 7.21 0.19 0.31 28 91 3 34 89 4 37 85 4 39 85 5

5 0.64 7.5 0.24 0.38 18 65 1 27 46 1 26 59 1 29 52 1

6 1 8.37 0.38 0.46 4 7 2 3 12 5 5 9 2 9 6 1

7 0.5:1 0 3.93 0 0 7 5 20 9 17 26 11 22 26 14 25 24

8 0.22 6.51 0.06 0.13 24 64 6 30 61 8 33 55 9 35 49 8

9 0.45 7.02 0.15 0.29 30 82 3 36 77 4 39 76 5 42 69 5

10 0.5 7.11 0.16 0.33 31 84 3 35 81 4 38 80 5 41 75 6

11 0.74 7.49 0.23 0.46 30 65 1 37 60 1 41 60 2 43 58 2

12 1 8.37 0.3 0.59 12 52 2 14 56 3 17 47 3 18 49 2

13 0.4:1 0 3.98 0 0 10 13 28 13 22 29 15 27 28 19 30 25

14 0.21 6.5 0.05 0.11 22 66 8 27 60 11 30 55 12 32 52 13

15 0.45 6.97 0.15 0.3 31 72 3 37 70 3 41 63 4 45 57 4

16 0.5 7.1 0.16 0.34 29 80 3 33 80 4 37 75 5 39 73 6

17 0.78 7.5 0.24 0.5 27 70 3 33 73 3 37 69 3 40 67 4

18 1 7.88 0.3 0.59 14 69 2 16 72 4 19 70 3 18 82 4

19 1.1 8.37 0.31 0.64 9 72 4 12 67 5 16 62 5 17 56 6

20 0.2:1 0 4.1 0 0 9 15 29 14 26 30 17 31 27 20 33 24

21 0.21 6.5 0.15 0.29 19 47 11 24 43 13 26 43 15 29 42 15

22 0.46 6.99 0.15 0.29 20 59 3 25 62 4 28 57 5 30 56 6

23 0.5 7.09 0.16 0.33 26 70 4 29 69 6 31 66 7 33 60 8

24 0.8 7.5 0.26 0.48 24 75 2 30 75 4 33 74 4 34 75 4

25 1 7.83 0.28 0.59 22 67 3 27 67 4 30 69 5 34 64 5

26 1.1 8.38 0.32 0.64 21 71 4 25 71 5 27 75 6 31 64 6

27 0:01 na 4.51 na na 23 46 23 28 40 29 33 36 31 35 36 35

Reactions were performed at a 100:1 sugar-metal molar ratio with a 5 wt% arabinose feed at 343 K in a

stirred batch reactor using Sn-Beta with a Si/Sn of 96. B/B fraction is equal to the Na/B ratio used to

make the solutions. The fraction BL and BL2 represent the normalized "B NMR areas without

correction for different NMR transfer efficiencies.

a C refers to arabinose conversion.

b S1 refers to ribose selectivity.

c S2 refers to ribulose selectivity.
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Figure 14. Factorial design for the conversion of a 5 wt% arabinose solution at 343 K using Sn-Beta and a

borate co-catalyst. Reactions were performed at a 100:1 sugar-metal molar ratio with a 5 wt%

arabinose feed at 343 K in a stirred batch reactor, using Sn-Beta with a Si/Sn of 96.

The experimental data show that pH has a drastic effect on epimerization selectivity and reactivity. For a

solution featuring a 1:1 borate-a rabinose ratio, low pH values hindered epimerization pathways,

yielding low ribose selectivities <30%. In the presence of the borate additive, a conversion of 11% was

obtained at a pH of 3.75 after 15 min at 343 K, whereas in the absence of borates, a conversion of 23% is

achieved under similar reaction conditions, thus suggesting that borates slightly inhibit reactivity at low

pH values. Conversely, at near-neutral pH conditions ribose selectivities exceeding 50% were obtained,

reaching a maximum of 91% at a pH of 7.21. In the pH range of 6.5-7.5, high arabinose conversions

ranging from 18% to 32% were observed after 15 min. Note that the observed product distribution

contains ribose in excess of the amount predicted from the thermodynamic equilibrium, indicating that
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the equilibrium is shifted toward the epimer by preferential borate-ribose complexation. At high pH

values the reaction rate was drastically inhibited and the low ribose selectivity values obtained (<10%)

are not quantitative since the conversion measurements are within the error of the analytical method.

When the amount of borate is systematically decreased, the optimal pH to maximize epimerization

activity and selectivity gradually increases. For instance, using a 0.2:1 borate-arabinose ratio, a 27%

arabinose conversion with 75% selectivity to ribose is obtained at a pH of 8.38 after 45 min. These data

also demonstrate that epimerization pathways continue to dominate over isomerization pathways even

when substoichiometric amounts of borate are used. The low ribulose yield obtained with

substoichiometric borate suggests that borate inhibits isomerization even in the presence of free sugar

suggesting that the sugar borate complex is dynamic and could form preferentially in the pores of the

zeolite (see Figure S40). Control experiments and mass balances accounting for >98% of the carbon

exclude the possibility of low ribulose yields due to borate-ribulose complexation. These results suggest

that one borate molecule may influence the reactivity of many sugar molecules in a catalytic cycle or

that borate species remain inside the zeolite pores, potentially influencing the active site directly.

Borate ions are known to catalyze the isomerization of aldoses to ketoses in alkaline media.' 09 Control

experiments in the presence of borates but in the absence of Sn-Beta were performed to quantify the

extent of homogeneous isomerization. Table 9 shows results for reactions performed with 1:1 borate-

arabinose solutions. For all the pH values investigated, arabinose conversion never exceeded 1% even

after 120 min at 343 K. Reactions performed using a combination of Si-Beta and borate were also

unreactive.

Table 9. Control experiments for arabinose conversion in the presence of borates but in the absence of

Sn-Beta. Reactions were performed with a 5 wt% arabinose feed at 343 K in a stirred batch reactor.

Arabinose- B/B pH Conversion [%]
Borate

60 120
min min

1:01 0 3.75 <1 <1

0.23 6.5 <1 <1

0.41 6.97 <1 <1

0.64 7.5 <1 <1

1 8.37 <1 <1
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Figure 15 shows a series of contour plots mapping the dynamic arabinose conversion and ribose yield as

a function of pH ratio and borate-sugar ratio (see Figure S41 for ribulose study). Note that a near-linear

relationship exists between the NaOH-HB0 3 ratio and pH, which is characteristic of weak acid titrations

(see Figure S42). Ribose selectivity and arabinose conversion rates reached their maximum values in

near-neutral pH conditions and rapidly tailed off at either extremes of the NaOH-HBO 3 range

investigated, thus leading to the appearance of a sharp maximum in ribose yield in the contour plot. In

the range where maximum reactivity and selectivity is observed, the ratio of tetragonal to trigonal boron

species (i.e. B/B) is ca. -0.5. Diverting from this B/B ratio leads to sharp decreases in activity and

selectivity, possibly suggesting that both species are required to promote the epimerization pathway.

Note that tetragonal borate readily interacts with internal diols in the sugar backbone, whereas trigonal

borate can react with hydroxyl groups, such as those present in the Sn open site or in the silanols

present next to the Sn open site, via an sp3 d intermediate.105 The rate constant for arabinose conversion

in the presence of borate under acidic conditions is approximately half of that calculated in the absence

of borate, thus suggesting that while trigonal borate does not appreciably bind to arabinose it can inhibit

the reaction presumably by interacting with the Sn site. Additionally, the low ribulose selectivity and low

unaccounted carbon suggest the isomerization is virtually shut down at neutral pH conditions.

Consequently, borate binding may impact the binding of arabinose to the active site and alter

elementary steps involved in the hydride shift isomerization mechanism.30 Studies are currently

underway to determine if Sn-O-B are formed during the reaction.
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Figure 15. Contour plots as a function of borate to sugar ratio and pH at 60 minutes for: (a) arabinose

conversion, (b) ratio of ribose to ribulose selectivities (i.e., instantaneous selectivity of ribose), (c) ribose

selectivity, (d) ribulose selectivity, (e) ribose yield, (f) ribulose yield. The response surface lies the within

experimental error of all experimental points which are labeled with dots on the plot. Reactions were

performed at a 100:1 sugar-metal molar ratio with a 5 wt% arabinose feed at 343 K in a stirred batch

reactor, using Sn-Beta with a Si/Sn of 96.
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The mechanism for the Bilik reaction involves the formation of a rigid complex between three to four

hydroxyl groups of the sugar and a molybdate dimer.81b Since polyborates occur in near-neutral pH

conditions it is plausible that an analogous rigid complex could be formed between a borate dimer and

the sugar. Therefore, Raman spectroscopy was used to probe borate-containing solutions at different

pH values for the presence of polyborates. As shown in Figure 16, the resulting spectra clearly show

bands at 872 and 745 cm-1 corresponding to B(OH) 3 and B(OH) 4 species, respectively; however, no
108

evidence for polyborate species with a sharp maximum at near-neutral pH conditions was found.

Resonances corresponding to borate chains were less apparent likely because sugar complexation

affects their vibrational frequencies or because they are, in fact, a minor component in the solution. A

mechanism that requires polyborates would be difficult to rationalize in the context of steric effects

inside the pores of the zeolite and also in view of the carbon-shift epimerization recently observed with

Sn-Beta in methanol.
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Figure 16. Raman spectra for 5 wt% arabinose solutions with borate obtained at 298 K.

B NMR was used to further study the complete inhibition of isomerization and epimerization reactions

observed under basic conditions (see Figure S43 and Table S16). At high pH values, the formation of BL 2

complexes is slightly favored. We hypothesize that the B1 2 complexes formed within the pores may

cause pore blocking. Also, the B1 2 complexes also lack open B-0-H bonds, effectively decreasing the

number of available protons that may participate during key reaction steps, including ring-

opening/closing sequences and product desorption from the site.30' 11 Interestingly, Figure S43 shows a

"B resonance at 10.9 ppm in the BL 2 region that reaches a maximum as a function of pH for a given

borate-arabinose ratio. The pH value at which this maximum is observed increases as the borate-

arabinose ratio decreases. A compensation effect is seen wherein the fraction of the BL 2 species

increases in such a way that the ratio of BL2 to BL remains roughly constant with decreasing borate

loadings. Although the presence or absence of BL 2 complexes cannot fully explain the inhibition or
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promotion of reactivity, further studies are required to understand the role of hydroxyl species on

reactions rates.

Kinetic parameters were extracted for arabinose conversion under epimerization conditions. Prior to

acquiring reactivity data, an appropriate stirring speed was selected to avoid external intermolecular

mass transfer limitations, and a Madon-Boudart test was performed to rule out internal mass transfer

limitations. As shown in Figure 17 and Figure S44, the initial epimerization TOFs remained constant for

identical catalyst volumes with zeolites featuring Si/Sn ratios ranging from 98 to 367, thus showing the

absence of intra-pore diffusion artifacts at the reaction conditions of interest. Next, the reaction order

was determined by varying the feed concentration under differential conditions over a wide range of

concentrations (see Figure 18 and Figure S45). Turnover rates were determined by normalizing the

moles of arabinose converted by the total moles of Sn on each catalyst at conversion levels <15%. As

shown in Figure 18, arabinose epimerization follows first order kinetics, thus suggesting that sugar

coverage at the active site is low under the reaction conditions investigated. An Arrhenius plot was used

to calculate an apparent activation energy of 98 kJ/mol and pre-exponential factor of 1.9 x 1014 L mol

SnW s' for the epimerization reaction (see Figure 19, Table S17 and Figure S46). Ribose selectivity

remained high for all temperatures investigated, indicating that homogeneous side reactions were not

dominant. The amount of ribose formed from ribulose isomerization (i.e., 1,2 hydride-shift pathway)

with respect to that formed from arabinose epimerization (i.e., 1,2 carbon-shift pathway) was estimated

from 1C NMR data of reaction products obtained using [13C]arabinose feeds. A 5:1 arabinose-borate

solution reacted at pH 7.21 for 60 min yielded ca. 29% [ 13C 2]ribose C 1, 4% [13C1ribose, and 2%

[13C1ribulose. The ratio of [' 3 C]ribose to [13CJribulose is approximately equal to the isomerization

thermodynamic equilibrium value (see Figure S47 and Figure S48). The NMR data for reactions

performed with stoichiometric borate show that a similar product distribution is obtained to that of the

5:1 arabinose:borate case. Further, initial rate data show that the [1 3C2]ribose and the [13C1]ribulose

selectivity remains constant at low conversions, which is consistent with a reaction pathway that does

not involve ribulose as an intermediate (see Table S18). These data suggest that the observed arabinose

consumption corresponds predominantly to ribose production via the 1,2 carbon-shift epimerization

pathway.
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Figure 19. Arrhenius plot for first order epimerization and isomerization reactions with 1000:1 sugar-

metal. Epimerization reactions were performed with a 5 wt% arabinose 1:1 borate-a rabinose feed at pH

7.21 in a stirred batch reactor using Sn-Beta with a Si/Sn of 98. Isomerization was performed unbuffered

with 5 wt% arabinose.

Analogous kinetic experiments were performed in the absence of borate. An apparent activation energy

of 91 kJ/mol and a pre-exponential factor of 6.7 x 1012 L mol Sn 1 s1 were obtained for arabinose

isomerization (see Table S17 and Figure S49). These values are similar to the energy barriers previously

calculated for glucose.30 Thus, under optimal conditions, the epimerization rate constant at 343 K (0.23 L

mol Sn-1 s-1) is roughly twice that of the isomerization without borate (0.093 L mol Sn s1) and the

similarities between the isomerization and epimerization kinetics are consistent with a common

intermediate such as the open chain form of the sugar. The differences in rates are mostly associated

with differences in the pre-exponential factors. The higher pre-exponential factor observed for the

epimerization of borates may result from more favorable open vs. closed site distribution in the

presence of borate or due to a dual Lewis acid activation wherein borate contributes to spatially arrange

the sugar in a more desirable configuration near the active site.

Optical rotation measurements demonstrated the stereospecific nature of the epimerization reaction.

The specific rotation of a sugar varies with solvent and borate concentration, and requires time to

equilibrate, making it difficult to determine an enantiomeric excess."' Optical rotation results shown in

Table 10, confirm the stereospecific nature of the epimerization reaction using Sn-Beta in conjunction

with borate salts.
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Table 10. Optical rotation measurement used to assess stereospecificity.

Carbohydrate a [ct]o
Literature D-ribose112  -18.8 to -23.7

Literature L-ribose112  18.7-24.0

Ribose from D-arabinose -14

Ribose from L-arabinose 21
a Literature values are at 274 K while
experimental values are at 298 K.

5.5 Conclusion

A full 7 x 4 x 4 factorial experimental design for NaOH-HBO 3 (i.e., pH), sugar to borate ratio, and

reaction time facilitated optimization of ribose production and showed that low pH values favored

isomerization pathways, near-neutral pH values favored epimerization pathways and high pH values

inhibited both epimerization and isomerization. Optimal pH values ranging from 7.0 to 7.5 and high

borate to sugar ratios were found to promote borate complexation with the sugar, effectively

decreasing the concentration of free arabinose and promoting epimerization via a 1,2 carbon-shift

mechanism. Importantly, 1,2 carbon-shift epimerization products dominated most product distributions

even when using substoichiometric amounts of borate, thus suggesting a potential interaction of borate

species with the active site that inhibits isomerization pathways. Reactivity and 11B NMR

characterization data showed that although the fraction of complexed sugar (B L and B~L 2 ) increases

with pH, reactivity declines at high pH values, thus indicating that the fraction of complexed borate is

not a sufficient descriptor of reactivity. The maximum in reactivity as a function of pH is consistent with

both charged and uncharged borates partitioning into the zeolite and participating in the reaction. The

Sn-Beta/borate system shows high epimerization activity at low temperature following a first order rate

law over a wide temperature range. Optical rotation measurements confirmed the stereospecific nature

of the epimerization reaction. The isolated Lewis acid sites inside the hydrophobic zeolite present an

interesting opportunity to study the Sn-borate catalytic pair and the unusual C-C bond-forming and

bond-breaking events it promotes. Future studies are geared at understanding the nature of the borate

interaction with the active site.
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6 Mechanistic implications of a novel tin borate nanostructure on

the epimerization of glucose with Sn-Beta zeolite

6.1 Abstract

Sn-Beta zeolite with sodium tetraborate cooperatively catalyzes the epimerization of aldoses via an

intramolecular 1,2 carbon shift mechanism. The present work describes a detailed mechanistic study

using nuclear magnetic resonance spectroscopy to probe the structure of the glucose-borate-tin

complex formed within the zeolite and provide evidence for the pseudocatalytic behavior of borate. The

reaction can occur via a Bilik-type mechanism or a retro-Aldol/Aldol addition sequence. Deuterium

labeling experiments showed that the deuterium was retained on the same carbon before and after the

carbon shift reaction. Reactions performed with sugars deoxygenated at various C positions

demonstrated the importance of oxygens at C-1, C-2 and C-3. The absence of a secondary kinetic isotope

effect for a [3-2H]glucose showed that C-3 does not undergo sp3 to sp 2 hybridization, which would have

been characteristic of a retro-Aldol reaction. In order to identify which chemical functionality was

effecting this transformation, NMR proximity measurements were performed. 13C{1 B} rotational-echo

double-resonance (REDOR) NMR showed that borate was bound to C-1 and C-2 of glucose and "B{"C}

REDOR revealed that the borate complexed to the tin site is tetrahedral. 13C{119Sn} REDOR indicated that

in the presence of borate, either glucose C-1, C-2, and C-3 are closest to the Sn site or that a higher

fraction of glucose is bound to Sn. 2D 13C- 13C radio frequency-driven recoupling (RFDR) NMR showed

that glucose was present in the pyranose form. The structure reveals how borate could bring C-1 close

enough to C-3 in the presence of the Sn to facilitate bond migration. Based on this information and

additional computational analysis, it was possible to determine the structure of the glucose-borate-tin

complex at the active site, further supporting a concerted Bilik-type epimerization reaction involving the

Sn and borate.

6.2 Introduction

Pure silica zeolites containing isolated metal atoms have recently emerged as a new class of water-

tolerant Lewis acid catalysts capable of activating carbonyl groups." The hydrophobic pores of these

molecular sieves exclude bulk water similar to certain pockets within enzymes and the metal atoms

function analogously to enzyme cofactors. In particular, Beta zeolites have a 3D intersecting pore

structure with large 0.65-nm pores that facilitate small molecule transport to internal catalytic sites
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within the large surface area. These atomically dispersed metal catalytic sites incorporate into the

crystalline framework of the zeolite and are tetrahedrally coordinated under dehydrated conditions, but

adopt a pseudo-octahedral geometry upon the adsorption of two water molecules. The key to unique

catalytic activity is the ability to hydrolyze one of the four metal-O-Si bonds of the framework that are

normally intact to form an open site. This results in a dual Lewis acid/base character, which is useful for

cooperative catalysis. By contrast, extraframework metal oxide species form an octahedral geometry

and display very different catalytic activity. Several methods are available to distinguish between

framework and extraframework sites, including dynamic nuclear polarization (DNP) NMR and pyridine

adsorption. 4 2 These methods utilize solid-state NMR (ssNMR) to interrogate metal atoms within zeolite

pores where surface characterization techniques would fail.

The water-tolerant Sn-beta zeolite is an effective catalyst for the conversion of glucose to fructose.l2b

One way to modify the properties of the Sn active site in the hydrophobic zeolite is through the

incorporation of a sodium tetraborate (STB) promoter. This enables cooperative catalysis and tuning of

the product distribution. Borate is known to interact with cis-diols such as those present in sugar

molecules and, similar to sulfated zirconia, borate can also interact with catalysts to form borated

14
zirconia, titania and stannia. Additionally, borate can interact with silica surfaces such as SBA-15. Given

that boron has a single bond radii of 0.85 A compared to 1.16 A for Si, borate may fit in the Sn-Beta open

site in a manner analogous to complexation with cis-diols. As such, borate can promote stronger

complexation and alter the geometry of reactant adsorption, potentially leading to different reaction

pathways. In the borate-promoted Sn-Beta catalyst, boron, silicon and Sn are positioned at the metal-

nonmetal boundary and are known to be active in C-C bond forming reactions, which are important in

catalysis. They also have increasing electronegativity in the order Sn<Si<B, suggesting that the

incorporation of borate may improve the Lewis acidity of the metal active site. Thus, these elements are

natural choices for a catalyst and promoter pair. 7

The ability of boron to expand its coordination shell from trivalent to tetravalent allows it to temporarily

form and break bonds to the reactant and catalyst active site. Boron has three valence electrons (2s 2 2p')

which can form a trigonal planar sp2 hybrid, such as B(OH) 3.This structure is stabilized by electron

donation from the filled oxygen pz orbitals to the unfilled 2p, orbital on the boron through the n-bonding

framework. However, in this structure, boron is electron deficient (6 shared electrons, unsatisfied octet)

and therefore acts as a Lewis acid. Addition of an electron donor to this structure leads to a negatively
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charged tetrahedral anion with sp3 hybridization. Borate is known to catalyze Aldol reactions through

tight 6-membered transition states and can also undergo addition with itself to form rigid structures

that potentially facilitate more complex reactions.' 6

Previous work showed that Sn-Beta zeolites with STB catalyzed the epimerization of carbohydrates in

aqueous media through an intramolecular carbon shift. 13 Specifically, addition of STB to the Sn-Beta-

catalyzed conversion of glucose flipped the product distribution from fructose to mannose and

conversion to mannose occurs through an unusual 1,2 C-C bond shift reaction. Glucose conversion to

fructose however occurs through a 1,2 hydride shift isomerization reaction. A full factorial experimental

design provided additional insight into the catalytic consequences of varying key reaction parameters

such as pH and borate loading.50 Isomerization occurs under acidic conditions, epimerization dominates

under near-neutral conditions, and inhibition of both pathways occurs under basic conditions. The

dominance of epimerization over isomerization with substoichiometric borate suggests that borate acts

pseudo-catalytically, potentially through esterification of the Sn open site.

In general, the treatment of certain ct-hydroxy aldehydes and ketones with a base or Br0nsted or Lewis

acid can lead to a number of 1,2 carbon bond shift reactions, which result in an isomeric product. This

1,2 rearrangement is classified based on the specific type of substrate or reaction conditions used. For

example, an acid-catalyzed transformation of 1,2-diols to ketones or aldehydes via this unusual bond

migration is referred to as the pinacol rearrangement." 4 Several variations on pinacol-type

rearrangement reactions have been described in which the bond migration is driven by different vicinal

electrophilic carbon centers to produce a carbonyl group. Relevant to this work is the rearrangement of

c-hydroxy ketones, which is referred to as either an acyloin or ct-ketol rearrangement. In its most basic

sense, an a-ketol rearrangement involves the 1,2 C-C bond migration toward the electrophilic carbonyl

carbon center. When a rigid complex with molybdic acid catalyzes this ct-ketol transformation, the

reaction is more specifically known as the Bilik reaction.85b

Another mechanism for the 1,2 C-C shift is a retro-Aldol/Aldol addition sequence involving formation of

an enol intermediate. An enol and carbonyl can form a C-C bond through an Aldol reaction. Enols are

typically trapped through the addition of boron, lithium or trimethylsilyl (TMS) groups. Specifically,

boron enolates can form tight six membered transition states that lead to stereoselective Aldol

products. The use of silyl enol ethers in Aldol reactions with Lewis acid catalysis is known as the
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Mukaiyama Aldol reaction, which proceeds through an open transition state and has less

stereoselectivity. 5

The present mechanistic study utilizes rotational-echo double-resonance (REDOR) NMR to characterize

active sites within the porous Sn-Beta zeolite in order to develop molecular level understanding of how

borate interacts with Sn-Beta. REDOR NMR is a ssNMR-based technique that measures the proximity of

isolated spin pairs, typically up to 6 A. In ssNMR, magic angle spinning (MAS) mimics the molecular

motion in liquids and averages out the dipolar interaction. Synchronizing a pulse sequence with rotor

rotation can, however, selectively reintroduce the dipolar interaction between nuclei under MAS. This

allows for the transfer of spin polarization from the observed nuclei to neighboring atoms and the

resultant dipolar interaction is inversely proportional to the cube of the distance between the nuclei. For

isolated spin pairs, it is possible to fit accurate distances that can be used to infer the structure of an

active site complex such as glucose-borate-Sn. Here, structural data from REDOR NMR together with

kinetic analyses provided an accurate description of the epimerization mechanism for the Sn-Beta-

catalyzed conversion of glucose to mannose. Additionally, density functional theory (DFT) calculations

were performed to show that borate binding to the Sn site is energetically favorable, which is consistent

with borate acting pseudocatalytically. DFT confirmed that borate can bind through esterification to the

Sn open site and may alter adsorption geometry. These data together support a concerted Bilik-type

mechanism for the borate promoted Sn-Beta catalyzed reaction system.

6.3 Results

While a 1,2 bond migration occurs in the sodium tetraborate promoted Sn-Beta catalyzed conversion of

aldoses, the C-3 center stereochemistry remains unchanged, which is characteristic of a limited set of

stereospecific carbon shift mechanisms.50 The reaction can proceed through a two-step mechanism

involving consecutive retro-Aldol/Aldol reactions or a concerted c-ketol rearrangement. The retro-

Aldol/Aldol sequence can start from two different conformations. In the first, no reorientation is

necessary whereas the second conformation requires rotation and translation to the opposite side, thus

making this second conformation less likely.

In the context of molybdic acid-catalyzed epimerization of aldoses, a concerted ct-ketol rearrangement is

known as the Bilik reaction. The Bilik reaction applies to aldoses containing at least 4 carbons and

requires 3-4 Mo-O-C bonds with C-1 through C-4 in the sugar .5 Similar to the 1,2 hydride transfer for
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the conversion of glucose to fructose with Sn-Beta, a Bilik reaction involves a C-2 atom behaving as a

nucleophile and migrating with the remainder of the sugar backbone to the electrophilic C-1 center. The

Bilik reaction must proceed in a mild acidic solution and leads to an equilibrium mixture of epimeric

aldoses without production of the complementary ketose. Vlachos et al. suggested that isomerization

and the Bilik reaction comprise glucose coordinating via oxygen 1 and 2 to the Sn center.16 The

concerted a-ketol arrangement maintains stereochemistry as clearly shown in Figure 20.
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Figure 20. Epimerization mechanism with retention of stereochemistry at C-3.

Both of these mechanisms are known to occur in nature."' The catalyzed conversion of acetohydroxy

acids into methyl-branched dihydroxy acids proceeds via a-ketol rearrangement, whereas the L-

ribulose-5-phosphate-4-epimerase reaction and bacterial class I aldolases includes a retroaldol-aldol

mechanism. Another example of this transformation is the deoxyxylulose phosphate pathway, though
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which of the two mechanisms actually occurs is not definitively known. These reactions often involve a

divalent cation acting as a Lewis acid. In enzymes, acid and base functionalities are provided by carefully

placed acidic and basic amino acid residues. In the context of Sn-Beta, the acid and base functionalities

could result from the Sn-Beta open site or soft enolization.l' '

One way to distinguish between a retro-Aldol/Aldol versus Bilik mechanism is to look for the formation

of an enol intermediate, which is consistent with a retro-Aldol/Aldol sequence. Direct spectroscopic

detection of enols is difficult due to the low reactant concentration and position within the zeolite

pores. As an alternative, a deuterium labeling approach can be applied to indirectly detect enol

intermediates since the formation of enols is often associated with loss of deuterium. However, a

careful analysis of the reaction pathways shown in Figure 20 indicates that in a special case, loss of

deuterium is not required for enol formation through the retro-Aldol/Aldol sequence when C-3 is a

leaving group. If the enol species is long-lived and undergoes keto-enol tautomerization, then it is

possible that the deuterium is instead exchanged. In order to determine whether the epimerization

reaction potentially passes through an enol, glucose labeled in position 2 with deuterium was used.

Epimerization of D-[2- 13C;2- 2H]glucose, fractionation of the products and 13C NMR showed the mannose

reaction product retained the deuterium at the labeled carbon, indicating that the reaction likely does

not involve the formation of an enol. Retention of deuterium also showed that a hydride transfer did not

occur. Given that these experiments did not clearly differentiate between the retro-Aldol/Aldol versus

Bilik reaction, another set of analyses was subsequently performed.

Kinetic isotope effects can provide a more direct approach to distinguish between these two

mechanisms. A kinetic isotope effect measures the change in the chemical reaction rate upon

substituting one of the atoms in the reactant molecule with one of its isotope. There are two types of

kinetic isotope effect. Primary kinetic isotope effects result from breaking a bond directly to the labeled

atom, whereas secondary kinetic isotope effects result from a labeled atom bound to the atom

undergoing bond formation/breakage. The 2-fold increase in mass moving from a H to 2 H leads to much

larger effects and can produce a 10-20% change in the rate depending on the hybridization of the

carbon to which the deuterium is bound. In the Bilik mechanism, C-3 remains at sp 3 hybridization

throughout and would not exhibit a kinetic isotope effect. In the retro-Aldol/Adol addition sequence, C-3

undergoes sp 3 to sp 2 rehybridization during the retro-Aldol step and sp 2 to sp 3 rehybridization in the

subsequent Aldol step. For [3- 2H]glucose, the retro-Aldol step would lead to a normal kinetic isotope
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effect while the Aldol step would lead to an inverse kinetic isotope effect in which the rate increases

upon deuterium substitution. However, these two opposing effects would likely not cancel but the rate-

determining step would dominant. By virtue of being intermediates, the fragments are at a higher

energy than the nearly energetically equivalent reactant and product and the Aldol sequence would not

be rate limiting.

A 50:50 mixture of glucose and [3-2 H]glucose was reacted to 20% conversion with STB promoted Sn-

Beta to determine if the C-3 undergoes sp 3 to sp2 rehybridization due to the retro-Aldol reaction. In the

proposed retro-Aldol reaction, deuterium would slow the conversion of [3- 2 H]glucose relative to

unlabeled glucose leading to a deuterium-enriched glucose mixture. Isotopic enrichment was measured

using HPLC fractionation, lyophilization, derivatization and GC-MS. The derivatization reagent and

fragment ions were chosen based on published work involving the use of GC-MS to characterize glucose

deuterium enrichment. 8 As shown in Figure 21, glucose deuterium enrichments before and after the

epimerization reaction were identical. By contrast, analogous experiments performed with enzymes

have shown a significant 10-19% kinetic isotope effect for a retro-Aldol/Aldol sequence.1" Even

accounting for the 20% conversion, the measured deuterium enrichment is still significantly less than

the expected kinetic isotope effect for a retro-Aldol/Aldol sequence. These results are therefore

consistent with the Bilik mechanism but not the retro-Aldol/Aldol sequence.

Bilik rearrangement Expected 2H secondary KIE

HO R R R H

H*O DCDH DA H H_ HH

H - 0

H H H--0 0- -H H" H
OH

H H
sp3  sp 3  sp3

retro-Aldol/Aldol rearrangement 1

H R R H
R\ D I,

D %H C IH HO OH
C H ' OH D C 1.018

H 'H OH HO H H 0
OH 0-H OH

sp3  sp 2  sp3

Figure 21. Competitive kinetic isotope study.
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Table 11. Results from competative kinetic isotope study using aldonitrile pentapropionate derivatives
and GC-MS.

Sample Fraction unlabeled glucose
m/z 284 m/z 370

Before reaction Average 0.486 0.503
Standard deviation 0.003 0.001

After reaction Average 0.486 0.502
Standard deviation 0.002 0.001

Substrate specificity

Experiments with deoxygenated sugars showed that the C-1, C-2 and C-3 oxygen atoms were essential

for the epimerization to happen selectively. In tandem, reactions performed using singly deoxygenated

sugars showed which hydroxyls are necessary for the epimerization to happen selectively. C-2 deoxy

proceeded through an uncharacterized reaction with borate. 3-deoxy-D-glucose does not lead to

epimerization but 4-deoxy-D-glucose does epimerize, illustrating the importance of hydroxyls at C-3. In

the Bilik reaction C-3 deoxy glucose or mannose leads irreversibly to the 3-deoxy-fructose. 120 The

reverse reaction does not occur since C-1 of the ketose lies outside the ring preventing the formation of

a rigid complex with the hydroxyl groups at C-1 and C-2. In the Bilik epimerization, 4-deoxy-glucose

shows reduced epimerization activity, and the small amount of activity observed may invoke

complexation with the C-5 hydroxyl.85

Recently, Bermejo-Deval et al. demonstrated that Sn-Beta in a saturated NaCl solution can catalyze the

slow epimerization of glucose via a mechanism similar to the Bilik reaction, which involved retention of

the deuterium.1 8a The rate of our sodium tetraborate promoted Sn-Beta catalyzed reaction is more than

an order of magnitude faster than the Sn-Beta saturated NaCl reaction rate. Taken together, these

results support a similar Bilik-type mechanism in our STB promoted Sn-Beta system but with a different

catalytic functionality effecting these transformations as compared to the NaCl Sn-Beta system.

Structural Characterization

Having gained insight into the reaction mechanism, it is informative to next determine which catalytic

functions are effecting the transformations described above. This study focused on the mechanistic

implications of a novel Sn-O-B nanostructure on the epimerization of glucose with Sn-Beta zeolite. As

one of the possible mechanisms, the Bilik reaction requires 4 metal-O-C bonds, which creates a rigid

complex that facilitates the concerted C-C bond shift. Three oxygens are required but four can be used.
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A similar C-C bond shift mechanism may occur for the borate system and we sought to determine the

glucose-borate-Sn structure, specifically if it contains four metal-O-C bonds. It is possible that glucose

forms a rigid structure with the borate and Sn site similar to that formed by molybdic acid in the Bilik

epimerization reaction.

For the Sn-Beta/borate system, solid state 13C and 11B NMR spectroscopy revealed that the sugar-borate

complex exists inside the pores of the zeolite. 24' Figure 22 shows a proposed adsorption complex

involving borate binding to the Sn-Beta open site as it would to the glucose C-1 and C-2 cis diol. The

rigidity of this structure may place strain on bonds similar to the rigid molybdic acid complex in the Bilik

reaction. Preliminary DFT structure optimization indicated that the sodium cation balancing the

tetrahedral borate situates itself inside a 5-membered ring defined by the Sn and B. While the 1,2

carbon shift likely occurs in a transitory open chain form, the proposed adsorbed structure shows how

borate could bring C-1 close enough to C-3 in the presence of the Sn to facilitate the bond migration.

The borate can block the Sn open site hydroxyl and therefore inhibit the isomerization pathway.116

Additionally, hydroxyl deprotonation can form a bound alkoxide with increased electron density at the

carbon center, potentially facilitating this rearrangement. Simplified representations of the proximity

measurements used to define the structure appear on the right in Figure 22.
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Figure 22. DFT based hypothetical structure of glucose-borate-tin complex featuring Sn-O-B-0-Si

nanostructure and proximity measurements used to 'triangulate' the structure.

Based on the proposed structure of the borate-Sn-glucose complex, a potential explanation for the

observed stereochemistry is as follows. The borate could hold the C-1 to C-2 enol fragment to prevent it

from rotating such that only one face is accessible to a molecule bound at the Sn site. Additionally,

binding of the C-3 aldehyde fragment to the Sn site may restrict rotation of its carbonyl group. In order

for this stereochemistry to be valid, sugars with different C-3 stereocenters must be in the open chain

form. Alternatively, Sn can bridge the C-1 and C-3 oxygens and is known to catalyze a retro-Aldol

fragmentation wit this geometry. 1 Within this proposed structure, species including both the borate

and glucose may dissociate through hydrolysis of the ester bonds. The ability of the borate to remain at

the active site may explain its pseudo-catalytic behavior. A number of other promoted active sites are

known, including phosphorus-promoted ZSM-5, which is important in fluid catalytic cracking.

13C{"B} REDOR performed on all six singly 1
3C-labeled glucose molecules inside the Sn-Beta zeolite

showed borate was bound to positions C-1 and C-2 but not C-3, C-4, C-5 and C-6.
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In the isomerization hydride transfer mechanism, the Sn interacts with C-1 and C-2, which may not be

possible with borate. In its most basic sense, REDOR involves siphoning off spin polarization on the

observed nucleus into the dephased nucleus and measuring the decreased intensity of the observed

nucleus. A caveat to consider when using REDOR is that distance fitting only works with an isolated spin

pair. For NMR correlation, proximity presents anotherlimitation because dipolar coupling scales as the

inverse cube of the distance between nuclei. Furthermore, coupling maxes out at 9 A for 1H-1H

interactions.

Based on the REDOR curves, the distance between C-1/C-2 and boron was found to be 2.5 0.1 A, the

distance between C-3/C-4 and boron was 4.2 0.15 A and the distance between C-5/C-6 and boron was

5.1 0.3 A. "-B{' 3C} REDOR showed the complexed borate was tetrahedral.
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To extend on this concept and determine how borate affects reactant complexation, 13C{ 119Sn} REDOR

was performed as illustrated in Figure 25. The largest decrease in intensity occurs for glucose C-1,

indicating it is the closest carbon to the Sn. C-2 and C-3 are also nearby while C-5 is far away. Glucose

borate complex, which is not near a Sn, does not exhibit an intensity decrease and thus fitting a distance

requires the fraction of bound complexes. The larger decrease in intensity observed with borate

compared to free glucose could result from closer glucose binding or from a higher fraction of glucose

bound to the Sn site.
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Figure 25. 13C{ 1"9Sn} REDOR ssNMR curves show that C-1, C-2 and C-3 are

glucose adsorption is stronger with borate.
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closest to the Sn site and that

As shown in Figure 26, 11C-
13C RFDR spectra revealed a C-1 to C-5 cross peak appearing at short mixing

times. This is consistent with the majority of the sugar being present in the pyranose form in the zeolite.
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As shown in Figure 27, 119Sn ssNMR of dry Sn-Beta showed new resonances on addition of borate,

confirming sodium tetraborate-Sn interactions and the relatively sharp resonances are consistent with a

Sn-O-B-0-Si nanostructure.
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6.4 Conclusion

Lewis acids catalyze many industrially relevant reactions and the ability to perform Lewis acid catalysis

heterogeneously and in the presence of water holds great potential. A current challenge in catalysis is to

create nanostructured active sites to mimic the highly selective behavior of enzymes. Many enzymes

activate carbonyls when two Lewis acid sites are in close proximity. By analogy, when two Lewis acid

sites are tethered together, dramatic rate enhancement has been observed.4 Many studies thus far have

focused on utilizing unmodified zeolites, but a number of advances towards cooperative catalysis with

the application of multi-component systems. Evidence suggests that promoter incorporation can

enhance reactant complexation, alter adsorption geometry, and lead to different pathways.

Previous work has shown that sodium borate promoted Sn-Beta can catalyze the epimerization of

aldoses in a manner analogous to enzymes."' In the borate Sn-Beta system, epimerization proceeds

through an unusual C-C bond shift reaction that is similar to the Bilik reaction or retro-Aldol/Aldol

addition sequence. This work describes a detailed mechanistic study that seeks to address how borate

promoted Sn-Beta can enable aldose epimerization. The observation of enolization and kinetic

experiments with deoxygenated and deuterated sugars support a retro-Aldol/Aldol addition. Initially,

borate is bound to C-1 and C-2 of glucose and brings C-1, C-2, and C-3 close to the Sn site, which

facilitates bond rearrangement. The pseudocatalytic behavior of borate likely results from esterification

to the open Sn site, such that stereochemistry within the molecule is preserved. Many different

promoters may be incorporated within Sn-Beta to function over a wide pH range and, in general,

components within this system may be interchanged to provide finer tuning of product distribution. The

production of these advanced catalytic materials with molecular control over the placement of single

and multicomponent active sites allows for highly selective chemical transformations.

Lewis acids are more diverse than Br0nsted acids and this diversity offers the ability to develop highly

selective processes through the incorporation of different promoters. Aside from borate, other sugar

complexing agents such as silicate, vanadate, germinate, arsenite, molybdate and aluminate could

provide a series of promoters that function across the pH spectrum. For example, molybdate forms

reversible complexes under acidic conditions and borate does so under neutral conditions. 8a In addition

to the complexing agents, other cations such as Cs, which displays basic properties, could be used to

replace sodium. In general, the ability to form nanostructures at the open sites of zeolites provides a

rich combination of the metal, promoter anion and counter-balancing cation in order to tailor the active
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site. Additionally, the presence of two components in close proximity may allow a reactant to bind to

one site while the other site facilitates a reaction further away.
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7 Concluding Remarks and Future Directions

Catalysts play an important role in many chemical processes, ranging from petrochemical conversions to

oxygenate valorization. Zeolite catalysis in particular has found numerous applications in high-

temperature gas phase reactions. For example, the use of acidic zeolites in place of non-structured clays

for the catalytic cracking of oil can minimize the formation of coke.m The gradual shift from coal to oil

and natural gas feedstocks has driven many advances within the field of catalysis, including the catalytic

conversion of oxygenates. Relevant to this work are the development of the TS-1 catalyst and

hydrophobic zeolites. Lewis acid catalysis typically necessitates strictly anhydrous conditions, but the

development of hydrophobic zeolites has removed this constraint. One important example is the Sn-

Beta zeolite, which shows similar performance to enzymes in the isomerization of glucose to fructose

but is also much more stable.12b Since glucose to fructose conversion is a large bio-catalytic process, the

application of Sn-Beta could conceivably improve the economics of high-fructose corn syrup production.

At the present time, oxygenate processing offers a host of new opportunities and challenges. The

catalytic technology required to convert oxygenates into many chemical precursors and molecules with

beneficial blending properties for fuels is not fully developed. Specifically, C-C bond forming reactions

such as Aldol and formose chemistry are needed to upgrade short chain molecules into fungible fuels. A

current challenge in catalysis is to create nanostructured active sites to mimic the behavior of enzymes

in these types of reactions. Many enzymes activate carbonyls when two Lewis acid sites are in close

proximity. By analogy, when two Lewis acid sites are tethered together, dramatic rate enhancement has

been observed in MPV and Michael additions. 4 Much work thus far has focused on utilizing unmodified

zeolites, but there is great potential for cooperative catalysis with the application of multi-component

systems. Evidence suggests that promoters can enhance reactant complexation, alter adsorption

geometry, and lead to different pathways. Within zeolite catalysis, significant research has been

conducted on Al-substituted Bronsted acid zeolites, while comparatively little has been performed on

other Lewis acidic heteroatom substitutions. As such, there is substantial room for improvement.

Another active area of catalysis research encompasses the development of methods to characterize

reactions inside zeolites. Methods are also required to verify framework incorporation of metal sites.

There are several techniques to characterize zeolites, such as solid-state NMR (ssNMR), infrared

spectroscopy, and synchrotron-based analyses, but they each have their own limitations. Thus, there is

significant room for method development.
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Chemical functionalities may be rationally placed at an active site to generate high degrees of catalytic

activity and selectivity. This process requires atomic level understanding of structure-activity relations,

which may be achieved through the combined application of synthesis and spectroscopy. One type of

hydrophobic zeolites is Sn-Beta zeolite, which shows unique catalytic activity in a wide range of

reactions due to its open site and consequent dual acid/base character.116 Modifying Sn-Beta with

promoters may further allow the selective activation of functional groups, which is important for

oxygenate conversions containing complex mixtures.

The goal of this thesis was to develop molecular level understanding of Lewis acid sites within

hydrophobic zeolites and to tailor those sites for directing reactivity. Spectroscopy and mechanistic

studies were performed to characterize the active sites. Additionally, Lewis acid sites were tailored

through the application of promoters and the resultant changes in reactivity were assessed through

kinetic measurements. This thesis focused on the fluoride-synthesized Beta zeolites substituted with

transition and post-transition metal heteroatoms and established ssNMR-based methods for their

characterization. The reactions and promoters discussed within this work encompassed the conversion

of oxygenates in water and cis-diol complexing agents, respectively.

The use of DNP ssNMR resulted in improved 119Sn NMR sensitivity and enabled analysis of natural

abundance Sn-Beta in order to distinguish framework and extraframework Sn sites. Subsequent studies

described a general method to distinguish Sn site configurations using the 15N chemical shift of the

probe molecule pyridine. The pyridine chemical shift also provided a measure of Lewis acid strength that

correlated with electronegativity and was equally applicable under dehydrated and hydrated conditions.

Through the application of single pulse ssNMR, it was also possible to assess the number of framework

metal sites in the presence of extraframework metal oxides. With these characterization tools, a

molecular level understanding of Sn-Beta zeolites was developed and further studies using promoters to

modify the metal active sites were performed. Sodium tetraborate-promoted Sn-Beta was shown to

cooperatively catalyze the epimerization of aldoses via an unusual 1,2 carbon shift reaction. By contrast,

Sn-Beta alone catalyzed a 1,2 hydride transfer isomerization reaction. Kinetic experiments then showed

that isomerization occurred under acidic conditions, epimerization dominated under neutral conditions,

and inhibition of both processes occurred under basic conditions. Furthermore, epimerization remained

dominant with substoichimetric borate, indicating that one borate could influence the reactivity of
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multiple aldoses and potentially interact with the active site directly. Using NMR proximity

measurements, it was ultimately possible to determine the structure of the glucose-borate-tin complex

at the active site, which supported a Bilik-type epimerization reaction.

7.1 Future work

Spectroscopic characterization of zeolites

Since DNP NMR provides improved sensitivity that may lead to informative multidimensional

experiments, a natural extension of the Sn DNP work is to investigate interactions of molecules with the

Lewis acid sites. However, the tetrachloroethane solvent used in this study is very nonpolar and may not

dissolve oxygenates. As such, other solvents that form a glass at cryogenic temperatures and do not

interact with the Sn site are of interest. For aqueous reactions, a mixture of water and the chemical of

interest as the cryoprotectant may work. Preliminary experiments with glycerol/H 20/Sn-Beta have

shown consistently high enhancements. In addition, hydrated conditions likely allowed protons to

closely approach the active site, thereby boosting the polarization transfer efficiency.

Direct DNP may provide sufficient localized signal enhancement to observe long-lived reaction

intermediates on the surface of a catalyst. Using radicals that enter the pores but do not interact with

the Lewis acid sites or doping the samples with paramagnetic metals containing unpaired electrons such

as gadolinium may facilitate direct and solvent free DNP.

DNP also opens up other methods to distinguish framework and extraframework sites. NMR has

provided significant insight into the Sn-Beta zeolite owing to the spin Y2 
119Sn, but limited work has been

done on analogous quadrupolar catalysts. For over 63% of the elements, the only NMR active isotopes

are quadrupolar, which leads to broad spectra and poor cross polarization efficiencies. For low to

moderately quadrupolar nuclei, DNP can compensate for the low sensitivity of multiquantum (MQ) MAS

experiments, which can remove second-order quadrupolar broadening. For highly quadrupolar nuclei

such as Zr and Hf, calcining the zeolite in a 170 atmosphere and performing ssNMR may facilitate an

indirect characterization of framework incorporation via bridging metal-O-Si bonds.

In terms of locating the framework metal sites, Brouwer and Levitt previously showed that it was

possible to determine crystallographic sites using 2D 29Si NMR.124 Additional work has been conducted

on symmetry-based recoupling methods. However, the gyromagnetic ratio for 29Si limits dipolar coupling
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to 5 A. A potential solution to determine the crystallographic location of heteroatom substitution could

be to couple a 2Si-29Si 2D with a heteroatom in a 3D experiment. Such a technique may provide an

alternative to synchrotron-based techniques.

By nature, NMR selectively displays active sites with an attached pyridine, which may not give a

complete representation of competitive adsorption with water. Therefore, the effects of water are

inferred mainly from changes in the 15N chemical shift. Quantifying the loading of pyridine under

hydrated conditions may be informative. Additionally, it may be useful to study the kinetics and

activation barrier of water adsorption from the variation in D 2 0 line width with changing temperatures.

The work presented here focused on pyridine, but other probe molecules such as 3'P

trimethylphosphine (TMP) may allow for faster acquisition. 31P trimethylphosphine in particular is 100%

naturally abundant and possesses an intrinsically more sensitive nucleus, though it is pyrophoric (oxygen

sensitive). 2 s Thus far, '5N pyridine can only provide two overlapping resonances in the 1D that likely

correspond to the open and closed sites, but enriched 1
5 N pyridine sample did not permit 2D NMRs since

such spectra typically involve 64-128 increments. That is, 2D NMRs would require at least 64-stacked 1D

spectra and thus a prohibitive amount of time. The application of heteronuclear correlation methods

with 31P trimethylphosphine may provide information on the protons polarizing the probe nuclei and on

the presence of open metal sites, which are important for reactivity. Preliminary experiments suggest

that 31P{'H} HETCOR for TMP bound to closed sites only shows polarization from the methyl groups

while TMP bound to open sites can be polarized from both methyl and -OH protons. With the ability to

distinguish open and closed sites, it may be possible to show intrinsic differences in the tendency of

different active site metals to form open sites. Hydrolysis of one of the metal-O-Si bonds leads to metal-

OH and Si-OH groups, which facilitates cooperative acid/base catalysis with the Lewis acid metal center.

The necessity of the open site may explain differences in activity between Ti, Sn, Zr and Hf metal centers

since it depends on the amount of framework open sites and not just of framework metal. Based on

preliminary findings, Sn-Beta appears to contain a significant fraction of open sites; Ti-Beta contains a

small amount; and Hf, Zr, Nb and Ta had essentially none.

Cooperative catalysis and the role of promoters

The work presented here on the sodium borate promoted Sn-Beta system opens up many interesting

avenues for future consideration. To understand the role of confinement and hydrophobic effects within
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the zeolite, it would be informative to try other frameworks containing Sn. Our findings showed that Sn

incorporated into the mesoporous matrix MCM-41 had low activity and selectivity, potentially indicating

that confinement effects are important. Triflate metal salts that can survive for short periods in water

could allow for a comparison of catalysts with and without any pore structure. Furthermore, grafting

isolated transition metal catalysts on quartz could facilitate spectroscopic characterization with IR.

As an extension of the kinetic study described in Chapter 5, it would be informative to determine the

equilibrium loading of sodium, borate and glucose between the Sn-Beta zeolite and solution. This would

provide insight into how solution species concentration affects observed reactivity, which could help

extend a differential model of the reaction network incorporating sugar-borate equilibrium.

Additionally, analyzing the distribution of species in solution may address whether the formation of two

sugar-one boron complexes can account for the absence of isomerization and epimerization at high pH.

These loading studies can be carried out using ssNMR and ICP. However, a potential complication that

could affect borate-cis diol complexation is ion exchange with the zeolite silanol protons. The findings in

Chapter 5 showed that the fraction of one boron-one sugar and one boron-two sugar complexes

changes with temperature, so NMR experiments performed under variable temperatures might be

informative. To investigate the species within zeolites under reaction conditions, it is also possible to use

diffusion ordered spectroscopy with high-resolution magic angle spinning to see if these complexes

diffuse.

With the borate-promoted Sn-Beta system, future studies may also attempt to resolve the finer details

of the epimerization mechanism. It would be informative to perform the 1
3 C{"B} REDOR with erythrose

in order to study the adsorption geometry of an open chain sugar. Performing flow reactor stability

experiments with Sn-Beta plus borate may distinguish whether slow ion exchange or other processes

are affecting catalysis. This can be coupled with characterization methods to analyze the spent catalysts.

From a commercial standpoint, it would also be interesting to determine the effects of binders and

extrusion on catalyst behavior and particularly diffusion. Prior DFT work showed that borate binds to the

Sn site, but a complete DFT model of the full epimerization mechanism was not yet developed. Though

the present work focuses on the role of borate in the epimerization reaction, it is conceivable that

sodium from the sodium tetraborate plays a significant role in shifting the reaction pathway. Further

experiments to elucidate the role of sodium could include quenching the reaction via the addition of

another component such as methanol. Methanol will bind to and volatilize trigonal borate. Given that
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the epimerization reactions proceed through a retro-Aldol/Aldol addition sequence, it would be

interesting to characterize other C-C bond formation between other oxygenates.

7.2 Limitations of this work

Sn-Beta zeolites have shown high activity and selectivity in a wide variant of reactions, however the

current study has a number of limitations. In general, the ability of a zeolite framework to form different

polymorphs and stacking disorders may relieve stress and facilitate the incorporation of large

heteroatoms into the zeolite. Beta zeolites consist of a mixture of polymorphs, but many other

commercially important frameworks do not. Though Beta zeolites have large 12-membered rings that

allow bigger molecules to react, extra-large pore zeolites are difficult to synthesize and are not stable.

Additionally, the formation of open sites may be specific to certain metals and zeolite frameworks.

Another factor to consider is the cost of zeolite synthesis. Particularly, synthesis of the Sn-Beta zeolite

also requires the use of an organic structure-directing agent, which is burned off during calcination. This

along with the fluoride hydrothermal synthesis adds to the cost of manufacturing for commercialization.

In the system studied, borate is present as a homogeneous co-catalyst necessitating removal post

reaction.

A number of ssNMR-based techniques were developed in this study including dynamic nuclear

polarization and the use of a general probe molecule to characterize Lewis acid sites within zeolites.

DNP demonstrated the ability to dramatically boost the signal, but it is not quantitative. The application

of REDOR to active site structure determination of heterogeneous catalysts is also quite novel. A caveat

to consider when using REDOR is that distance fitting only works with an isolated spin pair. For NMR

correlation, proximity presents another limitation because dipolar coupling scales as the inverse cube of

the distance between nuclei. Furthermore, coupling maxes out at 9 A for strong 1H- 1H interactions.

Despite these limitations, ssNMR allows for determining the structure of the active site and is often the

method of choice for disordered sites.

7.3 Future perspective

Lewis acids are more diverse than Bronsted acids and this diversity offers the ability to develop highly

selective processes through the incorporation of different promoters. Aside from borate, it would be

informative to study other sugar complexing agents such as silicate, vanadate, germinate, arsenite,

molybdate and aluminate, which could provide a series of promoters that function across the pH
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spectrum. For example, molybdate forms reversible complexes under acidic conditions and borate does

so under neutral conditions. a In addition to the complexing agents, other cations such as Cs, which

displays basic properties, could be used to replace sodium. In general, the ability to form nanostructures

at the open sites of zeolites provides a rich combination of the metal, promoter anion and counter-

balancing cation in order to tailor the active site. Additionally, the presence of two components in close

proximity may allow a reactant to bind to one site while the other site facilitates a reaction further

away. Understanding exchange at the open site is useful since the promotional effects of ions on Sn-

Beta have shown great potential.

The application of borate promoted Sn-Beta to gas phase reactions could avoid the need to add borate

homogeneously. In terms of gas phase reactions, it may also be informative to investigate whether CO

can insert into the Sn-OH to form a surface bound formate species that could add to or reduce other

species. In these multi-component systems, cooperative catalysis with diverse functionality may be the

most interesting reactions to study. Previously, Corma et al. demonstrated the ability to form Pt

116
nanoparticles on top of Sn sites. Other transition metals are known to bind alkenes. For instance, Zn

and Ga modified Al-Beta activates C-H bonds for the conversion of light alkanes to olefins and

aromatics.127 By analogy with borated zirconia as a superacid, borated Sn-Beta may have Bronsted acidic

properties. As an alternative approach, it would be interesting to study the reverse structure in which a

Bronsted acidic promoter is supported on a metal site capable of dehydrogenation activity.

As inorganic analogs of enzymes, certain catalysts enable selective chemical transformations at lower

temperatures. Inorganic materials are however more robust than enzymes and heterogeneous catalysts

allow for easy separation from the reaction mixture. Pertaining to oxygenate conversion, enzymes have

evolved into very active and selective catalytic systems and serve as a good model for optimizing

catalyst design. The development of water-tolerant Lewis acids enables inorganic materials to behave

like hydrophobic pockets within enzymes. By analogy with the isomerases and epimerases in Sn-Beta

zeolite, many other biomimetic catalysts exist such as Cu-MOR, which resembles methane

monoxygenases. 128 In addition to the enzymes themselves, inorganic catalysis can benefit from

techniques that have traditionally been used for structural biology, such as ssNMR in the determination

of enzyme active site structure. Studies on structure activity relations may enable the rational design of

catalysts.
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This thesis sought to enhance the fundamental understanding of existing catalysts and identify methods

to modify their properties. The work presented here demonstrates a robust system for modification of

Lewis acid zeolites through the application of promoters in order to control reactivity. It establishes the

feasibility of self-assembled nanostructures for cooperative catalysis. While our findings focused on one

particular catalyst pair, they may provide a framework for future studies with other advanced catalytic

materials.
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9 Supporting information

9.1 Dynamic Nuclear Polarization NMR Enables the Analysis of Sn-Beta Zeolite Prepared with

Natural Abundance 119Sn Precursors

Figure S1. Scanning electron microscopy image of enriched Sn-Beta illustrating crystal dimensions over

which polarization must diffuse. Note the crystal size may be much smaller than the aggregates.
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Figure S2. Scanning electron microscopy (SEM) images of natural abundance Sn-Beta showing zeolite

crystal dimensions.

Enriched Sn-Beta

INatural 
abundance Sn-Beta

Sli-Beta

5 10 15 20 25 30 35 40 45

Degree 2 Theta

Figure S3. Powder X-ray diffraction patterns of Sn-Beta zeolites.
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Table S1. Metal content calculated from

Material Si/Sn
Enriched Sn-Beta 102
Natural abundance Sn-Beta 89

ICP measurements and pore volumes of Sn-Beta samples.

Total pore volume [cm 3/g] Micropore volume [cm 3/g]
0.663 0.208
0.393 0.212
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Figure S4. 11Sn MAS NMR spectra (8.4 T) of 119Sn-enriched Sn-Beta obtained without DNP (i.e., no

microwaves and a sample temperature of 300 K) showing the zeolite remains dehydrated and the

solvent/radical combination does not interfere with the Sn site (green) or it does interfere with the Sn

site (red). All spectra shown were acquired using a 4 mm ZrO 2 rotor (80 ul fill volume); experimental

times varied between 48 and 96 hours.
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Figure S5. 1
3 C DNP NMR data acquired at 212 MHz / 140 GHz on a glucose Sn-Beta zeolite with borate

salt using 8 W of microwave power at 85 K. (a) 13C{lH} microwave on and off spectrum using 10 mM

TOTAPOL and DMSO/D 20/H 20 glassing/cryoprotecting agent, (b) 13C- 13C Proton-Driven Spin Diffusion

(PDSD) correlation experiment acquired using 5 (rust) and 40 (green) ms of mixing and (c) enhancement

results using 10 mM of bTbk or TOTAPOL in various glassing agents.
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TOTAPOL (12.0 x 6.5 A)129  bTbK (15.0 x 6.0 A)
3sa, 130

Spiropol (14.6 x 8.2 A)" bCTbK (15.0 x 10 A)' 3 '

Figure S6. 3-D structural representations and dimensions of the biradicals used in this study. The atoms

are colored in the following manner: blue for nitrogen, red for oxygen, yellow for sulfur, grey for carbon,

and white for hydrogen.

Catalyst Synthesis

Sn-Beta was synthesized as follows: 26.735 g of aqueous tetraethylammonium hydroxide (Sigma-

Aldrich, 35% (w/w)) and 24.069 g of tetraethylorthosilicate (Sigma-Aldrich, 99% (w/w)) were added to a

Teflon® (Polytetrafluoroethylene, [PTFE]) dish, which was magnetically stirred at room temperature for

90 min and then cooled in an ice bath. Then, 0.261 g of tin (II) chloride dihydrate (Sigma-Aldrich, 98%

(w/w)) dissolved in 15 g of cold deionized water (DI H20) was added dropwise. Sn(II) which oxidizes to

Sn(IV) in water was used in place of SnCl 4*5H20 and has resulted in Sn-Beta consistently free of

extraframework SnO2.50 The solution was left uncovered on a stir plate for 10 h to reach a total mass of

35 g. Next, 2.600 g of aqueous hydrofluoric acid (Sigma-Aldrich, 48% (w/w)) was added dropwise and

the mixture was homogenized using a PTFE spatula, resulting in a thick gel. Then, 0.358 g of previously-

made Sn-Beta was seeded into the mixture, which was allowed to evaporate to 33.776 g, which

corresponds to a final molar composition of SiO2/0.01 SnCl2/0.55 TEAOH/0.54 HF/7.52 H20. The thick
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paste was transferred to a 45 ml PTFE-lined stainless steel autoclave and heated to 413 K for 40 days

under static conditions. The solids were recovered by filtration, washed with DI H 20, dried at 373 K and

calcined at 853 K for 10 h with a 1 K min' ramp and 1 h stops at 423 and 623 K, leading to an overall

inorganic oxide yield of 80-90%. Enriched samples were prepared with 82% 119SnCl 2. We note that the

resulting samples have been used in isomerization/epimerization reactivity studies and show identical

results to those obtained with a zeolite prepared under identical conditions but using a Sn(IV) salt.50 This

confirms that the Sn(II) atoms oxidize to Sn(IV) during synthesis and are tetrahedrally incorporated into

the zeolite framework.

Zeolite Characterization

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D8 diffractometer with Cu Kct

radiation. Ultraviolet-visible (UV-vis) measurements were recorded using a Varian Cary 5000 UV-vis-

NIR spectrometer with a diffuse reflectance cell after calcination without subsequent drying. The

ultraviolet-visible diffuse reflectance spectrum of the calcined sample shows the presence of a unique

band at 200 nm, which has been associated with Sn tetrahedrally coordinated into the zeolite

framework. Sn content was measured using a Horiba Jobin Yvon ACTIVA-S ICP-AES. Catalyst samples

were dissolved in a few drops of 48% HF and diluted in 2% nitric acid after evaporation of the HF. SEM

spectra were recorded on a JEOL 6700F at an electron high tension of 1 kV. Nitrogen

adsorption/desorption experiments were performed on a Quantachrome Autosorb iQ apparatus.

Micropore volume was measured using a P/PO of 0.01. X-band EPR was performed at 90 K on SPIROPOL

and bCTbk over 24 hours; no evidence of Sn-radical reactivity was observed.

DNP Sample Preparation

In a typical preparation, 100 mg of zeolite was dried under vacuum at 473K and transferred into a

glovebox. The zeolite powder was prepacked into 3.2 mm sapphire rotors. Small aliquots of 10 mM

biradical (i.e. bTbk, TOTAPOL, SPIROPOL and bCTbk) in 1,1,2,2-tetrachloroethane (TCE) were added to

the rotor of either dry (packed under N 2 atmosphere) or wet (in-air) Sn-Beta zeolites using a glass

Hamilton syringe. The TCE solution was prepared outside the glovebox and without special anhydrous

treatment. The hydrophobic zeolite readily adsorbs TCE as seen by the slight contraction of the sample

volume. Note that although incipient wetness impregnation methods are typically used to analyze

porous materials, the highest enhancements observed in this study involved a slurry. Thus, in the

present study, there does not appear to be a tradeoff between sample volume and radical solution.
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When treating the sample, we ensured that the whole sample contained in the rotor was exposed to

solvent. Full solvation was easily observed by watching the solvent penetrate down the transparent

sapphire rotor. Zeolites readily adsorb liquid and we note that the final state of the sample was paste-

like. To ensure full wetting of the zeolite with this methodology, we performed three different control

experiments to capture potential irregularities in radical distribution throughout the sample: 1) we

allowed the solvent to penetrate the sample contained in the rotor by dripping the solvent/radical

mixture with a pipette without further disruption (this is the standard method used for all experiments

in this work); 2) we thoroughly mixed the zeolite and the solvent/radical mixture in a mortar and pestle

and then packed the rotor; and 3) we introduced the solvent/radical mixture directly into the rotor and

stirred the sample with a small spatula to enhance the wetting/mixing process. Analyzing these three

samples, we noticed virtually identical behavior in terms of relaxation and enhancements for all

samples. Samples were sealed inside the rotors using silicone plugs and hydrated samples were exposed

to ambient conditions prior to adding the radical solution. Centrifugation provided a means to speed up

the process. Identical protocols were carried out for TOTAPOL, bTbk, Spiropol and bCTbk. For the 1
3C

experiments samples were ground in an agate mortar and pestle.

DNP MAS NMR

119 n{'H} DNP MAS NMR experiments were performed on a 9.4 T Bruker Avance IlIl DNP NMR

132
spectrometer equipped with a 263 GHz gyrotron delivering high power microwaves to the sample.

Experimental data were recorded using a 3.2 mm triple resonance (HXY) MAS probe doubly tuned to 1H

(L = 400 MHz) and " 9Sn (L = = 150 MHz). The 'H field position was set to the maximum field position for

bTbk, bCTbk and TOTAPOL and shifted by - 50 kHz for SPIROPOL. All DNP NMR data were acquired

under MAS, Wr/2Tc of 10,000 (3) Hz, a sample temperature of T = 100 K, a recycle delay of 1.3 x TB 3 and

between 512 and 20,480 co-added transients. "9 Sn{'H} cross-polarization MAS experiments were

acquired using a mixing time of 2 or 6 ms for the hydrated and dehydrated samples, respectively. Data

were acquired using high power 'H (wj/2n = 71 kHz) decoupling using SPINAL-64, the Hartmann-Hahn

match condition was optimized with wl/2T = 70 kHz for " 9Sn and placing a ramp on 'H's. Spectra were

referenced with respect to tin oxide (SnO2, -604.3 ppm) at room temperature (T = 298 K) and cross-

polarization was initially setup on triphenyl tin chloride in TCE/bCTbk at 100 K (E = 20). Contact times

were optimized for the respective Sn-Beta samples.
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"C{'H} DNP MAS NMR experiments were performed on a home-built spectrometer (courtesy of Dr.

David Ruben, FBML, MIT), consisting of a 212 MHz ('H, 5 T) NMR magnet and a 140.6 GHz gyrotron

generating high-power microwaves up to 14 W.1 Spectra were recorded on a home-built cryogenic 4

mm quadrupole resonance (1H, 1
3 C, 15N & e-) DNP NMR probe equipped with a Kel-F stator (Revolution

NMR, Fort Collins, CO). Microwaves are guided to the sample via a circular overmoded waveguide

whose inner surface has been corrugated to reduce mode conversion and ohmic losses. Sample

temperatures were maintained at 85 ( 1) K, with a spinning frequency, Wr/2n = 4,500 (2) Hz. 1
3 C{'H}

Cross Polarization (CP) and Proton-Driven Spin Diffusion (PDSD) experiments were acquired using a 1.5

ms contact time. A series of PDSD mixing times were collected ranging from 5 to 40 ms with 64

increments. High-power TPPM proton decoupling (1H wl/2n = 100 kHz) was used during acquisition.

Buildup times (TB) were determined using a saturation recovery experiment, recycle delay was chosen as

TB X 1.3, yielding optimum sensitivity per unit of time. Microwave power was kept constant at 8 W using

a PID control interfaced within Labview. H cross-effect conditions were optimized for bTbk and

TOTAPOL by sweeping the main NMR field using a 750 Gauss sweep coil. Samples were contained in 4

mm sapphire rotors equipped with a Vespel drive tip and Kel-F spacer using either neat-TCE, 60/30/10

v/v d 8-glycerol/D 20/H20 or 60/30/10 DMSO/D 20/H 20.

119Sn MAS NMR

Magic-angle spinning nuclear magnetic resonance (MAS NMR) experiments were performed on a

custom designed spectrometer (courtesy of D. J. Ruben, Francis Bitter Magnet Laboratory,

Massachusetts Institute of Technology) operating at 360 MHz ('H, 8.4 T). The spectrometer was

equipped with either a double resonance homebuilt (FBML-MIT) or a triple resonance Varian-

Chemagnetics probe (Palo Alto, CA) which were singly and doubly tuned to 'Sn and "9/'H,

respectively. Powdered samples were packed into 4 mm (80 pl, fill volume) outer diameter ZrO 2 rotors

equipped with Vespel drive- and top-caps. Topcaps were equipped with rubber O-ring seals, inhibiting

water contamination within the sample (Revolution NMR, Fort Collins, CO) and solvent evaporation over

the experiment. Dehydrated enriched " 9Sn, Sn-Beta samples were prepared by heating to 473 K under a

0.1 mbar vacuum and packing the NMR rotor in an Ar-filled glovebox. "9Sn MAS NMR spectra were

acquired using either a Hahn-echo (" 9Sn, wl/2n=50 kHz) or CP experiments with recycle delays between

4 and 30 seconds. All spectra were acquired with a spinning frequency, Wr/2Tt = 8,000 (5) Hz and

between 32,384 and 172,800 scans. CP experiments were acquired with contact times between 0.4 and

4 ms and high-power 'H decoupling (TPPM, w,/2nT = 83 kHz). 119Sn spectra were referenced with
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powdered Sn0 2 (-604.3 ppm) as an external standard relative to trimethyltin (0 ppm). Sample

temperatures were maintained between 294 and 300 K.

9.2 Interrogating Lewis acid character of metal sites in Beta zeolites with 15N pyridine MAS NMR

Table S2. NMR parameters for the metal-beta zeolites

NMR Species N.A. Spin Q.M. Gyro Recep. H
119 n 7.7 1/2 n.a. -10.03 4.5E 3

47Ti 7.4 5/2 30.2 -1.51 1.5E-4

49Ti 5.4 7/2 24.7 -1.51 2E 4

91Zr 11.2 5/2 -17.6 -2.49 1.1E 3

93 N b 100 9/2 -32 -6.5 0.48
177H f 18.6 7/2 336 1.08 2.6E 4

1 79 H f 13.6 9/2 379 -0.6 7.4E 5

181Ta 99.9 7/2 317 3.24 3.7E2
Pyridine - Span, Q = 620 ppm, Skew, K = 0.46 and 6js = -63 ppm

Pyridinium - ) = 351, K = 0.618 and biso = -169.3 ppm

Note: The isotropic chemical shift (6jO) is given by the trace of the chemical shift tensor components

(i.e., 61, 622 and 533)

3sj11 +22 +333) (i)
hO 3

The overall breadth of the shielding tensor is described by the span, 0, and the relative magnitude of

the components by the skew, K, using the Herzfeld-Berger convention.

Q =11 - 33 (S2)

3(=22 - 5s" (S3)
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Table S3. Probe molecule adsorption frequencies on zeolites using IR spectroscopy

Catalyst Pyridine frequency [cm']
Ti-Beta21a, 45d 1452
Zr-Beta 2 1a 1445
Nb-Beta 45c 1450
Ta-Beta 45c 1450
Sn-Beta21a, 45d 1452
Ga-Beta 45a 1457
Al-Beta 45b 45d 1452
Protonated 45b45c 1550

Table S4. Probe molecule adsorption frequencies on zeolites using IR spectroscopy

Catalyst Deuterated acetonitrile frequency [cm 1]
Physisorbed12a 2268
Silanol1 2 a 2276
TS-113 4  2302
Sn-MF1121  2310
Sn-MCM-41121  2312
Sn-Beta closed sc 2308
Sn-Beta open2sc 2316
Bronsted 135  2290

Table S5. Probe molecule adsorption frequencies on zeolites using IR spectroscopy

Catalyst Cyclohexanone frequency [cm 1]

Si-Beta 45d 1713
SnO2-Beta4d 1713
Ti-Beta 45a45d 1681
Zr-Beta4a,13 1676
Nb-Beta 45 a, 45c 1670
Ta-Beta 45'45c 1670
Sn-Beta45a, 45d 1665
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Figure S7. Powder X-Ray diffraction patterns for calcined catalysts
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Figure S8. Powder X-Ray diffraction patterns for heat treated Sn-Beta catalyst

Table S6. Metal content in each solid material

Material Si/M
Al-Beta-F 44
Al-Beta-OH 19
Ga-Beta 221
B-Beta 64
Sn-Beta 354
Sn-Beta 271
Sn-Beta 181
Sn-Beta 115
Sn-Beta 900*C 115
Sn-Beta 102
Sn-MFI 197
Sn-MCM-41 126
Ta-Beta 123
Nb-Beta 104
Zr-Beta 327
Zr-Beta 239
Zr-Beta 111
Hf-Beta 136
Ti-Beta 126
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Table S7. Surface area measurements

Material Micropore volume [cc/g] Total pore volume [cc/g]

Sn-Beta 853 K 2.138e-01 3.122e-01

Sn-Beta 1173 K 2.085e-01 2.807e-01

Sn-Beta

__ Sn-MFI

Sn-MCM-41

Ta-Beta

Nb-Beta

Zr-Beta

Hf-Beta

Ti-Beta

sno2-Beta

ZrO2-Beta

Si-Beta

200 250 300 350
Wavelength [nm]

Figure S9. Diffuse reflectance ultraviolet spectra

L - Sn-Beta173 K

Sn-Beta

-300 -400 -500 -600 -700 -800 -900

"9Sn chemical shift [ppm]

Figure S10. 1Sn MAS NMR of heat treated SnBeta catalysts
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Figure S11. Calculated AN vs. pyridine 15N chemical shift shows a linear trend. The dashed line is placed

as a guide for the reader.
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Figure S12. 15 N metal---pyridine bound spectra at r/2n = 5 kHz shows chemical shifts assigned to

framework metal sites (high frequency 260-280 ppm) and Bronsted protons (low frequency ~210 ppm).
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Table S8. Chemical shift anisotropy parameters for three samples shown above with span 0 and skew K.

The Sn-Beta samples appeared to contain two distinct sites 1 and 2.

Sample biso (ppm, 0.5) 0 (ppm, 20) K ( 0.3)

Sn-Beta (1) 264.5 350 1.0

Sn-Beta (2) 259.5 350 0.3

Sn-Beta-Wet (1) 264.5 380 0.6

Sn-Beta-Wet (2) 259.5 320 0.7

Zr-Beta 277.0 390 0.7
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Supporting information methods

Quantum chemical calculations

Basis sets were downloaded from the Environmental Molecular Sciences Laboratory (EMSL) basis set

library within the Pacific Northwest National Laboratory. The chosen basis set, Def2-TZVP, is appropriate

for making quantitative comparisons with typical atomization energy errors of 3 kJ/mol per atom.56 a This

valence triple zeta basis set includes relativistic contractions necessary for heavier atoms, polarization
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functions and a small electron core potential to model heavier atom energetics more accurately.

Additionally, the Def2 basis sets were designed to give similar errors across the periodic table and

describe experimental polarizability, and were available for all of the elements involved. The lighter

atoms were modeled with the same basis set to ensure equitable basis set representation and charge

distribution between the atoms. This is particularly important for NMR calculations, which are very

sensitive to the electron density around a nucleus. High-level pseudo triple zeta basis sets accounting for

core electrons are required for NMR calculations. For Def2-TZVPD, the pyridine, metal site, four adjacent

framework oxygen atoms and four adjacent Si atoms were supplemented by diffuse functions, which are

important for describing weak interactions such as hydrogen bonds, the lone pairs on the pyridine N and

the high-valence state of the metal. Tight basis sets (i.e. without diffuse functions) sometimes have

advantageous canceling of systematic errors and were used to verify convergence.

The B3LYP functional was the standard for many years, models organic molecules well, and facilitates

comparison with other work, though it may not model inorganic materials well. Incorporation of

dispersion interactions through a functional such wB97X-D may avoid overestimating inter-nuclear

distances and improve the results,137 however the net effect of dispersion is difficult to account for

without a complete model of the zeolite pore. A first principles functional such as PBE may represent

the organic and inorganic portions moderately well. The DFT calculated parameters represent that of

the lowest energy state rather than that of a conformational average. Active sites were considered local

and no periodic interaction considerations were considered. Double Sn substitutions were not

considered. Terminal Si-H distances were set to 1.3 A based on an unconstrained geometry

optimization. The model did not incorporate expansion of the Beta zeolite unit cell due to heteroatom

substitution and the 17T model does not fully incorporate weak interactions with the zeolite pore walls.

Determination of the metal-nitrogen dissociation energy, Do, involved calculating the energy of the

zeolite and pyridine with ghost atoms in place of the missing atoms and subtracting these energies from

that of the combined structure. The ghost atoms are used to perform a counterpoise correction in order

to remove basis set superposition error. Do is an artificially high energy since small shifts of the metal

out of the framework can strengthen the metal-nitrogen bond while weakening the metal-oxygen

bonds. Do effectively measures the former while neglecting the latter, which can be problematic with

weak interactions, near linear dependence, and basis set superposition error. For small solvents such as
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water, the coordination of two molecules to form a pseudo octahedral structure presumably would lead

to a different value.

9.3 Sn-Beta zeolites with borate salts catalyse the epimerization of carbohydrates via an

intramolecular carbon shift
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Figure S15. Solution NMR spectra for D-glucose with a 4:1 sugar:SB molar ratio in H 20. a) 13C NMR of D-

(1- 13C)glucose, b) 1
3 C NMR of D-glucose, c) "B NMR, d) 1H NMR
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Figure S16. Solution NMR spectra for D-fructose with a 4:1 sugar:SB molar ratio in H 20. a) ' 3C NMR of D-

(2- 13C)fructose, b) 13C NMR of D-fructose, c) 11B NMR, d) 1H NMR
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Figure S17. Solution NMR spectra for D-mannose with a 4:1 sugar:SB molar ratio in H 20. a) "C NMR of

D-(2-' 3C)mannose, b) 13 C NMR of D-mannose, c) "B NMR, d) 'H NMR
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Figure S18. Solution NMR spectra for D-xylose with a 4:1 sugar:SB molar ratio in H 20. a) "C NMR of D-(1-

13C)xylose, b) 13C NMR of D-xylose, c) "B NMR, d) 1H NMR
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Figure S19. Solution NMR spectra for D-xylulose with a 4:1 sugar:SB molar ratio in H 20. a) "C NMR of D-

xylose, b) 1 B NMR, and c) 1H NMR
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Figure S20. Solution NMR spectra for D-lyxose with a 4:1 sugar:SB molar ratio in H 20. a) 1
3 C NMR of D-

lyxose, b) 11B NMR, and c) IH NMR
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Figure S21. Solution NMR spectra for D-arabinose with a 4:1 sugar:SB molar ratio in H 20. a) "C NMR of

D-arabinose, b) 11B NMR, and c) 1H NMR
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Figure S22. Solution NMR spectra for D-ribulose with a 4:1 sugar:SB molar ratio in H 20. a) "C NMR of D-

ribulose, b) "B NMR, and c) 1H NMR
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Figure S23. Solution NMR spectra for D-ribose with a 4:1 sugar:SB molar ratio in H 20. a) 13 C NMR of D-

ribose, b) '1 B NMR, and c) 1H NMR
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Figure S24. HPLC chromatograph of a 5 wt% D-(1- 13C)glucose solution with a 4:1 glucose:SB molar ratio,

reacted at 358 K for 60 min. The peaks correspond to a) glucose, b) mannose, c) fructose, and d) internal

standard. The dotted line around peak b represents the fraction collected by fractionation and analyzed

by IH and 13C NMR (see Figure S32).
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Figure S25. Solution NMR spectra of the product fraction obtained by HPLC from a 5 wt% D-(1-

1
3 C)glucose solution with a 4:1 glucose:SB molar ratio, reacted at 358K for 60 min (see dotted line in

Figure S31). a) 13C NMR and b) 1H NMR.
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Figure S26. XPS spectra for Sn 3d and C 1s. a) calcined Sn-Beta; b) Sn-Beta with adsorbed glucose; c) Sn-

Beta with adsorbed potassium borate; and d) Sn-Beta with adsorbed glucose and potassium borate.

Potassium borate instead of sodium borate was used in these measurements to avoid obfuscation of the

Sn 3d signal by the sodium KL23L23 Auger signal. The Sn 3d signals for calcined Sn-Beta were located at

487.2 eV and 495.6 eV, which is consistent with tetrahedral coordination of Sn in the framework. The

presence of glucose lowered the binding energy by ~0.3 eV, while the presence of either borate or a

glucose/borate mixture decreased the binding energy by ~0.9 eV. The observed downward shift in

binding energy signifies a change in the electronic environment of the Sn surface sites that has been

attributed to adsorbed species or a possible structural modification. 138 For these samples, the C is signal

is at a higher binding energy than the adventitious carbon signal. These data suggest the presence of the

glucose-borate complex on the surface of the catalyst.
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Figure S27. Powder X-ray diffraction pattern of Sn-Beta.
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Figure S28. UV-Vis diffuse reflectance of Sn-Beta.
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Figure S29. SEM image of Sn-Beta zeolite.
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Figure S30. Powder X-ray diffraction pattern of Ti-Beta.
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Figure S31. Powder X-ray diffraction patterns of Sn-MFl.
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Figure S33. Powder X-ray diffraction pattern of Sn-MCM-41.

157

r6



Table S9. Time study for the epimerization of glucose with SB.

Time Conversion Reagent Isomer Epimer Sugar Conversion Reagent Isomer Epimer Sugar
[min] [%] 1%] [%] [%] Yield [%] [%] 1%] [%] Yield

[%] [%]
15 15 90 10 0 95 11 89 0 11 100

30 21 83 16 1 95 14 87 0 13 99

45 27 79 19 2 93 17 85 0 15 98

60 29 76 21 3 93 16 84 1 15 99

90 35 71 25 4 92 19 83 1 16 97

120 40 67 28 5 90 20 82 1 17 98

Reactions were performed at 358 K with a 5

to maintain a 100:1 sugar:metal molar ratio.

wt% sugar feed, using the corresponding amount of catalyst

Table S10. Time study for the epimerization of xylose with SB. Reactions were performed at 358 K with a

5 wt% sugar feed, using the corresponding amount of catalyst to maintain a 100:1 sugar:metal molar

ratio.

Without Sodium Borate With 4:1 Sodium Borate

Time Conversion Reagent Isomer Epimer Sugar Conversion Reagent Isomer Epimer Sugar
[min] [%] [%] [%] [%] Yield [%] [%] [%] [%] Yield

[%] [%]
15 24 79 13 8 96 30 75 3 22 93

30 34 71 15 14 93 36 72 4 24 90

Table S11. Time study for the epimerization of arabinose with SB.

Without Sodium Borate With 4:1 Sodium Borate

Time Conversion Reagent Isomer Epimer Sugar Conversion Reagent Isomer Epimer Sugar

[min] [%] [%] 1%] [%] Yield [%] 1%] 1%] Yield

[%] [%]
15 23 84 11 5 92 34 68 1 31 97

30 28 80 12 8 90 40 63 2 35 95

Reactions were performed at 358 K with a 5

to maintain a 100:1 sugar:metal molar ratio.

wt% sugar feed, using the corresponding amount of catalyst
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Table S12. 11B chemical shifts of borate esters taken from Bekkum et al.78 The values have been adjusted

to the standard 11B chemical reference.

OH OH- HO OH L
HO -B - H B "O

OH H' 'OH

B0 B-

R O\®,OH
B

R' 0' OH
B-L

L R 0\O 0 R"
e B,

R' 0' \ R"'
B-1 2

11B Chemical Shift

[ppm]
Ester type B~L B~L2
1,2-Bidentate 7.0 to 4.7 11.9 to 7.7

1,3-Bidentate 1.7 to 1.1 1.2 to 0.6

1,3,5-Tridentate 1.5 to 0.2

Table S13. 1
3C chemical shifts of sugars. Note: 1H NMR assignments can be found in the respective

references.

Chemical Shifts [ppm]

Sugar Conformation C1 C2 C3 C4 C5 C6 Reference

Glucose a-pyranose 93.2 72.6 73.9 70.8 72.6 61.8 139

B-pyranose 97.0 75.3 76.9 70.8 77.0 61.9 139

_ a-furanose 97.0 77.7 76.6 78.8 70.7 64.2 78

Fructose f-pyranose 64.7 98.9 68.4 70.5 70.0 64.2 139

_ a-furanose 63.6 104.0 82.8 75.7 80.8 60.9 139

S-furanose 62.8 101.9 75.6 75.2 81.8 62.8 139

Mannose a-pyranose 95.0 71.8 71.3 68.0 73.4 62.1 139

P-pyranose 94.7 72.2 74.1 67.7 77.1 62.1 139

Xylose cL-pyranose 93.3 72.6 73.9 70.5 62.0 139

B-pyranose 97.7 75.1 76.9 70.3 66.2 139

a-furanose 96.0 77.8 76.2 79.3 61.6 78

Xylulose c-furanose 63.9 107.2 82.0 77.3 73.4 140

D-furanose 64.5 104.4 77.7 76.4 71.3 140

Lyxose c-pyranose 95.2 71.2 71.7 68.6 64.1 139

B-pyranose 95.2 71.2 73.7 67.7 65.1 139

Arabinose a-pyranose 97.9 69.6 73.6 73.0 67.4 139

P-pyranose 93.7 69.8 69.8 69.6 63.6 139

-furanose 96.7 77.8 75.8 82.9 62.7 78

Ribulose a-furanose 64.3 104.0 71.9 71.6 72.9 140

_-furanose 64.0 107.0 77.3 72.0 72.2
Ribose a-pyranose 95.0 71.5 70.7 68.8 64.5 141

_-pyranose 95.3 72.5 70.4 68.7 64.5 141

_ a-furanose 97.8 72.4 71.5 84.5 62.9 141

@-furanose 102.4 76.7 71.9 84.0 64.0 141

159



Table S14. Metal content in each solid material.

Material Si/M Total pore volume Micropore volume BET surface area

[cm3/g] [cm 3/g] [m2/g]
Sn-Beta 111a] 0.36 0.17 n.d.
Ti-Beta 14 0 ' 0.31 0.17 n.d.
Sn-MFI 180 0.25 0.10 n.d.
Sn-MCM-41 12 5 ' 0.89 n.d. 900.20
[a] Measured by elemental analysis
[b] Measured by energy dispersive X-ray spectroscopy

Supplementary Methods

Synthesis of Ti-Beta

Ti-Beta was synthesized according to Moliner et al, 1 2 b as follows: 26.02 g of aqueous

tetraethylammonium hydroxide (Sigma-Aldrich, 35% (w/w)) and 23.789 g of tetraethylorthosilicate

(Sigma-Aldrich, 99% (w/w)) were added to a PTFE dish which was stirred at room temperature for 90

min and then an additional 15 g of DI H 20 was added. Next, 0.327 g of titanium (IV) isopropoxide (Sigma-

Aldrich, 97% (w/w)) was added dropwise. The solution was left uncovered on a stir plate for 10 h to

reach 15 g of total water. Next, 2.538 g of aqueous hydrofluoric acid (Sigma-Aldrich 48% (w/w)) was

added dropwise and the mixture was homogenized using a PTFE spatula resulting in a thick gel. Then,

0.348 g of previously made Si-Beta was seeded into the mixture, which was allowed to evaporate to a

final molar composition of Si0 2 / 0.01 TiO 2 / 0.54 TEAOH / 0.53 HF / 6.6 H 20. The thick paste was

transferred to a PTFE-lined stainless steel autoclave and heated to 413 K for 14 days. The solids were

recovered by filtration, washed with DI H 20, dried at 373 K, and calcined at 853 K for 10 h with a 1 K/min

ramp and 1 h stops at 423 K and 623 K leading to an overall 80-90% yield.

XRD confirmed that the solid material has the Beta zeolite topology (Figure S30). SEM EDS

measurements show an atomic ratio Si:Ti of 140:1.

Synthesis of Sn-MCM-41

Sn-MCM-41 was synthesized according to Kumar et alb51 as follows: 3.059 g of fumed silica (Sigma-

Aldrich, 99.8%) was added slowly to 5.513 g of aqueous tetramethylammonium hydroxide (Sigma-

Aldrich, 25% (w/w)) with constant stirring. Then, 0.181 g of tin (IV) chloride pentahydrate dissolved in

6.198 g of DI H 20 and added dropwise to the first mixture. Next, 4.426 g of

hexadecyltrimethylammonium bromide (Sigma-Aldrich, 98% (w/w)) dissolved in 12.395 g of Dl H 20 was

added. The thick gel was stirred for 2 h, transferred to a PTFE-lined stainless steel autoclave and heated
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to 383 K for 72 h. The final molar composition was SiC 2 / 0.01 SnCI 4 / 0.24 C16TABr / 0.3 TMAOH / 25

H 20. The solid was recovered by filtration, extensively washed with DI H 20, dried at 373 K, and calcined

at 853 K for 10 h with a 1 K/min ramp and 1 h stops at 423 K and 623 K.

PXRD confirmed that the solid material has the MCM mesoporous topology (Figure S33). SEM EDS

measurements for the Sn-MCM-41 sample show an atomic ratio Si:Sn of 125:1. BET measurements

demonstrate that the material is mesoporous (see Table S14).

Note on HPLC analysis

The HPX-87C column separates sugars by using calcium ions bound to a sulfonated divinyl benzene-

styrene copolymer to complex with sugar isomers and change their retention time. Over time, repeated

injections of sodium tetraborate (SB) can lead to ion exchange of Ca 2+ ions out of the column, causing

decreased separation quality and shifts in retention times. For this reason, the column was regenerated

with 0.1 M Ca(N0 3)2 on a daily basis while taking care to purge out loose calcium before sample analysis.

Ketoses showed the strongest tendency to shift retention time. Fractionation and NMR were used to

check peak purity. An alternate sample preparation procedure involves treating the sample with an

acidic cation exchange resin followed by an anion exchange resin. The first resin removes sodium cations

and acidifies the sample thereby promoting dissociation of the sugar borate complex. Next, the anion

exchange resin removes borate anions.
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9.4 Catalytic consequences of borate complexation and pH on the epimerization of L-arabinose to L-

ribose in water catalyzed by Sn-Beta zeolite with borate salts
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Figure S37. 1"9Sn NMR of Sn-Beta

163



130-

120-

110

100-

90

80-

70-

-J0 60-
w 50-

40

30 -

20

10-

0

0 5 10 15 20 25 30

Time [min]

Figure S38. Ribose HPLC fraction used for polarimetry

164



Riu- Biproduct

B-RibU2

B2 2-Rib

B-AraRibu B-Ribu

B-Ara2

Biproduct - Ara BAra Polyborates B-RibuRibo

B-AraRibo B-Ribo'
B-Ribo 2

B 2
2-Ribo

Ribo- Biproduct

Figure S39. Sugar borate complexation

165



Table S15. Feed solutions for full factorial design involving pH, borate to sugar ratio and reaction time as

reaction variables for the epimerization of arabinose to ribose.

Molar Ratio of Components
Entry Borate: B-/B pH Arabinose Boric Sodium Sodium Sodium

Arabinose acid tetraborate metaborate hydroxide

1 1:1 0.00 3.75 1 1 0 0 0

2 0.23 6.50 1 0.550 0.113 0 0

3 0.41 6.97 1 0.175 0.206 0 0

4 0.50 7.21 1 0 0.25 0 0

5 0.64 7.50 1 0 0.179 0.284 0

6 1.00 8.37 1 0 0 1 0

7 0.5:1 0.00 3.93 1 0.5 0 0 0

8 0.22 6.51 1 0.285 0.054 0 0

9 0.45 7.02 1 0.05 0.113 0 0

10 0.50 7.11 1 0 0.125 0 0

11 0.74 7.49 1 0 0.066 0.235 0

12 1.00 8.37 1 0 0 0.5 0

13 0.4:1 0.00 3.98 1 0.4 0 0 0

14 0.21 6.5 1 0.23 0.043 0 0

15 0.45 6.97 1 0.04 0.09 0 0

16 0.50 7.10 1 0 0.1 0 0

17 0.78 7.50 1 0 0.044 0.225 0

18 1.00 7.88 1 0 0 0.4 0

19 1.10 8.37 1 0 0 0.4 0.0395

20 0.2:1 0.00 4.10 1 0.2 0 0 0

21 0.21 6.50 1 0.115 0.021 0 0

22 0.46 6.99 1 0.015 0.046 0 0

23 0.50 7.09 1 0 0.05 0 0

24 0.80 7.50 1 0 0.019 0.124 0

25 1.00 7.83 1 0 0 0.2 0

26 1.10 8.38 1 0 0 0.2 0.019

Reactions were performed at a 100:1 sugar:metal molar ratio with a 5 wt% arabinose feed at 343 K in a

stirred batch reactor with Sn-Beta with a Si/Sn of 96.

166



0.30 - 1:1 Borate:Arabinose

0.25

Z 0.20

0.15-

0.10

0.05-

1

0.00-
0.0

0

0
; L

0.1 0.2 0.3

0.4:1 Borate:Arabinose

" pH 3.75
" pH 6.50

pH 6.97
v pH 7.21

pH 7.50
pH 8.37

0 *

0.4

* pH 3.98
* pH 6.50
k pH 6.97
' pH 7.10

pH 7.50
pH 7.88
pH 8.37

0.30,

0.251

0.20

0.15

0.10

0.05
IL

M 0
.

m pH 3.93
* pH 6.51
k pH 7.02
v pH 7.11
<, pH 7.49
<pH 8.370

0 0 0

0.00 -
0.5 0.0 0.1 0.2

0.30

0.3

. 0.2:1 Borate:Arabinose

U

0.25

0.20

0.15

0

0

0.4

U

0

L

V

0.5

pH 4.10
pH 6.50
pH 6.99
pH 7.09
pH 7.50
pH 7.83
pH 8.38

*0

0.10 0.10

0.05 .50.0- ~ U.0.05~ '4

0.00 0.00 -
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4

Arabinose Conversion Arabinose Conversion

Figure S40. Factorial design for isomerization of arabinose to ribulose. Reactions were performed at a

100:1 sugar:metal molar ratio with a 5 wt% arabinose feed at 343 K in a stirred batch reactor using Sn-

Beta with a Si/Sn of 96.
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Figure S41. Contour plots as a function of borate to sugar ratio and sodium to borate ratio at 60 minutes

for: a) arabinose conversion, b) ratio of ribose to ribulose selectivities (i.e., instantaneous selectivity of

ribose), c) ribose selectivity, d) ribulose selectivity, e) ribose yield, f) ribulose yield. The response surface

passes within experimental error of all experimental points which are labeled with dots on the plot.

Reactions were performed at a 100:1 sugar:metal molar ratio with a 5 wt% arabinose feed at 343 K in a

stirred batch reactor, using Sn-Beta with a Si/Sn of 96.
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The pH is linear with the amount of sodium hydroxide added according to the Henderson-Hasselbalch

equation.

pH = pKa + log ( (S4)
[H A]

With decreasing B, all of the curves approach the steepest curve, which is the one calculated for a

normal weak acid. At these low concentrations, the only species that need be considered would be B

and AB. At higher borate concentrations there are signs of association.
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Table S16. Summary of "B NMR chemical shifts

Arabinose: B-/B pH Fraction Fraction Fraction Fraction Fraction Fraction Fraction
Borate (6 ppm) (6 ppm) (6 ppm) (6 ppm) (6 ppm) (6 ppm) (6 ppm)
1:1 0.00 3.75 1

19.61
0.23 6.50 0.83 0.02 0.11 0.05

19.21 10.75 9.98 5.86
0.41 6.97 0.54 0.03 0.14 0.08 0.07 0.14

19.18 10.82 10.18 9.50 5.87 5.87
0.50 7.21 0.49 0.03 0.16 0.14 0.07 0.12

19.12 10.86 10.25 9.57 6.01 5.79
0.64 7.50 0.38 0.02 0.17 0.19 0.07 0.17

18.82 10.82 10.22 9.54 5.91 5.69
1.00 8.37 0.17 0.24 0.23 0.01 0.35

16.24 10.49 9.81 6.58 5.91

2:1 0.00 3.93 1
19.61

0.22 6.51 0.80 0.03 0.11 0.06
19.20 10.75 9.96 5.85

0.45 7.02 0.55 0.05 0.18 0.07 0.04 0.12
19.20 10.83 10.14 9.40 5.99 5.87

0.50 7.11 0.49 0.06 0.23 0.05 0.05 0.12
19.20 10.88 10.18 9.44 6.27 5.89

0.74 7.49 0.30 0.06 0.27 0.13 0.24
19.13 11.07 10.41 9.72 6.03

1.00 8.37 0.13 0.05 0.26 0.27 0.04 0.25
18.00 10.98 10.37 9.70 6.49 5.82

2.5:1 0.00 3.98 1
19.62

0.21 6.5 0.82 0.04 0.08 0.01 0.05
19.20 10.74 9.96 9.05 5.85

0.45 6.97 0.54 0.06 0.19 0.06 0.01 0.14
19.12 10.78 10.06 9.30 6.51 5.82

0.50 7.10 0.50 0.08 0.23 0.03 0.07 0.09
19.12 10.80 10.08 9.29 6.15 5.79

0.78 7.50 0.26 0.07 0.32 0.10 0.10 0.15
19.09 11.07 10.40 9.69 6.28 5.90

1.00 7.88 0.13 0.06 0.29 0.23 0.07 0.14 0.07
18.08 10.97 10.34 9.66 6.48 5.85 5.59

1.10 8.37 0.07 0.06 0.35 0.22 0.08 0.13 0.08
16.97 11.11 10.47 9.79 6.67 5.95 5.70

5:1 0.00 4.10 1
19.59

0.21 6.50 0.80 0.05 0.08 0.01 0.06
19.29 10.83 10.03 9.03 5.93
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Figure S44. Madon-Boudart test at 343 K Experiments were performed with 20 mg of catalyst and a

sufficient volume of 5 wt% arabinose to achieve 2000 sugar:metal in a stirred batch reactor.
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0.46 6.99 0.55 0.08 0.17 0.05 0.16
19.26 10.91 10.15 9.35 5.96

0.50 7.09 0.50 0.09 0.20 0.04 0.17
19.32 10.94 10.18 9.34 5.97

0.80 7.50 0.26 0.08 0.27 0.13 0.07 0.18
19.15 11.14 10.41 9.63 6.48 5.92

1.00 7.83 0.16 0.13 0.37 0.07 0.08 0.12 0.07
19.11 11.27 10.54 9.77 6.78 6.13 5.86

1.10 8.38 0.09 0.13 0.40 0.09 0.09 0.08 0.12
18.81 11.07 10.36 9.61 6.62 5.90 5.64
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Figure S45. Reaction order plot for initial rates at 343 K and 1000:1 sugar:metal Reactions were

performed with a 5 wt% arabinose feed in a stirred batch reactor using Sn-Beta with a Si/Sn of 98.

Table S17. Arrhenius kinetic data for epimerization and isomerization. Epimerization reactions were

performed with a 5 wt% arabinose 1:1 borate:sugar feed at pH 7.21 in a stirred batch reactor using Sn-

Beta with a Si/Sn of 98. Isomerization was performed unbuffered with 5 wt% arabinose.

T k epimerization k isomerization
[K] [sl ]is-']
313 2.9*10-6
318 6.2*10-6
323 1.3*10-5 5.1*10 6

328 1.4*10-5 7.5*10 6

333 3.6*10-5 1.3*10 5
338 4.2*10-5 2.0*10 5
343 9.3*10-5 3.7*10-5
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Figure S46. Arrhenius plot for first order epimerization reaction with 1000:1 sugar:metal. Epimerization

reactions were performed with a 5 wt% arabinose 1:1 borate:sugar feed at pH 7.21 in a stirred batch

reactor using Sn-Beta with a Si/Sn of 98. Isomerization was performed unbuffered with 5 wt% arabinose.
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0.01 0.03 0.02 0.19
0.01 0.37 0.04

Figure S48. 1C NMR of L-[ 13C 1]Arabinose with

100:1 sugar:Sn-Beta at 343 K for 60 minutes.

Table S18. Epimerization of L-arabinose with

borate:arabinose feed at pH 7.21 in a stirred

90 95 80 75 70 65 ppm
LrAIi Y VYYLTJ LTi Y , .i

0.05 0.02 0.11 0.01 0.04
0.02 0.02 0.010.03 001 0.01

5:1 sugar:borate at pH 7.09 in D 2 0 after reaction with

1000:1 sugar:metal, performed with a 5 wt% arabinose 1:1

batch reactor using Sn-Beta with a Si/Sn of 98.

Time Conversion Ribose Selectivity Ribulose Selectivity
[seconds] [%] [%] 1%]
600 6 60 2

1200 9 69 2

1800 12 70 2
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0.00 - 323 K
* 328K
A 333K

-0.02 A v 338 K
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Figure S49. Arrhenius plot for first order isomerization reaction Reactions were performed at a 1000:1

sugar:metal molar ratio with a 5 wt% arabinose feed at 343 K in a stirred batch reactor using Sn-Beta

with a Si/Sn of 98.

k * 0.05 - mo mot sn 1000 mL 6.21 *10 10 s- 1  (S5)
mol Sn * s mL 150.13 g 1000 moL Ara L

[a]T =c' (S6)

[a] = specific rotation

a = optical rotation

= cell path in decimeters

c = concentration in g mL-1

D-ribose

a]T __ -0.1011 _ 14
A Idm* 0.072 g mL-1

L-ribose

T 0.1663
[A~ 1 dm * 0.0081 g mL-1

176



9.5 Mechanistic implications of a novel Sn-O-B-O-Si nanostructure on the epimerization of glucose

with Sn-Beta zeolite

Table S19. Literature "C chemical shifts referenced to 0.5% DSS in D20 under MAS

C-1 C-2 C-3 C-4 C-5 C-6

glucose a-pyr 94.1 73.7 75.0 71.8 73.5 62.8 142

B-pyr 97.9 76.3 77.9 71.8 78.0 62.9 142

-fur 105.0 83.0 83.3 142

142mannose a-pyr 96.2 72.9 72.5 69.2 74.6 63.3 14

B-pyr 95.8 73.5 75.3 69.0 78.4 63.3 142

fructose a-pyr 67.1 72.1 72.5 143

_-pyr 65.9 100.3 69.6 71.7 71.2 65.3 143

_a-fur 65.0 106.7 84.1 78.2 83.4 63.1 143

-fur 64.8 103.8 77.6 76.6 82.8 64.4 143

2-deoxy-D-glucose/ a-pyr 93.3 39.5 70.0 73.2 74.0 62.8 142

2-deoxy-D-ma nnose
-pyr 95.3 41.7 72.6 72.9 78.0 63.1 142

3-deoxy-D-glucose a-pyr 93.0 68.6 35.9 66.4 74.3 62.8 142

=3-deoxy-D-ribo-hexose
@-pyr 100.0 70.9 40.5 66.5 84.0 63.1 142

a-fur 98.6 75.1 33.1 78.8 72.8 64.7 142

1-fur 103.8 77.7 34.9 79.2 75.1 65.0 142

3-deoxy-D-mannose a-pyr 94.7 70.0 35.2 63.8 75.6 63.2 144

=3-deoxy-D-arabino-hexose
P-pyr 96.7 69.8 39.0 63.6 81.9 63.5 144

a-fur 104.1 77.3 34.3 80.2 74.9 64.9 144

3-deoxy-D-fructose a-pyr 98.4 145

=3-deoxy-D-eryth ro-hexu lose
P-pyr 69.6 99.4 43.5 69.2 67.0 66.0 145

66.0 67.0 69.2 69.6
fur 107.5 145

107.8
keto 213.9 145

pyr 70.1 100.1 35.1 70.0 67.7 66.8 46

67.7 70.0

4-deoxy-D-glucose a-pyr 94.8 75.3 70.5 36.3 69.0 65.8 142

=4-deoxy-D-xylo-hexose

@-pyr 98.3 78.1 74.4 36.3 72.5 65.7 142

4-deoxy-D-mannose a-pyr 97.4 71.5 67.5 31.9 71.7 67.0 147

=4-deoxy-D-lyxo-hexose
@-pyr 96.8 72.7 70.8 31.3 75.4 66.7 147

4-deoxy-D-fructose-6-phosphate a-fur 65.1 109.3 80.1 36.8 77.6 68.6 148

=4-deoxy-D-th reo-hexu lose-6-phosphate
P-fur 65.2 105.1 78.9 34.7 72.9 69.3 148

eryth rose a-fur 98.0 73.6 71.8 74.1 142
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3-fur 103.6 78.9 72.9 73.6 142

hydrate 92.0 76.1 74.2 65.2 142

threose (i-fur 104.6 83.2 77.6 75.5 142

-fur 99.1 78.7 77.4 73.0 142

hydrate 92.3 75.8 73.4 65.6 142

erythrulose keto 67.5 213.9 77.5 64.6 149

glyceraldehyde hydrate 92.4 76.7 64.6 142

glycolaldehyde hydrate 92.4 67.2 142

formaldehyde hydrate 84.5 142

3-.

110 105 100 95 90 85 80 75

9

70 65 ppm

Figure S50. [2- 13C;2- 2H]glucose 13C spectra
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60 5.8 5 .6 5.4 5.2 5.0 4.8 4.6 44 4.2 4.0 3.8

Figure S51. [2- 13C;2- 2H]glucose 1H spectra

3.6 34 32 ppm

I.- I

110 105 100

Figure S52. [2-1 3C;2- 2H]glucose
13C spectra

95 90 85 80

4:1 sodium tetraborate with 100:1

75

Si-Beta at

j7
70 65 ppm

85*C for 2 h glucose fraction
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6.0 5.8 5.6 5.4 2 5.0 4.6 4.4 4.2 4.0 3. 3.6 3.4 3.2 ppm

Figure S53. [2- 13C;2- 2H]glucose 4:1 sodium tetraborate with 100:1 Si-Beta at 850 C for 2 h glucose fraction

IH spectra

110 105 100

Figure S54. [2-"C;2-2H]glucose
fraction 13C spectra

95 90 85 80 75 70 65 ppm

4:1 sodium tetraborate with 100:1 Sn-Beta at 85'C for 2 h glucose
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6.0 5.8 5.6 5.4 5.2 50 4.8

Figure S55. [2-"C;2- 2H]glucose 4:1 sodium tetraborate with 100:1
fraction H spectra

Sn-Beta at 85*C for 2 h glucose

LLLL AAkk
110 105 100 95 90 85 80 75 70 65 ppm

Figure S56. [2-"C;2-2 H]glucose 4:1 sodium tetraborate with 100:1 Sn-Beta at 85*C for 2 h mannose

fraction 13C spectra
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1

6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8

Figure S57. [2- 13C;2- 2H]glucose 4:1 sodium tetraborate with 100:1 Sn-Beta at
fraction 1H spectra

3.6 3.4

85"C for 2

32 ppm

h mannose

It;
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 ppm

Figure S58. [1- 1 3C]erythrose lC spectra
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220 210 200 190 180 170 160 150 140 130 120 110 100 90 80

Figure S59. [1 13C]erythrose with 100:1 Sn-Beta at 500C for 2 h 13C spectra

8-

220 210 200 19 180 170 160 150 140 130 120 110 100 90 80 70 ppm

Figure S60. [1- 13C]erythrose 4:1 sodium tetraborate "C spectra
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220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 ppm

Figure S61. [1- 13C]erythrose 4:1 sodium tetraborate with 100:1 Sn-Beta at 50*C for 2 h 13C spectra
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Figure S62. 3-deoxy-
fraction HSQC spectr

4.6 4.4 4.2 4.0 3.8 3,6 3.4 3.2 3.0 2.8 2.6 2.4 22 2.0 1.8

F2 (ppm)

D-glucose 4:1 sodium tetraborate with 100:1 Sn-Beta at 85*C for 2 h mannose

a
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Figure S63. 3-deoxy-D-glucose 4:1 sodium tetraborate with 100:1 S
fraction gCOSY spectra

n-Beta at 85*C for 2 h mannose

Fl
(ppm)

40

so

60

70

80

90

A

64e

5.0 4.5 4.0 3.5

F2 (Wpm)

Figure S64. 4-deoxy-D-glucose

fraction HSQC spectra
4:1 sodium tetraborate with 100:1 Sn-Beta at 85*C for 2 h mannose
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Figure S65. 4-deoxy-D-glucose 4:1 sodium tetraborate with 100:1
fraction gCOSY spectra

Sn-Beta at 85"C for 2 h mannose
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