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ABSTRACT

Heterogeneous catalysis Bygnstedand/orLewis acidsites isolated within microporous
environments is a topic that is perpetually growing in scope and importance Bignkted
acid sites in zeolites have been studied and applied extensively inrtehpetical industry,
new opportunities for greeprocesses based on renewable chemical feddsimll for
applications ohew microporous materials that possessvis acidsites (e.g., zeotypes with
framework Sn, Ti, Zr, or Hf). Characterization of sucéatemials and the specific structures
of the Lewis acid sites provides insights for rational catalyst design and application.

Thiswork provides experimental evidence for the identities of the active sitesBat&n
zeotype for the 1;ihtramolecular hydde shift (1,2HS) reaction that results in-§lucose
isomerization to Efructose, and for the Ljatramolecular carbon shift (£@S) reaction
that results in Bglucose isomerization to-hannoseSpecifically by selective poisoning
experiments, the paatly-h y dr ol y z e d, isBhownaonbé theSactivessitetfoe the
1,2-HS reaction. The participation of the proximal silanol of such an open Sm igel,2
HS reactionis demonstrated thorough alkakchange experimentSuch experiments also
reveal that the active site for the ACESreactionis an open Sn sitgith a catiorexchanged
proximal silanol.

1,2CS catalysts, in general, are shown to also catalyzealelobreactions of hexoses
at moderate temperatures (ca. T@), and to be compiéle with microporous 1;HS
catalysts in tandem catalytic schemes that enable production of alkyl lactates.

Finally, the Lewis acidity of framework Zn in zincosilicate microporous materials is
demonstrated through prob®olecule infrared spectroscopy. Osech material is then

shown to catalyze Diel8lder cycloadditiordehydration reactions of oxygenated furans and



Vi
ethyleneTothe best of our knowledgthese materials are the first heterogeneous catalysts

reportedio catdyze the direct formation of tephthalate esters froathylene and dimethyl

2,5furardicarboxykte with appreciable selectivity.
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Chapter 1

| hroduction to Catalytic Systems Re

This chapter introduces some of the motivations, challeagdsapproaches in the endeavor
of producing chemicals from biomass feedstocks. Various statistics for U.S. industries are
used to gea sense of scales. Finally, contributions to the development and characterization

of catalytic systems discussed in the remainder of this thesis are briefly outlined.

1.1 Motivation for biomass feedstocks in chemical industries

Fossil fuel resources (ab natural gas, and oil) have been the dominant sources of energy
and organic matter during the industrialization of the world in the last céhtitgwever,
environmental concerns associated with fossil fuel extraction and usage, inelnisgn

of greenhouse gasses gudlution of air, water, and land have motivated significant efforts

to transition towards renewable and sustainable resotifides.U.S. Energy Information
Administration reports that, in 2015, coal, natural gas, and oil constituted 16%, 29%, and
36% of the U.S. energy consumption, respecti¥élffhough solar andvind energy
generation has grown substantially over the past decade, unless significant increases in oll
and gas prices occur, projections for energy consumption over the next 25 years suggest that

fossil fuels will remain as the primary source of enérgjy.

Outside of transportation fuels, 3% of natural gas and 7% of oil consumed in the U.S. are
used as chemical feedstockJhe processing of these feedstocks to chemicals of interest
incurs an additional energy expenditure roughly equivalent in magnitude to that contained in

the feedstock3.Inherently, for the cheiwal industry to be viable, the economic value of



products based on these feedstocks must exceed the value of their energy content. The
environmental benefit of the replacement of feksdl-based chemical feedstocks with
renewable alternatives may notibsignificant, but the energy and transportation industries
arguably have much bigger potential roles in addressing these condekestheless
academia and industry remain interested in developing processes that relyfossiiduel
feedstockgor the chemical industrynotivated by the possibility of positive environmental
impact andeconomic advantages over the conventiéfl Specifically, production of
oxygenated or functionally complex molecules from biomass may be economically more

viable than from hydrocarbonand result in net greener processes

1.2 Biomass composition and availability

The majority of terrestrial biomass is lignocellulosic, consisting of lignin, cellulose, and
hemicellulosé.Lignin is a complex, heterogeneous polymer of crosslinked aromatics, with

typical monomers being paracoumaryl, coniferyl, and sinapyl alcgFigis1.1).%° These

monomers are polymerized throughGaC and GC linkages that are difficult to cleave,

requiring high temperature hydrogendsys Cellulose is a polymer of gluco@€ig. 1.2)that

has a varying degree of crystallinffl ucose in cellulose -is I|in

(1Y4) bonds that make it mu’Dépolyenargatiomby t o dey

() (b) (©

OH OH OH
HO\/\/©: HO
HO\/\/O/ - O/ - O/

Figure 1.1 The three common monomers of lignin: g@racoumaryl(b) coniferyl, and(c)

sinapyl alcohols
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Figure 1.2 Structure of cellulosésl y ¢ o s(i 1dY 4) ftibkaylocdse monomers in a

linear chain (which allows for facile crystallization), and dangli@iH groups contribute

to intra- and interstrand hydrogen bonding.

Figure 1.3 A possible structuref@ hemicellulose segmer® y ¢ o s i 3l bords apd. Y
monomeric isomers disrupt the regularity of structure that is found in glucose, preventing

crystallization.

hydrolysis of the glycosidic bonds can be implemented with enzymatic systems or with
minerd acids; susceptibility to hydrolysis increases with decrease in crystallinity of
cellulose® Hemicellulose is a random, mixed polymer of hexose and pentose
monosaccharides, also linked thro#fdiN4pl yco
configuration(Fig 1.3)>'2Unlike cellulosedue to its irregular structureemicellulose does

not crystallize and is easier to solubilize and hydrofyFlee composition of lignocellulosic

biomass varies depending on Hmirce, but the typical ranges are3lbwt% lignin, 3650

wit% cellulose, 2680 wt% hemicellulosé Because polysaccharides are more abundant and



more easily processed into monomers than lignin, saccharide monomers have been the
substrates of choice in this work. However, recent advances in ligdnogenolysis have
made lignin depolymerization productsa topic of renewed interest in various

laboratorieg}13

Oak Ridge National Laboratory (ORNL) estimates that the U.S. has the potential to
annually produce on the order 0f°16ns of dry terrestrial ligncellulosic biomass, without
compromising productivity of agriculture for food and livestock fégH. For such
production capacity, the farmgate price (i.e., all costs excluding transportation from farm) is
estimated to range from $40 to $60 per dry*foim comparison, in 2015, the total U.S.
consumption of oil and natural gassalso on the order of 2@ons, eact.The specific
energy density of dry biomass is approximately 35% of oil and naturaf @asis, the
projected annual production of biomass cannot meet even the current energy demand
associated with fossil fugliet alone its projected growtiHowever, a naive analysis based
on carbon content of such biomass (ca. 50 wt%) suggests that this capacity exceeds the
currenttotal carbon demand in chemical feeds by an order of magrisidlarly, a naive
analysis of the cost per mass of carbon indicates that the carbon in such biomasdes an
of magnitude less expensive than inBilese simple calculations ignore the costs and energy
expenditures of long distance transportation costs, as well as utilization efficiency. Extensive
economic analyses of various feedstocks and target nhedeenist and provide more
reasonable estimates on feasibility of biorm@desved chemicals. For instance, Pacific
Northwest National Laboratory (PNNL) and National Renewable Energy Laboratory
(NREL) have published their analyses and recommendations qiocmus that can be

derived from both the lignin and the polysaccharide components of bioamassold
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potential as platforms for the chemical industrif The conclusions from these and other
reviews suggest a potential for economic viability of processes targeiymgvalue
molecules that do not require extensive reduction, and have functional complexity
comparable to the monomér&:1°The following discussion will focus on a small selection

of such products that are relevant to chemocatalytic chemistries studied in this work.

1.3 A selection of target molecules

Thevast majority ofmonomers in biomass are hexoses and pentoses. Howelyea, few

of the possible enantiomers of hexoses and pentoses arergblrglacose is the exclusive
monomer of cellulose, which makes it is the most abundant hexose. In additigiutmoBe,
hemicelluloses contain variable amounts of the hexose isoienannose and D
galactosé? D-Xylose and DBarabinose are the most abundant pentoses found in
hemicellulose, though other pentoses are found in trace qualitidsile this relative
homogeneity of isomerism isd@antageous for process design, it also limits access to
potentially interesting chemicals. Many of the rare sugars (i.e., those not readily isolable from
biomass) have exorbitant prices and low volumetric awéitiabecause they are produced
through cody manystep reactiosseparation chemical synthesis sequences or through
fermentative route¥.!® These rare sugars have direct applications in various biological
research areas, and hold potential as important precursors to pharmacédtidalss,
selective and inexpensive chemocatalytic systems for sugar isomerization have the potential

to make these highalue sugars more widely accessible.

All of the abundant sugars in lignocellulose are aldoses, i.e., sugars with carbonyl groups

at the C1 position. Ketoses are an important class of isomers that have the carbonyl group



located at a neterminal carbon position;-Retoses are most commondastable. Fructose

is a weltknown food additive, and is produced from stadehived glucose in the largest
immobilized enzymatic process in the wotftF! However, the pretreatment of the lower
purity, lignocelldosederived hydrolysate that is required for compatibility with the
enzymatic catalyst makes tlugscaling of fructose production costly. Furthermore, high
temperatures (ca. 100 °C) result in more favorable equilibrium distributions of the
isomerization eaction, but are incompatible with current enzyRieBhus, robust and
inexpensive aldosketose isomerization catalgsire required to make the economics more

favorable for this route of biomass processing.

Inexpensive routes to ketoses are also required fectaad dehydration pathways to
furans. Furans are heterocyclic aromatic compounds that have been identified as a group of
platform chemicalg.e., feasible routes to many industrially relevant compounds from furans
exist!>22 One potential area of application for furans is in plastics. Furanic monomers
especially &-furandicarboxylic acid (FDCAJave been proposed as substitutes for arenes,

butthe transformatioof furans toarenes is also an area of active rese&réh.

Finally, because the polysaccharides in lignocellulosic biomass are madarmd G
monomers, selective catalytic routes to carbon chain elongatioleavage would greatly
expand the number of accessible industreghevant product&® Many commodity
chemicals fall in the range o4 products. Highly functionalized small molecules, such
a s-hydroxy carboxylic acidsare particularly attractive targets from biomass. Lactic acid,
a G Uthydroxy carboxylic acid, is also viewed as a platform molecule, with potential in green

polymers andolvents, and as a precursor to specialty chenfiéaRurrently, the primary



industrial route to lactic acid is through fermentation of glucteesed by hydrolysis of
starch® Developments of chemocatalytic routes from biomass has the potential to
significantly lower the costs and improve the sustainability of the process. Such
improvements may make lactic acid a more attractive substitute for some of the existing

petrochemical based platforrds summary of potential products is provided in Fig. 1.4.

OH OH

o
HO/\;/H/k%

OH OH

/ D-Glucose \
OH OH OH (@]
0 OH
OH OH OH OH

Rare Aldohexoses Ketohexoses

e / N

0 0
Pharmaceuticals
OH

Lactic acid 5-hydroxymethylfurfural

\ Solvents, /

Polymers,
Fine Chemicals

Figure 1.4 A noncomprehensive illustration of some of the feasible and desirable products attainable

from glucose. Analogous diagrams exist for other, minor saccharides.



1.4 Reactions of interest and catalytic precedence
In order b make the production of chemicals discussed in Section 1.3 accessible, a number

of chemocatalytic systems need to be improved or developed.

Saccharides can be isomerized through various mechanisms. For instancexetbese
interconversion can proceddaough enolate intermediates, when proton abstraction from the
Ucarbon is catalyzed by bases, also known as the Lobry deiRbgnda van Ekenstein
transformation(Fig 1.5)?° Both homogeneous inorganic bases such as NaOH, as well as
heterogeneousasic oramphoteric oxides such as Sn€an promote this reaction pathway,
as evidenced by erpments tracking backbone H/D scrambling in isotopically enriched
substrates or solvent$?’ Alternatively, the same isomerization can proceed through a
formal 1,2intramoleculahydride shift (1,2HS), when the carbonyl is activated through an
interaction with a Lewis acit?. This reaction mechanism is conceptually a Meerwein
PonndorfVer |l ey reduction of the saccharideds
oxidation of the adjacent alcohol group (MPV&®)nterestingly, as the name suggésis

MPVO process proceeds through a backbone migration of the hydrogen or deuterium

Aldose Enediolate Ketose
0 OH
R R H
R — / —_—
H H H
D OH OH o)
OH- DOH oD

Figure 1.5 An llustration of the baseatalyzed Lobry de BruyiiAlberdd van Ekenstein
transformation that proceeds through an eratfiointermediate and results in isotopic H/D

scrambling with the solvent.
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attached t o -tathan, ascemidebcednby Ithé sack Of H/D scrambling in
isotopically enriched substrates or solve(fig). 1.6)'° While some homogeneous Lewis
acidic metal salts have been reported to catalyze alekdsse isomerization througfe 1,2-

HS route, most such reports deal with smaller sugars (e.g., tdddes)erogeneous
molecular sieves with framework Lewis acid sites, such &€3¢8m are able to catalyze these
reactions more selectivelyjth hexose substrates, and in aqueous solutfari® latterclass

of catalysts will be discussed further in Section 1.5.

Metal-Complex

Aldose Transition State Ketose
— a0t
OH
D
—_— R
H
(0]
H,0 H,0 H,0

Figure 1.6 An illustration ofa Lewisacidic metal cation catalyzed 15 process that results in no

H/D isotopic scrambling with the solvent.

Aldoses can also be isomerized into their epimers (epimerized) fgtra@olecular
carbon shift (1,Z°S) catalysts (e.g., molybdates and Ni (ll) diamine complexes), while
ketoses can be isomerized into branchegars by the same cataly$&’ These 1,2CS
reactiongalso known asilik reactions)are believed to proceed through a mechanism that
is conceptually similar to 1;RS reactions, but instead of a migrating hydrogen, the process
involves the migration of the mol e€abod ar

(Fig 1.7.2°The 1,2CS mechanism is experimentally evidenced by product selectivities, and

r



1C

Proposed

Aldose Transition State

Ketose

H H R

H
R\\
—_— \\ s —_—
R< ~ \ . _—
13C [e) 130 o) C

A /5 Y,

H,0 H,0 H,0

Figure 1.7 An illustrationof the proposed pathway for 1C5 reactiorthat results in the migration

of a carbon chain, rather than of H atom.

by tracking the position of &C label?”*°Though there is no general consensus on the exact
mode of activation for 1;£S catalysis, it appears that or tetradentate interactions are
common among the known catalystdnterestingly, in contrast to the 1t2S catalyzed in
agueous solutions, in alcoholic solutions some samples-BEfnwere reported to catalyze
the 1,2CS of glucosé’ This anomadus behavior has promptedfiarther study of this

reaction, and will be a topic stibsequerdiscussion in this thesis.

The aldol reaction of two carborlgkaring substrates resiibh C-C bond formation,
leading to carbon chain elongati@fig. 1.8)! Unsurprisingly, its reverse, the rewadol
reaction, resultsin bond cl eavage and-catbanbeasancalgcaholi f a
group, as is the case with saccharides. Two classes of enzymes have evolved for these
reversible reaction: classaldolases activate the substrate with a primary amine resydue
forming a Schiff base addugtig 1.9a) while class Il aldolases activate it with a Leasd
induced polarization of the carbonfffig 1.9b)*! Proximal basic or acidic residues als
facilitate the reactions through proton abstraction shattling®® Though the primary

interactions of such enzymes may be emulated by synthetic catalysts, e.g., Lewis acid sites
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R
3 R4 R4
R Ry R1 Ry
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—_—

H -
o) OH
O

Figure 1.8 Generalized schemaii¢ aldol/retrealdol reactions.

R1
OH

OH o) (b)
H OH / \ HO H

R1 R1

5 g
Enz OH N ,O) OH Enz
\O'\_) €H \ Enz/ZIrI] I (/-o/

Enz O

()

Figure 19 Activation of ketoses by (a) class | enzymes happens through the formation of a Schiff

base, while (b) class Il enzymes polarize the carbonyl through a Lewdsasgidnteraabin.

in molecular sieves polarizing the carbonyl of fructose, very low rates ofaletbreactions

are observed with such catalysts and ketohexoses at temperatures as high a3?>100 °C.
Instead, most attempts to produce lactates from hexoses are performed at very high
temperatures (16R00 °C) tha lead to catalyst deactivation due to deposition of humins

(insoluble polymers of dehydration products) on the catdlyst.Thus, while the
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isomerization reactions and retafmlol reactions have some conceptual similarity, they may

require slightly different approaches.

The aforementioned ketoses are also more readily daiegdinto furans by Brgnsted
acids than their aldose isométs$® Among the advantages of heterogeneous Lewis acid
catalysts for the aldodestose isomerization is their cpatibility with Bronsted acid
catalysts. Tandem catalytic schemes based ompaigg allowfor efficient production of
furans directly from glucose, and patially from polysaccharid&€s:>*While there are many
applications for furans, their capacity to function as dienes and undergeAiet (DA)
addition reactions witlolefinic reactants (e.g., ethylenis) particularly interestingFig.
1.10a)*” The resulting oxabicyckadducts can be aromatized into the corresponding arenes
via dehydratior(Fig. 1.10b)*” The extent of catalytic involvement in the two steps depends
on the structure of the diene and dienophile, but both Brgnsted and Lewisiacddhe
potertial to catalyzethe net cycloadditiomiehydration chemistr¥/. DA reactions will be
discussedn greater detail in Chaptdrof this thesis, but it is important to note here that
oxygenated side groups on the furan ring appear to inhibit or slow the re&tlibns, one

of the strategies to facilitate such reactions is to hydrogenate thgrsiges into methyl

_/ R R
Lo

1 R; R R
\) = 2 . R4 Rz
(@ (b)
Furan Oxabicyclo-adducts Arene

Figure 1.10 A generalized depiction of Dieklder (a) cycloaddition and (b) dehydrative

aromatization reactions between a fufdiene) and an olefin (dienophile).
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groups?® While this strategy is atictive if the engbroduct is an alkylated arene, products
with oxygenated side groups (e.g., terephthalic acid) would require subsegoeidaten
of the substrate. From an industrial standpoint, oxidation processes alrea(hneixast the
basis oterephthalic acid production from fossilel-based pcylene) so they are technically
feasible®® However, such an approach is saftimal, as it resulti; wastedhydrogen, and
two additionakostlyreaction (and potentially separation) steps. To circumvent these issues,
past research in the Davis group has investigated the feasibility of DA cycloaddition
dehydration reactions of furans bearing oxygenatdedgroups?243€The results of this
work suggested that certain furans with partiabydized side groups could be reacted with
high seéctivity with the Lewisacidic ZrBeta molecular sieves. Howewer, 2,5
furandicarboxylicaacid,the furan whose DA cycloadditiesrehydration reactions would lead
directly to terephthalic acid, was shown to not react with such catalyst, creating incentive for

further exploration of this reaction systéhi®

1.5 Molecular sieve catlysts

Molecular sieves constitute an important class of materials that possess regular pore
structures, with pore diameters comparable to molecular dimensions, enabling the possibility
to sieve based on molecular size and/or sFafd@©ne subset of molecular sievsgeolites,
crystalline aluminosilicates with pores that typically fall in the rangeiofopores (less than

2 nm in diameterj®>*°The structure of zeolites can be understood in tertheafrrangement

of SiOy tetrahedral building block¥.These units connect in a variety of orientations, forming
rings that define the pore systems. In zeolite literature porendiores are often discussed

in terms of the number of such tetrahedral units (or members) in the narrowest ring of a pore.

For instance, the MFI structure is referred to as-mé&thberedring (MR) material, while
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MFI

Figure 111 Illustration of crosssections of MFI (1MR) and *BEA(12-MR) zeolite structures.

the *BEA structure is a member tfie 12-MR family (Fig. 1.11)" Correspondingly, the
pore system of MR materials can accommodate larger molecules thaniR @naterials*!
Over a nillion unique, hypothetical zeolitmystal structures have beielentified however,

to date, only about 230 natural ornflyetic zeolite structures have been physically
achieved*2Because Si is tetravalent, while Al is trivalent, issphous substitution of Si
by Al in the crystal lattice generates a negative framework charge imb&l#&wsa.result, a
cation (e.g., an alkali ion or a proton) balances thetivegeharggFig 1.12a)*° This cation
bearing capacity of zeolites is crucial to their applications ireiahangers and in catalytic
processe® Fluid catalytic cracking in the petrochemical industry converts large; high
boiling hydrocarbons to smaller, more valuable products (e.g., gasoline andlsfired)*°
This process relies on the strong Bregnsted acid sites that are generated -fortineold

zeolites (i.e., when ptons balance the framework charge).

Zeotypes are materials with zeolite structures, but do not have strictly aluminosilicate

framework composition& Isomorphous substitutions of Si by other tetravalent heteroatoms



Figure 1.12 Charge imbalance (a) is generated when a trivalent cation (€.isAsomorphously
substituted into the lattice, but (b) is not generated ircéise of a tetravalent cation (e.g.$n

isomorphous substitution.

e.g., Sn, Ti, Zr, or Hfhave been reported in otherwise psilea molecular sieve€:*In

such materials there is no framework charge imbaléfige 1.12). However, interesting
catalytic properties can still emerge, as such heteroatoms can exadeztited coordination

and function as Lewis acid$.While solidstate nuclear magnetic resonance-k®&R)
spectroscopy may be used to characterize Si and Al, its use factenzation of most
heteroatoms that have been incorporated into zeotypes is either very challenging (in the case
of Sn), or essentially impossible with current instruments (in other ¢asadilitionally,

synthetic zeolite and zeotype crystals are usually too small for routine-siggtal X-ray
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crystallography. Though synchrotreX-ray crystallography of single crystals is often used
for structure solutions of novel structuféshe incorporation of heteroatonis usually
randomwith respect to crystallographic pasit, eliminating the possibility of heteroatom
coordination analysis. As a result, indirect characterization methods, such asptebele
Fourier transform infrared (FTIR) spectroscopy, temperature programmed desorption of

probe adsorbates, and probaateons have been used to characterize such zeotype materials.

While all of the aforementioned heteroatoms may function as Lewis acids, as
characterized by Lewis basic probe molecule spectroscopy, the catalytic behavior of these
metal centers may vary. Fimistance, titanium sites in titanosilicates can activate hydrogen
peroxide for epoxidation of olefi&ig. 1.13a)or oxidation ofalkanes an@romatics.’ On
the other hand, tin in stannosilicates preferably activates carbonyls, and in dre@res
hydrogen peroxides, carbonyls, and double bonds, promotegmBa4lliger oxidation
instead of epoxidatio(Fig. 1.13b)* Thus, while ceain generalizations are possible about
the behavior of Lewiscidic zeotypes, careful characterizasioheach material and reaction

are required

(0]
R1‘\_>*&
/ e \
ﬁ T_>\* :
o
Figure 1.13In the presence of &, (a) Ti-Beta promotes epoxidati@i olefins, while (b) Stbeta

promotes BayeVilliger oxidation of carbonyls.
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In addition to the randomness of crystallographic site substitution by heteroatoms, further
complexity in zeotype analysis comes from disorder that arises from local defebtgssu
partial hydrolysis of metabxygensilicon bonds. In fact, in a number of systems, the
partially hydrolyzed metal sites have very different reactivities from the perfectly substituted
sites?84%0 The capacity to alter (through synthetic or pgstthetic routes) the distribution
of sites within heterogeneous catalysts is important, as it provides the opportunity to tune the
activity and selectivity of a catalyst. The potential of such tunglidiee motivating factor

for studying the heteroatom site structure, its origin, and its effect on reactivity.

1.6 Thesis overview

The collection of work presented in this thesis strives to expand applications and
understanding of catalysis in the procegsof biomassierived feedstocks and derivatives

thereof. Chapter 2 discusses the outcomes of a collaborative study of the structure and
reactivity of Sn sites in SBeta zeotype in the context of glucose isomerization to fructose

and epimerization to manse>! This work provides the first (to the best of our kiexge)

experi ment al proof that partially hydrolyz
silanols, are the primary active sites in-H3 reactions of saccharid@sFurthermore,
exchange of the open Sn sitesd proxi mal S i
generate Sn sites predominantly active f@Qs reactions! This discovery motivated

further considation of 1,2CS catalysis. The proposed mechanisms oiCH2reactions

catalyzed by molybdates and Ni (II) diamines appear to have some similarity to aldol/retro

aldol reactions. The recognition of this similarity was the basis of the work presented in
Chapter 3. In this chapter, a variety of L5 catalysts are shown to enhance raltol rates

and to be compatible with 1}2S catalysts in a tandem catalytic system that results in alkyl
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lactate yields comparable to the prior stait¢he-art nonbiological catalytic systems, but at
much lower temperatur@sChapter 4 explores the Lewis acid chemistry of framework Zn
sites in zincosilicate zeges> Probemolecule FTIR spectroscopy is useddemonstrate
strong interactions of Lewis bases with Zn stfe$his knowledge is then translated to
catalytic chemistry, resulting in the first (to the best of our knowledge) reported set of
heterogeneous catalysts that are able to catalyze theAldelscycloadditiordehydration

of ethylene and dintkyl 2,5furandicarboxyhte with appreciable selectivif? Chapter 5
provides concluding remarks regarding the work discussed in this thesis, and how it pertains
to the broader field of study of zeotype Lewis acid chemistry. Finally, Chapter 5 briefly
discusses the future potential of currently unmii@ld work regarding Dielslder
cycloadditiondehydration of ethylene and dimethyl 2Jsardicarboxylatecatalyzed by

aluminosilicate zeolites.
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Chapter 2

l denti fication and Char adB8tkemni Zatri or
Gl ucose | someri zation to Fructose a

Information contained in Chapter 2 was originally published in:

(BermejoeDeval, R.* Orazov, M.*; Gounder, R.Hwang, S.; Davis, M. EACS Catal.2014 4,

2288 2297. DOI: 10.1021/cs500466fqual Contribution

2.1 Introduction

The Davis group has previously shown that framework tetravalent Lewis acidic metal centers
(Srt* and T#*) within hydrophobic, pursilica mdecular sieves with the zeolite beta
framework topology (SiBeta and TBeta, respectively) catalyze the isomerization reactions

of glucose in aqueous medid Framework Sn sites rirgpen and coordinate glucose prior

to isomerization via a formal Xjatramolecular hydridshift from C2 to C1 position (1;2

HS) of the ringopened glucose chainThis glucose isomerization reaction pathway is
analogous to that observed in metalloenzymes suchxgtoBe isomerase Xl that contains

two divalent Lewis acid metal centers (e.g.,2Mgr Mn?*) confined within a hydrophobic
pocket® ” Extraframework SnQclusters located within hydrophobic micropores of pure
silica zeolite beta, Wi not at external crystallite surfaces or on amorphous supports, are also
able to isomerize glucose to fructose in aqueous solutions. Unlike the framework Sn centers,
these extraframework intrazeolitic Sp€lusters act as solid bases that catalyze ghucos
isomerization via Lobry de BruyAlberda van Ekenstein (LdBVE) rearrangements

involving enolate intermediaté$,and the hydrophobic surrounding voids appear to protect
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SnQ surface sites from inhibition or deactivation that otherwise occurs in the presence of
bulk liquid water.

Surprisingly, in a prior report from the Davis group, cersamples of SiBeta reacting
glucose, in a methanolic solvent, selectively produced mannose via adagsediated
1,2-intramolecular carbon shift (:2S) mechanism, also known as the Bilik reacfion.
Although homogeneous molybdate anfbHsand nickel(ll) diamine complex&s* have
been reported to catalyze the epimerization of glucose to mannose by the Bilik reaetion, Sn
Beta was the first example of a heterogeneous microporous catalyst that could mediate this
reaction? Only framework Sn sites in SBeta were able to form mannose via the Bilik
reaction in methanol, as intrazeolitic Syglusters isomerized glucose to fructose via base
catalyzed LdBAVE rearrangemerit.SnQx clusters deposited on external zeolite crystal
surfaces and on amorphous silica also isomerized glucosetostun liquid methanol by
the enolate mechanishin contrast with their inability to do so in liquid water. Thus, only
zeolites that contained framework Sn sites showed differences in the predominant
mechanism by which glucose is reacted in agueous and methanolic solvents.

Framewok Sn centers in SBeta were proposed by Corretall®to be present in both
Acl osedd and Aopeno f dydoga Srhsidet(SHOIM) anéa p o n d
partially hydrolyzed Sn site (HE9Nn(OSik) (shown in their dehydrated states in Fig. 2.1a
and 2.1b, respectively). The open sites were proposed to be more reactive in the Baeyer
Villiger oxidation of cyclic ketone& By extension, this site activity was also proposed for
intermolecular MPVO reactiort§ Similarly, theDavis group has proposed the open Sn sites
to be more reactive in the isomerization of glucose into fruétmsattempts to increase the

proportion of open Sn sites in-\eta, the Davis group has investigated the substitution of
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Figure 2.1 Schematic representation of the dehyeblastates of (a) closed and (b) open sites in Sn
Beta, (c) the N@&xchanged open site, and (d)thesMHo s ed open site. X0 deno

units.

SnCl precursors with Sn(CH#Clz during crystallization, as well as Naxchanges prior to
calcinaton, as these treatments were hypothesized to prevent condenfatiaximal Sn

OH and SiOH groupst The reactivities of SiBeta samples prepared though these alternate
routes were reported as indistinguishable from that é8&a crystallized using the normal
SnCl precursors, suggesy that open and closed Sn sites were interconvertible during
calcination and reaction conditioh#s a result, while open and closed Sn sites HB&ia
were distinguished it'®%Sn NMR spectra, these prior experimental data could not
conclusively determine if the open Sn site was #xclusive active site for glucose

isomerizationt

Though conclusive experimental data was lacking, quantum chemical studies suggested
that glucosdructose isomerization pathways are catalyzed with lower barriers on open Sn
sites than closed Sn siteBreviously, Khouw and Davisselectively exchanged Nanto
silanol groups (SOH) adjacent to open Ti sites ((HD)-(OSik) in titanosilicate TSL and
demonstrated complete inhibition of catalytic alkane oxidation by hydrogen petbxide

providing evidence that open Ti sites are thevacites for alkane oxidatian TS-1. Thus,
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it seemed plausible that the silanol group adjacent to the open Sn siteBetaScould
influence the rates and selectivities of glucose isomerization catalysigt REf used

density functional thery (DFT) to calculate the energetics of gluctrsetose isomerization
(1,2HS) and glucosenannose epimerization (12S) pathways when glucose binds to an
open Sn site in a monodentate mode that involves the adjacent silanol group versus the
energeticsof these pathways with a bidentate binding mode that does not involve the
neighboring silanol group. These calculations suggested that the monodentate pathway
resulted in lower barriers for the glucesectose isomerization via the #2S pathway,

relative to epimerization via the @S pathway?® Conversely, the bidentate binding mode
resulted in a lower energy pathway for the glueosenose epimerization via the IG5
pahway!® If epimerization is a lower energy pathway than isomerization when silanol
groups adjacent to Sn sites are not invbivethe mechanism, a detail that was not addressed

by Rai et al!® then prior experimental resuitsuggest that active sites in -8Beta in
methanol may & altered in a manner that precludes the involvement of the neighboring
silanol in the reaction pathway.

Here, new experimental results pertaining to the structures of the active Sn sites in Sn
Beta for glucose isomerization and epimerization reactionprangded. First, through
selective NH poisoning, we demonstrate that the closed Sn sites appear to be essentially
inactive for both 1,HS and 1,ZCS reactions. The mechanistic role of the silanol group
adjacent to the open Sn site is examined by examguitg proton with a sodium cation. We
provide evidence that Ni@&xchanged SBeta catalyzes the epimerization of glucose to
mannose vial,2-CS with high selectivity in methanolic solutions and in concentrated

aqueous NaCl solutiongn water, for such ntarials, the selectivityor isomerization to
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fructose vidl,2-HS, relative to epimerization to mannose viaQ@ & increases with reaction
time because Naons are removed from the active sites over the course of the reaction
(resulting in protonated pxamal silanol groups). These data clearly show that the open Sn
site is the active site for both glucose isomerization and epimerization reactions, with
isomerization prevailing when adjacent silanol groups are in their proton form and

epimerization prevéhg when adjacent silanol groups are exchanged with Na

2.2 Experimental Methods

2.2.1 Synthesis of Beta,'!°SnBeta, NaSnBeta and SBeta

SnBeta and''%Sn-Beta were synthesized according to previously reported procedures.
15.25 g of tetraethylammonium hydroxide solution (Sighhdrich, 35% (w/w) in water)
were added to 14.02 g of tetraethylorthosilicate (Sididaich, 98% (w/w)), followed by

the addition of 0.172 g of tin (IV) chloride pentahydrate (Sigkidrich, 98% (w/w)) or of
0.121 g oft'°Sn enriched tin (IV) chloride peritgdrate (Cambridge Isotopes, 82% isotopic
enrichment). The mixture was stirred until tetraethylorthosilicate was completely
hydrolyzed and then allowed to reach the target€at 5O, ratio by complete evaporation

of ethanol and partial evaporation of wateinally, 1.53 g of HF solution (Sigma Aldrich,
54% (w/w) in water) were added, resulting in the formation of a thick gel. The final molar
composition of the gel was 1 Si00.0077 SnGil/ 0.55 TEAOH / 0.54 HF / 7.5230. As
synthesized SBeta (vide infa) was added as seed material (5 wt% ob$1@el) to this

gel and mixed. The final gel was transferred to a Tdflued stainless steel autoclave and
heated at 413 K in a static oven for 40 days. The recovered solids were centrifuged, washed
extensivéy with water, and dried at 373 K overnight. The dried solids were calcined in

flowing air (1.67 cm s, Air Liquide, breathing grade) at 853 K (0.0167 K for 10 h to
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remove the organic content located in the crystalline matétfgin-Beta was calcied
twice under the same conditions.

Na-Sn-Beta was synthesized using the same procedure Bst8nbut with the addition
of NaNG; (Sigma Aldrich,0 9 9 ) 10 #te synthesis gel. The final molar composition of
the gel was 1 Si¢Y x NaNQ / 0.0077 SnGl/ 0.55 TEAOH / 0.54 HF / 7.52 3@, where
Axo was 0. 010, -8nBetaldo, 6D ardl 30) redpektBrely). W& gel was
transferred to a Teflehned stainless steel autoclave and heated at 413 K in a static oven
for 25 days. The recovered solids were washed, daed calcined using the same
procedure as for SBeta. Synthesis gels with Si/Na ratio lower than 30 yielded a
heterogeneous materiaith small black particles dispersed among the zeolite. These black
particles were separated from the zeolite by hand, and were found to be amorphous, having
a Si/Sn and Na/Sn ratio of 15 and 2.28, respectively.

Si-Beta was prepared by adding 10.01 g dfatethylammonium fluoride dihydrate
(SigmaAldrich, 97% (w/w) purity) to 10 g of water and 4.947 g of tetraethylorthosilicate
(SigmaAldrich, 98% (w/w)). This mixture was stirred overnight at room temperature in a
closed vessel to ensure complete hydrslydi the tetraethylorthosilicate. The targeted
H20:SiG; ratio was reached by complete evaporation of the ethanol and partial evaporation
of the water. The final molar composition of the gel was$l65 TEAF / 7.25 BD. The
gel was transferred to a Teftlined stainless steel autoclave and heated at 413 K in a
rotation oven (60 rpm) for 7 days. The solids were recovered by filtration, washed
extensively with water, and dried at 373 K overnight. The dried solids were calcined in
flowing air (1.67 cm s, Air Liquide, breathing grade) at 853 K (0.0167 K for 10 h to

remove the organic content located in the crystalline material.



2.2.2 Nd and H ion exchange of eolite amples

Each ion exchange step was carried out for 24 hours at ambient tempersinget5 mL

of exchange or wash solution per 300 mg of starting solids. For the procedures involving
multiple ionexchange steps, the i@xchange solution was replaced every 24 hours
without intermediate water washing. One, two, and three successiuesod exchanges
(SnBetalEx, SnBeta2EXx, and SfBeta3EX, respectively) were performed by stirring
calcined SrBeta in a solutionof LM NaNg¥ Si gma Al dr i c HMNaD#H9 . 0 %)
(Alfa Aesar 97%)) in distilled water. The final material was recovered by centrifugation,
and washed three times with 1 M Na]Ni@ distilled water. Acidwashed StBeta (Sh
BetaAW) was made by stirring the triplyodium-exchanged SiBeta (SrBeta3EXx) in 1

M H>SOs (Macron Fine Chemicals, >51%) for 1 h, at ambient temperature, followed by
separation by filtration and washing with 1 L of distilled water in 100 mL batches. Finally,
the material was dried in room temptera air and calcined in flowing air (1.67 ¢st,

Air Liquide, breathing grade) at 853 K (0.0167 K).sWe note that the dehydration of
sodiumexchanged materials resulted in changes in their catalytic properties; therefore, to
ensure comparable satuaat of the samples with water, 24 h prior to reaction testing, all
samples were placed in a chamber whose humidity was controlled by a saturated NacCl

solution.

2.2.3 Ammoniadsorption onto SiBeta
Ammonia gas dosing experiments were performed eB&asamples after drying in a
Schlenk flask at 473 K for 2 h under vacuum. The drie@&@a was cooled under dynamic

vacuum to ambient temperature, and the flask was backfilled with 101 kPa of anhydrous
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ammonia gas (Matheson T@as, 99.99%). After 24 h, tlexcess ammonia was evacuated
and the sample was exposed to atmosphereB€&mNH3). The ammonissaturated
material was regenerated by calcination-BsaNHs-Cal) in flowing air (1.67 crhs?,

Air Liquide, breathing grade) for 6 h at 853 K (0.0167K.s

2.2.4 Characterizatiomethods

Scanning electron microscopy (SEM) with Energy DispersigayXSpectroscopy (EDS)
measurements were recorded on a LEO 1550 VP FE SEM at an electron high tension
(EHT) of 15 kV. The crystalline structures of zeolite samples were determined from
powder Xray diffraction (XRD) patterns collected using a Rigaku Maxf I
diffractometer and Cu & radiation.

Ar adsorption isotherms at 87 K were obtained using a Quantachrome Autosorb iQ
automated gas sorption analyzer. Zeolite samples were degassed at 353 K (Y17 K s
1 h, 393 K (0.167 K'§ for 3 h and 623 KQ.167 K &' for 8 h prior to recording dry
sample weight. For SBetaNH3, the temperature during the degassing procedure never
exceeded 473 K (0.167 K's Relative pressures (RJRvere measured between1énd
1 at 87 K with precise volumetric Ar des.

Deuterated acetonitrile dosing and desorption experiments were performed according
to the procedure described elsewh@ra. Nicolet Nexus 470 Fourier transform infrared
(FTIR) spectrometer with a Hgd-Te (MCT) detector was used to record spectra in 4000
650 cm' range with a 2 criresolution. Selsupporting wafers (320 mgcm?) were
pressed and sealed in a heatable quartz vacuum cell with removable KBr windows. The
cell was purged with air (1 chs?, Air Liquide, breathing grade) while heating to 373 K

(0.0167 K &Y, where it was held for 12 h, followed by evacuatioB7g K for >2 h (<0.01
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Pa dynamic vacuum; oil diffusion pump), and cooling to 308 K under dynamic vacuum.
CD3CN (SigmaAldrich, 99.8% Datoms) was purified by three freeze (77 K), pump, thaw
cycles, then dosed to the sample at 308 K until the Lewis aeglwgére saturated. At this

point, the first FTIR spectrum in the desorption series was recorded. The cell was evacuated
down to 13.3 Pa, and the second spectrum was recorded. Then, the cell was evacuated
under dynamic vacuum while heating to 433 K (0.0k63Y). Concurrently, a series of

FTIR spectra were recorded (2 min for each spectrum) at 5 minute intervals. The resulting
spectra were baselirmrrected, and the most illustrative spectra were chosen for
presentation. The spectra are not normalizechbynumber of Sn sites. Spectral artifacts
known as Ainterference fringeso were removV
digital filtering techniques and Fourier analyis.

Solidstate magic angle spinning nuclear magnetic resonance (MAS NMR)
measurements were performed using a Bruker Avance 500MHz spectrometer equipped
with a 11.7 T magnet and a Bruker 4mm broad band dual channel MAS probe. The
operating frequencies were 500.2 MHmndal186.5 MHz for'H and '°Sn nuclei,
respectively. Approximately 680 mg of powder were packed into 4mm ZrGtors and
spun at 14 kHz for MAS or cross polarization (CP) MAS experiments at ambient condition.
119Sn{*H} CP condition was optimized at radiefjuency pulse power of 62.5 ki,
where ny is spinning frequencynd spectra were recorded using 2 ms contact time. The
recycle delay times were 20 sec and 2 sec'f@n MAS and CPMAS experiments,
respectively. Signal averaging over 8,000 scaas performed for the CPMAS spectrum
of 11°%SnBeta dehydrated after NHdosing, while averaging over 30,000 scans was

performed for the CPMAS spectrum’éfSn-Beta dehydrated after three fdachanges.
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Liquid 3C NMR spectra were recorded using a Varia®\s\ 500 MHz spectrometer

equipped with an autr pfg broad band probe. Carbon chemical shifts are reported relative

to the residual solvent signafC NMR spectra were acquired with 2000 scans.

2.2.5Reaction pocedures
Reactions with Bglucose (Sigma&ldrich, 99%) were conducted in 10 ml thigkalled

glass reactors (VWR) that were heated in a temperatngolled oil bath. Reactions were

prepared with a 1:100 Sn:glucose molar ratio using 5.0 g of a 1% (w/w) glucose solution

with approximately 20 mg afatalyst. For reactions performed to investigate the effects of

addition of NaCl to aqueous glucose reactant solution, 0.2 g of NaCl were added per 1.0 g

of 1% (w/w) glucose solution. Reactors were placed in the oil bath at 353 K and

approximately 50 mg mluots were extracted at 10, 20 and 30 minutes. These reaction

aliquots were mixed with 50 mg of a 1% (w/w)}rannitol (SigmaAl dr i ¢ h,
solution as an internal standard for quantification, diluted with 0.3 mb©f &hd filtered
with a 0. 2ingefiterPTFE syr

Glucose conversions and product yields were calculated by:

® 50 p Tt fft] 1)

MO — p T[] (2)
where®d 0 is the glucose conversion at timein percent® 0 is the fructose or
mannose Yyield at timg in percent,¢ 0 Tt is the initialmoles of glucose in the
reactor ¢ 0 is the moles of glucose in the reactor at timende 0 is the moles of

fructose or mannose in the reactor at tine

09 8¢
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Recyclability experiments were performed with-Beta3EX reacted with glcose in
water and methanol under the previously stated reaction conditions (353 K for 30 min in a
1% (w/w) with 1:100 Sn:glucose molar ratio) and washed once with the solvent used in the
reaction. The solids were centrifuged and dried with ambient tempet.

Reaction aliquots were analyzed by high performance liquid chromatography (HPLC)
using an Agilent 1200 system (Agilent) equipped with PDA UV (320 nm) and evaporative
light scattering (ELS) detectors. Glucose, fructose, manaosemannitol fractins were
separated with a HPlex Ca column (6.5 x 300 mm, 8 um patrticle size, Agilent) held at
358 K, using ultrapure water as the mobile phase at a flow rate of 0.6.mL s

Reactions with labeled®C glucose at the C1 position (Cambridge Isotope
Laboratores,:3C D-glucose, 9899%) and deuterium (D) in the C2 position of glucose
(Cambridge Isotope Laboratories;glucoseD2, >98%) were conducted under the same
conditions as those with-Blucose. The reaction was ended by quenching after 30 minutes.
The rection solution was filtered and rotavaporated to separate the solvent from the
reactardproduct mixture. These recovered solids were dissolved in deuterium oxide and

analyzed using®C NMR.

2.3 Results and Discussion

2.3.1 Characterization of microporous materials

The powder Xray patterns of SBeta, SABetalEx, SnBeta2Ex, SnBeta3EX, SnBeta

AW, Sn-BetaNHs, SnBetaNHs-Cal and NaSn-Beta (Si/Na=100, 60 and 30) (Figs. A1 and

A2 in Appendix A) show that each of the samples is highly crystalline and has the zeol
beta framework topology. No diff Paaad34®on | ir

that are characteristic of bulk ShGEM images (Fig. A3 in Appendix A) indicate that the
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crystallite size of SiBeta is between-B ¢ m, and do grficamtly after c ha n g ¢
exchange with NaN&NaOH or treatment with N& Na-SnBeta30 (SEM images shown
in Fig. A4 in Appendix A) and other materials with gel Na/Sn ratios > 30 (results not
presented here because of the high impurity content) contain an intpatityonsists of
dark, amorphous (by powder XRD) particles that are not observeddmBata60 and Na
SnBetal00. Thus, synthesis gels with high amounts of Na formed contaminating
amorphous solids with high Na and Sn conteBttS =15, Na/Sn = 2.28Bellusi et af!
proposed that the insertion of titanium into the silicate frameworkL{Ti§ inhibited when
alkali metal ions are present in the synthesis gel due to the formation of alkali titanates. Here,
it is possible that the Sn atornnsthe synthesis gels form alkali stannates that are part of the
amorphous phase impurity, thereby lowering the Sn and Na content of the crystaBne Na
Beta that is formed

The total micropore volumes of the samples were determined from Ar adsorption
isotherms (87 K, Figs. A®\14 in Appendix A) and are listed in Table 2.1. The micropore
volume of all Naexchanged materials decreased, perhaps because of excesstiNaNO
remains on the solid after Na exchange. The final wash in the exchange procedure was
performed with 1M NaN® because washing with distilled water results in partial Na
removal from the catalytic site. The FTIR spectra (Fig. A15 in Appendix A) of the Na
exchanged materials show a broad shoulder in the 1300 to 15b@ange as would be
expected for the N@ ion.?2 Sn-BetaAW has the same micropore volume (0.1¢ g as
the parent SiBeta material, indicating that the measured decrease in microporosity for the
Na-exchanged materials is not due to sslof crystallinity, but likely due to the excess

NaNQCs:. NaSnBeta60 and NaSnBeta100 exhibit a similar micropore volume to-Beta
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(Table 2.1), but N&nBeta30 has a lower micropore volume of 0.143gth This
significant decrease in micropore volens likely due to the amorphous particle impurities.
The ammonialosed StBeta showed a lower micropore volume of 0.17 ¢th which

increased to that of the parentBeta sample after calcination (0.19%y).

Table 2.1Site and structural characization of samples used in this study.

Ar micropore

Catalyst Si/Srt  Na/Sr? volumé (e g IR bands (cn?)
SnBeta 95 0.00 0.19 2315, 2307, 2276 and 226
SnBetalEx 115 3.80 0.16 2310, 2280 and 2274
SnBeta2EXx 159 4.38 0.15 2310, 2280 and 2274
SnBeta3EX 140 4.85 0.16 2310, 2280 and 2274
SnBetaAW 104 0.27 0.19 2315, 2307, 2276 and 226!
NaSnBetalO0 113 0.12 0.18 n.d.
Na-Sn-Beta60 127 0.26 0.19 n.d.
NaSnBeta30 91 0.94 0.15 2310, 2280 and 2274
SnBetaNHs 105 0.00 0.17 2306 and 2270
Sn-BetaNHs-Cal 117 0.00 0.19 2315, 2307, 2276 and 226

aDetermined by Energy Dispersiverdy Spectroscopy (EDS). The highest measured Si/Sn standard
deviation for three scans of different parts of the same materiat ®@swhile the highest Na/Sn
standwrd deviation was of £ 1.25. These maximal standard deviations may be used to estimate the

uncertainty of measurement for all samples.
bDetermined from the Ar adsorption isotherm (87K).

®n.d., not determined
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Table 2.1 lists the Sn and Na contents fooflhe samples in this study. The Na/Sn ratio
increased with the number of consecutive sodium ion exchanges, with the highbesimgtio
4.38 after three consecutive exchanges with NgIN&DH. Na/Sn ratios above unity likely
reflect the presencef exces NaNQ depositedon the sample and some Na exchange
occurring at silanol groups other than the ones adjacent to open Sn centers. Acid treatment
removed most of the sodium from the zeolite, as the Na/Sn raticBe&AW decreased
to 0.27. TheNa/Sn rat in the solids synthesized in the presence of sodiurrSiNaeta

100, 60 and 30pcreaseds the sodium concentration increased in the synthesis gels.

2.3.2 Structural characterization of the Sn sites inEzta

The nature of Lewis acidic Sn sites in-Beta and possynthetically treated SBeta
samples was probed by monitoring changes in IR bandSfoN st r et ching vi b
adsorbed deuterated acetonitril22¢02340 cmb)?® during temperaturprogrammed
desorption experiments (Figs. 2.2 and A48 in Appendix A. The IR spectra for SBeta
exposed to CECN show bands at 2315, 2307, 2276, and 2266(&iig. 2.2a). The CECN
IR bands at 2276 and 2266 ¢imave been assigdéo CD:CN coordinated to silanol groups
and physisorbed CGICN, respectively, while the bands at 2315 and 2307 leave been
assigned to CECN coordinated to Lewis acid sit€%* These results are consistent with
Cormaet al!®, who assigned the 2316 ¢rband to CRCN bound at the open Sn site, and
the 2308 crt band to CBCN bound at a weaker Lewis acid site proposed to be the closed
Sn site.

After NaNQGy¥/NaOH treatments (Figs. 2.2b, A16, and Af7Appendix A, IR bands
associated with C&ZN bound to th open and closed sites disappear or diminish in intensity,

while a single broad IR band with low intensity appears at ~231@ cmt. We speculate
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Figure 2.2Baselinecorrected IR spectra with decreasingsCN coverage on (a) SBeta, (b) Sh
Beta3Ex,and (c) SrBetaNHs.
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that this broad band may reflect multiple contributions from residuaéroinanged Sn sites,
by extension of previous reports by Coretal?® showing that a similar broad band at 2310
cmit in S MCM-41 may be deconvoluted into multiple bands that correspodifféoent
Sn environments. Interestingly, a more prominent IR band appears at 2280 da-
exchanged SBeta materials (Figs. 2.2b, A16, and Ailtv Appendix A, which we
tentatively associate with the Lewis acid site responsible for the reactivitysaf samples.
The lower frequency of this new band (2280%mompared to the open Sn site inBeta
(2315 cmt) may suggest a weaker interactioof CDsCN with Lewis acid sites in Na
exchanged SBeta. The CBCN that gives rise to the 2280 €rband, however, desorbs
more slowly than CECN bound to the closed site (2307 Hnand at comparable rates to
CDsCN bound to the open site (Figs. 2.2a and 2.2b). Thesadmduggest that, in addition
to the direct electron donation of @CN to the Lewis acidic Sn center, secondary
interactions of CBCN with the site or its surrounding environment may influence the
binding str engt)bf CRONIStronglybeundCR@N aB2280 ErNFig.
A18in Appendix A was not present on Nexchanged SBeta, confirming that this IR band
is not a result of CECN adsorbed to Naxchanged terminal silanol groups, and requires the
presence of a framework Sn site. The synthigaeSnBeta30 sample showed a similar
desorption profile to that of Nexchanged SBeta (Fig. A19in Appendix A, suggesting
that Nd ions introduced during or after synthesis have similar effects on the ability of Lewis
acid sites in SiBeta to bind CRCN.

CDsCN adsorption onto SBetaNHs gives rise to IR bands at 2306 ¢nassociated
with the closed Sn sites (as confirmed B¥5n NMR, vide infra), and a previously

unobserved band at 2270 ¢iffFig. 2.2c) forsitesthatreleaseCDsCN at a rate similato that
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of the closed sites. The IR band of £ bound to the open site at 2315 tmas not
observed (Fig. 2.2c). These data indicate thas i¢bhains bound only to open Sn sites in
Sn-BetaNHz3 after exposure to ambient air and treatment in vacu@73a prior to CRCN
exposure (Fig. 2.3), consistent with proposals that open Sn sites are stronger Lewis acid sites
than closed site'S.We propose that open Sn sites with bound; NHSnBetaNH3 (Fig.
2.1d) are more electremch, and in turn bind CECN more weakly, than open Sn sites
without NHs ligands in SrBeta (Fig. 2.1b). The open Sn site with-pasorbed NEI(Fig.
2.1d) seems toeba likely candidate for the IR band at 2270qffig. 2.2c), which arises
from weaklybound CRCN that disappears more rapidly than the IR band at 2315am
CDsCN bound at open Sn sites (Fig. 2.2a). The presence of the 230Rdmand in Sh
BetaNH3 suggests that any Nthitially bound to the closed site (Fig. 2.3b) desorbs after
exposure to ambient air or vacuum treatment at 373 K (Fig. 2.3c), and forms a closed Sn site

similar to that found in the untreated-Bata.

H
H H H H A
"9 5 9 " S w29
HO. %t/ '\ HaN.. 4/ 0\ \sﬁ si— %
w—=Sn S _>Sn  Si XTI\
A AV NI
X X X X X X
Dehydration Vacuum
(a) — (b) — (c)
NH, Dosing A
HZQ 0 HBN (o) /O\
HO. % /N x HsN-_ b /7N x __Sn si— %
sp siT Sn S X ~
xRN AV % A X
X x x = X X X

Figure 2.3Schematic repsentation of open (top row) and closed (bottom row) sites-Beba after
different treatment procedures. (a) Hydrated open and closed sites after (b) dehydration and saturation
with NHs, followed by subsequent (c) exposure to ambient atmosphere and éemataation (373

or 393 K for IR and NMR studi e-Siunits.espectively)
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The 1%n NMR spectra of!°SnBeta after calcination and exposure to ambient
conditions, which allows the Sn centers to become hydrated, shows a maanoeso
centered at688 ppm (Fig. 2.4a) for octahedrally coordinated framework>ZnUpon
treatment in vacuum at 383 K to remove the coordinating water, the Sn resonances shift to
-423 and443 ppm (Fig. 2.4d) that are characteristic of tetrafigecaordinated framework

Sn. We have shown previously through!%Sn CPMAS NMR that the open and closed

(a)

L e B s e b o ' L b | "

(b)

(d)

(e)

(f)

-300 -400 -500 -600 -700 -800
Chemical Shift(ppm)

Figure 2.4 1%Sn MAS Solid State NMR spectra 6°Sn-Beta after different treatments: (a)
calcination, (b) three Nexchanges after calcinatio () NH; adsorption after calcination, (d)
dehydration after calcination, (e) dehydration after threex¢hanges and)(dehydration after N

adsorption.
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sites correspond to the resonances centerd@aand443 ppm, respectively, because only
the -423 ppm resonance was detected when @oksization occurred from nearby

protons?

Three Naexchanges performed df’SnBeta decrease the intensity of the sh&gs
ppm resonance (Fig. 2.4a) and form a broad shoulder that begdtaipm and merges
into the broader features the1'°%SnBeta NMR spectrum (Fig. 2.4b}%%Sn NMR spectra
for samples after dehydration treatments (vacuum at 398 K, 2h) are shown in Figs4®.4d
with magnified spectra spanning tbleemical shift range fromd00 to-480 ppm shown in
Fig. A20in Appendix A Dehydration of the triphNa-exchanged!°Sn-Beta shows that the
introduction of Nato the sample causes a shift of the open Sn site resonad@s3 @ipm
(Fig. 2.4d) to-419 ppm (Fig. 2.4e), but does not shift the closed site resonaz3 apm
(Figs. 2.4d and 2.4e). TAESnBeta NMR spectrum of the dehydrated triplg-exchanged
1195 Beta also contains a small shoulde#&6 ppm that was confirmed not to be a spinning
sideband of another resonance (Fig. 2.4e). #é®%Sn CPMAS NMR spctrum of
dehydrated triphNa-exchanged'®Sn-Beta shows a resonance-4it9 ppm, indicating that
these Sn centers have a proton source nearby thaipolasizes thé®Sn atom (Fig. A21
in Appendix A. This observation suggests that'dachanges onlgne of the two available
protons present in the silanol and stannanol groups in the dehydrated open Sn site (Fig. 2.1b).
The silanol proton is the more likely position for Na exchange (Fig. 2.1c) in light of the
proposed mechanisms for glucose isomeripadiod epimerization on SBeta that require
bonding to glucose through the stannanol grdide experienced difficulties inptimizing
1H-11%Sn CPMAS conditions, partly due to poor rf pulse coverage over 300 ppm during

contact period at high spinning speeds (14 kHz in this case), that led us to aegtiien
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CPMAS spectra (e.g., Fig. A21b Appendix A by averaging over 3000 transients. The
resonances detected in the tetrahedral range of the dehydragedhéamged'®Sn-Beta do
not allow us to characterize the origin of the ss#8b ppm shoulder (Fig. 2.4e).

Adsorption of ammonia ont8°Sn-Beta gives rise to two grosmf broad resonances
centered at669 and-708 ppm (Fig. 2.4c). Dehydration of this sample (evacuation at 398 K,
2h) gives rise to a resonance for the closed tetrahedraiiefpm, Fig. 2.4f), but not for
the open tetrahedral site found'¥Sn-Beta (-423 ppm, Fig. 2.4d). New resonances are
detected in the dehydrated spectrum of!N@nBeta in the-500 to -600 ppm range
suggesting the presence of a different Sn coordination environment, which may originate
from the open site of SBeta depicted ifFig. 2.1d. ThéH-11%Sn CPMAS NMR spectrum
of the 11%SnBeta dehydrated after ammonia adsorption confirms that there is no proton
source in the neighborhood of the closed s#¢3 ppm), or of any tetrahedraitpordinated
Sn sites, after these treatmeffig. A22in Appendix A.

These!'®Sn NMR results are consistent with the interpretations of the IR spectra of Sn
BetaNHs after C3CN adsorption, and lead us to propose the Sn structures and
coordinations in Fig. 2.3. Our findings suggest that the opesit&is a stronger Lewis acid
site than the closed Sn site (Fig. 2.3a), and that it retains adsorbe@iyH2.3b) after
vacuum treatment at 373 K (Fig. 2.3c). Open Sn sites that coordinate atigdxid would
appear as pentoordinated Sn sites °Sn NMR spectra, which wapeculatecould give
rise to the resonances detecteeb®D to-600 ppm range (Fig. 2.4f). Pertaordinated open
Sn sites with one Nlligand would also bind CEZN more weakly than open Sn sites
without coordinated Nk and maygive rise to the 2270 ¢fnCDsCN band observed in IR

spectra (Fig. 2.2c). These NMR data also suggest thatbNthd to the closed Sn sites
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desorbs upon dehydration (Fig. 2.3c), such that the behavior of the closed Sn sites in Sn

BetaNHzis similar to tkeir behavior in SiBeta samples that have not been treated with NH

2.3.4 Mannose formation with Na containing-Beta

Glucose conversion and fructose and mannose vyields after reaction with diffei@etaSn
samples in water and methandil(00 Sn:glucose ratj 353 K) for 30 minutes are given in
Table 2.2 (data at 10 and 20 minutes given in TablenAppendix A. Fructose is the
predominant product formed when-Bpta reacts with 1% aqueous glucose solutions (Table
2.2), with carbon balances (84%) that wsirailar to those we have reported previodsly.
Incomplete closure of carbon balances likely reflects the formation of side products, such as
carboxylic acids, furans, and humifis We have previously shown, using solid sta@
MAS NMR, that such side produdee present in zeolites after adsorption of sugars en Sn
Beta in water at ambient temperafyrgemonstrating that the formation of side products
occursat early reaction times and that these products remain adsorbed on the zeolite after
reactionln order avoid complications in data analysis associated with sugar degradation side
reactions that become more prevalent at higher conversions, we focus lhereghucose
conversions (<30%) and the initial fructose and mannose products formed.

In water, Naexchanged SBeta samples led to similar glucose conversionsg&%,
Table 2.2) as with SBeta (6.4%, Table 2.2) at equivalent reaction conditions. Meryvthe
mannose yield increased systematically from 0.4% to 3.3% and the fructose yields decreased
from 5.0% to ~2% with increasing Na content (Table 2.2). Similar results were observed
with increasing Na content for N&n-Beta samples synthesized dirgc{lTable 2.2),
suggesting that these selectivity differences do not depend on the method used to introduce

Na' cations into StBeta.
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Table 2.2Glucose conversion (X) and fructose and mannose yields (Y 0raHd CHOH

solvents.

Catalyst Solvent Xciuc(%) Yrruc(%) Ymann(%)

SnBeta H20 6.4 5.0 0.4

CH:OH 23.2 10.3 3.9

SnBetalEx H20 6.0 2.1 1.8

CHOH 12,6 3.2 5.0

SnBeta2EXx H20 6.1 1.8 2.5

CH:OH 122 2.1 6.7

SnBeta3Ex H20 6.8 2.3 3.3

CHOH 124 0.0 7.9

SnBetaAW H20 54 3.9 0.0

CH:OH 16.9 6.1 2.8

Na-Sn-Betal100 H20 6.8 5.1 1.1

CHOH 194 8.4 3.3

Na-Sn-Beta60 H20 7.3 4.0 2.7

CHOH 17.2 8.0 3.0

NaSn-Beta30 H20 5.8 1.1 35

CHsOH 6.8 0.0 4.6

SnBetaNHs H20 3.8 1.9 2.4

CHsOH 3.0 0.0 1.9

SnBetaNHs-Cal H20 5.0 3.2 0.0

CHOH 17.6 7.2 2.6

Reaction conditions: 1% (w/w) glucose solutions, 1:100 metal:glucose ratio, 353 K, 30 min.

Equivalent reaction conditions in methanol led to higher glucose conversionsBatesSn
(23.2%) and Naontaining SrBeta samples (1222.6%) thann water (Tables 2.2 and Al

in Appendix A. As in the case of water, mannose yields increased systematically from 3.9%
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to 7.9% and fructose yields decreased systematically from 10.3% to 0.0% with increasing
Na/Sn ratio (Table 2.2). Similarly, increasing fioelium content in the synthesis gel of Sn
Beta led to samples that produced higher mannose yields and lower fructose yields (0.0%
fructose for NaSn-Beta30, Table 2.2). The large black particles of the amorphous phase
impurity formed from synthesis gelgith Si/Na ratios less than 30 were isolated from the
crystalline solids and did not react with glucose in water, but were able to catalyze-glucose
fructose isomerization in methanol.

Na-containing SrBeta catalysts showed a higher selectivity towards wosrior
reactions in methanol than in water, and fructoseannose ratios significantly increased
with increasing reaction time for reactions in water (Tables 2.2 anth Appendix A.
These results suggest that sodium decationation could be occaraggeous media at a
rate that would cause the selectivity to change over the timeframe of the experiment. Thus,
we investigated the effects of adding sodium salt to the aqueous reaction solution in order to
maintain the sodium content in the solid mofeaively during reaction (Tables 2.3 and A2
in Appendix A. When glucose was reacted with-Beta in agueous NaCl solutions,
mannose and fructose were produced in nearly equal yields (4.1% and 4.5%, respectively;
Tables 2.3 and Ath Appendix A, and thesolid had a Na/Sn ratio of 2.65 after reaction
(Tables 2.3 and Al Appendix A, indicating that Nawas exchanging into the solid during
reaction. SyBeta preexchanged with Na (SBeta3Ex) maintained constant mannose
selectivity during the course of tiheaction when NaCl was added to the aqueous reaction
solutions. No fructose or mannose formation was observed withéget@nn aqueous NacCl
solution, showing that NaCl does not catalyze isomerization reactions of glucose. These

results indicate that th@esence of a sodium cation, whether added synthetically or
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Table 2.3Glucose conversionXj and fructose and mannogelds (Y) with 0.2g NaCl/g
H20.

Catalyst Solvent  Xeiue(%) Yrruc(%0) Ymann(%)
SnBetd H>O-NaCl 9.8 4.5 4.1
SnBetalEx H>O-NaCl 10.9 2.6 5.2
SnBeta2EXx H>O-NaCl 10.7 2.5 6.0
SnBeta3EX H>O-NaCl 115 0.0 7.5

@After reaction the catalyst had a Si/Sn and a Na/Sn ratio of B0&nd 2.65t 1.25 respectively,
determined by Energy Dispersiver&y Spectroscopy (EDS).
Reaction conditins: 1% (w/w) glucose solutions, 1:100 metal:glucose ratio; 353 K; 30 min.

exchanged onto the material prior to or during the reaction, shifts the reaction selectivity of
SnBeta from isomerization to fructose to epimerization to mannose. In watertsaohaen
Na' ion in the active site is replaced by a proton and reverts to a structure that favors fructose
formation, while in methanol the N#n is retained in the active site for longer times and
maintains its preference to form mannose. The additixodéss sodium salt to aqueous
reaction mixtures increases the extent to which Na exchanges of@et&gnin turn
maintaining the selectivity towards mannose during the course of reaction.

The SnBeta sample that was dosed with Nsthowed lower glucose nwgersions in
both water and methanol solvents (3.8%, Table 2.2) than SBeta and the Na
containing SrBeta samples. Higher glucose conversions were observed wiRbt&hH3
in water and resulted in a dark yellow posaction solution, which may indite the
presence of humins formed from NBH that may have formad situfrom the desorption
of NHas. Calcination of the ammonidosed sample led to near full recovery of the reactivity
in methanol and water (17.6% and 5.0% glucose conversion, respecliably 2.2). The

suppression of isomerization reactivity on-BetaNH3 (Table 2.2) occurs together with
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the disappearance of the open sitesCB® IR band at 2315 cth(Fig. 2.2¢) and with the
disappearance of the open sl&Sn NMR resonance a#23 ppm(Fig. 2.4f) in the
dehydrated Nkldosed SfBeta. These data corroborate our proposal that the open site is
the active site for the isomerization of glucose to fructose in the absence of sodium, and is

the active site for the epimerization of glucose tonffonannose in the presence of sodium.

2.3.5 Sodium removal from SBeta

The ShBeta3Ex sample was acid washed to remové fxam the sample (SBetaAW)

and probe whether the effects of sodium on the reactivity €3eba were reversible. Sn
BetaAW had much éss sodium (Na/Sn = 0.27) than-Beta3Ex (Na/Sn = 4.85). The
glucose conversion and the fructose and mannose yields observed \Bé&ta®W were

very similar to that of the parent $Beta (Table 2.2). The decrease in mannose yield and
concurrent increasin fructose yield after the acid treatment demonstrates that the effects of
sodium addition are reversible, and are not a result of a permanent poisoning of the site active
for glucosefructose isomerization.

The effect of the reaction solvent on theyaability of the catalyst was probed by
reacting SrBeta3Ex with glucose in water and methanol under the previously stated
reaction conditions (353 K for 30 min in a 1% (w/w) glucose solution) and washing once
with the solvent used in the reaction. Teysle was repeated twice and the reaction results
after each cycle are shown in Table 2.4. The Na/Sn ratio of the material decreased in each
cycle, with a greater extent of sodium loss in the case of aqueous media. A decrease in sodium
content in the zedk after each cycle also led to a decrease in the mannose yield and

corresponding increase in the fructose yield (Table 2.4), consistent with the proposal that
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open Sn sites with Nexchanged silanol groups are active sites for the epimerization

reaction.

Table 2.4.Glucose conversion (X) and fructose and mannose yields (Y) wviBe&BEx
in CHsOH and HO.

Cycle SIS Na/Sr*  Solvent Xciuc(%) Yrrue.(%)  Ywmann. (%)

1 115  4.38 H.0 8.5 1.7 4.5
20 136 0.93 H20 8.6 4.6 3.9
3 123 0.26 H20 9.0 6.4 1.2
1 115 438 CHOH 94 0.0 6.5
2° 132 1.26 CHsOH 10.2 1.5 6.0
3 119 0.82 CHOH 13.7 3.7 6.2

Determined by Energy Dispersive-rdy Spectroscopy (EDS). Uncertainty in Si/Snzis30.
Uncertainty in Na/Sn is + 1.25.

bAfter the first cycle the catalysts wasshed with the solvent used in the reaction and reused under
the same reaction and solvent conditions as the previous cycle.

Reaction conditions: 1% (w/w) glucose solutions, 1:100 metal:glucose ratio, 353 K,.30 min

2.3.6 Glucose isomerization and epimerizatimechanisms

Glucose (1% (w/w)) labeled witiC at the C1 position{C-C1-glucose) was reacted at 353

K for 30 min with ShBeta in water, aqueous NaCl solutions (0.2g NaCk®)Hand
methanol as solvents to determine the mechanism of glucose isoieriadtuctose and
epimerization to mannose. AfiC NMR spectra in Fig. 2.5 show the presencE®fin the

Cl position (resonances at U = 95.8 and

starting labeled glucose, respectively. The fructose forfinoea reactions with SiBeta in

92

allthree solventsshowédC i n the C1 position (resenances
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NaCl solutions, indicating that mannose was formed by th€$,2nechanism of the Bilik
reaction’

The isotopic labeling experiments performed withB&ta were also conducted with-Sn
Beta3Ex in water, aqueous NaCl solutiofis2g NaCl/g HO), and methanol as solvents,
and the resulting®*C NMR spectra are shown in Fig. 2.6. In water, the fructose products
retainedthé®C | abel in the Cl1l position (resonance
intensity relative to SiBeta, and the mannose product showed¥adabel only in the C2
position (resonances at U0 = 70.5 adatafor71. 1 p
earlier reaction times in Table A2 in Appendix A, suggest theB&a3EXx initially forms
mannose through the 1(2S in water, but the loss of sodium from the active site results in
the formation of fructose without carbon rearrangement. Whehameit or concentrated
aqueous NaCl solutions were used as solvents, mannos&iih the C2 position was
observed as the main product. These results confirm that the switch in reaction mechanism
from isomerization to epimerization of soditerchanged ntarials is not directly dependent
on the solvent, but rather on the presence of sodium in the active site.

Glucose epimerization into mannose can proceed via reversible enolization upon
absta c t i ecarbonyf protdns (LdB\VE rearrangement), or via an intramolecular carbon
shift between G2 positiong8 In order to confirm that thSrBeta containing Nawas not
epi merizing glucose t o vahonylopso®n, glugcoseawitts t r a c t
deuterium at the C2 position (gluceB2) was used as a reactant. The mannose formed with
SnBeta3Ex after 30 minutes at 353 K with 1% (w/w) glucose solutian@&thanol did not
show resonances at U0 = 93.9 and 93.5 ppm (

the U and b pyranose forms of mannose, resp
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the sodium cation in the active site of-Beta, the carbom the C2 position of glucose

moves along with its deuterium to the C1 position by theCE2o0 form mannose, as we

have observed previousiyt is clear that the presence of alkali metal cations #B&a can

determine whether epimerization can occur. In our initial report orogguepimerization

into mannose via 1;€S with SaBeta in methandwe did not purposefully add alkali metal

cations to the synthesis gel for crystallizingB#ta. We have analyzed the samples used in

that study and found them to contain potassium. Although the exact origin otadlssipm
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remains unknown to us at this time, its presence in those samples is likely the reason why we

observed epimerization of glucose in methanol solvent.

2.4 Conclusion

Partially-hydrolyzed Sn sites in zeolite beta (denoted as open Sn sites) with prabanwl s
groups are shown to be the active site for the isomerization of glucose into fructose via a
Lewis-acid mediated 1;thtramolecular hydride shift mechanism. The exchange of a sodium
cation onto the adjacent silanol group of the open Sn sites ressiliss that are active for

the epimerization of glucose into mannose via airftyamolecular carbon shift. Sodium
cations can be exchanged onto silanol groups in active Sn sitesBeft&either by post
synthetic ion exchange or by addition of low amisuof sodium during synthesis. Acid
washing of Neexchanged SBeta resulted in nearly full recovery of the initial reactivity of

the parent alkaliree SnBeta, thereby showing that any alterations to the active sites by
sodium are reversible. Sodiumioats remain exchanged onto-Beta in methanol solvent,

but decationation occurs gradually with increasing reaction time in aqueous solvent. The
addition of NaCl to aqueous reaction solutions appeared to preserve Na cations exchanged
onto silanol groups,sait led to an enhancement in the selectivity towards epimerization of
glucose into mannose. These findings, in combination with recyclability studies performed
in water and methanol, indicate that'dations are labile under reaction conditions and that
the nature of the solvent influences its lability.
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Chapter 3

Tandem Catalysis for the Productic
Ket ohexoses at Moderate Tempe

Information contained in Chapter 3 was originally publisheddmagov, M.; Davis, M.
E . Rvoc. Natl. Acad. SclUSA 2015112 1177711782.DOI: 10.1073/pnas.15164661)12

Introduction

Chemocatal ytic r out-aysiroxy aarboxyichaeids perg.oghyaolict i o n
acid, lactic acid, -hydroxy-3-butenoic acid, and 2dihydroxybutanoic acid) from biomass
derived sugars va been extensively studied in the recent years, as these acids, as well as
their esters and lactones, have been recognized to hold large potential as renewable, green
platform chemicals for a number of industries (e.g. polymers, solvents, and fine dgetnica
" Considerable progress has been made on the production of lactic acid and alkyl lactates
from trioses (glyceraldehyde (GLA) and dihydroxyacetoneAl)Hwith nearly quantitative
yields achievable with the stabéthe art catalysts (e.g. tcontaining zeotypes SBeta and
SnMFI that are known for their capacity to catalyze-H2 reactions), at moderate
temperatures (ca. 10€)2° Similarly, the G- and G- products (glycolic acid,-RBydroxy-
3-butenoic acid, 2;4lihydroxybutanoic acid, and esters thereof) can be obtained in good
yields when glycolaldehyde, glyoxal, or tetroses (erythrose, threose, and erythrulose) are
used as substraté® However, the substrates required for these reactions are not easily
obtained or isolateddm biomass, afhemajority of terrestrial biomassomprisesellulose

and hemicellulose (polymers of hexoses and pentdses).
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To enable the formation of these-C4 U-hydroxy carboxylic acids from cellulosic and
hemicellulosic biomass, retadol reactions are required to fragment the hexose and pentose

carbon backbonesy(@nd g in Fig. 3.1). For the common aldoses and ketoses, th&Se C

5-Hydroxymethylfurfural

2

Aldohexose Ketohexose

- ra
/VO Q 12 OH
HO OH\)J\/OH OH OH
2-C-(hydroxymethyl)-aldopentose

Glycolaldehyde Dihydroxyacetone

OH Iy r9
o o s )J\r )Y
HO Z
OH \)\¢0 Pyruvaldehyde

Pyruvaldehyde Alkyl lactate
Aldotetrose Glyceraldehyde hemiacetal

|- N J
C, and C4 products Y

10 l

C; by-products

OH
OH

0

Figure 3.1 Schematic epresentation of reaction network in which ketohexoses can isomerize to
aldohexoses via 1:8S (n) and to 2C-(hydroxymethyljaldopentoses via 1:2S (i1) reactions.

Retrealdol reactions of hexose species (5, and 1) lead to the formation of £GCs;, and G

carbohydrate fragments. Levasc i ds can t hen c ahydrdxycarboxylickagds f or mat
from these smaller fragments (e.g.rs, and g in the formation of alkyl lactate from trioses). Side

reactions, involving dehydration reactions of fruetde 5SHMF (rs), redox and fragmentation

reactions of unstable intermediates, and various hionming condensation reactions, lead to loss

of yield of desired products.
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bondsplitting reactions have large activation energies and unfavorable thermodgrami
low-to-moderate temperatures. As a result, most attempts at the catalytic productien of C
C4 Uhydroxy carboxylic acids from hexoses and pentoses have involved high temperature
conditi on®330Y CarbdnlBadis yields ca. 688% of methyl lactate at full
conversion were reported for reactions of sucrose catalyzed-Bgtdrat 16G C for 20h®
Lower yields ca. 4@4% were reported for monosaccharide substrates in the same’study.
Recently, methyl lactate yields upwards of 75% from sucrose were achieved \BigheSat
1701C, when specific amounts of alkali carbonates were added to the reaction 8ystem.
Furthermore, the authors suggested that the initial study invdBrigeta materials were
possibly contaminated by alkali during synthesis, anceikati-free SnBeta recently lé to
lower yields (30 %f$°

Low themal stability of sugars at high temperatures and lack of substrate and reaction
specificity of the catalytic sites investigated in the aforementioned systems likely lead to
dehydration reactions of ketohexoses-wyBroxymethyl furfural (8HMF) (rs in Fig. 3.1).
The subsequent fragmentation and coupling reaction$iddb can lead to the formation of
insoluble humins that deposit on the catalyst, thereby leading to deactivation and loss of yield
of useful products. Largpore catalysts like SBeta can prmote aldoséetose
isomerization reactionsi(in Fig. 31) of substrates as large as disaccharfdecause the
Lewis acid sites that are active for-H3 reactions are accessible to such species. The same
Lewis acid sites have been previously proposed as the active sites-@mdetneactions.
This inability of SnaBeta (and other XRIR materials) to perform sizéependent reactien
discrimination results in aldodestose interconversion and parallel redfdol reactions of

aldo- and kete hexoses. Thereforeven when ketohexose substrates are useandC G



60

producs derived from aldoses concomitantly form with the more desypdo@ucts derived
from ketoses grand -rioin Fig. 31, respectively)® Thus, catalytic strategies that allow for
retro-aldol reactions of hexoses to proceed in the absence of -&elmse isomerization are
sought for their potential to affect the distribution ef Gs, and G products.

Here, we report the discoyeof moderatdéemperature (ca. 10@@) retrealdol reactions
of various hexoses in aqueous and alcoholic media with catalysts traditionally known for
their capacity to catalyze @S reactions of aldoses (i.e. various molybdenum oxide and
molybdate species, nickel (II) diamine complex#slaexchanged stannosilicate molecular
sieves, and amorphous TBiSiO, co-precipitates). Because these catalysts do not readily
catalyze aldosketose interconversion through H&, they are candidate -catalysts for

reaction pathways that benefit frattdose or ketose specific retrealdol fragmentation.

3.2Experimental Methods

3.2.1Sources of chemicals

MoO:s (Alfa Aesar, 99.95%), Mo SigmaAldrich, 99%), HPMo012040-xH20 (Alfa Aesar),

MoS, (Alfa Aesar, 99%), NaMoOs (SigmaAldrich, 98%), (NH)sM07024-4H,0O (Alfa

Aesar, 99%), NiGI6HO (SigmaAl dr i ¢ h, O 9 -&anethyléthyldhediamineN *

(Alfa Aesar, 99%), Bfructose (Sigmad | dr i ¢ h ,-sorBo8e9(StgmaA |l dr i ch, 0989
D-tagatose (Sigma | dr i ¢ h, -pSi€ose. (Sigw| d Di ¢ h, -ha@&ntelesp, D
(SigmaAl dr i c h, -GueoSe.(SgA] dDi c h, -ghy@leehyde (Bigma

Al dri ch, 090 %) , di hydroxyacet one -Aldricher (Al
098%), methydAlldacicat e OQ 8i%Y mAldithh y09 @ ®wc t a¢teh &

(Koptec, anhydrous 260roof), methanol (Sigmaldrich, 99.8%), naphthalene (Sigma
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Aldrich, 99%), tetraethylammonium hydroxide solution (Sightdrich, 35% in water),
tetraethylorthosilicate (Sigmaldrich, 98% (w/w)), tin (IV) chloride pntahydrate (Sigma

Aldrich, 98%), hydrofluoric acid (Sigma Aldrich, 54% (w/w) in water), tetraethylammonium

fluoride dihydrate (Sigmdldrich, 97%), NaNQ ( Si gma Al dr andMaOH 09 9 .

(Alfa Aesar 97%) were purchased and used as received. Chloride fémmbeflite IRA-
400 (SigmaAldrich) resin was used for immobilization of molybdate salts..T810, co-
precipitate (type lll, No. 2) was obtained from W. R. Grace (Si/Ti = 56) and was calcined in
flowing air (100 mL mirt, Air Liquide, breathing grade) a861C (ramped up at C mirr

1) for 6 h prior to use.

3.2.2Synthesis of materials

3.2.2.1Synthesis of SBeta

SnBeta was synthesized according to previously reported procddjras follows: 15.25

g of tetraethylammonium hydroxide solution (35% (w/w) in water) were addedd® §4f
tetraethylorthosilicate, followed by the addition of 0.172 g of tin (IV) chloride pentahydrate.
The mixture was stirred until tetraethylorthosilicate was completely hydrolyzed and then
allowed to reach the targeted®SiQ; ratio by complete evapation of ethanol and partial
evaporation of water. Next, 1.53 g of hydrofluoric acid (54% (w/w) in water) were added,
resulting in the formation of a thick gel. The final molar composition of the gel was,1 SiO
0.0077 SnCl/ 0.55 TEAOH / 0.54 HF / 7.5820. Assynthesized SBeta (vide infra) was
added as seed material (5 wt% of 5i® gel) to this gel and mixed. The final gel was
transferred to a Teflolined stainless steel autoclave and heated at @40 a static oven

for 25 days. The recovered sld were centrifuged, washed extensively with water, and dried

0
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at 1001C overnight. The dried solids were calcined in flowing air (100 mLmikr

Liquide, breathing grade) at 58C (ramped up at 4C mir) for 6 h.

3.2.2.2Synthesis of Seta

Si-Betawas synthesized according to previously reported proce(il)ress follows:4.95g

of tetraethylammonium fluoride dihydrate was added to 10.00 g of watekCad@lg of
tetraethylorthosilicate. The mixture was stirred until tetraethylorthosilicate was completely
hydrolyzed and theallowed to reach the targeted®SiO; ratio by complete evaporation

of ethanol and partial evaporation of water. The final molar composition of the gel was 1
SiO2 / 0.55 TEAF / 7.25 BED. The gel was transferred to a Teflored stainless steel
autoclae and heated at 14@ in a rotation oven (60 rpm) for 7 days. The solids were
recovered by filtration, washed extensively with water, and dried at@@¥ernight. The

dried solids were calcined in flowing air (100 mL rhiiir Liquide, breathing grade) 580

iC (ramped up at AC mint) for 6 h.

3.2.2.3Synthesis of SNIFI

SnMFI was synthesized with slight modifications to method A reported by Mal(&),ahs
follows: 0.92 g of tin (IV) chloride pentahydrate in 6.08 g of water added to 28.00 g of
tetraethylorthosilicate and stirred ¢aovered) for 30 min. Next, 48.21 g of
tetrapropylammonium hydroxide solution (25% (w/w) in water) was added to the mixture
under stirring. After 1 h of additional stirring (uncovered), the remaining water was added,
to achieve the final molar compositiohtbe gel of 1 Si@/ 0.02 SnCi/ 0.45 TPAOH / 35

H20. The gel was stirred for an additional 30 min (covered), evenly split among three Teflon

lined stainless steel autoclaves, and heated at @60 a static oven for 48 h. The solids



63
were recovered byitfration, washed extensively with water, and dried atiXD@vernight.
The dried solids were calcined in flowing air (100 mL iAir Liquide, breathing grade)

at 580i C (ramped up at 4C mir?) for 6 h.

3.2.2.4Na-Exchange of SBeta

Three successiv@dium ion exchanges were performed according to previously described
procedurg3) as follows: calcined SBeta was stirred in a solution of 1 M Nah&nd 10*

M NaOH in distilled water. Each ion exchange step was carried out for 24 hours at ambient
temperature, using 45 mL of exchange or wash solution per 300 mg of startisg Boéd
material was recovered by centrifugation, and washed three times with 1 M3NaNO
distiled water. The final material was dried at ambient temperature overnight by an

impinging flow of air.

3.2.2.5H3PWi2040 and (NH)eM07O24 exchanged resins

HaPW12040 and (NH;)eM07024 were immobilized by ion exchanging the chloride form of
Amberlite IRA-400. In each procedunemeq of ion capacity worth of resin was used per 1
meq of anion to be immobilized, wherés the charge of the anion. The resin was sudgén

in an aqueous solution of anion for 24 h, filtered, washed extensively with water, and dried

at ambient temperature overnight by an impinging flow of air.
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3.2.3Reaction analysis

Carbohydrate analysis and fractionation were performed via high pearioe liquid
chromatography on an Agilent 1200 system equipped with refractive index and evaporative
light scattering detectors. An Agilent Alex Ca column held at 80C was used with
ultrapure water as the mobile phase (flow rate of 0.6 mLYniQuanitative GC/FID
analysis of alkyl lactates was performed on an Agilent 7890B GC system equipped with a
flame ionization detector and an Agilent43Rolumn. Qualitative GC/MS analysis of side
products was performed on an Agilent 5890 GC system with an mM\di@70 mass
spectrometer and an Agilent EBcolumn. Liquid*H and'3C NMR spectra were recorded

with a Varian INOVA 500 MHz spectrometer equipped with an-ayifg broad band probe.

All liquid NMR analysis was performed in.D solvent, with 4,4limethyt4-silapentanel-

sulfonic acid (DSS) as an internal standard.

Reactions were performed in 10 mL thieklled crimpsealed glass reactors (VWR) that

were heated in a temperatwentrolled oil bath. A typical reaction procedure involved:

addition of desiredmount of catalysts (i.e. MeCSnMFI, etc.), carbohydrate substrate (i.e.
D-fructose, DHA, etc.), and solvent (i.e. EtOH, MeOH, etc. withdissolved naphthalene

as internal standard) to reactor, sealing of reactor with eimpagitation of reactoat

ambient temperature until dissolution of substrate, and placement of reactor in the oil bath at
desired temperature. Aliquots (~100 eL) wer
em PTFE syringe filter, andwiatnha | y Rie€d N,bN, NG
Mesen)]Cl», aliquots were agitated with 20 mg of Dowex 50WX2 (hydrogen form) resin to

remove nickel (Il) species prior to filtration. For product identification by HPLC, liquid
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NMR, or GC/MS, internal standard was excluded and theegr@actor content was used.

Rotary evaporation was used to remove solvent when needed.

3.3 Results and Discussion

3.3.1 RetreAldol Reactions and 1,2CS Catalysts.During our recent investigation of
epimerization reactions of aldohexoses on alatihaiged SrBeta materials, a change in

the reaction pathway from a 1t#5 to a 1,2CS upon alkali exchange was observé@his

1,2-CS pathway in aldohexoses is analogous to those previously reported for molybdate and
nickel (Il) diamine catalyzed reactions of these aldoses (also known as Bilik reaction), in
which simultaneou€-C bond breaking and forming steps were proposed to deigui3R).

1415 Reactions of ketoses catalyzed by molybdates and nickel (Il) diamines were found to
proceed through analogous pathways, to form branched sug@rghy2roxymethyl
aldoses @n in Fig. 31). 1918 |n addition to the branched sugassall amounts of ketose
isomers were observed (e.g. wherriictose was reacted with molybdate, the branched
sugar Bhamameloséormed, as well as small quantities of ketose isomers: sorbose, psicose,
and tagatose}®1%2°The formation of ketose isomers was attributed to competing hydride

shift side reactiong®

T

HO 0 o 0 0 OH
] |y

Ry R, R; Ry R; R,

Figure 3.2 Schematic representation @f1,2CS reaction(R. = H for aldoses or R= CH,OH for
ketoses, and Represents the remainder of the saccharide) that involves simultaneous breaking and

forming of GC bonds.
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We observed the formation of the same branched sugharfiamelose) and ketose
isomers, when fructose was reacted with al@athanged SBeta at 100 C. Interestingly,
small quantities of retraldol products, DHA and GLA, were also observed in the HPLC
chromatograms and NMR spectra of unseparated reaction solutions. The poésriée
and GLA put the mechanism of ketose isomer formation in question, as it is possible to form
all of the ketohexoses through nstereospecific aldol condensation of DHA and racemic
GLA. Waterdissolved MoQ (H-M0Os) was tested for similar productshen fructose was
reacted at 100 C. Initial formation of hamamelose, DHA, and GLA was observed.
Subsequently, sorbose, tagatose, and psicose began to form, without significant changes in
the DHA and GLA concentration. Quantification of products was not performed due to a
multitude of patially overlapping peaks in HRL chromatograms and NMR spectra;
however, fructose and sorbose were eventually observed in substantially greater quantities
than tagatose, psicose, and hamamelose. Fractionation of product solutididsaaddC
NMR were ugd to confirm the presence of DHA, GLA, fructose, sorbose, tagatose, psicose,
and 2C-(hydroxymethyljaldopentoses (Figs. BB6 in Appendix B). These results
suggested that some of the ketose isomers may form as aldol condensation products of DHA
and GLA, rather than directly from fructose through hydride shift reactions, as was
previously hypothesized. The unfavorable equilibria of ratdol reactions at these
moderate temperatures may be responsible for the low concentrations of DHA and GLA.
The reverseeaction, aldol coupling, is a logical secondary reaction that can form the more
stable ketohexose sigheoducts. The possibility of aldol coupling was confirmed by reacting
a mixture of DHA and GLA under the same conditions, resulting in complex mixture

products containing ketohexoses an@-thydroxymethyljaldopentoses.
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While the low production of -Z-(hydroxymethyhaldopentoses may be due to
thermodynamic limitations (e.g. hamameldsectose equilibrium K;~14)', tagatose and
psicose may form in small quantities due to kinetic reasons. The tetradentatshaipen
ketohydrol fructosenolybdate complex that was previously hypothesized to be the key
species in the fructodeamamelose rearrangement catalyzed by veaésplved molybdates

is shown inFig. 3.3(along with analogues for other ketohexosé¥ and*C NMR studies

Figure 3.3 Fructose, sorbose, tagatose, and psiecnslybdate complexelypothesized to be

involved in1,2-CSrearrangemesto corresponding-Z-(hydroxymethylaldopentoses

of the molybdate complexes of ketohexoses suggest that only fructose and sorbose form
detectable amounts of tetradentate molybdate complexds, pgitose and tagatose tend to
form tridentate complexe$ These results suggest that aldol coupling reactions that would
result in the formation of tagatose and psicose would proceed through more energetic
transition statesgsulting in slow formation kinetics. Additionally, the same study provides
estimates of the fraction of a given ketohexose that exists in a molybdate complex, and
indicates that the psicose and tagatose complexes are more favorable -9&# 80 the

sugars bound to Mo (at stoichiometric Mo/monosaccharide amounts), whereas these values
for sorbose and fructose are only-A®%2! If the retrealdol reactions of ketohexoses

proceed through tetradentate molybdate complexes, these results suggest that the formation



