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Abstract

We have investigated the catalytic conversion of biomass-derived intermediates to a variety
of renewable chemicals over metal and acid catalysts, with an emphasis on the platform molecule
levoglucosenone. Lignocellulosic biomass and sugars are sustainable sources of carbon which can
be converted, through selective C-O cleavage and hydrogenation reactions, to precursors to high-
value chemicals such as polymers and non-toxic solvents. Metal catalysts facilitate hydrogenation
of C=C and C=0 bonds; acid catalysts facilitate C-O cleavage reactions; and bifunctional metal-
acid catalysts facilitate these reactions in tandem. As biomass-derived feedstocks are highly
functionalized, controlling the selectivity to desired products is a critical component of
economically viable conversion processes. Reaction pathways were elucidated using a
combination of techniques including analysis of products formed over time, variation of reaction
conditions, variation of active site properties, investigation of stereochemistry, and isotopic
labeling. Reactions studied include the acid-catalyzed isomerization of levoglucosenone to 5-
hydroxymethylfurfural; the metal-catalyzed hydrogenation to Cyrene and levoglucosanol;
hydrogenolysis of levoglucosanol to tetrahydrofurandimethanol; hydrogenolysis of
levoglucosanol to 1,2,5,6-hexanetetrol; and conversion of methyl glycosides to hexane-tetrols and
hexane-triols. We demonstrated how a fundamental understanding of the catalytic chemistry leads
to the ability to tune selectivity towards desired products, thereby providing directions for the

rational design of processes to produce valuable chemicals from biomass.
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Chapter 1. Introduction

1.1 Biomass as a Feedstock for Renewable Chemicals

Biomass is an abundant source of renewable carbon which could form the basis for
sustainable fuels and chemicals to replace those derived from fossil fuel resources.! During the
past decade there have been multiple large projects focused on producing renewable fuels from
biomass. These pioneer processes have often struggled to reach commercialization due to
operational challenges, scale up challenges, and the low margins and high product volumes
required for economic viability. The production of oxygenated chemicals from biomass offers
several advantages compared to production of biofuels including: i) chemicals are higher value,
allowing for profitability at moderate scale (10-30 kton/yr); ii) oxygenated chemicals require less
deoxygenation, and therefore require less hydrogen input and have higher product mass yields
compared to completely deoxygenated fuels; and, iii) target chemicals use the inherent
functionalities (e.g. alcohols, cyclic ethers, C=C and C=0 bonds, chiral centers) present in
biomass. Bio-based chemicals could be co-produced with lower value biofuels, thereby improving
the economics of bio-refineries.? Synergies between bio-refineries and conventional refineries
(e.g., utilizing hydrogen surplus for hydrogenation; integrating refinery waste heat) could further

improve economic viability.

In recent years, multiple renewable chemicals have been produced from lignocellulosic
biomass. These molecules can be divided into two classes: i) chemicals that are identical to
petroleum derived chemicals, and ii) new biomass derived chemicals that are not currently in the

petrochemical infrastructure. The opportunity with this first route is that there is already a well-



established market for these products. However, the challenge with this route is that it directly
competes with the existing petroleum derived infrastructure, which is often at large scale where
the chemicals are produced with depreciated assets. In contrast, the molecules synthesized in this
thesis are difficult to produce from petroleum feedstocks and could have unique properties, with
applications in areas including solvents, polymers, and surfactants. However, the market for these
products is not established and it will take time for these products to gain market acceptability.
The fully loaded production price of these new biomass derived chemicals could be comparable
(%$1,000-5,000/ton) to existing petroleum-derived commodity chemicals if they are produced at
commercial scale. Rigorous life cycle assessment models have shown that biomass based
chemicals can have >60% (even 95%) lower carbon footprint than petroleum derived chemicals.®
Products made from sustainable chemicals are appealing to end users that are increasingly

concerned with issues regarding global warming and sustainability.

Several recent studies have shown that heterocyclic platform molecules, including
levoglucosenone (LGO), 5-hydroxymethylfurfural (HMF), and furfural, can be produced from
biomass in high yields and at low costs ($1,000-$5,000/ton) if produced at scale (>10 kton/yr).*
Figure 1.1 shows the reaction chemistry of converting biomass-derived heterocycles to oxygenated
products with potential applications highlighted. LGO and/or HMF can be produced (depending
on the water content of the solvent system) from dehydration of cellulose, glucose, or other
carbohydrates in up to 50-60% yield.> LGO and HMF can undergo selective hydrogenation over
metal catalysts, as well as selective C-O cleavage and hydrogenation over metal-acid catalysts, to
produce a variety of reduced oxygenated products.® These products include o,w-diols such as
tetrahydrofurandimethanol (THFDM) and 1,6-hexanediol (16-HDO), polyols such as 1,2,6-

hexanetriol (126-HT) and 1,2,5,6-hexanetetrol (1256-HT), and renewable solvents such as



dihydrolevoglucosenone (Cyrene).” Alternatively, HMF can be selectively oxidized to the polymer
precursor furandicarboxylic acid (FDCA).® Furfural is produced from dehydration of
hemicellulose or Cs sugars in up to 95% yield.*® Similar to the Cs route, furfural can undergo
successive hydrogenation and/or hydrogenolysis reactions to produce polymer precursors furfuryl
alcohol, tetrahydrofurfuryl alcohol (THFA), and 1,5-pentanediol (15-PDO)°, as well as renewable
solvents including 2-methyl-tetrahydrofuran, cyclopentanone, and tetrahydropyran.l® The
renewable solvent y-valerolactone can be synthesized either from hydration of furfuryl alcohol (Cs
pathway) or ring-opening of HMF (Ce pathway, with loss of formic acid).!! Lignin, which
constitutes approximately 20 wt% of lignocellulose, is generally burnt for process heat and power
in the majority of techno-economic analyses of biomass conversion; lignin conversion into

valuable products remains challenging but is an ongoing area of research.

16-HDO is an example of an oxygenated commodity chemical currently produced from
petroleum but which is an attractive target for production from biomass because of its high cost
and volume. Two companies (Rennovia Inc.% and DuPont*®) have submitted patent applications
on technology to produce 16-HDO from biomass. 16-HDO is used as a feedstock to make polyester
polyols and has a market price of $3,000-4,500/ton and volume of nearly 150 kton/yr.'* The
petrochemical route for 16-HDO production from benzene involves five reaction steps as shown
in Figure 1.2.2° Benzene is hydrogenated to cyclohexane over a metal catalyst and then oxidized
to a mixture of cyclohexanol and cyclohexanone (“KA Oil”) over a homogeneous cobalt catalyst.
The conversion must be kept low (5-7%) in this process since cyclohexanone and cyclohexanol
undergo undesired over-oxidation reactions. This step has a high separation and recycle
requirement for the unreacted cyclohexane. There is also a safety hazard of combustion of the

hydrocarbon reagent. The KA oil is then oxidized to adipic acid using concentrated nitric acid (a



corrosive reagent) which also releases N2O in the process. N2O is a harmful gas which requires
additional treatment to avoid its release. Adipic acid is then hydrogenated in methanol solvent via

the intermediate dimethyl adipate.
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Figure 1.1. Chemicals from Hemicellulose and Cellulose Fractions of Biomass with Potential

Applications Highlighted.

In contrast, the envisaged biomass-derived route would involve selective
hydrodeoxygenation of an oxygenated feedstock (Figure 1.1) rather than reduction and oxidation
of a hydrocarbon feedstock, and could potentially be operated at high yield, with fewer reaction

steps, avoiding toxic reagents. Surrogate biomass-derived a,o-diols, such as THFDM and 15-



PDO, could also potentially act as replacements for petroleum-derived 16-HDO (Figure 1.1).
Biomass-derived routes also have a lower CO; footprint than production from petroleum. In order
to compete with petroleum-derived chemicals, biomass-derived chemicals must offer significant

advantages in performance and/or economic viability, in addition to environmental sustainability.

OH
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-Flammability hazard
cvelohexanol

MeOH o)
HNO; HO H
@ e O S0 KA O MH — 0 - 5 HO ~ ~ oy
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benzene cvclohexanc Harmfulzreagents adipic acid dimethyl adipate 1,6-hexanediol
-Fossil fuel -High recycle cost dj and by-products
feedstock {low conversion)

cyclohexanone

Figure 1.2. Reaction network for current production of 1,6-hexanediol from petroleum-derived

benzene. Undesirable aspects of this process are indicated in red.

While the reaction chemistries of HMF and furfural conversion have been studied in the
literature?®, the chemistry of LGO conversion remains largely unexplored. This is because high-
yield routes to produce LGO from cellulose have only recently been reported.® As shown in Figure
1.1, LGO is a precursor to several downstream products (many of which cannot be produced easily
from petroleum) which possess desirable functionalities for utilization in the chemical industry as
polymer precursors, green solvents, and surfactants. DuPont has reported that LGO can be
converted to HMF, Lgol, THFDM, and 16-HDO over metal and acid catalysts.**> 1" However, the
mechanisms for these transformations remain unclear, hindering the rational design of catalytic
technologies to control reactivity in these systems. The goal of this thesis is to address these

fundamental questions by investigating the catalytic chemistry involved in upgrading biomass-



derived intermediates over metal and acid catalysts, with an emphasis on LGO as a platform

molecule.

1.2 Metal and Acid Catalysts for Biomass Conversion

1.2.1. Metal-Catalyzed Hydrogenation

Metal-catalyzed hydrogenation is a critically important reaction in the conversion of both
biomass and conventional carbon sources into fuels and chemicals.'® Nanoparticles of highly
reducible metals (e.g. Pt, Pd, Ru, Ni), supported on high surface area thermally stable supports
(e.g. SiO2, Al;03), are useful for the hydrogenation of C=C and C=0 bonds. These catalysts
dissociate molecular hydrogen and facilitate reaction between an adsorbed, unsaturated compound
and hydrogen, typically through a step-wise Horiuti-Polanyi mechanism.!® Active site densities

are typically counted through carbon monoxide (CO) or Hz chemisorption.8

The selectivity of metal catalysts towards hydrogenation of different bonds is a strong
function of the structure of both the reactant and catalyst surface.? In a,p unsaturated carbonyl
compounds, the C=C bond is typically hydrogenated more easily than the C=0 bond due its lower
thermodynamic stability and lower barrier for reaction.? Selectivity can be controlled by changing
the reaction conditions (residence time, temperature, pressure), as well as the catalyst properties
(metal identity, particle size, support, modifiers).?> 22 The reactant structure can also greatly
influence the selectivity of C=C versus C=0 hydrogenation, including through the relative stability
of reactive groups (e.g. aldehyde versus ketone C=0 bonds; olefin versus aromatic C=C bonds),
and through steric hindrance effects, both of which affect the strength and modes of adsorption

onto the catalyst surface.?®



Metal-catalyzed hydrogenation reactions can also display stereoselectivity (producing an
excess of one stereoisomer over another), for example when a ketone with two different
substituents is hydrogenated to an alcohol and forms a new chiral center. If the starting molecule
is not chiral, a conventional metal catalyst cannot form an enantiomeric excess of the product
because there is no preference for hydrogenation of the ketone group from the two different
directions. However, chiral modifiers can bias the adsorption mode of the reactant and result in an
enantiomeric excess.?* In cases where the reactant is “prochiral’ (already containing chiral centers),
the existing chiral centers can bias the direction of hydrogen atom attack via steric effects, resulting

in a diastereomeric excess of one product over another.?®

1.2.2. Brgnsted Acid-Catalyzed C-O Cleavage

Brensted acids are another prototypical class of catalysts for biomass conversion as well
as petrochemical upgrading.?® C-O bond cleavage events are relevant to the depolymerization of
biomass polymers (cellulose, hemicellulose and lignin) into monomers, to the removal of oxygen
in the form of water (dehydration), and to ring-opening of cyclic ethers.?” Acid-catalyzed C-O
cleavage typically begins with protonation of the oxygen atom, followed by C-O bond rupture,
passing through a carbocation transition state.?® Reactivity is correlated to the stability of the
transition state, with more highly substituted carbon atoms posessing more stable carbocations. In
cases where there is a neighboring oxygen atom, the transition state can also be stabilized by
formation of an oxocarbenium ion, thereby sharing the positive charge between the oxygen and

carbon atoms.?’

In the liquid phase, the energetics of both reactants and acid catalyst are greatly affected

by the nature of the solvent. In polar aprotic solvents, the acidic proton is destabilized relative to



water, resulting in changes to the reaction rate depending on the relative changes in the Gibbs free
energies of the reactant and protonated transition state.?® When water is either a reactant (e.g.
hydrolysis) or product (e.g. dehydration) of a reaction, its presence can also affect the rates and
equilibrium constants for different reactions within a reaction network. In cellulose dehydration
over an acid catalyst, the water content in a polar aprotic solvent system (e.g. tetranydrofuran)
dictates the selectivity to LGO versus HMF, where anhydrous conditions favor LGO formation
and small amounts of water (1-3 wt%) favor HMF production.>® In biomass conversion reactions,
desired acid-catalyzed transformations often compete with undesired degradation reactions, either
to identifiable downstream monomeric products or to oligomeric humins (formed through coupling
reactions).° Optimization of yield and selectivity in acid-catalyzed biomass conversion reactions
often involves an understanding of competing rates of undesired and desired series and parallel

reactions.3!

Acid sites in heterogeneous catalysts are typically characterized by titration with a basic
probe molecule.?® NHz-TPD (temperature programmed desorption) is commonly used to count the
total number of acid sites (Bregnsted plus Lewis sites). FTIR (Fourier transform infrared)
spectroscopy of adsorbed pyridine is used to study the proportion of Brgnsted and Lewis sites,
because the FTIR peak positions are distinguishable for Lewis-site bound pyridine, and Brgnsted
-site bound, protonated pyridinum ions.?® Gorte and co-workers have also developed a method to
count Brgnsted sites using the TPD of amines such as isopropylamine (IPA).3? Desorbed IPA
(bound to the support, Lewis acid sites, or weak Brgnsted acid sites) can be distinguished from
IPA bound to strong Brgnsted sites, which is protonated and decomposes to NHz and propylene in
a temperature range of 300-400°C. The amount of propylene produced is equal the number of

Brensted sites according to this method.



Proton-form aluminosilicates, including amorphous as well as crystalline zeolite materials,
are common acid catalysts used in the petrochemical industry. Examples in industry include
catalytic cracking, hydroconversion, isomerization, alkylation, and oligomerization.*® While
neither SiO2 nor Al>O3z possess Brensted acidity, aluminosilicates (SiAls) possess Brgnsted
acidity. Al atoms in Al2Os are typically in octahedral coordination, but substitution of Al atoms
into a tetrahedral SiO, matrix results in a tetrahedral Al atom which is charge compensated by a
Bransted acidic OH group. The catalytic activity of high-silica HZSM5 zeolites was shown to vary
linearly with the Al content, suggesting that each Al atom contributes one acid site.3* On the other
hand, the nature of acidity of amorphous SiAls is a matter of ongoing debate due to the highly non-
uniform nature of these materials. Hensen and co-workers used a variety of characterization
techniques, including FTIR of adsorbed probe molecules and in situ titration during reaction to
support their claim that SiAls possess 1-2 orders of magnitude lower concentrations of ‘strong

Bransted sites’ compared to zeolites.®

1.2.3. Bifunctional Metal/Acid -Catalyzed Hydrogenolysis

Bifunctional metal and acid catalysts carry out two reactions (such as C-O cleavage and
hydrogenation, or dehydrogenation and isomerization) in tandem. Carrying out these reactions in
tandem often has several benefits. The thermodynamics of some C-O cleavage reactions are not
highly favorable, while metal-catalyzed hydrogenations are thermodynamically favorable at
moderate temperatures and high Hz pressures.® 3¢ Hydrogenation can thus drive the overall
process forward. Furthermore, unsaturated reaction products from acid-catalyzed reactions tend to
be unstable due to their tendency to undergo further acid-catalyzed reactions.3” Hydrogenating

these intermediates in situ is a useful strategy to stabilize reaction products.
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Both the ratio and proximity of metal and acid sites can have a critical influence on the rate
and selectivity of hydrogenolysis reactions.*® These effects have been studied in the alkane hydro-
conversion literature. For example, in decane hydroconversion over Pt/H-Y catalysts, the overall
reaction rate initially increases and then plateaus as a function of the metal-acid ratio, as the
reaction rate transitions from metal-limited (low Pt loading) to acid-limited (higher Pt loadings)*®
The selectivity towards mono-branched alkanes versus poly-branched alkanes is also a function of
the metal loading and metal-acid site proximity, due to competition between series (acid-catalyzed)
isomerization reactions and parallel (metal-catalyzed) hydrogenation reactions. Understanding the
roles of both types of active sites in facilitating different reactions within a complex reaction

network is critical to the rational design bifunctional catalysts.

1.3 Overview of the Dissertation

We have investigated the catalytic conversion of biomass-derived intermediates to a variety
of renewable chemicals over metal and acid catalysts. The chemistry of LGO conversion over

metal and/or acid catalysts, relevant to Chapters 2-6, is shown in Figure 1.3.
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Figure 1.3. Catalytic Conversion of LGO over metal and/or acid catalysts

In Chapter 2, we study the acid-catalyzed isomerization of LGO in water to produce HMF
and levulinic acid (LA). We develop a reaction kinetics model to describe the experimental data,
and propose a reaction mechanism based on initial rate analysis and solvent effects. In Chapter 3,
we investigate the metal-catalyzed hydrogenation of LGO to Cyrene and levoglucosanol (Lgol).
We show how the selectivity to these two products can be controlled using the reaction
temperature. We also study diastereoselectivity in Cyrene hydrogenation to Lgol, showing that an
excess of threo- over —erythro is formed, likely due to steric hindrance effects. In Chapter 4, we
study the hydrogenolysis of Lgol to THFDM and tetrahydropyran-2-methanol-5-hydroxyl
(THP2M5H) over bifunctional metal-acid catalysts in tetrahydrofruran (THF) solvent. We
elucidate the reaction network by analyzing key intermediates and series/parallel pathways. A
combination of reaction kinetics measurements, isotopic labeling, variation of the metal-acid site
properties, and investigation of stereochemistry provide insights into the rate-limiting step and
mechanism. In Chapter 5, we examine the hydrolysis and hydrogenation of Lgol to 1256-HT in

water. We identify key intermediates formed over acid sites and hydrogenated over metal sites.
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We also distinguish between a lower-temperature pathway which preserves the C, stereocenter,

and a higher-temperature pathway which erases it.

The chemistry of sugar glycoside conversion to hexane-triols and —tetrols, relevant to
Chapter 7, is shown in Figure 1.4. In Chapter 7, we show how methyl glycosides can be converted
to hexane-triols and —tetrols with high regio- and stereo- selectivity. This is achieved by carrying
out selective C-OH cleavage reactions, followed by hydrolysis and hydrogenation which preserves

certain stereocenters present in the original sugar feedstock.
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Figure 1.4. Catalytic conversion of methyl glycosides to hexane-triols and -tetrols
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Chapter 2. Levoglucosenone Isomerization over Acid Catalysts

2.1 Introduction

While LGO production has previously been reported in low to moderate yields from the
pyrolysis of cellulose!, our group has shown that LGO can be produced from cellulose in 50%
yield using polar aprotic solvents at mild conditions? (210°C, 20 mM H,SQ4). Cellulose is first
depolymerized to form levoglucosan (LGA), which is then dehydrated to form LGO. Small
quantities of water (e.g., 3 wt%) shift the selectivity to HMF rather than LGO. This selectivity
shift toward HMF could be due to the rehydration of LGA to glucose followed by glucose
conversion to HMF, or via direct isomerization of LGO to HMF in the presence of water and an
acid catalyst*® 3. However, the kinetics of LGO isomerization (Figure 2.1) remain unknown. An
understanding of the factors which promote LGO isomerization could aid in developing strategies
to minimize LGO degradation, thereby improving the yield of LGO from cellulose. Increasing the
yield of LGO would, in turn, improve the economic viability of producing of high-value chemicals
from lignocellulosic biomass. Optimizing the isomerization of LGO could allow for the production

of HMF or LA in high yield, which can in turn be converted to fuels*and chemicals °.
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Figure 2.1. LGO isomerization to HMF, and hydration of HMF to form LA and FA

The chemistry of LGO isomerization is also relevant to the ring rearrangement of sugars
in general. LGO isomerization to HMF involves a transformation from a 6-membered ring to a 5-
membered ring, analogous to the isomerization of glucose to fructose. LGO isomerization has been
shown to proceed over a Brgnsted acid catalyst * 3, while glucose isomerization to fructose
requires a Lewis acid catalyst . An investigation of LGO isomerization would provide a basis for

comparison to the glucose isomerization mechanism.

Herein, we investigate the isomerization of LGO to HMF in an aqueous solvent system
with a sulfuric acid catalyst. We elucidate the reaction network and develop a reaction Kinetics
model to describe this system across a range of experimental conditions. We propose a mechanism
for LGO isomerization analogous to glucose isomerization which is consistent with the
experimental results. Our findings provide directions for designing catalytic systems to control the

LGO isomerization reaction depending on which products are desired.

2.2. Experimental Methods

Levoglucosenone (98%, Apollo Scientific), 5-hydroxymethylfurfural (99%, Sigma
Aldrich), H2SO4 (96%, Sigma Aldrich), levulinic acid (99%, Sigma Aldrich), formic acid (98%,

Sigma Aldrich), tetrahydrofuran (99.9%, Acros Organics), and HPLC (high pressure liquid
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chromatography) grade water (Fisher Scientific) were used as received.

For reactions, 2 mL of solution containing the appropriate solute and sulfuric acid
concentrations was added to 10 mL thick-walled glass reactors. The reactors were placed in an oil
bath at the desired temperature and stirred at 500 rpm. Reactors were removed from the oil bath
and guenched in an ice water bath at the appropriate time. Reaction products were filtered using a

0.2 [Om polyethersulfone (PES) syringe filter prior to analysis.

Products were guantified using a Shimadzu HPLC with a BioRad Aminex 87H column
with 5 mM H>SO4 mobile phase. The column was operated at a flow rate of 0.6 mL/min and a
temperature of 30°C. A refractive index (RI) detector was used to quantify levulinic acid, formic
acid, and the hydrated form of levoglucosenone. A photodiode array (UV) detector was used to
quantify LGO and HMF. Because LGO and HMF elute at nearly the same retention time, LGO
and HMF were quantified using two different UV wavelengths. HMF was quantified at 290 nm
while LGO was quantified at 370 nm. The contribution of HMF to the LGO peak at 370 nm, and
the contribution of LGO to the HMF peak at 290 nm, were taken into account by using the
sensitivity of HMF at 370 nm and the sensitivity of LGO at 290 nm, respectively. This
quantification method was validated using mixtures of LGO and HMF at known concentrations.

Concentrations of all products were calculated based on calibration curves using standards.

When LGO was diluted in water, a single major product of hydration was observed by
HPLC. H and **C NMR (nuclear magnetic resonance) were used to identify this compound as the
doubly hydrated form of LGO. The LGO-dihydrate (DH) was prepared in 90% yield by diluting
LGO in water and allowing the hydration to occur at room temperature for >100 h. NMR spectra

were collected using a Bruker Avance 500 MHz spectrometer at room temperature. 10% D>0O was
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added to the solution to facilitate locking to the deuterium resonance. The *H spectrum of the
doubly hydrated form of LGO (Figure 8.1 in the Appendix) is in agreement with *H chemical shift
values for this compound in the literature!?. The existence of a single identifiable hydration product
allowed for an HPLC-RI calibration curve to be developed by tracking the disappearance of LGO

as the hydration progressed at room temperature.

Reaction kinetics modeling was carried out using MATLAB (Version 2015b). The set of
coupled ODEs describing the concentrations of each species over time were solved using the
“ode23t” differential equation solver. The error between the experimental data and the model was

minimized using the non-linear optimization function “nlinfit”.

2.3. Results and Discussion

Figure 2.2 shows the results of LGO isomerization in water over a sulfuric acid catalyst.
DH and HMF are the primary products of LGO conversion. The ratio of the concentrations of DH
to LGO approaches a constant value of 1.13 (with a standard deviation of +/- 0.05), suggesting
that these species may be in equilibrium. The concentrations of both LGO and DH continue to
decrease over time, suggesting that either species can be converted to HMF, which is then hydrated
to form LA and formic acid (FA), as reported in the literature 3 7. The carbon balance decreases
over the course of the reaction and the product solutions at later reaction times are brownish in

color, indicating the formation of unaccounted degradation products (humins).
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Concentration (mM)

Time (min)

Figure 2.2. Acid-catalyzed transformation of LGO to HMF in water, and hydration of HMF to
form LA and FA. Reaction conditions: 150 mM LGO in 50 mM H2SO4 (aq); 125°C. Solid lines

are visual aids.

2.3.1. Equilibrium between LGO and DH

The thermal hydration of LGO to DH, in the absence of an acid catalyst, was studied in water at
125°C (Figure 2.3). At these conditions, the concentrations of the two species remain at a ratio of
1.05 (with a standard deviation of +/- 0.04), similar to the ratio of DH to LGO during the acid-
catalyzed reaction as shown in Figure 2.3. The >95% molar carbon balance maintained over the
course of 4 hours indicates that LGO and DH exist in equilibrium at the reaction conditions of

interest.
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Figure 2.3. Thermal hydration of LGO in pure water. Reaction conditions: 70 mM LGO, 125°C.

Solid lines are visual aids.

At room temperature, LGO is converted to DH in approximately 90% yield by diluting
LGO in water to 75 mM and waiting for 100 h. Using this approach, a sample of DH in water was
prepared and used as a feedstock for the acid-catalyzed reaction. As shown in Figure 2.4, DH is
converted to LGO rapidly during the reaction. The trends in the concentrations of HMF and LA
are similar to those observed in Figure 2.2. Finally, Figure 2.5 shows the ratio of the concentrations
of DH to LGO versus time for each of the experiments detailed in Figures 2.2-2.4. Taking these
three experiments together, the ratio of the two species is seen to approach a similar value of 1.18
(with a standard deviation of +/- 0.15), which is maintained over the course of the reaction. These

results provide further evidence that LGO and DH are in equilibrium at the reaction conditions.
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Figure 2.4. LGO isomerization in water using an LGO-dihydrate rich feed. Reaction conditions:

65 mM DH plus 10 mM LGO; 50 mM H2S0s (aq); 125°C. Solid lines are visual aids.
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Figure 2.5. The ratio of DH to LGO vs time for various reaction conditions at 125°C, both with

and without acid. Solid lines are visual aids.

Because LGO and DH are in equilibrium at our experimental conditions, it is possible to

express the rate of HMF production in terms of a lumped Kkinetic parameter multiplied by the



23

combined concentration of LGO and DH (Section 8.1.1 in the Appendix). Accordingly, and
because one reactant (water) is in great excess, the rate of HMF formation can be modeled as being
first order in the combined concentration of LGO and DH, as shown in the supplementary
information. This approach avoids the use of the measured equilibrium ratio of DH to LGO in the
reaction kinetics model described below, and therefore the model is not affected by any noise in

the measurement of this value.

2.3.2. Thermal degradation reactions.

As shown in Figure 2.3, the pool of LGO and DH is thermally stable at the reaction
conditions of interest. The thermal stabilities of HMF, LA, and FA were also studied by heating
these species in water. At 125°C, LA and FA did not degrade over the course of 4 hours. Upon
heating in water, HMF degraded at a rate that is described by a first-order model, as can be seen
in Figure 2.6. Girisuta, et al. studied the thermal stability of HMF in water™. In that study, HMF
was heated at 98°C for 2 hours in 1 molar solutions of FA or LA. Negligible HMF degradation
was observed under those conditions, in agreement with our findings. At the higher temperatures
and longer reaction times accessed in our experiments, however, thermal degradation of HMF
occurred. Therefore, thermal HMF degradation was accounted for in our kinetic model by

calculating the pre-exponential factor and activation energy for this reaction.
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Figure 2.6. Thermal degradation of HMF in water at various initial concentrations and

temperatures. Solid lines are model-predicted values.

2.3.3. Development of a reaction kinetics model.

Experiments in 100 mM H2SO4 (aqg) revealed that LA and FA do not degrade appreciably
at 125°C. However, LGO and HMF undergo acid-catalyzed transformations at the same conditions
(Figure 2.1); therefore, it was not possible to independently measure the rates at which these
species are converted. Quantification of these degradation routes was achieved by conducting a

series of experiments at a temperature of 125°C, wherein the initial concentrations of HMF, LGO
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and H>SO4 were independently varied. The results of these experiments are summarized in Figure
2.8, which shows the experimental data along with the model-predicted values. The reaction
kinetics model was constructed from the six experiments shown in Figure 2.8, as well as the
independently measured parameters for thermal HMF degradation shown in Figure 2.6. In all six
experiments, the rate of carbon loss from identifiable products was seen to vary as a function of
HMF concentration only, which precludes the possibility that degradation reactions involving
LGO are occurring under these conditions. Furthermore, the rate of thermal HMF degradation
alone was not sufficient to explain the loss of carbon at the reaction conditions, indicating that a

separate, acid-catalyzed degradation reaction of HMF was occurring at these conditions.

Based on the above findings, we propose a reaction network for the acid-catalyzed
isomerization of LGO to HMF, and the subsequent reactions of HMF (Figure 2.7). LGO was
modeled as existing in equilibrium with DH. The rate of HMF production (r1) was modeled as
being proportional to the combined concentrations of LGO and DH, as discussed previously. HMF
undergoes hydration to LA and FA (r2), as well as thermal (rs) and acid-catalyzed (r3) reactions to
unaccountable degradation products. The sulfuric acid catalyst was modeled as having a single

fully dissociated proton®.

levoglucosenone (LGO) | lini id
evulinic aci

(0]
© (0]
S 5-hydroxymethylfurfural (HMF) )J\/\H/OH
© HO (0] o
H* O / H*
>
-2H,0 || +2H,0 N \ ; .
+2H,0
Q ] thermal H* 0
’ g X
OH H OH
HO . _
OH degradation products formic acid

levoglucosenone-dihydrate (DH)



26

Figure 2.7. Proposed reaction network for the acid-catalyzed isomerization of LGO to HMF, and

subsequent reactions of HMF in water.

Assuming that first-order kinetics are valid for all reactions in the network, the rates for

each step in Figure 2.7 are described by Equations 1-4:

7, = ky[LGO + DH][H"] (1)
r, = ky[HMF][H*] @)
r5 = ky[HMF][H*] )
ry = k4[HMF] 4)

The differential equations used in the kinetic model can be found in the Appendix (Section 8.1.2).

As shown in Figure 2.8, the reaction kinetics model describes the data across different
reactant concentrations without the need to invoke fractional or higher order rate expressions.
Table 2.1 shows the rate constants extracted by the model along with their associated 95%
confidence intervals. Note that while the numerical value of ks (5.3E-4 min™) is an order of
magnitude smaller than k3™ (0.019 L mol™* mint), the units of these rate constants are different,
such that the predicted rates of Steps 3 and 4 are comparable. Accordingly, the thermal degradation

of HMF is non-negligible.
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(LGO + DH) to HMF, and subsequent reactions of HMF in water. Solid lines are model-predicted

values.

Comparisons of the model-predicted versus experimental carbon balance for reactions of
HMF and LGO in water are shown in Figures 7a and 7b, respectively. As seen in Figure 2.9, when
LGO is used as a feed, the model under-predicts the carbon loss at early reaction times and
accurately predicts the carbon loss at later reaction times. In the case where HMF is used as a feed,
however, the model achieves good agreement with experiment across the entire span of the
reaction. This behavior indicates that while irreversible degradation reactions are occurring, some
fraction of the unidentified species at intermediate reaction times are ultimately converted to
products. These unidentified species could potentially be other hydrated derivatives of LGO, or
intermediates between LGO and HMF. As seen in Figure 2.9b, the error introduced by this

discrepancy is at most about 15%.
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Figure 2.9. Model-predicted and experimentally determined carbon balance versus time for
reaction with (a) HMF and (b) LGO feedstocks. Reaction conditions: 50 mM H.SOs (aq); 125°C.

Solid lines are model-predicted values.
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The temperature dependence of the reaction rates was measured by recasting the rate

constants in Equations 1-4 in terms of the Arrhenius relationships below:

=ep(-(A- 1) @
o= lep(-(-1)  ©
o=lep(-E(-1) @
=lep(-R(-1) @

where k" is the rate constant for the i reaction measured at the reference temperature (Tr) of 398
K (125°C), Eai is the activation energy for the i reaction, T is the reaction temperature in Kelvin,
and R is the gas constant. Equations 5-8 were then defined in a separate model, which measured
the activation energies by optimizing their values to fit experimental data across four variable
temperature experiments between 100-150°C. The results are shown in Figure 2.10, which shows
agreement between model and experiment. Table 2.1 summarizes the reaction kinetics parameters

measured in this study and their uncertainties.
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Figure 2.10. Experimental and model-predicted concentration profiles for variable-temperature

experiments. Solid lines are model-predicted values. Reaction conditions: 75 mM LGO, 50 mM

H2SO04 (aq).

Table 2.1. Model-predicted reaction kinetics parameters for the acid-catalyzed isomerization of

LGO in water.
Reaction Step Rate constant at T = 125 °C Activation Energy
(kJ mol?)
r 0.274 +0.012 L mol* min? 130.1+4.0
r2 0.077 £0.002 L mol™* min* 107.7 +4.8
rs 0.019 + 0.002 L mol* min? 102.2 +18.0
r4 4.3E-4 + 7E-5 min! 81.0 +10.0

Conditions: 100-150°C, 50-100 mM H»SQO4, 50-150 mM LGO.

As seen in Table 2.1, the activation energy of LGO isomerization (Ea1) to HMF is the

highest value of all reactions, indicating that the HMF selectivity is maximized at high

temperatures and short reaction times. Using the model-predicted reaction kinetics parameters, it

is possible to simulate the effects of temperature and reaction time on the maximum obtainable
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yield of HMF. The result (Figure 2.11) indicates that a maximum HMF yield of ~76% could be
achieved from LGO at a temperature of 220°C in water. However, achieving this yield would
require a reaction time of approximately 6 seconds. At a reaction time of 5 minutes, the yield of

HMF at 165°C and 50 mM H2SO;4 is approximately 66%.

HMF Yield (mol %)
80

100

10

Reaction Time (min)

0.1
100 120 140 160 180 200 220 240

Temperature (°C)

Figure 2.11. Model-predicted yields of HMF from LGO in water versus temperature and reaction

time. Acid strength is held fixed at 50 mM HSOa4.

While the kinetics of LGO isomerization to HMF have not been previously studied in the
literature, our results for HMF conversion to LA and FA can be compared to literature reports
summarized by Weingarten, et al’®. The activation energy for HMF hydration to LA and FA is 95-
110 kJ/mol based on the majority of literature reports’®® °, in agreement with our measurement of
107.7 +/- 4.8 kJ/mol. Weingarten, et al. and Shen, et al. found that the activation energy for HMF
degradation to humins over an acid catalyst is approximately 145 kJ/mol”® ° while Girisuta, et al.
reported a value of 111 kJ/mol™. Jing, et al. reported an activation energy of 109 kJ/mol for the
thermal degradation of HMF in water!. In this study, we measured an activation energy of 102.2

+/- 18.0 kJ/mol for catalytic degradation of HMF and an activation energy of 81.0 +/- 10.0 kJ/mol
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for thermal degradation of HMF. Our model-predicted activation energy for HMF degradation is
on the lower end of the range compared to the literature, most likely because two routes of HMF
degradation are incorporated. Both Weingarten, et al. and Girisuta, et al. found that the reaction
orders for HMF conversion to LA and FA, as well as HMF degradation, are near unity’®®, in
agreement with our findings. We note that for the downstream reactions of HMF, while our model
is consistent with the reaction kinetics data and is in agreement with results in the literature, it is

possible that other models could also fit the HMF conversion data.

2.3.4. Effect of water content on LGO isomerization

The role of water in the isomerization of LGO was investigated by studying the reaction in
mixed solvent systems of water and tetrahydrofuran. As shown in Figure 2.12, the yield of HMF
plus LA decreases monotonically as the solvent system is changed from water to THF. In pure
THF solvent, almost no HMF or LA is observed, and LGO is converted to unidentified products.
These results indicate that water plays an important role in the LGO isomerization mechanism.
These findings are consistent with our previous work on cellulose dehydration to LGO, in which
we suggested that THF inhibits the conversion of LGO to HMF, and that LGO isomerization to
HMF could contribute to the selectivity shift from LGO to HMF when water is added to the THF

solvent system?.
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Figure 2.12. Yield of HMF plus LA versus time in different THF/water solvent systems. Reaction

conditions: 55 mM LGO; 50 mM H»SO4; 125°C. Solid lines are visual aids.

2.3.5. Determining the precursor for HMF production.

The observation that water facilitates the LGO isomerization reaction could be interpreted
as evidence that DH is the precursor for HMF production. However, we will show that LGO, not
DH, is the primary precursor to HMF. Due to the short timescales (<10 min) over which the
equilibrium between LGO and DH develops in water at 125°C, it is necessary to identify reaction
conditions at which LGO and DH are far from equilibrium during early reaction times. As shown
in Figure 2.13, carrying out the reaction in a mixture of 50 wt% of THF in water and lowering the
temperature to 100°C shifts the equilibrium between DH and LGO towards LGO, and lengthens
the time over which this equilibrium is achieved. Figure 2.14 displays the reaction profile under
the same reaction conditions, except starting with a feed which is mostly DH. The carbon balance
is near 100% at all times during these experiments, and LA and FA are not observed. Therefore,
HMF conversion can be ignored under these conditions. These experiments allow for an analysis

of the initial rates of HMF production, LGO consumption, and DH consumption, when LGO and
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Figure 2.13. Conversion of an LGO-rich feed to HMF in 50 wt% THF and 50 wt% water. Panels

a-b show a single experiment with different scales to aid in visualizing the concentrations of LGO,

DH, and HMF over time. Reaction conditions: 109 mM LGO, 4 mM DH; 50 mM H2SO4; 100°C.

Solid lines are visual aids (a) or linear fits (b).
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Figure 2.14. Conversion of a DH-rich feed to HMF in 50 wt% THF and 50 wt% water. Panels a-

b show a single experiment with different scales to aid in visualizing the concentrations of LGO,
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DH, and HMF over time. Reaction conditions: 61 mM DH, 8 mM LGO; 50 mM H»SO4; 100°C.

Solid lines are visual aids (a) or linear fits (b).

Assuming that HMF production is first order in either LGO or DH, the initial rate of HMF
production divided by the concentration of that species should be equal to the same value (i.e., the
rate constant) in both experiments. When LGO was assumed to be the primary precursor to HMF
(Figure 2.13), the values of these rate constants were within 10% for the two experiments (Table
2.2). In contrast, the values of the computed rate constants were different by an order of magnitude
when DH was assumed to be the primary precursor (Figure 2.14). Therefore, we conclude that

LGO is isomerized directly to HMF.

Table 2.2. First-order rate constants for HMF production from the initial rate analyses

LGO-Rich Feed DH-Rich Feed

(Figure 2.13) (Figure 2.14)
Fimr/[LGO]average | 8-0E-4 L mol™* min™ 8.7E-4 L mol* min'
Frmr / [DH]average | 5-3E-3 L mol™ min 3.6E-4 L mol™ min?

2.3.6. Proposed reaction mechanism.

Having shown that hydration of LGO to DH is not necessary for HMF production, we now
revisit the finding that LGO isomerization is facilitated by water (Figure 2.12). This observation
is consistent with an intermediate proposed by Shafizadeh, et al. involving hydration of the
anhydro-bridge prior to ring rearrangement to form HMF, In agreement with this hypothesis,
Kawamoto, et al. found that LGO conversion to furfural in a sulfolane solvent over a sulfuric acid
catalyst was promoted by the presence of water'. The authors proposed a mechanism passing

through the same hydrated intermediate as that posited by Shafizadeh.
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Because the resulting hydrated intermediate resembles glucose, we interpret the subsequent
ring rearrangement chemistry by analogy to glucose isomerization. Both the isomerization of
glucose to fructose and the isomerization of LGO to HMF involve transformations from a 6-
membered ring to a 5-membered ring. However, LGO isomerization proceeds over a Brgnsted
acid catalyst, while glucose isomerization requires a Lewis acid catalyst. In the case of glucose
isomerization, the cyclic pyranose form of glucose exists in equilibrium with an acyclic aldehyde
form in solution®. The Lewis acid facilitates a C1-C, hydride shift, converting the aldose into a
ketose, which can then ring-close to form the cyclic furanose form of fructose®?. The fact that LGO
isomerization does not require a Lewis acid suggests that no hydride shift is required for this

mechanism to proceed.

We have proposed a mechanism for LGO isomerization consistent with these observations,
shown in Figure 2.15. First, the anhydro-bridge of LGO is broken to form the hydrated
intermediate, as proposed by Shafizadeh and Kawamoto. Next, this hydrated intermediate is ring-
opened to an acyclic species containing both ketone and aldehyde functionalities. This species can
then be ring-closed at the C; position to form the 5-membered ring of HMF. Because this species
already contains a carbonyl group at the C. position, no hydride shift is required and therefore no

Lewis acid is required.

H,O

. oH OH )
@ H20 O. _OH OH 0O
A o NS o X O
LGO N

H@

HMF

Figure 2.15. Proposed mechanism for LGO isomerization to HMF.
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The acyclic intermediate shown in Figure 2.15 resembles 3-deoxyglucosone, which was
shown by Bols and co-workers to be converted to HMF in >90% yield over a sulfuric acid
catalyst'2. Because 3-deoxyglucosone contains ketone and aldehyde functionalities in the same
relative positions as the acyclic intermediate proposed in Figure 2.15, it is possible that this

intermediate would react in a similar fashion as 3-deoxyglucosone.

The mechanism in Figure 2.15 is similar to a mechanism for glucose conversion to HMF,
with LGO as a side-product, proposed by Bell and co-workers'3. The mechanism by Bell and co-
workers involves glucose conversion to the same acyclic intermediate as the one shown Figure
2.15, followed by parallel pathways for the production of HMF or LGO from this intermediate.
This mechanism can be made consistent with Figure 2.15 if the reaction from the acyclic
intermediate to LGO is reversible, allowing for ring-opening of LGO to form this intermediate
followed by ring closure to form HMF. Note that the study by Bell and co-workers used a solid
acid catalyst and ionic liquid solvent, while our study was conducted over a sulfuric acid catalyst

in an aqueous solvent.

2.4. Conclusion

We have elucidated a reaction network for acid-catalyzed LGO isomerization in agueous
solvent systems and developed a reaction kinetics model which describes the experimental data.
LGO is isomerized to HMF in the presence of a Bregnsted acid catalyst, and HMF is further
converted to LA and FA. LGO exists in equilibrium with a dihydrated species at reaction
conditions. The main sources of carbon loss are thermal and catalytic degradation of HMF. Within
the range of experimental conditions studied, the yield of HMF from LGO can be maximized at

higher temperatures and shorter reaction times. The yields of HMF and LA decrease monotonically
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as the THF/water solvent ratio increases, suggesting that water plays a role in the LGO
isomerization reaction. Using a mixed THF/water solvent system and lower temperature to slow
the equilibration of LGO and DH, analysis of the initial rate of HMF production showed that HMF
is produced primarily from LGO and is not produced from DH. These results are consistent with
a mechanism for LGO isomerization which proceeds via hydration of the anhydro—bridge,
followed by ring rearrangement analogous to the isomerization of glucose to fructose. Our
understanding of the factors which affect LGO isomerization to HMF could aid in designing
catalytic processes to produce LGO from cellulose more efficiently, improving the economic

viability of renewable chemicals production from lignocellulosic biomass.
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Chapter 3. Levoglucosenone Hydrogenation over Metal Catalysts

3.1. Introduction

As shown in Figure 1.1, LGO can be hydrogenated into a wide variety of chemicals. At
low temperatures (25-60°C) over a Pd/C catalyst, LGO is hydrogenated into Cyrene, a non-toxic
solvent with similar properties to environmentally harmful solvents such as N-methylpyrrolidone.*
DuPont has reported that LGO can be hydrogenated to levoglucosanol over a Pt/C catalyst.? Lgol
contains three chiral centers and is a potential platform molecule for chiral products relevant to the
fine chemicals and pharmaceuticals industry.® As will be shown in Chapter 4, Lgol is a precursor
to downstream polymer precursors THFDM, 1256-HT, and 16-HDO.

Herein, we study the hydrogenation of LGO over supported palladium catalysts. We
elucidate the reaction network and demonstrate catalysts and conditions suitable to produce Cyrene
or Lgol. We also investigate the diastereoselectivity of Cyrene hydrogenation to Lgol. Our results
provide insight into the mechanism of LGO hydrogenation, and provide directions for designing

catalytic systems to optimize the production of renewable chemicals from lignocellulosic biomass.

3.2. Experimental Methods

LGO (98%, Apollo Scientific), Cyrene (99%, Apollo Scientific), THF stabilized with
butylated hydroxytoluene (BHT) (99.9%, Acros Organics), and Pd(NO3) solution (10% in 10%
HNO3, Sigma Aldrich), were used as received. 5% Pd/C and low-soda y-Al>Os were purchased
from Strem Chemicals. 1% Pd/C and Davisil SiO», were purchased from Sigma Aldrich.

Palladium catalysts supported on Al.Os were synthesized by incipient wetness

impregnation (IW1) of a 10% Pd(NO)3 precursor onto the appropriate support. After impregnation,
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catalysts were dried overnight in an oven at 110°C. The catalysts were then calcined in flowing air
at 400°C followed by reduction in flowing H. at 260°C and passivation in 1% O./He at room
temperature.

CO chemisorption was carried out in a Micromeritics ASAP2020C instrument. 100 mg of
the catalyst was loaded into a glass reactor. Catalysts were degassed followed by in situ reduction
in flowing H> at 400°C and sample evacuation. The CO chemisorption measurement was
conducted at 35°C, and repeated after subsequent evacuation to acquire the reversible CO uptake.
The irreversible CO uptake was calculated by subtracting the total uptake in the first measurement
from the reversible uptake in the second measurement.

Reactions were carried out in 45 or 75 mL Parr Hastelloy high-pressure batch reactors. A
magnetic stir bar and appropriate amount of catalyst and feedstock were added to the reactor. The
reactor was purged four times with 500 psi Hz, followed by pressurizing to 500 psi H.. The heat-
up time was 10-15 minutes. The reaction mixture was stirred at 750 rpm. After the appropriate
time, the reactor was quenched in ice water, depressurized, and opened. The reaction products
were filtered using a 0.2 [Jm PTFE (polytetrafluoroethylene) syringe filter prior to analysis. For
LGO hydrogenation at low temperature (40°C), catalysts were pre-reduced at 100°C in flowing H>
and loaded into Parr reactors in a glovebox to avoid exposure to air. For reactions at higher
temperature (>40°C), passivated catalysts were loaded directly into the reactor without pre-
reduction. Dip-tube experiments were carried out with 60 mL reaction mixture in a 75 mL Parr
batch reactor equipped with a 1/8-inch dip-tube. During sampling, 0.6 mL was purged followed
by 0.6 mL collected for analysis. Purging was done to remove dip-tube liquid collected at earlier
reaction times. A stainless steel filter (500-mesh) was used to prevent solids from entering the dip-

tube. After each sample, the reactor was re-pressurized with Ho.
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The Pd/Al>Os catalysts used for LGO and Cyrene conversion were each recycled (without
reactivation) to study catalyst stability. For LGO hydrogenation, the catalyst used in the
experiment shown in Figure 3.1 was recycled in situ by removing half (30 mL) of the product
solution contained in the reactor, then pumping in 30 mL of a doubly concentrated LGO/THF
feedstock using an HPLC pump. The reaction was then carried out a second time. This strategy
avoided exposure of the catalyst to air. We note that with this recycling method, the product is
present at half of its initial concentration at the start of the reaction over the recycled catalyst. It is

possible that product adsorption on the catalyst surface could affect the reaction rate.

Products were quantified using a Shimadzu Gas Chromatograph (GC) equipped with a
Flame lonization Detector (FID) with liquid injection. A Restek RTX-VMS capillary column
(Length: 30 m, ID: 0.25 mm, film thickness: 1.4 um) was used. The injection port and FID were
maintained at 240°C. The injection volume was 1 uL and a split ratio of 50 was used. The column
temperature ramp was as follows: hold 1 min at 40°C, ramp 10°C/min to 180°C, ramp 3°C/min to

240°C, hold 5 min at 240°C.

Quantitative 3C NMR spectra were collected on a Bruker Avance 500 MHz spectrometer
at room temperature, using an inverse-gated decoupling pulse sequence with a 30° pulse. The *C
NMR spectra were absolute-referenced to the associated 'H NMR spectra. Unless otherwise
indicated, 256 scans were used, with an acquisition time of 1 sec and a relaxation delay of 15 sec.
Samples were prepared for analysis by evaporating the THF solvent from 5-10 mL of sample, then
adding 1-3 mL of ds-DMSO (dimethylsulfoxide). 3C NMR spectra are provided in the Appendix,

Section 8.2.1 .
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3.3. Results and Discussion

3.3.1. Hydrogenation of LGO to Cyrene

LGO hydrogenation to Cyrene was carried out over a 0.4 wt% Pd/Al,Os catalyst. THF was
selected as the reaction solvent because this solvent was effective in our previous work for
cellulose dehydration to LGO.* As shown in Figure 3.1, at low temperature (40°C), LGO was
hydrogenated to Cyrene in 100% selectivity. These results agree with the findings of Clark et al.,
who observed quantitative conversion of LGO to Cyrene over a Pd/C catalyst at room
temperature.® Levoglucosenol, the unsaturated alcohol resulting from selective hydrogenation of
the C=0 bond of LGO, was not observed at any time. Similarly, Ronzon et al. found that complete
C=C bond hydrogenation occurred prior to C=0 hydrogenation in the hydrogenation of 2-
cyclohexenone (a molecule with the same 2-enone functionality as is present in LGO) over
Rh/SiO; catalysts.®> In general, hydrogenation of C=C bonds is thermodynamically favored
compared to hydrogenation of C=0 bonds.® Based on the data in Figure 3.1, the initial turnover
frequency (TOF) for LGO hydrogenation at these conditions was 345 mol Cyrene per mol surface
Pd per min. Catalyst recycling data suggest that this catalyst undergoes deactivation under these

conditions (Figure 3.2).
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Figure 3.1. Hydrogenation of LGO over 1.75 mg 0.4 wt% Pd/Al203 (17.5 mg diluted 10x in SiO3)
in a batch reactor with dip-tube sampling. Conditions: 40°C, 500 psi H2, 60 mL 55 mM LGO feed

in THF. Solid lines between points are visual aids.
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Figure 3.2. Catalyst recycling test for the hydrogenation of LGO over 1.75 mg 0.4 wt% Pd/Al>Os
(17.5 mg diluted 10x in SiO) in a batch reactor with dip-tube sampling. Conditions: 40°C, 500

psi Hz, 60 mL 55 mM LGO feed in THF. Lines between points are visual aids.
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3.3.2. Hydrogenation of Cyrene to Lgol

Cyrene hydrogenation to Lgol was investigated at higher temperature (100°C) and at higher
catalyst amounts compared to LGO hydrogenation. As shown in Figure 3.3, under these conditions
Cyrene was hydrogenated to Lgol in 100% selectivity. Based on the data in Figure 3.3, the initial
turnover frequency for Cyrene hydrogenation at these conditions was 8.5 mol Lgol per mol surface
Pd per min. Catalyst recycling data suggest that this catalyst undergoes more significant
deactivation under these conditions compared to the case of LGO hydrogenation (Figure 3.4). An
excess of the threo-Lgol isomer was produced over the erythro-Lgol isomer (threo/erythro [t/e] =
4.6), and the stereoisomer ratio was not a function of conversion. Augustine argued that in the
stereoselective hydrogenation of prochiral ketones, hydrogen atom addition from the less hindered
direction should be kinetically favored.” We hypothesize that the observed excess of threo-Lgol
results from preferential hydrogen atom addition to the ketone group of Cyrene from the opposite
side as the anhydro-bridge.® Similarly, Zanardi et al. found that the C=0 bond of LGO was
selectively reduced to the threo-alcohol when sodium borohydride was used as the reductant.®
Based on our results, we have proposed the reaction network for LGO hydrogenation to Lgol

shown in Figure 3.5.
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Figure 3.3. Hydrogenation of Cyrene over 150 mg 0.4 wt% Pd/Al>Os3 in a batch reactor with dip-

tube sampling. Conditions: 100°C, 500 psi Hz, 60 mL 55 mM Cyrene in THF feed. Solid lines
between points are visual aids.
50

o Cyrene (fresh catalyst)
o--- Cyrene (recycled catalyst)

L] (] B
o o o
s 1 1 |
o
[=]
o
[+

Concentration (mmol/L)

-
o
1

0 160 260 360
Time (minutes)
Figure 3.4. Catalyst recycling test for the hydrogenation of Cyrene over 150 mg 0.4 wt% Pd/Al>Os
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The ratio of threo-Lgol to erythro-Lgol in Cyrene hydrogenation for different supported
palladium catalysts is shown in Table 3.1. While the conversion values were different for the
different experiments in Table 3.1, Figure 3.3 indicates that the stereoselectivity does not depend
on conversion. Cyrene hydrogenation over a 1 wt% Pd/C catalyst resulted in t/e = 2.3, while
hydrogenation over a 0.4 wt% Pd/Al,O3 catalyst resulted in t/e = 4.6. Since the stereoisomer ratio
varies with the catalyst used, it is governed by kinetics rather than thermodynamics. The
stereoisomer ratio is a function of the catalyst support, as indicated by the stereoisomer ratio over
1% and 5% Pd/C catalysts (1.7-2.3) versus 0.4% and 5% Pd/Al>O3 catalysts (4.6-4.7) and the 1%
Pd/SiAl catalyst (3.5). Comparing 0.4 wt% Pd/Al>O3 (~2 nm particles, as shown in Table 8.1 in
the Appendix) with 5 wt% Pd/Al,Oz (~10 nm particles), the stereoisomer ratios were similar,
suggesting that the stereoisomer ratio is not affected by changes in the particle size. Additionally,
as shown in Table 3.1, the stereoisomer ratios over the 0.4 wt% Pd/Al.Oz were comparable at
temperatures of 100°C and 150°C. This result suggests that the apparent activation energies for
threo-Lgol and erythro-Lgol formation are similar. While the stereoisomer ratio was observed to
change with the choice of support, the underlying reason for this dependence is not known at

present.
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Table 3.1. Cyrene Hydrogenation —Stereoisomer Ratio

Catalyst Temperature [°C] Conversion [%0] Lgol Isomer Ratio (t/e)
1% Pd/C 100 71 2.3
5% Pd/C 100 100 1.7
0.4% Pd/Al203 | 100 0-100* 4.6
0.4% Pd/Al203 | 150 100 4.4
5% Pd/Al;,03 100 100 4.7
1% Pd/SiAl 100 95 35

Conditions: 500 psi Hz, 10 mL 55 mM Cyrene in THF feed, 50 mg cat, 3h reaction time. *Taken

from Figure 3.3.

3.4. Conclusions

We have shown that the C=C bond of LGO can be selectively hydrogenated to Cyrene at
low temperature (40°C), with the C=0 bond further hydrogenated to two stereoisomers of Lgol at
higher temperatures (100°C). An excess of the threo-Lgol isomer is favored over supported Pd
catalysts across multiple particle sizes and temperatures, and the stereoisomer ratio is kinetically
controlled. The excess of threo-Lgol over erythro-Lgol is likely due to a steric hindrance effect

induced by the prochiral anhydro- bridge group.
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Chapter 4. Levoglucosanol Hydrogenolysis to

Tetrahydrofurandimethanol over Metal-Acid Catalysts

4.1. Introduction

In this chapter, we investigate the hydrogenolysis of Lgol (produced from LGO, as
discussed in Chapter 3) to THFDM over bifunctional Pt/SiAl and Pd/SiAl catalysts. DuPont has
reported that Lgol can be converted to THFDM in 84% yield over a Pt/C catalyst, but the
mechanism for this transformation is unclear.! THFDM can be further upgraded to 16-HDO in
>80% yield using a bifunctional catalyst that contains metal and acid sites.? THFDM is an a,-
diol with the potential to be a polymer precursor similar to existing a,co-diols in the market.® 16-
HDO is a commodity chemical used in polyurethanes, coatings, and adhesives.?® 4 While the
biomass-derived intermediate HMF can also be hydrogenated into THFDM and 16-HDO,%*° LGO
upgrading could provide a new route to these chemicals, and we will also show that different

THFDM cis/trans ratios can be produced from LGO than from HMF.

The conversion of Lgol to THFDM is a mechanistically complex reaction involving
cleavage of two C-O bonds, the formation of a new C-O bond in the 5-membered ring, and
hydrogenation. In this study, the reaction network for Lgol conversion to THFDM is determined
based on analysis of the selectivity versus conversion and the reactivity of key intermediates, to
identify series and parallel reaction pathways. *C-radio labeling and analysis of the relationship
between reactant and product stereochemistry are used to probe the ring rearrangement
mechanism. The catalyst stability and reaction kinetics (activation energy, and reaction orders with

respect to Lgol and Hz) are measured in a continuous flow reactor. The effect of metal loading and
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metal-acid site proximity on reactivity are studied to understand the role of metal and acid sites in
kinetically relevant steps and in avoiding degradation reactions. First principles simulations are
used to compute the energetics of the proposed reaction intermediates to complement the

experimental results.

4.2. Experimental Methods

Lgol was prepared via quantitative hydrogenation of Cyrene (99%, Apollo Scientific or
Circa Group), as described in Chapter 3. Cyrene in THF solvent was hydrogenated over a 5% Ru/C
catalyst (Strem Chemicals) at 60°C at a pressure of 750 psi H2 until complete conversion was
achieved. THFDM (98%, Alfa Chemicals), THF stabilized with BHT (99.9%, Sigma Aldrich),
13C-labeled glucose (99% isotopic purity), and Pt(NH3)2(NOs)2 solution (99%, Strem Chemicals),
were used as received. Grade 135 amorphous SiAl and Davisil grade SiO2 were purchased from

Sigma Aldrich.

Metal catalysts supported on SiAl were synthesized by incipient wetness impregnation
followed by calcination in air at 400 °C (the Ru/SiAl catalyst was not calcined, to avoid formation
of volatile RuQOj4), reduction in H» at 260 °C, and passivation in 1% O/Ar at room temperature.
Catalyst precursors used: Pt: platinum tetraamine nitrate. Pd: palladium nitrate. Rh: rhodium
chloride hydrate. Ru: ruthenium nitrosyl nitrate. The Zeolite Y catalyst support (Zeolyst, Si/Al =
30) was calcined in air at 600°C prior to use. After incipient wetness impregnation of platinum
tetraamine nitrate, the catalyst was calcined for 2h at 300°C in air, followed by reduction at 450°C
in Hz and passivation in 1% O/Ar. For experiments using the bare SiAl support, the support was

calcined at 400°C in flowing air prior to use.



52

CO chemisorption was conducted on a Micromeritics ASAP2020C instrument. 100-500
mg catalyst was loaded into a glass reactor. Catalysts were degassed, then reduced in situ at 400°C
in flowing H followed by sample evacuation. The chemisorption measurement was carried out at
35°C, and repeated after subsequent evacuation to acquire the reversible CO uptake. The
irreversible CO uptake was calculated by subtracting the total uptake in the first measurement from
the reversible uptake in the second measurement.

NHs and IPA-TPD were carried out in a Micromeritics Autochem2920 instrument. 100-
500 mg of catalyst was loaded into a glass reactor. Samples were dried at 400°C in flowing He
prior to analysis. For samples containing Pt, the drying step was replaced with a reduction at 260°C
in flowing Hz. For the NH3-TPD measurement, the catalyst was saturated with flowing NH3 at
150°C. The sample was then heated to 700°C at a ramp rate of 120°C/min in flowing He. For the
IPA-TPD measurement, the catalyst was saturated with ten 100 pL doses of liquid IPA via
injection through a septum, with the sample held at 50°C. Then, the sample was heated to 700°C
at a ramp rate of 10°C/min in flowing He. A quadrupole mass spectrometer (MKS Instruments)
was used to monitor desorption of NHs at m/z = 17, (NH3-TPD) or the formation of propylene at
m/z = 41 in the temperature range of 300-450 °C (IPA-TPD). The NH3 concentration based on m/z
= 17 was corrected for the presence of water using the signal at m/z= 18 and the known relative
intensity of these peaks for water.® Calibrations of NH3z and propylene were used to convert the
mass spectrometer signals to NHz or propylene mole fraction.

N2 physisorption to measure the BET surface area was conducted using an ASAP2020
instrument (Micromeritics) with the temperature held at -196°C. Prior to the adsorption

measurement, samples were degassed at 150 °C and evacuated for 6h.
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In order to measure the metal loading of Pt/SiAl catalysts, 50 mg of each catalyst was
dissolved in 10 g aqua regia solution (a 3:1 mixture of concentrated HCI with concentrated HNO3)
by refluxing the solution at 120°C for 12h. The resulting solution was then analyzed using an
inductively coupled plasma optical emission spectrometer (ICP-OES) (Vista-MPX) to determine
the Pt content, with calibration standards developed using a Pt ICP standard (Sigma Aldrich).

Reaction products were quantified using a Shimadzu Gas Chromatograph equipped with
FID with liquid injection. A Restek RTX-VMS capillary column (length: 30 m, inner diameter:
0.25 mm, film thickness: 1.4 pm) was used. The injection port and FID were maintained at 240°C.
The injection volume was 1 pL and a split ratio of 50 was used. The column temperature ramp was
as follows: hold 1 min at 40°C, ramp 10°C/min to 180°C, ramp 3°C/min to 240°C, hold 5 min at

240°C.

Quantitative 3C NR spectra were collected on a Bruker Avance 500 MHz spectrometer at
room temperature, using an inverse-gated decoupling pulse sequence with a 30° pulse. The *C
NMR spectra were absolute-referenced to the associated *H NMR spectra. 256 Scans were used,
with an acquisition time of 1 sec and a relaxation delay of 15 sec. This relaxation delay was shown
to be sufficient for product quantitation in our previous study. Reaction products cis-THFDM,
trans-THFDM, tetrahydropyran-2-methanol-5-ketone (THP2Mb5one), and the two stereoisomers
of THP2M5H were identified using **C NMR (NMR spectra shown in Section 8.3.1 in the
Appendix). Samples were prepared for analysis by evaporating the THF solvent from 4.5g of the
product sample, then adding 1g of dse-DMSO.

Because Lgol, THP2M5one, and THP2M5H are not commercially available, the identities
of these compounds were confirmed by 3C NMR. Lgol was assumed to have a molar GC-FID

sensitivity equal to that of Cyrene. THP2Mb5one and THP2M5H were synthesized as described in



54

Section 8.3.2 in the Appendix. THP2M5H and THP2M5one were assumed to have molar GC-FID
sensitivities equal to that of THFDM. Because cis-THFDM is overlapped by THP2M5one and
trans-THFDM is overlapped by one of the stereoisomers of THP2M5H in the GC, these GC peaks
were deconvoluted using *C NMR. 3C NMR was used to directly measure the ratio of cis-
THFDM to trans-THFDM and the ratio of THP2M5one to cis-THFDM. The concentration of the
overlapped isomer of THP2M5H was then calculated by subtracting the known concentration of
trans-THFDM from the total concentration of these two species in the GC. An example of the

product peak deconvolution methods is described in Section 8.3.3 in the Appendix.

Batch reactions were carried out in 75 mL Parr Hastelloy high-pressure batch reactors
equipped with a 1/8-inch dip-tube. A magnetic stir bar and appropriate amount of catalyst and
feedstock were added to the reactor. The reactor was purged four times with 500 psi Hy, followed
by pressurizing to 500 psi Hz. The heat-up time was 10-15 minutes. The reaction mixture was
stirred at 750 rpm. The reaction products were filtered using a 0.2 um PTFE syringe filter prior to
analysis. During sampling, 0.6 mL was purged followed by 0.6 mL collected for analysis. Purging
was done to remove dip-tube liquid collected at earlier reaction times. A stainless steel filter (500-
mesh) was used to prevent solids from entering the dip-tube. After each sample, the reactor was
re-pressurized with Ho.

Continuous flow reactions were carried out in a 12 cm ¥ inch Swagelok tube in an up-flow
configuration. The catalyst powder was packed between beds of quartz wool to hold the catalyst
in place. Temperature control of the reactor was achieved by using aluminum heating blocks with
a ¥ainch cylindrical hole to place around the reactor; heating tape was wrapped around the heating
block and connected to a temperature controller. The thermocouple was placed at the center of the

reactor via a cut-out slot in the aluminum heating block. The system was then insulated using
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fiberglass insulation. Gas flows were maintained using a mass flow controller (Brooks). The
system pressure was controlled using a back pressure regulator. Liquid was delivered viaan HPLC
pump (LabAlliance). Liquid-phase products were collected downstream of the reactor in a 100 mL
separator immersed in ice water. Products were filtered using a 0.2 um PTFE syringe filter prior
to analysis. A low H: gas flow rate (6 mL/min) was used to minimize evaporation of the THF
solvent. Catalysts were reduced in situ at 260 °C in flowing hydrogen for 1h prior to reaction. To
test catalyst regeneration, the catalyst was calcined at 400°C (2°C/min ramp, 1 h hold) followed
by reduction at 260°C (2°C/min ramp, 4h hold) after the initial run. Additional details concerning
the reaction kinetics measurements, selectivity measurement, and calculation of experimental error
are provided in the Appendix, Section 8.3.6.

Trace amounts of water have an effect on the product selectivity (details are provided in
Section 8.3.7 in the Appendix). We observed moderate (13%) changes in the product selectivity
when using different bottles of THF. This difference was eliminated when 500 ppmv (0.05 vol%)

water was added to the Lgol/THF feedstock.

4.3. Results and Discussion

4.3.1 Catalyst Characterization

The CO chemisorption results (Table 4.1) show that the Pt dispersions are approximately
40% for both the 1.1% and 5.3% Pt/SiAl catalysts as well as the 1% Pt/SiO- catalyst. This suggests
that these catalysts have similar average particle sizes. The 0.06% Pt and 0.25% Pt catalysts have
somewhat lower dispersions of 20-25%, however we note that these measurements are subject to

greater error due to the lower CO uptake in these cases.
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NHs-TPD was carried out on the SiAl support, the 1.1% Pt/SiAl catalyst used for the
reaction kinetics measurements, and the 5.3% Pt/SiAl catalyst. The NH3-TPD results indicate that
the total acidity of the SiAl support decreases moderately upon addition of 1.1% Pt (15% decrease
in total acidity per gsia)) or 5.3% Pt (25% decrease, per gsia) (Table 4.1). IPA-TPD was
additionally conducted on the SiAl support to measure Brgnsted acid sites based on the propylene
desorption peak at ~350 °C. The resulting value was 490 umol/g, indicating that the SiAl support
consists predominantly of Brgnsted acid sites but that Lewis sites are also present (approximately
180 umol/g based on the difference between the site densities calculated by NH3z and IPA-TPD).
The plots for NHz and IPA-TPD are provided in the Appendix (Section 8.3.4).

The BET surface area decreases modestly with Pt addition from 400 m?/g on the bare SiAl support
to 350 m?/g for the 5.3% Pt catalyst.

Table 4.1. Characterization of Metal and Acid Catalysts

Catalyst Metal Site Metal Acid Site Density (NHs- BET Surface

Density Dispersion TPD) [umol/g] Area (m?/g)
[umol/g]* (%)

SiAl - - 670** 400

0.06% Pt/SiAl 0.6 21 - -

0.25% Pt/SiAl 3 24 - -

1.1% PY/SiAl 24 43 530 390

1% PY/SiO: 21 41 - -

5.3% Pt/SiAl 111 41 480 350

1.1% Pt/SiAl, 26*** 45 340 -

regenerated

post-reaction

1% Pd/SiAl 345 37 - -




S7

*Assuming a stoichiometry of 1 Pt/CO, 1.5 Pd/CO. **The Brgnsted site density of the SiAl was
additionally measured using IPA-TPD, yielding a value of 490 umol/g. *** Measured by pulse
CO chemisorption on a Micromeritics Autochem 2920 instrument.

4.3.2. Batch reactor catalyst screening

The proposed reaction network for Lgol hydrogenolysis in THF solvent over bifunctional
metal-acid catalysts is shown in Figure 4.1. The major hydrogenolysis product is cis- and trans-
THFDM, with THP2M5H as a side-product of hydrogenolysis and 2-methyl-tetranydrofurfuryl
alcohol (2MTHFA) as a side-product of dehydration and hydrogenation. In the formation of
THP2M5H, Lgol is first isomerized to THP2M5one followed by hydrogenation to THP2M5H.

The evidence for this reaction network will be discussed in the following sections.
OH

O,
H,
-H,0

2MTHFA

H+
O H
OH ‘OH

threo-Lgol  erythro-Lgol

H+
OH H
o OH

THP2M5one THP2MS5SH

cis-THFDM trans-THFDM

Figure 4.1: Proposed reaction network for Lgol hydrogenolysis in THF solvent

Table 4.2 shows batch reactor screening results for a variety of metal-acid catalysts. Note that
Pd/Al203, Pt/Al>O3, and Pt/SiO; are inactive at these reaction conditions, indicating that Brgnsted

acid sites are necessary for Lgol hydrogenolysis. Different metals (Pt, Pd, Rh, Ru) supported on
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SiAl all show some selectivity to THFDM, as well as side-products THP2M5H and
THP2M5Hone. 1% Pt/Y was much more active than the SiAl-supported catalysts, so a lower
temperature of 100°C was used to achieve <100% conversion. Pt/Y shows low selectivity to
THFDM (27%), with several side-products as well as THF degradation products produced. Based
on the screening results, the Pd/SiAl and Pt/SiAl catalysts were selected as the most promising
catalysts for further study as they displayed the highest selectivity to THFDM and THP2M5H.

Table 4.2. Batch reactor catalyst screening for Lgol hydrogenolysis

Selectivity [%6]
Catalyst Conver- THFDM THP2M | THP2M5 | 2MTHFA THP2M Total
sion (%) | (cis/trans) 50ne H identified
products
1.1% PUSIAl | 76 48 (1.0) 6 30 2 0 86
1% Pd/SiAl 90 58 (2.8) 3 20 17 0 98
1% RU/SiAI* 89 54 (3.2) 0 14 0 0 68
1% Rh/SIAl 78 35 (1.3) 8 8 1 0 53
1% PYY 84 27 (1.8) 2 29 25 15 99**
(T = 100°C)

Conditions: 100 mg cat, T = 150°C, PH, = 500 psi, 10 mL ~65 mM Lgol/THF. THP2M refers to

tetrahydropyran-2-methanol. *250 mg cat and 6h reaction time were used. ** THF degradation

products were observed.

4.3.3. Selectivity versus conversion over 1% Pd/SiAl

The reaction network for Lgol hydrogenolysis was investigated by carrying out sampling
from a batch reactor over time. As calculated from Figure 4.2, the selectivity of Lgol conversion
to THFDM was ~55% and was not a strong function of conversion. Because the selectivities to the
side-products 2MTHFA and THP2M5H were also not strong functions of conversion, these

products are produced in parallel with THFDM rather than in series (Figure 4.1). A separate
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experiment with THFDM as feedstock (10 mL 60 mM THFDM feed, cis/trans = 4.8) at the same
reaction conditions (150°C, 500 psi Hz, 50 mg 1% Pd/SiAl, 3h reaction time) displayed near-zero
conversion with small amounts of 2MTHFA produced (4% yield), providing further evidence that
the dominant pathway for 2MTHFA formation is in parallel with THFDM rather than in series.
The concentration of THP2M5one is nearly zero throughout the reaction. The carbon balance
decreased to ~85% during the reaction, indicating that minor degradation reactions are occurring

at these reaction conditions.
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Figure 4.2. Hydrogenolysis of Lgol (t/e = 1.7) over 450 mg 1 wt% Pd/SiAl in a batch reactor with
dip-tube sampling. Conditions: 150°C, 500 psi Hz, 60 mL 60 mM Lgol in THF feed. Solid lines
between points are visual aids.

4.3.4. Effect of Lgol stereochemistry

We investigated the relationship between the Lgol feedstock stereocisomer ratio and the
THFDM product stereoisomer ratio. We produced a Lgol feedstock containing a t/e ratio of 4.7
using 0.4 wt% Pd/Al>Os catalyst (details described in Chapter 3). When the Lgol hydrogenolysis
reaction was carried out using this feedstock (Figure 4.3), the THFDM product stereoisomer ratio

was nearly equal to the ratio obtained in the experiment shown in Figure 4.2 (cis/trans = 2.5 vs
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cis/trans = 2.6). This result indicates that the mechanism of Lgol hydrogenolysis to THFDM passes
through an intermediate which erases the stereochemistry of the feed. Furthermore, when THFDM
(cis/trans = 4.8) was fed over the Pd/SiAl catalyst at the same reaction conditions, the THFDM
stereoisomer ratio did not change. This result indicates that THFDM production is irreversible,

and the THFDM stereoisomer ratio is governed by kinetics rather than thermodynamics.
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Figure 4.3. Hydrogenolysis of Lgol (t/e = 4.5) over 450 mg 1 wt% Pd/SiAl in a batch reactor with
dip-tube sampling. Conditions: 150°C, 500 psi Hz, 60 mL 60 mM Lgol in THF feed. Solid lines
between points are visual aids.

4.3.5. Determining whether THP2M5o0ne is a THFDM precursor

THP2M>5one can be produced from the acid-catalyzed isomerization of Lgol in the absence
of a metal catalyst, via cleavage of the C-O bond of the anhydro-bridge. Amberlyst 70, a solid acid
catalyst, was used to generate a product mixture containing 30.8 mM Lgol and 21.7 mM
THP2Mb5one (Appendix, Section 8.3.2), and this mixture was fed over a Pd/SiAl catalyst (Figure
4.4) to determine whether THP2Mb5one is an intermediate between Lgol and THFDM. An
additional experiment with pure Lgol at a similar initial concentration (29.8 mM) was conducted

to provide a direct comparison (Figure 4.5).
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The THFDM concentrations over time are comparable in Figures 4.4 and 4.5. If it is
assumed that Lgol is the sole precursor to THFDM, the selectivity of Lgol to THFDM is nearly
identical in Figure 4.4 (63%) versus Figure 6 (59%). In contrast, the THP2M5H concentration is
significantly higher in Figure 4.4 than in Figure 4.5. If it is assumed that the THP2M5one present
in Figure 4.4 is just hydrogenated to THP2M5H, and additionally that the Lgol in Figure 4.4 is
converted to THP2M5H in 35% selectivity (as in Figure 4.5), then the selectivity of THP2M5one
conversion to THP2M5H in Figure 4.4 is 88%. These results indicate that THP2M5one is
hydrogenated to THPM2H and is not a THFDM precursor (Figure 4.1). We note that we cannot
rule out the possibility of a second route from Lgol to THP2M5H which does not pass through
THP2Mb5one. Because the 2MTHFA concentrations are comparable in Figures 4.4 and 4.5,

2MTHFA is not produced through THP2M50ne or THP2M5H.
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Figure 4.4. Hydrogenolysis of a feedstock containing THP2M5one and Lgol, over 450 mg 1 wt%
Pd/SIAl in a batch reactor with dip-tube sampling. Conditions: 150°C, 500 psi Hz, 60 mL feed
containing 30.8 mM Lgol and 21.7 mM TH2mb5one in THF. Time zero defined as time when the

reaction temperature was reached. Solid lines between points are visual aids.
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Figure 4.5. Hydrogenolysis of Lgol (t/e = 1.7) over 450 mg 1 wt% Pd/SiAl in a batch reactor with
dip-tube sampling. Conditions: 150°C, 500 psi Hz, 60 mL 30 mM Lgol in THF feed. Solid lines
between points are visual aids.

4.3.6. 13C labeling study

Glucose containing a *3C label at the anomeric carbon (C1) position was converted to Lgol
by first carrying out the acid-catalyzed dehydration of glucose to LGO in THF solvent over an
Amberlyst 70 catalyst, followed by low-temperature hydrogenation of LGO over a 5% Ru/C
catalyst to produce Lgol. This mixture contained the desired product Lgol as well as cis-THFDM
from the hydrogenation of side-product HMF and THFA from hydrogenation of the side-product
furfural. We then carried out the hydrogenolysis of Lgol to THFDM over a 1.1% Pt/SiAl catalyst
in a batch reactor. Reaction conditions for these three steps are provided in the Appendix (Section
8.3.5). 13C NMR was used to detect the location of the **C label on the THFDM product (Figure
4.6). The *3C label is found solely at the hydroxymethyl position of THFDM, consistent with the

mechanism proposed in this study.
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Figure 4.6. 1*C NMR of feedstock and product for *C;-labeled Lgol hydrogenolysis. Some cis-
THFDM and THFA are present in the feedstock due to hydrogenation of HMF and furfural,
respectively, produced during glucose dehydration. No major peaks were observed at the expected
chemical shifts for the other carbon positions of cis-THFDM and trans-THFDM.

4.3.7. Reactivity and stability of 1.1% Pt/SiAl in a continuous flow reactor

Next, we studied the reactivity, stability, and kinetics of a 1.1% Pt/SiAl catalyst for Lgol
hydrogenolysis in a continuous flow reactor. The following experiments used Pt/SiAl rather than
Pd/SiAl because Pt/SiAl does not produce the undesired side-product 2MTHFA. As shown in
Figure 4.7, the 1.1% Pt/SiAl catalyst undergoes moderate deactivation with time on stream.
Approximately 90% of the initial activity is recovered upon calcination and reduction, indicating
that the deactivation is largely reversible. Additional catalyst regenerations resulted in similar
reactivity. Therefore, deactivation is likely due to reversible deposition of carbonaceous species
on the catalyst surface. Measurement of the CO2 evolved during calcination of the spent catalyst
(Figure 4.8) showed that only 12% of the missing carbon in the 25h time-on-stream experiment
(Figure 4.7) was present on the catalyst surface, indicating that the majority of the missing carbon

is likely in the form of soluble oligomeric humins. The regenerated catalyst showed no change in
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the CO uptake and a moderate (35%) decrease in total acidity measured by NH3-TPD relative to

the fresh 1.1% Pt/SiAl (Table 4.1).
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Figure 4.7: Natural logarithm of Lgol consumption rate versus time on stream for fresh and

regenerated 1.1% Pt/SiAl catalysts. Conditions: 150 mg cat, T = 129°C, Pu2 = 750 psi, Crgovtir
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Figure 4.8: CO evolved during calcination of spent 1.1% Pt/SiAl catalyst (300 mg).
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For the 1.1% Pt/SiAl catalyst, the product selectivities are as follows: 61% to THFDM
(cis/trans = 1.0), 20% to THP2M5H, 5% to THP2M5one. The sum of selectivities is 86% (and is
approximately constant with time-on-stream), indicating some degradation reactions are occurring
under these conditions. The nearly 1:1 mixture of THFDM cis- and trans- isomers produced over
1.1% Pt/SiAl is notably different from the results obtained over 1% Pd/SiAl (cis/trans = 2.5), and
from HMF hydrogenation to THFDM which generates predominantly the cis-THFDM isomer.” If
THFDM is used as a polymer precursor, these variations in diastereoselectivity could have an
impact on downstream polymer properties.®

4.3. Reaction kinetics over 1.1% Pt/SiAl

Reaction kinetics measurements were made in a continuous flow reactor operated at <30%
conversion. The apparent activation energy was measured to be 105 kJ/mol in the range of 122-
144° C (Figure 4.9A), comparable to reported activation energies for C-O hydrogenolysis of cyclic
ethers®. We will also show that this value is in good agreement with the computed activation barrier
from density functional theory (DFT). The total selectivity to observed products was roughly
constant between 122°C and 144°C (Table 8.4 in the Appendix). At 144°C, 12% selectivity to
unidentified GC products was observed.

The rate of Lgol consumption was found to be first order in Lgol in the range of 34-186
mM (Figure 4.9B), indicating that Lgol does not poison the catalyst surface. We note that the
reaction order could potentially decrease at higher Lgol concentrations as site-blocking becomes
relevant. As the Lgol concentration is increased from 34 mM to 186 mM, the total selectivity to
observed products decreases from 94% to 74% (Table 8.4 in the Appendix).

A zero-order dependence in hydrogen between 500-1000 psi H, was measured (Figure

4.9C). This is in contrast to positive reaction orders typically measured for liquid-phase
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hydrogenations at elevated pressure.>® While for a conventional hydrogenation reaction the
measured zero-order dependence could indicate that the surface is highly covered with hydrogen,
we show in Section 4.3.8 that the reaction is rate-limited by acid sites for the 1.1% Pt/SiAl catalyst.
Therefore, the zero-order dependence in hydrogen indicates that a fast (non-rate-determining)
hydrogenation step follows a rate-limiting irreversible acid-catalyzed step. The product selectivity

was not a function of Hz pressure in this regime (Table 8.4 in the Appendix).
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Figure 4.9A-C: Reaction kinetics measurements over 1.1% Pt/SiAl: (A) activation energy, (B)
Lgol reaction order, and (C) Ha reaction order. “Rate’ refers to Lgol consumption rate. Base case
conditions: 150 mg cat, T = 129°C, Pu2 = 750 psi, Crgoytur = 65 mM (t/e = 1.7), Frgoyrur = 30
uL/min, Frz2 = 6 mL/min. Frgoyrur = 60 uL/min was used for the T =137°C measurement, and
Freoyrur = 100 uL/min was used for the T = 144°C measurement. Lgol conversion and product
selectivities at each reaction condition are reported in the Appendix (Table 8.4).

4.3.8. Effect of metal loading on rate and selectivity

The effect of the Pt metal loading on the rate and selectivity are shown in Figure 4.10. The
acidity only decreased moderately between the SiAl support (Table 4.1; 670 umol/g total acid
sites), the 1.1% Pt/SiAl catalyst (530 pmol/g total acid sites), and the 5.3% Pt/SiAl catalyst (480
umol/g total acid sites). Therefore, varying the metal loading in effect varies the ratio of metal to
acid sites. In Figure 4.10B, the selectivity to THP2MSH and THP2MS5one are summed together
because these species constitute a parallel pathway to THFDM (Figure 4.1). Between these two
products, THP2MS5H is the major product at high metal loadings while THP2MS5one is the major

product at low metal loadings (see Table 8.4 in the Appendix).
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Figure 4.10: Initial Lgol Hydrogenolysis rate (A) & product selectivity (B) vs metal loading of

Pt/SiAl Catalysts.

Conditions: 150 mg cat (300 mg cat was used for 0% Pt), T = 129°C, PH2 = 750 psi, CLgol/THF
=65 mM (t/e = 1.6-2.1), FLgol/THF = 30 uL/min, FH2 = 6 mL/min. Solid lines between points
are visual aids. In the case of 0% Pt, the selectivity to unidentified GC products increased with
time-on-stream from 14% at 3.5h time-on-stream to 29% at 27h time-on-stream. The value of 19%

shown in Figure 4B was measured at an intermediate time-on-stream of 15h.

The THFDM selectivity shown in Figure 4.10B refers to the sum of cis-THFDM and trans-
THFDM. The THFDM cis/trans ratio is approximately constant as a function of Pt metal loading,
at a value of 0.9-1.2. For the 5.3% Pt/SiAl catalyst, the selectivity was observed to change with
time on stream for the first 25h before reaching a steady state value. The reported selectivity in all
cases is the steady state value.

4.3.9. Role of metal and acid sites in kinetically relevant steps

The reaction rate and product selectivity are comparable between 1.1% and 5.3% Pt,
indicating that above 1.1% Pt, the rate-limiting step is acid-catalyzed. Because hydrogenation can
be assumed to occur only on metal sites, the hydrogenation step is therefore not rate-determining.
In contrast, for a conventional hydrogenation reaction the reaction rate would be expected to scale
linearly with the metal loading for catalysts with similar metal dispersion. The metal dispersions
of the 1.1%, and 5.3% Pt catalysts are similar (Table 4.1), ruling out particle size effects. Based
on the metal and Brgnsted acid site densities of the 1.1% Pt/SiAl catalyst, each metal site has a
turnover frequency (TOF) at least 25x higher than each Brgnsted acid site for Lgol hydrogenolysis

while remaining in the acid-limited regime. This rate of Lgol conversion is even maintained at
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0.25% Pt, although the selectivity towards identifiable products decreases, as will be discussed in
Section 4.3.10.

Based on our observation that Lgol hydrogenolysis is rate-limited by acid sites above 1.1%
Pt loading, as well as the measured zero-order dependence on hydrogen (Figure 4.9C), we argue
that the mechanism of Lgol hydrogenolysis proceeds through rate-determining, irreversible C-O
cleavage and ring rearrangement of Lgol over acid sites, followed by desorption of a reactive
intermediate which is then hydrogenated in a fast step over metal sites to form THFDM. If a quasi-
equilibrated metal-catalyzed hydrogenation step preceded a rate-limiting acid-catalyzed step, a
first-order dependence in H pressure would be observed because the hydrogenated intermediate
would be in equilibrium with the reactant and one equivalent of hydrogen. If the acid-catalyzed
RDS was reversible rather than irreversible, a positive order dependence in Hz would be observed.

The trend of reaction rate versus metal loading observed for Lgol hydrogenolysis (Figure
4.10A) is analogous to results in the alkane hydroisomerization literature over bifunctional Pt
catalysts on acidic supports. The mechanism of alkane hydroisomerization proceeds via metal-
catalyzed alkane dehydrogenation to form an alkene intermediate, followed by acid-catalyzed
isomerization to form an isoalkene, followed by metal-catalyzed hydrogenation of the isoalkene
to form isoalkanes.!' The rate-limiting step for alkane hydroisomerization over Pt catalysts
supported on Zeolite Y (Si/Al = 3) is also acid-catalyzed for Pt loadings above 0.4% (at reaction
conditions of 200°C, 101 kPa, P2/Pn-gecane = 9).12 Based on the 0.4% Pt/Zeolite Y catalyst which
has a metal/acid site ratio of 0.03, each metal site has at least a 33x higher TOF compared to each
acid site (in this reference, accessible metal sites were measured based on transmission electron
microscopy and/or Hz-Oz titration; acid sites were defined as sites which adsorb NH3 with a heat

of adsorption greater than 24 kcal/mol measured by microcalorimetry). Similarly, in the
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hydroisomerization of n-heptane over bifunctional Pt/SiAl catalysts (350°C, 101 kPa, PH2/Pn-neptane
= 33), Samad, et al. found that each metal site has a TOF hundreds of times higher than each acid
site.1

A hydrogen reaction order of -1 is observed for pentane hydroisomerization over
bifunctional Pt/Al,O3 catalysts, because the presence of hydrogen inhibits the formation of the
isoalkene intermediate.!! The hydrogenation step following the acid-catalyzed step does not affect
the hydrogen reaction order because the acid-catalyzed step is rate-limiting and irreversible. In
contrast, a zero order dependence in Hz for Lgol hydrogenolysis is observed because this reaction
does not involve an initial metal-catalyzed dehydrogenation step.

4.3.10. Role of metal and acid sites in avoiding degradation reactions

As the metal loading is decreased in Figure 4.10B, the selectivity towards THFDM
decreases and the selectivity towards THP2M5H + THP2Mb5one stays roughly constant. At low
metal loadings (0-0.06% Pt), unidentified GC products were observed which may correspond to
reactive intermediates. The selectivity to these unidentified products is 13% at 0.06% Pt and 19%
at 0% Pt, as reported in the Appendix (Table 8.4). The total selectivity to observed liquid-phase
products decreases as the metal loading is decreased, suggesting that degradation reactions are
occurring under these conditions. We hypothesize that the concentration of reactive intermediates,
which desorb from an acid site prior to being hydrogenated over a metal site, increases as the metal
loading is decreased. These species are likely to be culprits for degradation reactions. At high metal
loadings, the density of metal sites is sufficient to intercept and hydrogenate these reactive
intermediates, thereby stabilizing them against degradation reactions. There is approximately one
metal site for every four acid sites for the 5.3% Pt/SiAl catalyst and 100% of the product selectivity

is accounted for, indicating that there are no degradation products with this catalyst.
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In the conversion of Lgol to the side-product THP2M5H, we identified THP2Mb5one as a
reactive intermediate formed over acid sites which is hydrogenated over metal sites. While we
were not able to experimentally identify an intermediate in the pathway between Lgol and
THFDM, the results in Section 4.3.11 provide further evidence for the existence of a reactive
intermediate formed over acid sites which is hydrogenated to form THFDM. As the selectivity to
THP2M5one + THP2M5H is roughly constant with decreasing metal loading, Figure 4.10B also
suggests that the major culprit for degradation reactions is in the pathway between Lgol and
THFDM rather than the pathway between Lgol and THP2M5H. We note that selectivity towards
THFDM must approach zero as the metal loading approaches zero, since hydrogenation is required
to form THFDM.

The selectivity versus metal loading trend in Figure 4.10B is also similar to the trend
observed in the alkane hydroisomerization literature over Pt/H-Y catalysts. The selectivity towards
mono-branched alkanes (versus poly-branched alkanes and cracking products) increases as the
metal/acid site ratio is increased.?® Selectivity is governed by the sequential reaction of the mono-
branched alkene intermediate either over metal or acid sites. At low metal loadings, this
intermediate undergoes series reactions over acid sites, resulting in poly-branched products and
cracking products. At high metal loadings, the metal intercepts and hydrogenates the mono-
branched alkene intermediate, resulting in the mono-branched alkane product.

4.3.11. Effect of metal-acid site proximity

The bifunctional 1.1% Pt/SiAl catalyst was compared to a physical mixture of 1% Pt/SiO>
and SiAl catalysts. The comparison shown in Table 4.3 is made on a basis of the same total number
of metal and acid sites. While the reaction rate was found to be 1.6 times higher over the

bifunctional catalyst compared to the physical mixture of metal and acid catalysts, the selectivity
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to identified products was similar between the two cases (the physical mixture had 10% higher
selectivity to THP2M5H and THP2Mb5one than the 1% Pt/SiAl catalyst). This indicates that high
selectivity to desired products THFDM and THP2M5H can be achieved even with the physical
mixture catalyst which has microscale proximity between metal and acid sites rather than
nanoscale proximity in the case of the Pt/SiAl catalyst.*® In contrast, when SiAl alone is used, a
low selectivity to THP2Mb5one (25%) is observed. If unidentified GC products are included, the
total selectivity to observed products is approximately 44%.

Table 4.3. Metal-acid site proximity effects

Selectivity [%]
Catalyst Initial Rate | THFDM | THP2M- | THP2M | Unidentified Total
(mmol/min | (cis/trans) 50ne -5H GC products | observed
/gsial) products
1.1% PY/SiAl 6.3*10° 61 (1.0) 5 20 0 86
SiAl only 2.7%10°° 0 25 0 19** 44
Phys. Mixture*: 3.9*10°3 57 (1.2) 3 32 0 93
1% Pt/Si02 &
SiAl
Layered: SiAl, | 2.5*103 34 12 15 0 61
then (2.1)
1% Pt/SiO>
Layered: 1% | 3.3*10° 0 23 0 23 46
Pt/SiOz,  then
SiAl

Conditions: 150 mg cat (for physical mixture and layered catalysts, 150 mg of each catalyst was
used. For SiAl only, 300 mg cat was used), T = 129°C, Pu2 = 750 psi, Crgoyrir = 65 mM (t/e =
1.4-1.8), Frgoyrur = 30 ulL/min, Fr2 = 6 mL/min. *For the physical mixture, the catalysts were
ground together with a mortar and pestle to ensure the powders were well-mixed. **The selectivity

to unidentified GC products increased with time-on-stream from 14% at 3.5h time-on-stream to
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29% at 27h time-on-stream. The value of 19% shown in Table 4.3 was measured at an intermediate
time-on-stream of 15h.

In a layered configuration with a layer of SiAl catalyst followed by 3 cm of inert quartz
wool followed by a layer of 1% Pt/SiO>, a similar reaction rate was observed compared to the
SiAl-only case, while the selectivity to identified products THFDM and THP2M5H was 61% (a
layered configuration of metal sites followed by acid sites has similar reactivity to SiAl only,
consistent with the fact that the metal catalyst alone has no reactivity). This suggests that when the
metal and acid sites are completely separated, a greater fraction of the carbon is lost to degradation
products. We hypothesize that this is because degradation reactions of reactive intermediates over
acid sites are more prevalent when these intermediates cannot be rapidly hydrogenated over metal
sites. Similarly, Samad, et al. found that in the case of n-heptane isomerization over Pt/SiAl
catalysts, a physical mixture of Pt/SiO, and SiAl had comparable reactivity to the bifunctional
Pt/SiAl catalyst, while catalysts comprised of layered metal and acid sites displayed a lower degree
of bifunctionality (lower reaction rate and lower selectivity towards isoheptanes versus cracking
products) compared to Pt/SiAl.*%

THFDM can be produced even when the metal and acid sites are completely separated.
This confirms that the mechanism to produce THFDM proceeds through a reactive intermediate
formed over acid sites which is then hydrogenated over metal sites. We were unable to
experimentally identify intermediates between Lgol and THFDM, most likely because these
species are rapidly hydrogenated at high metal loadings and are partially degraded at low metal
loadings. It is possible that the unidentified GC products detected at low metal loadings are
intermediates between Lgol and THFDM, however we could not identify these compounds using

13C NMR due to their low concentration.
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4.3.12. First principles simulations of Lgol conversion to THFDM and THP2M5H

First-principle calculations were performed starting from Lgol to complement the
experimental findings and to determine the thermodynamic feasibility of the reaction intermediates
in the formation of THFDM and THP2M5H. Erythro-Lgol was considered for this exploration of
energy profiles (erythro-Lgol is marginally more stable than the threo-Lgol by ~2 kcal/mol).
Computational details are provided in the Appendix, Section 8.3.9. The computed free energy
profile (AG, 25°C in THF dielectric medium) and mechanistic steps associated with the acid-

catalyzed transformation of erythro-Lgol to THFDM and THP2M5H are shown in Figure 4.11.
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Figure 4.11. Computed reaction mechanisms and relative free-energy profiles (kcal/mol) of Lgol-
THFDM/THP2M5H pathways at the G4MP2 level of theory at 25°C. Solvation contributions from

a THF dielectric (SMD model) computed at the B3LYP/6-31G(2df,p) level of theory are included
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in the relative free-energy profiles. All energies are respect to the free energy of neutral erythro-
Lgol molecule in THF dielectric medium.

4.6.1. Formation of THFDM from Lgol

The proposed reaction steps associated with the formation of THFDM from erythro-Lgol
is the following: 1= 1= 1lI=> IV-> V-> VI. The erythro-Lgol (1) undergoes a preferred
protonation at the anhydro-bridge oxygen atom, marginally preferred compared to the other ‘O’
sites. This C-O bond is expected to be most reactive towards acid-catalyzed cleavage. The initial
protonation reaction (I-> 1) is endergonic by 17.7 kcal/mol, suggesting that the protonation of
erythro-Lgol is not spontaneous at room temperature in a tetrahydrofuran environment. The
protonation of anhydro-bridge oxygen results in the cleavage of C-O bond forming a six-
membered carbocation, denoted as ‘II’. The C-Oring bond distances in this intermediate are 1.50 A
(left side of intermediate 11) and 1.26 A (right side of 11), respectively, in the gas phase. Ab initio
dynamic simulations performed for this cation suggests that the influence of explicit solvent
molecules may cause further lengthening of the weakest C-O bond. The shortening of the reactive
bond (1.26 A, compared to ~1.40 A for a C-O-C single bond*) indicates that the carbocation has

an oxocarbenium resonance state which aids in its stabilization.®

The ring opening of the carbocation intermediate 11 occurs via a second C-O bond cleavage,
which is facilitated by the oxocarbenium ion resonance state. The computed transition state (111)
has a relative free energy of 25.6 kcal/mol. This value is in good agreement with the experimentally
measured apparent activation energy barrier of 25.2 kcal/mol, although we note that the measured
value is an apparent activation enthalpy while the DFT value is an activation Gibbs free energy.

The potential energy scans also show that the C-O bond lengthening of species Il does not require
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a significant energy barrier from the protonated intermediates. Upon the C-O bond cleavage, the
positive charge located at the Cs position is stabilized by ring contraction resulting in the formation
of a five-membered carbocation (IV: 17.8 kcal/mol). Formation of the acyclic intermediate (1V)
results in erasure of the Lgol stereochemistry at the C; alcohol position, consistent with our finding
that the THFDM cis/trans ratio is independent of the Lgol t/e ratio. The proposed ring
rearrangement is also consistent with the C radio-labeling results. Rearrangement of a proton from
intermediate IV (central oxygen atom to the carbonyl group) would result in the formation of the
IV-b intermediate (13.9 kcal/mol). The intermediates, IV and 1VV-b undergo deprotonation to form
V (aldehyde, 3.3 kcal/mol) and V-b (enol, 8.6 kcal/mol), respectively. We expect that the rate of

equilibration of aldehyde and enol tautomers is promoted under acidic conditions.

Experimentally, the identity of the metal (e.g. Pt vs Pd) has an effect on the THFDM
cis/trans ratio. The Pt/SiAl catalysts displayed a cis/trans ratio of 0.9-1.2, while 1% Pd/SiAl has a
THFDM cis/trans ratio of ~2.5 at similar reaction conditions. The fact that the metal identity affects
the THFDM cis/trans ratio suggests that the metal participates in the step which forms the new
stereocenter in THFDM. Direct hydrogenation of the aldehyde (V) would not affect the
stereochemistry of THFDM. While the enol (V-b) is higher in energy than the aldehyde, even a
small fraction of enol could be relevant to the hydrogenation reaction, as the rate of C=C
hydrogenation can be orders-of-magnitude faster than the rate of C=0 hydrogenation.'® In the case
of methyl pyruvate hydrogenation over Pd, Hall, et al. used tracer experiments with D2 gas to show
that the mechanism proceeds via keto-enol tautomerization followed by enol hydrogenation.® %/
In the hydrogenation of hydroxyacetone over 3 wt% Ru/TiO2, Bergem and co-workers argued that

the observed rate enhancement under acidic conditions may be due to acid-catalyzed formation of
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the enol prop-2-ene-1,2-diol, which could then undergo rapid C=C hydrogenation to 1,2-

propanediol.*®

The computed energy profile for the THFDM indicate that the intermediates (Il to V) all
are higher in energy than the reactant species, making experimental observation of these species
unlikely. Although the aldehyde intermediate V (or its tautomer V-b) is expected to desorb from
acid sites prior to hydrogenation over metal sites, we could not detect these species experimentally,
presumably due to their low concentration. While acid-catalyzed degradation of reaction
intermediates in the pathway between Lgol and THFDM are expected to occur based on the results

in Figure 4.10B, the energetics of these degradation reactions were not computed.

As shown in Figure 4.11, a competitive pathway from protonated erythro-Lgol (Il) is the
formation of THP2M5H (X). The reaction sequence is: =2 [1=>VII=> VIII> IX-> X. Parallel to
the C-O bond cleavage (11> 111), a hydrogen transfer from the C» to Cy position of species Il is
possible, resulting in the formation of a six-membered cationic ketone species (VIII, 14. 6
kcal/mol). The computed free energy barrier for the hydrogen transfer is 26.8 kcal/mol at 25°C,
indicating that the activation barriers for THFDM and THP2M5H production are comparable.
Deprotonation of V111 results in THF2M5one (IX, 2.3 kcal/mol), which then undergoes exothermic

hydrogenation to form THP2M5H (-3.3 kcal/mol).

4.4. Conclusions

The results in this study provide mechanistic insights into the hydrogenolysis of Lgol to
THFDM and THP2M5H over bifunctional Pt and Pd-SiAl catalysts. The product THFDM cis/trans
ratio is independent of the reactant Lgol t/e ratio, suggesting that the initial stereochemistry at the

alcohol position of Lgol is erased during the reaction. Although THP2Mb5one can be produced
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from the acid-catalyzed isomerization of Lgol, THP2M5one is hydrogenated to THP2M5H, and
neither of these species are THFDM precursors. 3C radio-labeling validated the proposed ring
rearrangement of the 6-membered ring of Lgol to the 5-membered ring of THFDM. The 1.1%
Pt/SiAl catalyst undergoes moderate deactivation with time-on-stream which is reversible upon
calcination and reduction. The rate-limiting step for this reaction was found to be acid-catalyzed
above 1.1% Pt loading. The zero-order dependence in hydrogen indicated that the metal
participates in a fast hydrogenation step following an irreversible acid-catalyzed rate-determining
step. The activation energy for the proposed rate-limiting acid-catalyzed C-O cleavage step is 25
kcal/mol, in agreement with the value from theoretical calculation. The selectivity towards
THFDM increased with increasing metal loading, likely because degradation of reactive
intermediates is minimized when these species are hydrogenated rapidly over metal sites. Using
these insights, 73% THFDM selectivity and 100% overall selectivity to 16-HDO precursors was
achieved using the 5.3% Pt/SiAl catalyst. A physical mixture of metal and acid sites displayed a
comparable selectivity to the bifunctional Pt/SiAl catalyst, indicating that nanoscale proximity is
not required to carry out Lgol hydrogenolysis selectively. However, when the metal and acid sites
were completely separated using a dual-layered configuration with SiAl followed by Pt/SiO3, a
penalty in the overall selectivity is incurred. First-principles calculations revealed the energetics
of the proposed reaction mechanism consistent with the experimental findings. This fundamental
understanding of Lgol conversion provides a basis for the rational design of catalytic processes to
convert biomass-derived levoglucosenone to high-value chemicals. As C-O hydrogenolysis
reactions are ubiquitous in catalytic biomass conversion approaches, the insights gained in this
work provide directions for controlling reactivity in the conversion biomass-derived intermediates

over metal-acid bifunctional catalysts.
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Chapter 5. Levoglucosanol Hydrogenolysis to 1,2,5,6-Hexanetetrol

over Metal-Acid Catalysts

5.1. Introduction

1,2,5,6-hexanetetrol (1256-HT) is a partially dehydrated Ce sugar derivative with potential
applications as a polymer precursor. Corma et al. noted that >C4 reduced polyols have applications
in the production of polyesters, alkyd resins, and polyurethanes.! 1256-HT is a symmetric
molecule with terminal, vicinal hydroxyl groups, allowing for selective reactions at these
functional groups. 1256-HT can also be dehydrated to the polymer precursor THFDM in up to
96% vyield.? THFDM can further be converted into valuable polymer precursors, including 126-
HT?® and 16-HDO.* Potential uses of 1256-HT are currently limited by the lack of an efficient,
high-yield route to 1256-HT. Archer Daniels Midland and others have shown that 1256-HT can
be produced in up to 50% yields from sorbitol over a copper catalyst.?* 5 A variety of other polyols
are produced along with 1256-HT, thus requiring a complex separation to purify 1256-HT.® 1256-
HT has also been reported to be formed as a side-product of HMF hydrogenation in up to 28%
selectivity, in which a mixture of polyols were also produced.” The lower carbon selectivity
towards 1256-HT and the required separation from other polyols limit the viability of these

technologies to produce 1256-HT.%

In this chapter, we report a new catalytic route to produce 1256-HT in high yield from bio-
renewable Lgol in water solvent. Experiments with different metal and acid catalysts are used to
determine the reaction intermediates in the conversion between Lgol and 1256-HT. The

relationship between the stereochemistry of the reactants, intermediates, and reaction products is
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also analyzed. We propose a reaction network for Lgol conversion to 1256-HT, which is consistent

with the experimental results obtained.

5.2. Experimental Methods

Lgol was prepared via quantitative hydrogenation of Cyrene (99%, Circa Group). Cyrene
in water was hydrogenated at 60°C and 51.7 bar H> until complete conversion was achieved. To
generate Lgol with a t/e ratio of 1.3, a 5% Ru/C (Strem Chemicals) catalyst was used and the
Cyrene concentration in water was 20 wt%. To generate Lgol with a higher t/e ratio of 3.3, a 5%
Pd/Al>O3 synthesized by incipient wetness impregnation was used, and the Cyrene concentration
in water was 3 wt%. The Lgol in water samples were separated from the catalyst by filtration using
a 0.22 um PES syringe filter. When necessary, samples were additionally centrifuged using a
10kDa centrifugal filter (Merck Millipore) operated at 5200 rpm for 0.25h, to remove small
particles. THFDM (98%, Alfa Chemicals), Pt(NH3)4(NO3)2 solution (99%, Strem Chemicals), and
aluminum chloride hexahydrate (99%, Sigma Aldrich) were used as received. Grade 135
amorphous SiO2-Al;03 (SiAl) and Davisil grade SiO2 were purchased from Sigma Aldrich.
Sulfuric acid (96 wt%) was purchased from Fisher Chemical. Amberlyst 70 (possessing >2.55
mmol/g as reported by the vendor) was purchased from Dow Chemical, and was washed, crushed,

and dried prior to use. Milli-Q water was used for all reactions and catalyst syntheses.

Pt/SiAl and Pt/SiO> catalysts were synthesized by incipient wetness impregnation of a
Pt(NH3)4(NOs3). solution in water. The catalysts were dried for >12h at 110°C in air, calcined at
400°C in flowing air (1°C/min ramp, 3 h hold), reduced at 260°C in flowing hydrogen (1°C/min

ramp, 4 h hold), then passivated at room temperature with 1% O/Ar. When the SiAl support was
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used directly in a reaction, it was calcined at 400°C in flowing air prior to use. Pt/SiAl and SiAl

catalysts were characterized in Chapter 4, Table 4.1.

A BioRad Aminex 87H column was used in a Shimadzu HPLC. The mobile phase was 5
mM H>SO4 (HPLC grade, Ricca Chemical) operated at a flow rate of 0.6 mL/min with a column
temperature of 30°C and an injection volume of 3 pL. Lgol, 1256-HT, 3,4-dideoxyglucose (34-
Dglu), 3,4-dideoxymannose (34-Dman), and 3,4-dideoxyfructose (34-Dfru) were quantified by
HPLC using a refractive index (RI) detector. The presence of 34-Dfru could also be monitored
using a photodiode array (UV) detector at 206 nm. HPLC chromatograms of reaction products are
provided in the Appendix (Section 8.2). Because THFDM is overlapping with Lgol in the HPLC,
Lgol and THFDM were additionally quantified by GC when these species were both present.
HPLC RI sensitivities for Lgol, 1256-HT, and 34-Dman/34-Dglu were measured by using
quantitative **C NMR with a 110mM sorbitol internal standard to measure the concentration of
these samples, which were then correlated to the HPLC refractive index signal. The HPLC RI
sensitivity of 34-Dfru was assumed to be equal to that of 34-Dglu/34-Dman. The selectivity to a
minor unknown product was approximated by assuming that this compound has the same HPLC

RI sensitivity as 1256-HT.

Because 1256-HT, 34-Dfru, and 34-Dman are not separated by our HPLC method,
experiments were run to completion to simplify analysis of the reaction product mixture. 3C NMR
was used to identify reaction products (details are provided in Section 8.4.1 of the Appendix). The
Lgol conversion was defined as the change in the Lgol concentration divided by the initial Lgol

concentration. The yield to a given product was defined as the concentration of that product divided
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by the initial Lgol concentration. The selectivity to a given product was defined as the yield to that

product divided by the Lgol conversion.

Lgol, THFDM, and THP2M5H were analyzed by a Shimadzu gas chromatograph (GC)
equipped with a flame ionization detector with liquid injection. A Restek RTX-VMS capillary
column (length: 30 m, inner diameter: 0.25 mm, film thickness: 1.4 pum) was used. The injection
port and FID were maintained at 240°C. The injection volume was 1 uL and a split ratio of 50 was
used. The column temperature ramp was as follows: hold 1 min at 40°C, ramp 10°C/min to 180°C,
ramp 3°C/min to 240°C, hold 5 min at 240°C. Because THFDM and THP2M5H are partially
overlapped in the GC, only the total yield to these two species is reported. The GC sensitivity of

THP2M5H was assumed to be equal to that of THFDM.

Quantitative 3C NMR spectra were collected on a Bruker Avance 500 MHz spectrometer
at room temperature, using an inverse-gated decoupling pulse sequence with a 30° pulse. 10% D,O
was added to the samples prior to analysis. The 3C NMR spectra were absolute-referenced to the
associated *H NMR spectra. 112 Scans were used, with an acquisition time of 1 sec and a relaxation
delay of 30 sec. *C NMR spectra for threo-Lgol, erythro-Lgol, cis-1256-HT, trans-1256-HT, cis-
THFDM, and trans-THFDM were matched to those in the literature.® 34-Dglu, 34-Dman, and 34-
Dfru were identified by 1*C NMR (see Section 8.4.1 in the Appendix). In some cases, 3C NMR
peaks could not be completely distinguished due to the similar chemical shifts between different
carbon positions and between different tautomers. However, all chemical shifts, relative peak
areas, and multiplicities of each carbon position are consistent with the assignments. Mestrenova
(v. 12.01) was used for 3C NMR prediction of reaction products. Electrospray ionization mass

spectrometry (ESI-MS) was used to confirm the molecular weight of 34-Dfru.
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Reactions of Lgol with SiAl, Pt/SiAl, and Pt/SiO> were carried out in a 45 mL Inconel Parr
reactor. 10 mL of reaction solution and a magnetic stir bar were placed in the reactor. The reactor
was purged 4x with 35.5 bar gas (H2 or Ar), pressurized to 35.5 bar, then heated to the reaction
temperature. The heat-up time was in the range of 10-15 minutes. Product concentrations from
Parr reactor experiments were corrected for 2.3% evaporation of water from the reaction solution,
which was measured based on an apparent increase in the carbon balance in the experiment with
Lgol heated to 150°C in the absence of catalyst (Table 5.1, Entry 1). Reactions of Lgol with
Amberlyst 70, H2SOs, and AICl3 were carried out were carried out in 10 mL thick-walled glass
reactors (sealed by a PTFE cap) submerged in an oil bath. 3 mL of reaction solution and a magnetic
stir bar were placed in the glass reactor. After reaction, products were cooled to room temperature
using an ice bath, filtered with a 0.22 pm PES syringe filter prior to analysis. Reaction products at

higher concentration (> 5 wt%) were diluted 5-10x in water prior to analysis.

5.3. Results and Discussion

Lgol conversion to 1256-HT was studied over different metal and acid catalysts to gain
insights into the reaction network for this transformation. The proposed reaction network for Lgol
conversion to 1256-HT is shown in Figure 5.1. The threo- and erythro- isomers of Lgol undergo
acid-catalyzed hydrolysis to two diastereomers of a cyclic hemiacetal species, with threo-Lgol
converted to 34-Dman and erythro-Lgol converted to 34-Dglu. At higher temperatures (i.e., 150°C)
with no added catalyst, 34-Dman and 34-Dglu undergo aldose-ketose isomerization to a hemiketal-
ketone species, 34-Dfru. Hydrogenation of 34-Dman forms cis-1256-HT; hydrogenation of 34-

Dglu forms trans-1256-HT; and hydrogenation of 34-Dfru forms a nearly 1:1 mixture of cis- and
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trans- 1256-HT. The following sections describe the experimental evidence for this reaction

network.
Acid — ]
o .
Oo H20 = HO\/k/\‘)‘\H
B
H OH
OH °
pyranose aldehyde
threo-lgol (hypothesized)
Acid 3,4-dideoxymannose (34-Dman)
Y H,0 OH eq OH 0
- O~OH = HO\/‘\/\/”\
oy r H
OH ", =
‘OH aldehydeOH
thro-lgol
erythro-igo pyranose (hypothesized)

HO o
AN
““oH
)

furanose

HO
O
HO
OH

pyranose

3,4-dideoxyglucose (34-Dglu)

no catalyst required
at 150°C

eq OH
_— HO\/k/\"/\OH
0]
ketone

3,4-dideoxyfructose (34-Dfru)

Metal OH
H HO
2 \/k/Y\OH
—_—
OH
cis-1256-HT
Metal OH
Hy  Ho X~ ~
< OH
—_— =
OH
trans-1256-HT
Metal
" o 1§
» \/k/Y\OH

OH
1256-HT (cis/trans ~ 1)

Figure 5.1: Proposed reaction network for Lgol conversion to 1256-HT. “eq ” indicates reactions

which are assumed to be quasi-equilibrated.

5.3.1. Lgol conversion over Pt & SiAl catalysts

In the absence of a catalyst, the conversion of Lgol at 150°C is less than 10% (Table 5.1,

Entry 1). The conversion of Lgol is also less than 10% over a 5% Pt/SiO, catalyst in the absence

of acid sites (Table 5.1, Entry 2) at 150°C, indicating that the first step in this reaction is acid-

catalyzed rather than metal-catalyzed. Over a bifunctional 1.1% Pt/SiAl catalyst, containing metal

(Pt) and acid (SiAl) sites, Lgol in water undergoes conversion to 1256-HT in 91% vyield (Table
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5.1, Entry 3). THFDM and THP2M5H are byproducts produced in a total yield of 5%. The product
yields do not change when the reaction is run at a higher catalyst to feed ratio (Table 5.1, Entry 4),
showing that 1256-HT is not reactive at these reaction conditions and that the observed THFDM
is not formed via dehydration of 1256-HT. A physical mixture of SiAl and 5% Pt/SiO2 shows
comparable selectivity 1256-HT as the Pt/SiAl catalyst (Table 5.1, Entry 5), indicating that
nanoscale proximity of metal and acid sites is not required for the selective conversion of Lgol to

1256-HT.

When Lgol is treated over SiAl in the absence of metal catalyst at 150°C (Table 5.1, Entry
7), the major product is a hemiketal-ketone species, 34-Dfru (Figure 5.1), produced in 80%
selectivity. Similar to fructose,® this species exhibits five tautometric forms in water, which were
observed by 3C NMR: a and B pyranose, o and p furanose, and an acyclic ketone form (Table 8.8
in the Appendix). In Section 5.3.2, we will show that 34-Dfru is produced via aldose-ketose

isomerization of 34-Dglu and 34-Dman.

Hydrogenation of 34-Dfru (Table 5.1, Entry 8) over Pt/SiO results in 77% selectivity to
1256-HT with THFDM + THP2M5H as the major side-product (15% yield). The 1256-HT yield
is lower, at the expense of a higher THFDM + THP2M5H yield, compared to the 1.1% Pt/SiAl
catalyst. A similar decrease in the 1256-HT yield is observed at lower H, pressures (Figure 5.2).
These results suggest that when the SiAl sites are separated from the Pt metal sites, or when the
rate of hydrogenation is lower (at lower Hz pressures), reaction intermediates can be converted to
THFDM precursors over SiAl acid sites prior to hydrogenation over Pt metal sites. In Chapter 4,
we reported that THFDM and THP2M5H are the main hydrogenolysis products over Pt/SiAl

catalysts in THF solvent. Lgol cannot be converted to 1256-HT in an organic solvent, because
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water is a stoichiometric reactant in the formation of 1256-HT. The reaction mechanism to form

THFDM in THF solvent was proposed to proceed via a series of carbocation intermediates. Some

of the intermediates in the pathway to produce 1256-HT from Lgol in water are the hydrated

versions of these carbocation intermediates. A comparison of the proposed reaction intermediates

in the production of 1256-HT, THFDM, and THP2M5H are shown in Figure 5.4. Precursors to

THFDM and THP2M5H could not be identified in the product mixture of Lgol conversion over

SiAl due to the low concentration of these species.

Table 5.1. Lgol conversion (t/e = 1.3) over Pt/SiAl, SiAl, and Pt/SiO> catalysts.

Selectivity (%0)

(10 mg/g)

Feed Catalyst | Conditions Lgol 1256- 34- 34- | THFDM | Unknown
Ent (cat/feed Conversi | HT (c/t) | Dman + | Dfru +
ry ratio) on (%) 34-Dglu THP2M
5H
1 Lgol None 150°C, 3h, 8 0 8 94 0 0
35.5 bar H,
2 Lgol | 5% Pt/SiOz | 150°C, 3h, 3
(10 mg/g) | 355 bar H,
3 Lgol 1.1% 150°C, 6h, 100 91 0 0 5 2
PUSIAI | 35,5 bar H, (1.07)
(10 mg/qg)
4 Lgol 1.1% 150°C, 6h, 100 91 0 0 6 2
PUSIAI | 355 bar H, (1.06)
(20 mg/g)
5 Lgol SIAl + 150°C. 6h, 99 92 0 0 3 2
1.06
50 PU/SiO, | 355 bar Hz (1.06)
(10 mg/g
each)
6 Lgol SiAl 100°C, 3h, 1
35.5 bar Ar
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7 Lgol SiAl 150°C, 6h, 95 0 80 0
(10 mg/g) 35.5 bar Ar
8 | Product | 5% Pt/SiO; | 150°C, 9h, 100 77 0 15
of (7 1.00
(7 (10 mglg) 35.5 bar H, (1.00)
Conditions: 1.9 wt% Lgol in water (t/e = 1.3), 750 rpm stir rate.
100 -
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Figure 5.2. Effect of H2 pressure on 1256-HT yield from Lgol over 1.1% Pt/SiAl

H, Pressure (bar)

Conditions: 150°C, 10mg catalyst per g feed, 1.9 wt% Lgol in water (t/e = 1.3). Reaction time was

chosen such that 100% conversion of Lgol and all reaction intermediates was achieved (6h for

experiments at 18.2 bar and above; 12h for the experiment at 7.9 bar). A minor unidentified

product (2% selectivity) was observed in all experiments. Solid lines are visual aids.

The conversion of Lgol to 1256-HT over Pt/SiAl catalysts was investigated at different

Lgol concentrations (Figure 5.3). 1256-HT vyields of up to 86% were also achieved at Lgol

concentrations up to 21 wt% in water over a 5.3% Pt/SiAl catalyst, demonstrating that this reaction

can be carried out at more industrially relevant reactant concentrations.
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Figure 5.3. Effect of Lgol concentration on 1256-HT selectivity over Pt/SiAl catalysts.

Conditions: 150°C, 35.5 bar Hy, Lgol in water (t/e = 1.3), 10mg catalyst per g feed, 750 rpm.
Catalyst metal loading and reaction time were selected to reach >95% conversion of Lgol and
reaction intermediates (1.1% Pt/SiAl and t=6h for 1.9 wt% Lgol; 5.3% Pt/SiAl and t=6h for 10
wt% Lgol; 5.3% Pt/SiAl and t=17h for 21 wt% Lgol). The experiment at 21 wt% Lgol was carried

out in a 75 mL Parr reactor to maintain a stoichiometric excess of H». Solid lines are visual aids.
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Figure 5.4. Proposed pathways to form 1256-HT, THFDM, and THP2M5H from Lgol. The
pathway to form THFDM and THP2M5H from Lgol in THF solvent was reported in Chapter 4.
Red arrows indicate hypothetical dehydration reactions which could connect the 1256-HT and
THFDM production pathways. Green arrows indicate hydrogenation reactions occurring on

metal sites.

5.3.2. Lgol conversion over different acid catalysts

At a lower temperature of 100°C, SiAl has negligible reactivity for Lgol conversion (Table
5.1, Entry 6). In contrast, when Lgol is treated over Amberlyst 70 at 100°C, the threo- and erythro-
isomers of Lgol are hydrated to 34-Dman and 34-Dglu, respectively, in 86% selectivity (Table 5.2,
Entry 2). This reaction is similar to the hydrolysis of LGA to glucose (see Figure 8.11 in the
Appendix), in that water is added to the anhydro-bridge facilitated by an acid catalyst.'? In the case
of Lgol hydrolysis, both C, epimers (i.e., the 3,4-dideoxy- versions of glucose and mannose) are
produced because both the erythro- and threo- isomers of Lgol are present. This reaction reaches
equilibrium at 83% conversion of erythro-Lgol and 58% conversion of threo-Lgol, indicated by
the fact that the Lgol conversion and product yields do not change significantly between 30-120
min (Figure 5.5). Nearly identical results are achieved with H>SO4 catalyst (Table 5.2, Entry 6),
verifying that the results in Figure 5.5 are not due to catalyst deactivation. No conversion of Lgol

is observed at 100°C in the absence of catalyst (Table 5.2, Entry 1).
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Figure 5.5A: threo-Lgol conversion Figure 5.5B: erythro-Lgol conversion

Figure 5.5. threo- and erythro- Lgol conversion to 34-Dman and 34-Dglu over Amberlyst 70. 16.7
mg catalyst per g feed, 1.9 wt% Lgol in water (t/e = 1.3), T = 100°C, 500 rpm. Solid lines are

visual aids.

Treating 34-Dglu and 34-Dman (formed over Amberlyst 70 or H,SO4) at 150°C in the
absence of catalyst (Table 5.2, Entries 4 and 7) results in isomerization to 34-Dfru, with similar
selectivity as the reaction of Lgol over SiAl at the same temperature (Table 5.1, Entry 7). While
the Brognsted acid sites of SiAl are expected to catalyze the hydrolysis of Lgol to 34-Dman and 34-
Dglu, it is not clear whether the isomerization of 34-Dman and 34-Dglu to 34-Dfru occurs on the
catalyst surface or in solution. SiAl possesses both Brensted and Lewis acid sites, whereas
Amberlyst 70 contains only Brgnsted acid sites.!* A Lewis acid catalyst, namely AICI3, was able
to isomerize 34-Dman and 34-Dglu to 34-Dfru (Table 5.2, Entry 5) at 100°C, under conditions at
which this reaction does not proceed in the absence of a catalyst (Table 5.2, Entry 3). This result
shows that the isomerization of 34-Dman and 34-Dglu to 34-Dfru is promoted by Lewis acid sites,

similar to glucose isomerization to fructose (see Figure 8.11 in the Appendix).*2 It should be noted
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that there are multiple possible mechanisms of aldose-ketose isomerization which could be taking

place in the transformation of 34-Dman and 34-Dglu to 34-Dfru.

Hydrogenation of 34-Dglu + 34-Dman over Pt/SiO; at 100°C forms 1256-HT in high

selectivity (89%) (Table 5.2, Entry 8). The reaction was carried out at 100°C to avoid possible

isomerization of 34-Dman and 34-Dglu to 34-Dfru. We hypothesize that hydrogenation of 34-

Dman and 34-Dglu proceeds via ring-opening to the acyclic aldehyde tautomer (Figure 5.1) as is

the case with other cyclic hemiacetals, such as glucose and 2-hydroxytetranydropyran.® 3
Table 5.2. Lgol conversion (t/e = 1.3) over Amberlyst 70, H2SO4, and AICI; catalysts.
Selectivity (%0)
Feed Catalyst | Conditions Lgol 1256-HT | 34-Dman+34- | 34-Dfru | THFDM +
Entry (cat/feed Conversion (cft) Dglu THP2M5H
ratio) (%) (t/e*) (34-Dman/34-
Dglu)
1 Lgol None 100°C, 2h, 0
air
2 Lgol | Amberly 100°C, 68 (0.92) 0 87 0 0
st 70 i
0.5h, air (0.89)
(16.7
mg/g)
3 Product None 100°C, 2h, 68 (0.94) 0 88 0 0
of (2 i
(2 air (087)
4x* Product None 150°C, 3h, 73 (1.0) 0 3 76 0
of (2) 35.5 bar Ar
5 Product | AICI; 100°C, 76 (0.81) 0 2 78 0
of (2) | (50mM) 0.5h, air
6 Lgol H2S0, 100°C, 66 (0.98) 0 89 (0.86) 0 0
(50mM) 0.5h, air
7*** | Product None 150°C, 3h, 67 (0.99) 0 2 82 0
of (6) 35.5 bar Ar
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8 Product 5% 100°C, 9h, 73 (0.95) 89 (0.93) 0 0 1
of (2) | PUSIO2 | 355 bar H,
(10
mg/g)

Conditions: 1.9 wt% Lgol in water (t/e = 1.3). Entries 4, 7, and 8 carried out in 45 mL Parr reactor
(750 rpm stir rate). Entries 1, 2, 3, 5, and 6 carried out in 10mL thick-walled glass reactor (500
rpm stir rate). *threo-erythro ratio of converted Lgol. **Feedstock treated with Amberlyst 21 basic
anion exchange resin (0.12 g per g solution) to remove trace anions prior to reaction. ***
neutralized using Amberlyst 21 basic anion exchange resin and diluted 1.4x in water prior to

reaction.

5.3.3. Relationship between Lgol and 1256-HT stereochemistry

To gain further insight into the reaction network, the effect of the Lgol t/e ratio on the 1256-
HT c/t ratio was studied. The t/e ratio of Lgol can be varied by hydrogenating Cyrene with different
metal catalysts, as shown in Chapter 3. Different c/t ratios of 1256-HT could impact the physico-
chemical properties of chiral products derived from 1256-HT.1* The results of Lgol conversion

with a higher t/e ratio (t/e = 3.3) are summarized in Table 5.3.

The t/e stereochemistry of Lgol is partially preserved upon conversion to 1256-HT over
Pt/SiAl catalysts. When starting with Lgol with a t/e ratio of 3.3, the 1256-HT c/t ratio is 1.47,
corresponding to 35% preservation of the t/e stereochemistry of Lgol (Table 5.3, Entry 1). Using
a higher metal loading of 5.3% Pt/SiAl (Table 5.3, Entry 2) results in a 1256-HT c/t ratio of 2.00
(64% preservation of the t/e stereochemistry of Lgol), suggesting that using a higher Pt loading
promotes the rapid hydrogenation of 34-Dman and 34-Dglu prior to isomerization to 34-Dfru. On

the other hand, when the acid (SiAl) and metal (Pt) sites are separated, 34-Dglu and 34-Dman are
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isomerized to 34-Dfru prior to hydrogenation (Table 5.3, Entry 3). Hydrogenation of 34-Dfru at
150°C over Pt/SiO2 presumably occurs via the acyclic ketone tautomer, and produces nearly equal
amounts of cis- and trans-1256-HT (Table 5.3, Entry 4). Similarly, hydrogenation of fructose has
been reported to result in a 1:1 mixture of sorbitol and mannitol (see Figure 8.11 in the Appendix)
when the acyclic ketone form of fructose is hydrogenated.'® The yield of 1256-HT over separated
SiAl and Pt/SiO; catalysts is lower, at the expense of a higher yield of THFDM + THP2M5H,

compared to the reaction with the bifunctional 1.1% Pt/SiAl catalyst.

When Lgol is hydrolyzed using Amberlyst 70 at 100°C (Table 5.3, Entry 5), the
conversions of erythro- and threo-Lgol are nearly equal to the case in which the t/e ratio is 1.3
(Table 5.2, Entry 2). This result is consistent with the finding that the Lgol hydrolysis reaction has
reached equilibrium (Figure 5.5). The ratio of the two diastereomers of the product, 34-Dglu and
34-Dman, is nearly equal to the ratio of converted threo- and erythro-Lgols. Hydrogenation of the
mixture of 34-Dman and 34-Dglu and Lgol over 5% Pt/SiO; at 100°C results in nearly complete
retention of the Lgol t/e stereochemistry in the formation of cis and trans-1256-HT (Table 5.3,
Entry 6). Similarly, hydrogenation of glucose and mannose does not alter the C, stereocenter and

therefore produces sorbitol and mannitol, respectively (see Figure 8.11 in the Appendix).® 16



Table 5.3: Lgol conversion (t/e = 3.3) over metal and acid catalysts.
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Selectivity (%)
Ent | Feed Catalyst | Conditions Lgol 1256- | 34-Dman+ | 34- THFDM + | Unkn
ry (cat/feed Conversion | HT 34-Dolu | Dfry | THP2M5H | own
ratio) (%) (t/e*) (clt) (34-
Dman/34-
Dglu)
1 Lgol 1.1% 150°C, 6h, 100 94 0 0 5 2
PUSIAl | 355 bar H, (1.47)
(10 mg/g)
2 Lgol 5.3% 150°C, 3h, 99 89 0 0 3 2
PUSIAI | 355 bar H, (2.00)
(10 mg/g)
3 Lgol SiAl 150°C, 6h, 95 0 3 74 0 2
(10 mg/g) 35.5 bar Ar
4 | Product 5% 150°C, 9h, 98 69 0 0 19 2
of (3) PUSiO; | 355 bar H, (1.08)
(10 mg/g)
5 Lgol Amberlyst 100°C, 63% (2.25) 0 88 (2.10) 0 0 0
70** 0.5h, air
(16.7mg
19)
6 Product 5% 100°C, oh, | 70% (2.48) 84 1 0 0 2
of (5) PUSIO; | 355 bar H, (2.30)
(10 mg/g)

Conditions: 2 wt% Lgol in water (t/e = 3.3), 750 rpm. *threo-erythro ratio of converted Lgol.

**Carried out in a thick-walled glass reactor, 500 rpm

These experiments show that the c/t ratio of 1256-HT can be controlled by varying i) the
Lgol t/e ratio, ii) the type of the acid catalyst, which in turn affects the required reaction
temperature, and iii) the metal-acid ratio and proximity (e.g. different metal loadings, or using

separated metal and acid sites).
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5.3.4. Comparison of catalytic pathways to produce 1256-HT

Figure 5.6 compares the pathways to produce 1256-HT via sorbitol and Lgol. Previous
approaches to produce 1256-HT from hydrogenolysis of sorbitol (derived from glucose or R-
glycosides) over Cu-based catalysts showed a maximum 1256-HT vyield of < 50%, and required
harsher reaction conditions (> 200°C).%* ° The lower 1256-HT vyield is due to the difficulty of
selectively dehydrating the Cs and Cs positions of sorbitol without catalyzing dehydration
reactions at other carbon positions. In contrast, the route to produce 1256-HT from Lgol is
inherently more selective to 1256-HT because the precursor, LGO, is dehydrated at the C3 and C4
positions during its formation from LGA.Y" The pathway from LGO to 1256-HT involves
hydrogenation of C=C and C=0 bonds over a metal catalyst, C-O cleavage of an anhydro-bridge
ether bond over an acid catalyst, ring-opening of a cyclic hemiacetal, and optional aldose-ketose
isomerization. Because these reactions can be carried out selectively at milder conditions (<
150°C), LGO can be converted to 1256-HT without catalyzing undesired side reactions.
Furthermore, the ability to alter the Lgol t/e ratio, via stereoselective hydrogenation of the ketone
group of Cyrene (Chapter 3), offers control over the 1256-HT c/t ratio which is not available with

the sorbitol conversion route.
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Figure 5.6: 1256-HT production from cellulose via sorbitol and via levoglucosenone.

When comparing these two routes from cellulose to 1256-HT, it should be noted that the
maximum reported yield of LGO from cellulose is about 50%, due to humin formation and other
side-reactions.!® One benefit of the route to 1256-HT via LGO is that the high selectivity to 1256-

HT avoids the need to separate 1256-HT from numerous other polyols.®

5.4. Conclusions

We have elucidated a new route to convert bio-renewable Lgol into 1256-HT in water
solvent over metal and acid catalysts in up to 90% vyield. High 1256-HT yields are maintained at
Lgol concentrations of up to 21 wt% in water. This route is significantly more selective than
previously reported sorbitol hydrogenolysis routes, and offers control over the 1256-HT c/t ratio.
The choice of acid catalyst (Amberlyst 70 or SiAl) and reaction temperature (100°C or 150°C) can
be used to control which reaction intermediates (34-Dman and 34-Dglu, or 34-Dfru) are formed in
the conversion of Lgol to 1256-HT. The 1256-HT c/t ratio can be altered by varying the Lgol t/e

ratio, and by selecting the reaction conditions to determine whether the stereocenter at the C»
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position is preserved or erased prior to hydrogenation. This new approach to produce 1256-HT
from cellulose-derived levoglucosenone opens the door to new, sustainable chemicals derived

from 1256-HT.
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Chapter 6. Methyl Glycoside Conversion to Hexanetetrols and

Hexanetriols over Metal Catalysts

6.1. Introduction

Sugars are a valuable feedstock for the production of oxygenated commodity chemicals
because they can be sourced from renewable carbon sources, and due to their inherent oxygenated
functional groups.! They are also ideal precursors for chiral synthesis due to their well-defined
stereochemistry.? The feedstocks in this work include the methyl glycosides of D-galactose, a food
additive derived from milk sugar®; D-mannose, a food additive found in plant sources or produced
from glucose epimerization*; L-rhamnose is a 6-deoxy sugar predominantly found in plant pectin;®
L-fucose is a 6-deoxy-sugar predominantly found in algae.® Sugars as well as lignocellulosic
biomass can be hydrodeoxygenated to partially reduced polyols over heterogeneous metal-acid
catalysts.l 7 However, these processes are typically not regio-selective, due to indiscriminate
cleavage of C-OH groups, which results in a complex mixture of polyols.®2 These catalytic steps
are also typically not stereoselective, destroying the stereocenters present in the original sugar
feedstock.

Tomishige and co-workers recently reported on a route to selectively deoxygenate cis-
vicinal OH groups from a variety of methyl glycosides feedstocks in 82-92% vyield using a ReOx-
Pd/CeO; catalyst, resulting in stereopure methyl dideoxy-glycosides.® Methyl glycosides can be
produced from sugars in nearly quantitative yields in methanol solvent over an acid catalyst.'® In
one example, a 3,4-dideoxyarabinoside feedstock was further converted to (2R)-1,2,5-pentanetriol

with high stereoselectivity using methoxy bond hydrolysis followed by hydrogenation.®* Control
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over product stereochemistry can be critical for applications such as pharmaceuticals, fine
chemicals, and polymer synthesis.? 1

Partially reduced polyols are valuable intermediates in the chemical industry, with
applications as polymer precursors (e.g. in alkyd resins), surfactants, and hydrophilic solvents.*
For example, 126-HT can be produced from petroleum via acrolein dimerization*? or from biomass
via HMF.13 126-HT has applications as a surfactant, non-toxic solvent, and cross-linker in alkyd
resins.'? 1 Derivatives of 126-HT are used in hydraulic fluids, corrosion inhibitors®®, and
plasticizers.'? The synthesis of another partially reduced polyol, 1256-HT, has been reported in up
to 50% yield from hydrogenolysis of sugars over a Cu catalyst, along with a mixture of other
polyols.8° In Chapter 5, we showed that 1256-HT can be produced from biomass-derived Lgol in
up to 90% vyield, via the intermediates 34-Dman and 34-Dglu. Further work is needed to synthesize
materials from biomass-derived polyols in order to assess their properties.®

In this work, we show that the methyl-dideoxyglycosides can be converted, with high
regio- and stereo-selectivity, to hexanetriols and hexanetetrols over a supported Pt catalyst. We
propose a reaction mechanism involving methoxy bond hydrolysis and hydrogenation. Our results
demonstrate a selective catalytic approach to produce hexanetetrols and hexanetriols as valuable

feedstocks for the chemical industry.

6.2. Experimental Methods

Pt(NH3)4(NO3). solution (99%, Strem Chemicals) were used as received. Grade 135
amorphous SiO2-Al203 (SiAl) and Davisil grade SiO2 were purchased from Sigma Aldrich. Milli-
Q water was used for all reactions and catalyst syntheses. The synthesis of dideoxy-methyl-

glycosides from methyl-glycosides was reported in previous work®,
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Pt/SIAl and Pt/SiO; catalysts were synthesized by incipient wetness impregnation of a
Pt(NH3)4(NOz3)2 solution in water. The catalysts were dried at 110°C in air, calcined at 400°C in
flowing air (1°C/min ramp, 3 h hold), reduced at 260°C in flowing hydrogen (1°C/min ramp, 4 h
hold), then passivated at room temperature with 1% O./Ar. When the SiAl support was used
directly in areaction, it was calcined at 400°C in flowing air prior to use. Pt site densities measured
by CO chemisorption, and the acid site density of the 5.3% Pt/SiAl catalyst measured by NHs-

temperature programmed desorption, are reported in Chapter 4, Table 4.1.

A BioRad Aminex 87H column was used in a Shimadzu HPLC. The mobile phase was 5
mM H>SO4 (HPLC grade, Ricca Chemical) operated at a flow rate of 0.6 mL/min with a column
temperature of 30°C and an injection volume of 3 uL. Reaction products were quantified by HPLC
using an RI detector. Chemical standards of the reaction products in this work are not commercially
available. 1256-HT was prepared from Cyrene as described in Chapter 5. The RI sensitivity of
1,2,3,6-hexanetetrol (1236-HT) was assumed to be equal to that of 1256-HT. For quantification of
1,4,5-hexanetriol (145-HT) and 1,2,5-hexanetriol (125-HT), the RI sensitivity of these species was

assumed to be equal to that of 126-HT.

13C NMR spectra were collected on a Bruker Avance 500 MHz spectrometer at room
temperature, using a Bruker DCH CryoProbe for increased sensitivity. 10% D,O was added to the
samples prior to analysis. The *C NMR spectra were absolute-referenced to the associated *H
NMR spectra. Normal $3C spectra were collected using 1H-decoupling using a 30° pulse, 128
scans, an acquisition time of 1 sec, and a relaxation delay of 2 sec. Quantitative *>*C NMR spectra

were collected using inverse-gated decoupling, using a 30° pulse, 112 scans, an acquisition time
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of 1 sec and a relaxation delay of 30 sec. NMR, HPLC, and polarimetry analysis of the reaction

products and intermediates are provided in the Appendix (Sections 8.5.1 and 8.5.2).

Reactions were carried out in a 45 mL Inconel Parr reactor. 10-15 mL of reaction solution
and a magnetic stir bar were placed in the reactor. The reactor was purged 4x with 35.5 bar gas
(H2 or Ar), pressurized to the desired pressure, then heated to the desired temperature. The heat-

up time was in the range of 10-15 minutes. After reaction, products were cooled to room
temperature using an ice bath, filtered with a 0.22 um PES syringe filter prior to analysis. Product

concentrations were corrected for 2.3% evaporation of water during the reaction.

6.3. Results and Discussion

6.3.1. Conversion of methyl- 2,3-dideoxy —glycosides

The reaction networks for the conversion of methyl-2,3-dideoxy-mannopyranoside
(MDM) and methyl-2,3-dideoxy-rhamnopyranoside (MDR) are shown in Figure 6.1. Using a 5%
Pt/SiO. catalyst at 120°C in water, MDM is converted to (2R, 3S)-1236-HT in 95% yield and
100% stereoselectivity (Table 6.1, Entry 1; NMR, HPLC, and polarimetry provided in
Supplementary Information, Section 8.5.1A). Incorporating the 96% yield of MDM from methyl-
mannopyranoside,® the overall yield of 1236-HT from methyl-mannopyranoside is 91%.
Similarly, MDR is converted to (4R, 5S)-145-HT , in 92% yield and 100% stereoselectivity (Table
6.1, Entry 3; NMR, HPLC, and polarimetry provided in Supplementary Information, Section
8.5.1B). Incorporating the 92% yield of MDR from methyl-rhamnopyranoside,® the overall yield

of 145-HT from methyl-rhamnopyranoside is 85%.
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Carrying out the reaction without any catalyst demonstrates that the first step is methoxy
bond hydrolysis. For MDM conversion, 36 *C NMR peaks are observed at complete reactant
conversion (Table 6.1, Entry 2A). These intermediates are tentatively identified as the alpha- and
beta pyranose, alpha- and beta- furanose, anhydro-furanose, and anhydro-pyranose forms of 3,4-
dideoxymannose/mannosan (23-Dman), based on *C NMR chemical shifts, multiplicities, and
ESI-MS data (Appendix, Section 8.5.2A). Some of these intermediates may exist in equilibrium
in water at room temperature. Hydrogenation of this mixture (Table 6.1, Entry 2B) results in an
identical yield of 1236-HT to the one-pot case, showing that 23-Dman is an intermediate to 1236-
HT. Cyclic hemiacetals exist in equilibrium with an aldehyde form.” While the aldehyde forms of
these intermediates are not observed experimentally at room temperature by 3C NMR, the

aldehyde is expected to be the reactive form towards hydrogenation.

For the MDR case, 24 *C NMR peaks are observed at 100% reactant conversion (Table
6.1, Entry 4A). These intermediates are tentatively identified as four Ce species, namely the alpha
and beta pyranose, and alpha and beta furanose of 2,3-dideoxy-rhamnose (34-Drha), based on **C
NMR chemical shifts, multiplicities, and ESI-MS data (Appendix, Section 8.5.2B). Some of these
intermediates may exist in equilibrium in water at room temperature. 23-Drha cannot convert to
the anhydro- form due to lack of a Ce-OH group. Over Pt/SiOy, these intermediates are
hydrogenated to 145-HT in 80% selectivity (Table 6.1, Entry 4B). The decrease in selectivity from
the one-step case to the two-step case could be due to side-reactions which occur when the metal
is not present to rapidly hydrogenate intermediates. Small unknown peaks are observed in the

HPLC, whose yield sums to 9% (assuming they have the same RI sensitivity as 145-HT).
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Figure 6.1. Conversion of methyl-2,3-dideoxy-glycosides

Table 6.1. Conversion of 2,3-dideoxy sugars to hexane-triols and hexanetetrols

Feed Catalyst | Conditions | Conversio Major HPLC Diastereomer
Entry n (%) Product | Selectivity Selectivity
(%)
1 MDM 5% Pt/SiO; 100 1236-HT 95 100% (2R, 3S)
120°C, 21h
2A MDM None 120°C, 21h 100 23-Dman
2B Product of | 5% Pt/SiO, | 120°C, 21h 100 1236-HT 96 100% (2R, 3S)
2A
3 MDR 5% Pt/SiO2 | 120°C, 21h 100 145-HT 92 100% (4R, 5S)
4A MDR None 120°C, 21h 100 23-Drha
4B Product of | 5% Pt/SiO, | 120°C, 21h 96 145-HT 76 100% (4R, 5S)
4A
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Conditions: 2 wt% feed in water (10-15 ml), 0.01 g cat/ g solution, 1000 psi Hz

6.3.2. Conversion of methyl-3,4-dideoxy-glycosides

The reaction networks for conversion of methyl-3,4-dideoxy-glycosides are shown in
Figure 6.2. Hydrogenation of these feedstocks at 120°C for 21h over 5% Pt/SiO> results in low
(10%) conversion, under conditions where the two methyl-2,3-dideoxy-glycosides achieve 100%
conversion. A higher temperature of 150°C was therefore used for the methyl-3,4-dideoxy-
glycosides. The lower reactivity of methyl-3,4-dideoxy-glycoside (MDG, MDF) compared to
methyl-2,3-dideoxy-glycosides (MDM, MDR) is consistent with the fact that the hydrolysis rate
of methyl-2-deoxy-glucopyranoside has been reported to be three orders of magnitude greater than
that of methyl-glucopyranoside. This effect is due to the electron-withdrawing nature of the C»-

OH group which destabilizes the carbocation transition state.°

Over 5% Pt/SiO> at 150°C, methyl-3,4-dideoxy-galactopyranoside (MDG) is converted to
2R, 5S-1256-HT with 81% selectivity and 95% stereoselectivity [ (2R, 5S) / ( 2S, 5S)] (Table 6.2,
Entry 1). Incorporating the 88% vyield of MDG from methyl-galactopyranoside,®® the overall
selectivity of 1256-HT from methyl-galactopyranoside is 71%. Similarly, methyl-3,4-dideoxy-
fucopyranoside is converted to 2S, 5S-125-HT in 90% selectivity and 82% stereoselectivity [(2S,
5S) / (2R, 5S)] (Table 6.2, Entry 4). Incorporating the 82% yield of MDF from methyl-

fucopyranoside,® the overall selectivity of 125-HT from methyl-fucopyranoside is 74%.

While 2,3-dideoxy feedstocks both show 100% stereoselectivity, 3,4-dideoxy feedstocks
display non-zero selectivity towards C»-OH stereo-inversion products (Table 6.2). In Chapter 5,
we reported that 3,4-Dglu and 3,4-Dman can undergo aldose-ketose isomerization to form a

hemiketal-ketone species, 3,4-dideoxyfructose. This reaction occurs in the absence of catalyst at
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150°C, but is largely suppressed at a lower temperature of 100°C. Formation of the ketone group
at the C. position erases the original C, stereocenter, and hydrogenation results in a 1:1 mixture of
diastereomers of 1256-HT. Therefore, we expect that the partial loss of stereoselectivity in MDG
and MDF conversion is due to aldose-ketose isomerization prior to hydrogenation (Figure 6.2).
The isomerization is only possible for sugars containing a C>-OH group, and is not possible for

MDM or MDR.

To investigate the reaction network for MDG and MDF conversion, we treated these
feedstocks with an Amberlyst 70 acid catalyst at 100°C to hydrolyze the methoxy group while
avoiding aldose-ketose isomerization (Table 6.2, Entries 2A and 5A). MDG is hydrolyzed to form
a mixture of 3,4-dideoxy-glucopyranose (34-Dglu) and erythro-Lgol (i.e., the anhydro version of
34-Dglu) intermediates (Table 6.2, Entry 2A). In Chapter 5, we reported that erythro-Lgol is
hydrolyzed to 34-Dglu with an equilibrium conversion of 83% at 100°C over an acid catalyst in
water. The same equilibrium distribution is observed here (Appendix, Section 8.5.2C). Unlike 23-
Dman and 23-Drha, 34-Dglu cannot form a furanose tautomer due to lack of a C4-OH group.
Hydrogenation of 34-Dglu results in the formation of 2R, 5S-1256-HT with high selectivity (77%)
and stereoselectivity (95%), (Table 6.2, Entry 2B), confirming that these are key intermediates
between MDG and 1256-HT. The 16% residual erythro-Lgol is not converted in this second step
over Pt/SiOz, as hydrolysis of this intermediate requires an acid catalyst. It is noteworthy that a
fraction of the dideoxy sugars 34-Dglu and 23-Dman can be dehydrated to anhydro- species in
water at 100°C, whereas for regular sugars such as glucose, the equilibrium heavily favors glucose
over levoglucosan in water.® This suggests that the removal of hydroxyl groups from sugar

molecules changes the relative stabilities of sugar and anhydro- sugar in water.
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Similarly to MDG, MDF is hydrolyzed to intermediates which are tentatively identified as
the alpha and beta pyranose forms of 3,4-dideoxyfucose (34-Dfuc), based on **C NMR chemical
shifts and multiplicities, and ESI-MS data (Table 6.2, Entry 5A) (Appendix, Section 8.5.2D). Some
of these intermediates may exist in equilibrium in water at room temperature. A furanose tautomer
cannot be formed due to the lack of a C4-OH group, and an anhydro species cannot be formed due
to the lack of a Ce-OH group. Hydrogenation of 34-Dfuc produces 125-HT in high yield and
stereoselectivity (Table 6.2, Entry 5B), confirming that 34-Dfuc are intermediates between MDF

and 125-HT.

To further increase the stereoselectivity of MDG and MDF conversion, we used a bifunctional
metal-acid catalyst, 5% Pt/SiO2-Al.0s. The acid sites facilitate methoxy bond hydrolysis at lower
temperature (100°C) where the aldose-ketose isomerization is suppressed, while the metal sites
rapidly hydrogenate the 34-Dglu/34-Dfuc intermediates. Using this approach, the stereoselectivity
for MDG conversion to 1256-HT increases from 95% (2R, 5S) to 98% (Table 6.2, Entry 3) with
87% total selectivity to 1256-HT (NMR, HPLC, and polarimetry described in the Appendix,
Section 8.5.1C). Incorporating the 88% yield of MDG from methyl-galactopyranoside,®® the
overall selectivity of 1256-HT from methyl-galactopyranoside is 77%. The stereoselectivity for
MDF conversion to 125-HT increases from 82% (2S, 5S) to 90% (Table 2, Entry 6) with 84%
overall selectivity to 125-HT (NMR, HPLC, and polarimetry provided in Appendix, Section
8.5.2D). Incorporating the 82% vyield of MDF from methyl-fucopyranoside,® the overall

selectivity of 125-HT from methyl-fucopyranoside is 69%.
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Figure 6.2. Conversion of methyl-3,4-dideoxy-glycosides

Table 6.2. Conversion of 3,4-dideoxy sugars to hexane-triols and hexanetetrols

Feed Catalyst | Conditions | Conversion Major HPLC Diastereomer
Entry (%) Product | Selectivity (%) Selectivity
1 MDG 5% 150°C, 15h* 95 1256-HT 81 95% 2R, 5S
Pt/SiO,
5% 2S, 5S
2A MDG Amberlyst | 100°C, 2h 100 34-Dglu
70
2B | Product of 5% 100°C, 32h 100 1256-HT T7** 95% 2R, 5S
2A Pt/SiO;
5% 2S, 5S
3 MDG 5.3% 100°C, 62 h 94 1256-HT 87 98% 2R, 5S
Pt/SiAl
2% 2S, 5S
4 MDF 5% 150°C, 15h* 100 125-HT 90 82% 2S, 5S
Pt/SiO;
18% 2R, 5S
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5A MDF Amberlyst | 100°C, 2h 100 34-Dfuc
70

5B Product of 5% 100°C, 32h 100 125-HT 79 93% 2S, 5S
5A Pt/SiO,

7% 2R, 5S

6 MDF 5.3% 100°C, 62 h 100 125-HT 84 92% 2S, 5S
Pt/SIAI

8% 2R, 5S

Conditions: 2 wt% feed in water (10-15 mL), Experiments with Pt catalysts conducted with 10 mg
solution/g cat and 1000 psi H2. Experiments with Amberlyst 70 catalysts conducted with 8.33 mg
solution/g cat and 500 psi Ar.*Experiment at 120°C for 21h resulted in ~10% conversion. **16%
yield of erythro-Lgol, which would only be converted to 1256-HT in the presence of a metal-acid

catalyst.

6.4. Conclusions

We have demonstrated the regio- and stereo — selective synthesis of hexane-tetrols and
triols from methyl glycoside feedstocks and investigated the reaction network for these
transformations. First, methyl glycosides are subjected to deoxydehydration and hydrogenation of
cis-vicinal OH groups over a ReOx-Pd/CeO; catalyst in 82-92% yield. Next, the resulting dideoxy-
glycoside feedstocks are converted over Pt-based catalysts with selectivities of 80-95% and
stereoselectivities of 90-100%. MDM is converted to (2R,3S)-1256-HT; MDR is converted to
4R,5S-145HT; MDG is converted 2R,5S-1256HT; and MDF is converted to 2S,5S-125HT. Each
of the four dideoxy glycoside feedstocks is first hydrolyzed to a set of tentatively identified
intermediates consistent with the structure of the feedstocks, followed by hydrogenation to hexane-
triols and -tetrols. 2,3-dideoxy feedstocks (MDM and MDR) are more reactive than 3,4-dideoxy

feedstocks (MDG and MDF). Furthermore, only 3,4-dideoxy feedstocks can undergo aldose-
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ketose isomerization at the C»-OH position which decreases the stereoselectivity. Inversion of the
C»-OH stereocenter can be suppressed by introduction of a bifunctional metal-acid catalyst. This
work provides insights into controlling reactivity and stereoselectivity in the hydrogenation of
carbohydrates over supported metal catalysts. By demonstrating a new route to produce targeted
polyols from sugar glycosides with high regio- and stereo- selectivity, this report lays the

groundwork for further research into the applications of these molecules in the chemical industry.
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Chapter 7. Conclusions and Future Directions

7.1. Conclusions

We have investigated the catalytic conversion of biomass-derived intermediates to a variety
of renewable chemicals over metal and acid catalysts, with an emphasis on the cellulose-derived
platform molecule LGO. In the acid-catalyzed isomerization of LGO, we developed a reaction
kinetics model to describe the experimental data across a range of concentrations and temperatures.
LGO is isomerized to HMF in the presence of a Brgnsted acid catalyst, and HMF is further
converted to LA and FA. LGO exists in equilibrium with a dihydrated species at reaction
conditions. The main sources of carbon loss are thermal and catalytic degradation of HMF. Within
the range of experimental conditions studied, the yield of HMF from LGO can be maximized at
higher temperatures and shorter reaction times. The yields of HMF and LA decrease monotonically
as the THF/water solvent ratio increases, suggesting that water plays a role in the LGO
isomerization reaction. Using a mixed THF/water solvent system and lower temperature to slow
the equilibration of LGO and DH, analysis of the initial rate of HMF production showed that HMF
is produced primarily from LGO and is not produced from DH. These results are consistent with
a mechanism for LGO isomerization which proceeds via hydration of the anhydro—bridge,

followed by ring rearrangement analogous to the isomerization of glucose to fructose.

In the metal-catalyzed hydrogenation of LGO to Cyrene and Lgol, we have shown that the
C=C bond of LGO can be selectively hydrogenated to Cyrene at low temperature (40°C), with the
C=0 bond further hydrogenated to two stereocisomers of Lgol at higher temperatures (100°C). An
excess of the threo-Lgol isomer is favored over supported Pd catalysts across multiple particle

sizes and temperatures, and the stereoisomer ratio is kinetically controlled. The excess of threo-



116

Lgol over erythro-Lgol is likely due to a steric hindrance effect induced by the prochiral anhydro-

bridge group.

In the hydrogenolysis of Lgol to THFDM and THP2M5H over bifunctional metal-acid
catalysts in THF solvent, the product THFDM cis/trans ratio is independent of the reactant Lgol
t/e ratio, suggesting that the initial stereochemistry at the alcohol position of Lgol is erased during
the reaction. Although THP2M5one can be produced from the acid-catalyzed isomerization of
Lgol, THP2M5one is hydrogenated to THP2M5H, and neither of these species are THFDM
precursors. 3C radio-labeling validated the proposed ring rearrangement of the 6-membered ring
of Lgol to the 5-membered ring of THFDM. The 1.1% Pt/SiAl catalyst undergoes moderate
deactivation with time-on-stream which is reversible upon calcination and reduction. The rate-
limiting step for this reaction was found to be acid-catalyzed above 1.1% Pt loading. The zero-
order dependence in hydrogen indicated that the metal participates in a fast hydrogenation step
following an irreversible acid-catalyzed rate-determining step. The activation energy for Lgol
conversion is 25 kcal/mol, in agreement with the value from theoretical calculation. The selectivity
towards THFDM increased with increasing metal loading, likely because degradation of reactive
intermediates is minimized when these species are hydrogenated rapidly over metal sites. Using
these insights, 73% THFDM selectivity and 100% overall selectivity to 16-HDO precursors was
achieved using the 5.3% Pt/SiAl catalyst. A physical mixture of metal and acid sites displayed a
comparable selectivity to the bifunctional Pt/SiAl catalyst, indicating that nanoscale proximity is
not required to carry out Lgol hydrogenolysis selectively. However, when the metal and acid sites
were completely separated using a dual-layered configuration with SiAl followed by Pt/SiO», a
penalty in the overall selectivity is incurred. First-principles calculations revealed the energetics

of the proposed reaction mechanism consistent with the experimental findings.
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In the hydrogenolysis of Lgol to 1256-HT in water, we elucidated a new route to produce
1256-HT in 90% vyield over metal and acid catalysts. High 1256-HT yields are maintained at Lgol
concentrations of up to 21 wt% in water. This route is significantly more selective than previously
reported sorbitol hydrogenolysis routes, and offers control over the 1256-HT c/t ratio. The choice
of acid catalyst (Amberlyst 70 or SiAl) and reaction temperature (100°C or 150°C) can be used to
control which reaction intermediates (34-Dman and 34-Dglu, or 34-Dfru) are formed in the
conversion of Lgol to 1256-HT. The 1256-HT c/t ratio can be altered by varying the Lgol t/e ratio,
and by selecting the reaction conditions to determine whether the stereocenter at the C» position is

preserved or erased prior to hydrogenation.

In the conversion of methyl glycosides, we demonstrated the regio- and stereo — selective
synthesis of hexane-tetrols and triols from these feedstocks and investigated the reaction network.
First, methyl glycosides are subjected to deoxydehydration and hydrogenation of cis-vicinal OH
groups over a ReOx-Pd/CeO- catalyst in 82-92% yield. Next, the resulting dideoxy-glycoside
feedstocks are converted over Pt-based -catalysts with selectivities of 80-95% and
stereoselectivities of 90-100%. MDM is converted to (2R,3S)-1256-HT; MDR is converted to
4R,5S-145HT; MDG is converted 2R,5S-1256HT; and MDF is converted to 2S,5S-125HT. Each
of the four dideoxy glycoside feedstocks is first hydrolyzed to a set of tentatively identified
intermediates consistent with the structure of the feedstocks, followed by hydrogenation to hexane-
triols and -tetrols. 2,3-dideoxy feedstocks (MDM and MDR) are more reactive than 3,4-dideoxy
feedstocks (MDG and MDF). Furthermore, only 3,4-dideoxy feedstocks can undergo aldose-
ketose isomerization at the C»-OH position which decreases the stereoselectivity. Inversion of the

C»-OH stereocenter can be suppressed by introduction of a bifunctional metal-acid catalyst.
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Overall, we have demonstrated how a fundamental understanding of the catalytic chemistry
of biomass conversion processes over metal and acid catalysts enables the tuning of reactivity
towards desired products in high yield and stereoselectivity, aiding in the economical production

of renewable chemicals from biomass.

7.2. Future Directions and Outlook
7.2.1. Future Directions
i) Rational Catalyst Design for LGO conversion

In this thesis, the reaction chemistry for LGO conversion to high-value chemicals was
studied using conventional metal and acid catalysts such as Pd/Al,Oz and Pt/SiAl. An important
next step is the design of novel, well-defined catalysts to carry out these transformations with
higher activity, selectivity, stability, and lower cost. For example, in Chapter 3 we studied the
stereoselective hydrogenation of Cyrene to Lgol, showing that an excess of the threo- isomer of
the erythro- isomer is formed due to steric hindrance effects. In Chapter 5, we showed how the
diastereomer ratio of Lgol translates to the diastereomer ratio of 1256-HT. Controlling
stereochemistry in hydrogenation reactions can be critical for product applications such as polymer
synthesis and pharmaceuticals. The Lgol t/e ratio from Cyrene hydrogenation was observed to
change with the catalyst support, but the underlying reason for this effect was not fully understood.
Future work should elucidate how to control the t/e ratio as a function of the catalyst properties
(electronic and geometric properties of the metal, support, and their interface). Designing a catalyst
which further biases the adsorption mode of Cyrene towards a less hindered configuration could
further improve the stereoselectivity. This could be accomplished by locating metal nanoparticles

within a confined environment — for example in a zeolite pore,* or by using atomic layer deposition
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of a metal oxide to encapsulate metal nanoparticles within a ‘nanobowl’ configuration.? Another
approach to improve stereoselectivity would be to use chiral modifiers which adsorb to the catalyst

surface and influence adsorbate orientations, as has been demonstrated by Baiker and co-workers.?

Another key area for rational catalyst design is the synthesis of bifunctional metal-acid
catalysts with controlled metal-acid site configurations. In Chapters 4 and 5, we varied the bulk
metal/acid site ratio (by varying the Pt loading on an acidic SiAl support) and proximity (by
studying a bifunctional catalyst versus a physical mixture of metal and acid catalysts, or two
separate catalyst beds). We found that increasing the metal/acid site ratio and proximity improves
the selectivity to desired products in hydrogenolysis processes by rapidly hydrogenating
intermediates formed over acid sites before they can undergo undesired reactions. In Lgol
hydrogenolysis to THFDM, higher selectivity was achieved by avoiding acid-catalyzed
degradation reactions of unsaturated intermediates. In Lgol conversion to 1256-HT, higher
stereoselectivity was achieved by avoiding aldose-ketose isomerization of hemiacetal
intermediates. However, the catalysts used in these studies were synthesized by a conventional
incipient wetness impregnation approach, likely resulting in a wide distribution of metal-acid site
configurations. Designing novel catalysts with controlled orientations of metal and acid sites
would aid in understanding these bifunctionality effects and also lead to improved performance.
This could potentially be achieved with a ‘controlled surface reactions’ synthesis approach,
wherein a small amount of an oxophilic promoter metal is deposited selectively on a reduced metal
nanoparticle, without adsorption onto the support.* Then, all acid sites (formed at the oxophilic
metal) would be surrounded by reduced metal sites; reaction intermediates formed over acid sites

would be immediately hydrogenated over metal sites before they can migrate to other acid sites.
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Designing such a material could allow for improved selectivity, or allow one to maintain high

selectivity at lower metal loadings (and therefore lower cost).
ii) Scale up of LGO Conversion Technologies

Numerous practical challenges relevant to scale-up of LGO conversion technologies
should be addressed. Most of the reactivity studies in this thesis were conducted in batch reactors,
which are amenable to reaction network elucidation but where catalyst stability is difficult to
measure. Future work should study these reactions in continuous flow reactors to assess stability,
mechanisms of deactivation, and regenerability. The work in this thesis was carried out with pure
feedstocks; future work should upgrade realistic feedstocks derived from biomass and assess the
effect of organic and impurities on catalyst activity, selectivity, and stability. Operation at high
reactant concentrations and at high conversion will decrease separations costs of solvent and
reactants. Pd and Pt were used as model metal catalysts in this thesis. Replacing these expensive
metals with non-noble metals such as Cu and Ni would decrease catalyst cost, although challenges
such as metal leaching in the liquid phase will need to be addressed. O’Neill, et al showed that
atomic layer deposition of AlO3 overcoats stabilized base-metal Cu catalysts against irreversible
deactivation by selectively covering the under-coordinated sites which are susceptible to sintering
and leaching in the liquid phase.® Similar approaches could be applied in this project to develop
stable, low-cost base metal catalysts. A full techno-economic model for the production of these
new biomass-derived chemicals would provide insight into the major cost drivers in these
processes, and reveal which aspects of the technology require further research to aid in

commercialization.

iii) Synthesis and Evaluation of Materials from Biomass-derived Monomers
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Most of the biomass-derived molecules described in this thesis are not commercially
available, and experimental demonstrations of their applications in the chemical industry are either
limited or non-existent. Therefore, a key next step is to demonstrate the applications of these
biomass-derived monomers in the chemical industry. a,m-diols such as THFDM should be tested
as replacements for 16-HDO in paints, coatings, adhesives, nylon, and plastics.® Recent patents
have shown that polyesters and polyethers can be synthesized from THFDM (produced from HMF
hydrogenation) coupled with di-acids, and noted that the THFDM cis/trans ratio affects
downstream polymer properties.” In Chapter 4, we showed that different THFDM cis/trans ratios
can be produced from Lgol (cis/trans ~1 to ~2.5) in contrast to the high (>5:1) ratios produced
from HMF hydrogenation.2 Monomer stereochemistry can have a significant influence on the
physico-chemical properties of polymers.® Hexane-tetrols and —triols with controlled
stereochemistry, produced in Chapters 5 and 6, should be studied as hydrophilic cross-linking
agents in polyesters similar to 126-HT.1° Another application of these polyols is in non-ionic
surfactants, where the number, positions, and stereochemistry of hydroxyl groups are known to
influence surfactant properties.!! Demonstrating the applicability of these biomass-derived

monomers in real-world applications is a critical requirement for industrial adoption.
7.2.2. Outlook

An overarching theme in this thesis is that a fundamental understanding of the reaction
network and mechanism in biomass conversion reactions is necessary for the rational design of
catalytic systems to tune selectivity to desired products. Biomass conversion studies which are
conducted with a purely empirical ‘trial-and-error’ approach, without an understanding of the

underlying reaction mechanisms, can overlook key insights which could lead to transformational
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improvements in biomass conversion processes. To this end, | recommend that future biomass

conversion keep the following two details in mind:

i) The majority of previous biomass conversion studies over heterogeneous catalysts have not paid
close attention to the stereochemistry of reactants and products. Investigation of stereochemistry
was an important part of this thesis due to the chiral nature of the feedstocks. We investigated a
case in which the prochiral nature of the feedstock resulted in a stereoselective hydrogenation
(Chapter 3); a case in which the product stereochemistry is independent of the reactant
stereochemistry, indicating that an achiral intermediate is formed during this process (Chapter 4);
and cases in which stereocenters in prochiral reactants can be preserved or destroyed upon
formation of reaction products, depending on the reaction conditions and mechanism (Chapters 5-
6). Investigation of stereochemistry is common in organic synthesis, but not in biomass conversion
research. | therefore recommend that future biomass conversion research study the stereochemistry
of reactants and products as both a useful mechanistic tool and an important property for

downstream applications.

i) Some studies of biomass hydrogenolysis processes have not paid close attention to possible
effects of the metal-acid site ratio and proximity. Investigation of the effect of metal and acid sites
on series and parallel reactions in hydrogenolysis processes has traditionally been done in the
alkane hydroisomerization catalysis literature. In Chapters 4-5, we showed that these parameters
have a critical influence on activity and selectivity for hydrogenolysis reactions of biomass-derived
oxygenates. For example: in Lgol hydrogenolysis to THFDM (Chapter 4), if this reaction was
treated as a simple hydrogenation reaction, then one would assume that increasing the metal

loading would result in higher per-mass activity. However, we showed that acid sites control the
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rate above 1% Pt loading. As another example, if different acid catalysts had been screened for
this reaction without a mechanistic understanding, highly active acid catalysts would likely display
low product selectivity due to acid-catalyzed degradation reactions. Such an investigation would
miss the fact that the metal-acid site balance controls the selectivity; if the acid catalyzed activity
is increased, the metal-catalyzed activity should be proportionally increased to maintain high
selectivity. | recommend that future biomass conversion research utilizes insights from the

hydrocarbon conversion literature in understanding bifunctional catalysis effects.

More broadly, the biomass-derived molecules synthesized in this thesis provide
opportunities for sustainable new products with potentially unique properties that can be used in
the polymer, solvent and surfactant industries. The processes for producing these compounds have
potential advantages including using oxygenated functionalities present in biomass, avoiding the
use of harmful reagents, and in some cases offering a high yield route utilizing heterogeneous
catalysts. The current market price of the majority of these chemicals is high (> $10,000/ton)
because they are currently not produced commercially, or only produced in small-scale batch
processes. The cost of these molecules could be brought down to $1,000-$5,000/ton if they are
produced at larger scale (>10 kton/yr). The sale of higher-value, lower-volume bio-chemicals
could significantly lower the selling price of lower-value, high-volume biofuels in an integrated

biorefinery.

Scale-up of a new technology requires a major capital investment. There is a chicken-and-
egg problem with development of these new technologies, as major capital investment in a new
technology is inherently risky, while end-users will not adopt these new products unless they are

already produced at economical scale and their properties can be tested. Therefore, the properties



124

of end-products made from these molecules are often unknown. Materials made from these
chemicals could have similar properties to petroleum-derived products, or could even have unique
properties with performance advantages over petroleum-derived products. The question of which
party in the supply chain (producers of these molecules, polymer manufacturers, formulators, or
end-users) is willing to adopt the risk to develop these new technologies remains a major roadblock
to industrial adoption. Collaboration between potential producers and users of these biomass-
derived molecules is critical to overcoming this problem. Successfully demonstrating the
applications of new biomass-derived products in their proposed applications decreases the risk

involved in adopting these technologies.

In spite of the challenges with implementing new renewable chemicals technologies, the
numerous societal benefits of these technologies should be kept in mind. These benefits include:
i) providing long term value and creating manufacturing jobs in rural communities, ii) lowering
the carbon footprint of materials, and iii) reducing the dependence on non-renewable fossil fuels
as feedstocks for the chemical industry. The chemical industry is one of the few industries that
can create long term wealth by converting low value products into materials that society needs to
maintain our standard of living. It is critical that our field continues to use our knowledge of

chemical engineering to create new chemicals and materials from renewable biomass sources.
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Chapter 8. Appendices

8.1. Appendix for Chapter 2

8.1.1. Derivation of HMF production rate in terms of the combined concentration of LGO and DH

Because LGO and DH are in equilibrium at our experimental conditions, it is possible to
express the rate of HMF production in terms of a lumped kinetic parameter multiplied by the
combined concentration of LGO and DH. Accordingly, the rate of HMF formation can be modeled
as being first order in the combined concentration of LGO and DH, without needing to determine
which species is the reactant. This is done by first defining a constant K;, which represents the
equilibrium ratio of the concentrations of LGO and DH in the aqueous solvent system at a given

temperature.

In the general case, HMF can be produced from both DH and LGO. Assuming that the
reaction is first-order in LGO with rate constant ki, first-order in DH with rate constant ko, and first
order in the free proton concentration, the rate of HMF production from LGO and DH can be

expressed as follows:

Equation S1 can be manipulated to express the concentrations of LGO and DH in terms of
the combined concentration of LGO and DH. Combining this with the equation above, we can

write the rate of HMF production in terms of the combined concentration of LGO and DH:

1

Ky
14K,

r = (k1 ) [LGO + DH][H*] + (k2 ) [LGO + DH][H*]
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Finally, all of the constant terms in Equation S3 can be lumped into a single kinetic

parameter (k,) multiplied by the combined concentration of LGO and DH:
r =k, [LGO + DH][H*]

The above equation also applies in the case in which LGO or DH are the sole reactant (in
the limit of ky — 0 or ko — 0, respectively). Thus, in any of the three cases, the rate of HMF

production can be expressed in terms of the combined concentration of LGO and DH.

8.1.2. Differential Equations for Kinetic Model

In a batch reactor system, the time derivatives for the concentrations of all species in the network

are given below:

21LGO + DH] = —

dt =

d

E[HMF] =T‘1 _rz —T'3 —T4
d
i [LA] =1,

d
E[FA] =n
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8.1.3. NMR of LGO-dihydrate
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Figure 8.1. 'H NMR of DH (water suppression)

8.2. Appendix for Chapter 3

8.2.1. 13C NMR of Lgol

13C NMR (500 MHz, ds-DMSQ)
threo-Lgol: 103.10, 72.59, 68.76, 67.98, 27.82, 25.27 ppm ds-DMSO
erythro-Lgol: 102.19, 72.81, 66.23, 65.75, 24.71, 23.45 ppm
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Figure 8.2: Quantitative 3C NMR spectrum of Cyrene hydrogenation containing threo-Lgol and
erythro-Lgol (de-DMSO and residual THF solvent are also present). Multiplicities were confirmed
using polarization transfer (DEPT) experiments. 480 Scans were used with a relaxation delay of

20 sec.
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Measured chemical shifts agree with the literature.®

8.2.2. CO Chemisorption

CO chemisorption was used to count the number of active sites for supported Pd catalysts,
as shown in Table 8.1. For Pd/Al>Os3 catalysts, the dispersion decreased as a function of increasing
Pd loading, (53% dispersion at 0.4 wt%, 11% dispersion at 5 wt%). The 1% Pd/SiAl and Pd/Al,O3
catalysts have similar dispersions (37% vs 42%), indicating that they have approximately similar

particle sizes (3.0 nm vs 2.6 nm).

Table 8.1. CO Chemisorption

Catalyst Site Density [umol/g]* | Dispersion (%) | Approx. Particle Size (nm)**
1% Pd/C 9.7 10.4 11
5% Pd/C 104.5 22.2 5.0
0.4% Pd/Al;0z3 | 21.0 53.2 2.1
1% Pd/Al>O3 39.1 41.6 2.6
5% Pd/Al;O3 51.6 11.0 10
1% Pd/SiAl 34.5 36.7 3.0

*Assuming a stoichiometry of 1.5 Pd/CO

** Approximated as 1.1/D, using the CO chemisorption data and assuming spherical particles
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8.3. Appendix for Chapter 4

8.3.1. ¥C NMR of reaction products

3C NMR (126 MHz, DMS0)
trans-THFDM: 79.55, 64/10, 27.83 ppm.

cis-THFDM: 80.01, 64.23, 27.37 ppm. THF
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Figure 8.3. Quantitative 3C NMR spectrum of THFDM-rich product, produced via Lgol
hydrogenolysis in Figure 3. (ds-DMSO, residual THF solvent, Lgol, other side-products are also
present). Multiplicities were confirmed using polarization transfer (DEPT) experiments.

Measured chemical shifts agree with the literature.?
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Figure 8.4. Quantitative **C NMR spectrum of THP2M5one-rich product, produced via acid-
catalyzed Lgol isomerization (de-DMSO, Lgol, residual THF solvent, and other side-products are
also present). Multiplicities were confirmed using polarization transfer (DEPT) experiments.

Measured chemical shifts agree with the literature.?

BC NMR (126 MHz, DMSO) ‘
THPIMS5H-1:77.86, 71.51, 64.79, 63.69, 29.14, 22.41 ppm
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Figure 8.5: Quantitative *C NMR spectrum of THP2M5one hydrogenation final product (de-
DMSO, Lgol, residual THF solvent, and other side-products are also present). The two isomers of
THP2M5H were identified using this spectrum. Multiplicities were assigned using polarization
transfer (DEPT) experiments. The two up-field carbons present in THP2M5H-2 could not be
assigned due to the presence of impurity peaks.

The Mestrenova-predicted 3C NMR spectrum of THP2M5H predicts the following chemical
shifts: 77.19, 70.29, 67.06, 65.72, 30.08, 28.71 ppm. These are in good agreement with the
chemical shifts in our measured spectrum.

8.3.2. Synthesis of THP2M50ne and THP2M5H

Lgol Isomerization to THP2M5one
The acid-catalyzed isomerization of 65 mM Lgol in THF solvent (60 mL) was carried out

in a batch reactor at 100°C for 3h over 400 mg Amberlyst 70 acid catalyst under inert atmosphere.
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54% Lgol conversion and 61% THP2Mb5one selectivity were observed, with no other identifiable
products.
THP2M50ne hydrogenation to THP2M5H

A solution containing Lgol and THP2Mb5one (15 mL) was generated using the acid-
catalyzed isomerization of Lgol described above. This mixture was then hydrogenated at 100°C
for 3h over a Pd/Al.O3 catalyst under 500 psi H2 atmosphere. The Lgol was unreactive, while the
THP2M>5o0ne was quantitatively hydrogenated to the two isomers of THP2M5H.

8.3.3. Product Peak deconvolution

Quantification of cis-THFDM, trans-THFDM, THP2Mb5one, and the two isomers of
THP2M5H is made challenging by the fact that these compounds are chemically very similar. As
shown in Figure 8.6, trans-THFDM is overlapped with one isomer of THP2M5H in the GC, while

cis-THFDM is overlapped with THP2Mb5one.

[DalaT Lgel somerizaton Proguct 20160717.gcd FIDT Time Z3547 len
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Figure 8.6: GC-FID chromatograms of Lgol isomerization product, Lgol hydrogenolysis product,
and THP2M5one hydrogenation product.

A combination of GC, HPLC, and NMR was used to quantify these species. For
experiments with concentrations over time, NMR of the final product solution was used to correct
the data at earlier reaction times. An example of these calculations is shown below, for Lgol

hydrogenolysis to THFDM over 1% Pd/SiAl (from Figure 4.2):
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i) Using the HPLC-UV detector at 206 nm, the THP2M5one concentration in the final product
solution was calculated as 1.1 mM.

ii) The concentration of cis-THFDM in the final product was calculated by examining the GC peak
corresponding to (cis-THFDM + THP2Mb5one) and subtracting the concentration of THP2M5one
found in (i). This resulted in a cis-THFDM concentration of 20.6 mM.

iii) Quantitative 13C NMR of the final product solution was used to acquire the THFDM cis/trans
ratio. It was found to be cis/trans = 2.45. The concentrations of trans-THFDM, THP2M5H-1, and
THP2M5H-2 were found by using the known concentration of cis-THFDM (by GC) and the
relative peak areas by NMR (Table 8.2). Note that the peak area of cis-THFDM and trans-THFDM
must be divided by two because each peak corresponds to two C nucleii. The NMR peaks used for
quantification were selected as peaks which were isolated in the NMR and therefore easily
integrated. The concentration of THP2M5H-2, and the combined concentration of trans-THFDM
and THP2M5H-1, can be measured by GC. The concentrations of these products measured by
NMR can be compared to those measured by GC, and show reasonable agreement, as shown in
Table 8.2. 13C NMR spectra were run with a relaxation delay of D; = 15 sec. All NMR peaks used
for integration displayed reasonable agreement in the integrated peak area. A longer relaxation
delay, D1 = 30 sec, was used in one case and the relative peak areas did not change, verifying that
the NMR quantitation is accurate.

iv) For dip-tube experiments, the concentrations of all products at earlier reaction times were
corrected by assuming that the THFDM cis/trans ratio is not a function of conversion. This
assumption was validated by running the Lgol hydrogenolysis reaction to intermediate conversion

(53%) and verifying by NMR that the cis/trans ratio remained 2.45. Using this assumption, the
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true concentrations of trans-THFDM, THP2M5H-1, and THP2M5H-2 could be calculated at all

reaction times. Then, the total concentrations of THFDM and THP2M5H could be calculated.

Table 8.2. Product Concentrations in Final Product Solution from Figure 4.2

Species NMR  Peaks | Average NMR GC Concentration

used (ppm) Relative NMR | Concentration | (mM)

Peak Area (mM)

Cis-THFDM 80.0, 64.3,27.4 | 100.8 - 20.6
Trans-THFDM | 79.6, 64.2,27.9 | 41.2 8.4 -
THP2M5H-1 72.2,65.5 12.9 5.3 -
THP2M5H-2 715, 64.8, 63.7, | 5.2 2.1 2.7

22.4
Trans-THFDM | - 13.7 12.9
+ THP2M5H-1
8.3.4. NH3-TPD and IPA-TPD Plots
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Figure 8.7: NH3-TPD of Pt/SiAl catalysts (100 mg). NHz was adsorbed at 150°C. The temperature

was ramped to 700°C at a rate of 10°C/min.
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Figure 8.8: IPA-TPD of SiAl (500 mg). IPA was adsorbed at 50°C. The temperature was ramped
to 700°C at a rate of 10°C/min.

8.3.5. Reaction conditions (45 mL Parr batch reactor) for 13C radio-labeling experiment:

Step i) Glucose dehydration: 60 mg Amberlyst 70, 125 mg *Ci-glucose, 20 mL THF, T = 170°C,
Pargon =300 psi, t =25 min (heat-up time: 15 min).

Step i1) LGO hydrogenation: 200 mg 5% Ru/C (Strem Chemicals), 18.25 mL product from Step
(1), T=100°C, Puz2 = 500 psi, t = 3h.

Step iii) Lgol hydrogenolysis: 50 mg 1.1% Pt/SiAl, 10 mL product from Step (ii), T = 150°C, Pu2
= 500 psi, t = 6h. This was followed by addition of 50 mg 1.1% Pt/SiAl catalyst and reaction for
an additional 6h to reach high conversion. A longer reaction time and more catalyst was likely
needed due to the presence of humins and other impurities in the cellulose-derived Lgol feed which

could result in catalyst deactivation.
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8.3.6. Details concerning reaction Kkinetics measurements, selectivity measurements, and

calculation of experimental error:

The catalyst undergoes an initial deactivation period over approximately 15h followed by
relatively stable activity. Reaction kinetics measurements to calculate the reaction orders and
activation barrier were made in this stable regime at <35% conversion. For reaction Kinetics
measurements over the 1.1% Pt/SiAl catalyst, the experiment was started at the baseline conditions
(65mM Lgol, 129°C, 750 psi H2), then a single parameter (temperature, pressure, or concentration)
was varied to study the effect of these parameters on the reaction rate. Once the new steady state
was reached, three consecutive time-on-stream samples were taken prior to changing the
conditions again. In a given experiment, the relevant parameter were varied in non-monotonic
order. At the end of each run, the reactor was brought back to the initial conditions to re-measure
the rate and account for possible deactivation over the course of the measurements.

For the activation energy measurement, the feed flow rate was varied in order to maintain
the conversion in the range of 10-30% at different temperatures. The reaction rate was found to be
independent of the feed flow rate between 30-60 xL/min, which rules out effects of external
transport limitations on the reaction kinetics. In order to correct for the effect of a small amount of
THF evaporation on the measured concentrations in the product effluent samples, the GC peak of
butylated hydroxytoluene (BHT) present as a stabilizer in the THF solvent was used as an internal
standard.

For the investigation of reaction rate and selectivity versus metal loading and metal-acid
proximity effects, the initial reaction rate was found by extrapolating the natural logarithm of the
rate versus time on stream to zero time. The reactant conversion was ~45% at the earliest time-on-

stream point and decreased to ~30% over 25h time-on-stream. The total selectivity to identified
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products was found from the average of ~5 steady-state measurements. The selectivities towards
individual products THFDM, THP2M5H, and THP2M5one were measured by 3C NMR analysis
of a reaction sample after ~15h time-on-stream.

Reported experimental errors in the reaction rate measurements are based on the standard
error calculated from the linear fit of the In(rate) versus time-on-stream data. Error in the overall
selectivity to identified products was calculated using the standard error from the variance between
multiple steady-state points. Error in the selectivity towards individual products was propagated
from the standard error in integrals of different peaks in the 3C spectrum. We note that this error
analysis does not account for possible systematic error in the assumption that certain compounds
have the same GC-FID sensitivity as similar compounds (THP2M5H was assumed to have the
same sensitivity as THFDM, while Lgol and THP2Mb5one were assumed to have the same
sensitivity as Cyrene).

8.3.7. Effect of trace water on product selectivity

During this study we discovered that trace amounts of water in the THF solvent have an
effect on the product selectivity, as shown in Table 8.3. The reaction rate and total selectivity to
identified products are not affected. The water content specification on the THF from Sigma
Aldrich is < 0.05% (< 500 ppm). We found that when comparing the selectivity from Lgol/THF
feedstocks made from different bottles of THF, it was sometimes necessary to add 500 ppmv water
(0.05 vol%). Bottle 1 was used for the majority of the experiments in the paper. Bottle 2 showed a
difference in selectivity (e.g. THFDM selectivity dropped from 61% to 47%) than Bottle 1, but
when 500 ppmv water was added to Bottle 2, the product selectivities were comparable to those

observed with Bottle 1. Trace amounts of water have previously been observed to affect the
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reactivity of SiAl catalysts for acid-catalyzed reactions.* Water is known to adsorb to aluminum

sites in aluminosilicate materials such as zeolites and affect their coordination environment.®

Table 8.3: Effect of trace water on product selectivity

Selectivity [%0]
THF source Rate THFDM THP2Mb50ne | THP2M5H Total
Umin/ (cis/trans) identified
(mmol/min products
gsial)
Bottle 1 6.3*10°3 61 (1.0) 5 20 86
Bottle 2 5.5%103 47 (0.8) 13 26 86
Bottle 2 + 6.1*10° 57 (0.9) 7 23 86
500 ppmv water

Conditions: 150 mg cat, T = 129°C, Pwu2 = 750 psi, Crgoytar = 65 mM (t/e = 1.7), Frgoyrur = 30

uL/min, Fr2 = 6 mL/min.

8.3.8. Conversion and selectivities to all products for continuous flow experiments

Table 8.4. Conversion and selectivities to all products for continuous flow experiments

Selectivities (%)

Conver
sion (%)
Experiment

trans-
THFDM

cis-
THFDM

THP2MS5H
-1

THP2MS5H
-2

THP2M5o0ne

Unidentified
GC Products

Total
Observed
Products

1.1% Pt/SiAl 32%

30% 31%

4%

17% 5%

0%

86%

Activation Energy

(T=122°C) 18%

28% 34%

0%

15% 7%

0%

84%

Activation Energy

(T=137°C) 31%

22% 27%

3%

15% 11%

8%

86%

Activation Energy

(T =144°C) 32%

19% 24%

1%

12% 14%

12%

82%

H, Order

(Pw2 = 500 psi) 27%

27% 29%

3%

16% 5%

0%

81%

H, Order
(PHZ =1000 psi)

27%

29% 32%

3%

16% 5%

0%

86%
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Lgol Order
(Conc =34 mM) 26% 33% 34% 3% 19% 5% 0% 94%
Lgol Order
(Conc =185 mM) 24% 23% 26% 3% 12% 6% 5% 74%
SiAl 25% 0% 0% 0% 0% 25% 19% 45%
0.06% Pt/SiAl 28% 12% 13% 6% 9% 16% 13% 68%
0.25% Pt/SiAl 33% 19% 19% 6% 12% 9% ~0% 71%
5.3% Pt/SiAl 20% 40% 33% 5% 17% 5% 0% 100%
Phys. Mix (1%
Pt/SiO; + SiAl) 24% 31% 26% 7% 25% 3% 0% 93%
Layered: SiAl,
then 1% Pt/SiO, 11% 23% 11% 2% 13% 12% 0% 61%
Layered: 1%
Pt/SiO,, then SiAl 18% 0% 0% 0% 0% 23% 24% 46%

8.3.9. Computational Details

In this work, we have employed the CCSD(T)-based G4MP2° level of theory to investigate
the reaction mechanism and the energy landscape of the hydrogenolysis of Lgol in acidic non-
aqueous media. The GAMP2 level of theory enables accurate prediction of protonation affinities
of the biomass derived molecules compared to standard density functional methods.” The
geometries, zero-point energies, and temperature corrections for this method are evaluated at the
B3LYP/6-31G(2df,p) level of theory. To account for the solvation from a non-aqueous medium,
a single point energy evaluation was performed in a tetrahydrofuran dielectric (¢=7.4) by
employing the SMD solvation model® at the B3LYP/6-31G(2df,p) level of theory. The proton
solvation energy in tetrahydrofuran is taken as -255.9 kcal/mol to compute the energies of
protonated species (~10 kcal/mol lower than the proton solvation energy by an aqueous acidic
medium at 25°C). The Gibbs free energy (AG at 25°C) is computed as the sum of the gas phase
G4MP2 free energies (AGgas) and the solvation energy (Esov = Eswvp-Egas). Selected ab initio
dynamics calculations of protonated intermediates in the presence of a limited number of explicit
solvent molecules were also performed using the ADMP formalism® to understand the steric

interactions of cations with the solvent molecules. This approach is also used to generate initial
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configurations for selected G4MP2 calculations. All calculations were carried out using the

Gaussian 09 software.°

8.4. Appendix for Chapter 5

8.4.1. ®C NMR of reaction products

To assign the 3C NMR spectra of 34-Dglu and 34-Dman, we first determined that there
were four different chemical species (based on comparison of peak areas in the quantitative 3C
NMR; see Table 8.5). These compounds are assigned as a and B anomers of 34-Dglu and 34-
Dman. Different ratios of 34-Dglu and 34-Dman were generated by converting Lgol feedstocks
over Amberlyst 70 at 100°C with t/e ratios of 1.3 (Table 5.2, Entry 2) and 3.3 (Table 5.3, Entry 5).
We calculated the peak area ratios of different pairs of these four peaks (e.g. [34-Dman_1 + 34-
Dman+2]/[34-Dglu_1 + 34-Dglu_2]) and found that only one of these ratios matched the ratio of
the two peaks observed in the HPLC, as well as the t/e ratio of the converted Lgols (Table 8.6).
We cannot rule out the possibility that the stereochemistry at the C. position is completely inverted
upon Lgol hydrolysis, but there is no chemical reason to expect this to occur. The a and B anomers
were not distinguished in this study; these species are expected to exist in equilibrium in water.
All assignments are in reasonable agreement with the Mestrenova *C NMR-predicted chemical
shifts for 34-Dman/34-Dglu (Table 8.7), noting that 34-Dman and 34-Dglu are not distinguished
by the NMR prediction software. The multiplicities of each *C peak are consistent with the
assignments. The C, and Cs carbon positions were not distinguished due to their similar chemical
shifts and multiplicities. The Cs and C4 positions were also not distinguished due to their similar

chemical shifts and multiplicities.
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Table 8.5: Quantitative 3C NMR chemical shifts, relative peak areas, and multiplicities of
reaction products of Lgol conversion over Amberlyst 70 with two different t/e ratios at 100°C. “34-
Dglu 1 and “34-Dglu 2" refer to the two anomers of 34-Dglu, and “34-Dman 1" and 34-
Dman_ 2" refer to the two anomers of 34-Dman. Residual Lgol peaks were excluded from this

table. Multiplicities were assigned based on **C DEPT135 and DEPT90 NMR experiments.

Lgol t/e = 1.3 Feed Lgol t/e= 3.3 feed

# Chemical Shift (ppm) Normalized Area Normalized Area  Multiplicity = Assignment Carbon Position
1 98.19..98.12 100 100 C-H DDG 1 C1
2 94.97 ..94.93 45 127 C-H DDM_2 C1
3 93.45..93.39 b3 183 C-H DDM_1 Cl
4 91.90..91.84 31 36 C-H DDG_2 C1
5 76.79 .. 76.74 47 129 C-H DDM 2 C2 or C5
6 76.68 .. 76.61 100 101 C-H DDG_1 C2or C5
7 70.39..70.34 96 106 C-H DDG_1 C2 or C5
8 69.47 .. 69.41 62 177 C-H DDM 1 C2or C5
9 68.73 .. 68.69 28 25 C-H DDG_2 C2 or C5
10 67.84..67.79 30 32 C-H DDG_2 C2or C5
11 66.14 .. 66.09 46 129 C-H DDM_2 C2 or C5
12 65.73 .. 65.68 64 184 C-H DDM 1 C2 or C5
13 64.39 .. 64.32 bl 192 C-H2 DDM_1 Co
14 64.27 ..64.22 44 135 C-H2 DDM_2 Cé
15 63.98 .. 63.94 27 30 C-H2 DDG 2 C6
16 63.90 .. 63.83 101 110 C-H2 DDG_1 Co6
17 29.45 .. 29.37 100 114 C-H2 DDG_1 C3orC4
18 27.92 .. 27.85 39 140 C-H2 DDM_2 ClorC4
19 25.81..25.75 100 102 C-H2 DDG 1 C3orC4
20 2545 ..25.41 31 38 C-H2 DDG_2 C3orC4
21 24.37 ..24.33 27 30 C-H2 DDG_2 ClorC4
22 23.53..23.47 64 177 C-H2 DDM 1 C3orCa
23 2042 .. 20.36 b6 181 C-H2 DDM_1 C3orC4
24 20.06 .. 20.00 48 134 C-H2 DDM_2 CdorC4
Lgol t/e = 1.3 Feed Lgol t/e= 3.3 feed

Speci Average Standard Average Standard

2pecles Peak Area Error (%) Peak Area Error (%)

DDG_1 99 1% 106 2%

DDG_2 29 3% 32 6%

DDM_1 63 1% 182 1%

DDM_2 45 3% 132 1%
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Table 8.6: Ratio of 34-Dman (i.e., DDM) to 34-Dglu (i.e., DDG) by **C NMR and by HPLC, and
ratio of converted threo- and erythro- Lgol isomers, for hydrolysis of Lgol using two different Lgol

diastereomer ratios (1.3 and 3.3).

t/e Lgol Feed DDM/DDG (NMR) DDM/DDG [HPLC) t/e Converted Lgol
1.3 0.32 0.89 0.92
3.3 2.3 2.2 2.4

Table 8.7: Mestrenova 3C NMR-predicted chemical shifts (ppm) for 34-Dman/34-Dglu (which

are not distinguished in the NMR prediction). The carbon numbering convention is also provided.

OH Carbon Position DDM & DDF
6 o _OH 1 97.3
> 2 70.3
4 Y 2VOH 3 26.7
’ 4 25.2
5 73.3
DDM & DDG 6 65.3

34-Dfru was produced from treatment of Lgol in water over SiAl at 150°C (Table 5.1, Entry
7). The quantitative 3C NMR assignments of the different tautomers of 34-Dfru are shown in
Table 8.8. Similar to fructose, five tautomers are observed by **C NMR: acyclic ketone, a and j-
furanose, and o and B-pyranose. The ketone tautomer was assigned based on the observation a
ketone peak at 213.7 ppm (quaternary), and the Cs carbon position (“C-H” multiplicity) at 71.1
ppm. The o and P furanose tautomers were assigned based on the two peaks at 106.4 and 106.0
ppm (C2 anomeric carbon; quaternary), and two peaks at 81.5 and 79.6 ppm (Cs hydroxymethyl-
ether carbon; “C-H” multiplicity). The Cs hydroxymethyl-ether carbon position is only present in
the furanose tautomer, allowing the furanose and pyranose tautomers to be distinguished. The C»
anomeric carbon positions of the a and  pyranose tautomers were assigned as the two peaks at

95.7 and 95.1 ppm. The a and 3 anomers were not distinguished in this study.
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Concerning the region of the *C NMR spectrum of 34-Dfru up-field of 70 ppm, peaks
corresponding to the different tautomers of 34-Dfru could not be completely distinguished due to
the similar chemical shifts between different carbon positions. As shown in Table 8.8, the chemical
shift, relative peak area, and multiplicity of each carbon position are consistent with the
assignments; all assignments are also in reasonable agreement with the Mestrenova *C NMR
predicted chemical shifts (Table 8.9). In the region of the spectrum between 63-68 ppm, the
expected number of “pyranose (C1 or Ce)” peaks (four), “pyranose (Cs)” peaks (two), and “ketone
or furanose (C1 or Ce)” peaks (six) are observed. The Cs pyranose peak was assigned based on the
“C-H” multiplicity of this carbon position. The C; and Ce carbon positions of the ketone and
furanose tautomers were not distinguished because the peaks had similar chemical shifts, peak
areas, and multiplicities. In the region of the spectrum between 23-34 ppm, the expected number
of “ketone or furanose (Cs or C4)” peaks (six) and the expected number of pyranose (Cz or Ca)
peaks (four) are observed. The Cz and C4 carbon positions of the ketone and furanose tautomers
were not distinguished because the peaks had similar chemical shifts, peak areas, and

multiplicities.
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Table 8.8: Quantitative 3C NMR chemical shifts, normalized peak areas, multiplicities, and

assignments from quantitative-'3C NMR of reaction products of Lgol conversion over SiAl at

150°C. Multiplicities were assigned based on *C DEPT135 and DEPT90 NMR experiments.

“Assignments” refers to the assignment of the carbon position for a given tautomer (ketone,

furanose, or pyranose) of 34-Dfru. Minor peaks from residual Lgol were excluded from this table.

[T R - VR, I S FU R SR

N
00~ G R WD

19

20
21
22
23
24
25
26
27
28
29

Chemical Shift (ppm) Normalized Area Multiplicity
213.78 .. 213.73 100.0 Quaternary
106.41 .. 106.33 111.7 Quaternary
106.01 .. 105.96 79.2 Quaternary

95.68 .. 95.64 4d.4 Quaternary
95.15..595.11 38.4 Quaternary
81.55.. 81.50 78.5 C-H
79.60 .. 79.55 94.8 C-H
71.11..71.05 94.1 C-H
67.68 .. 67.62 40.6 C-H2
67.20..67.13 89.1 C-H2
67.02 .. 66.97 35.4 C-H2
65.35 .. 65.28 92.7 C-H2
65.24 .. 65.16 99.0 C-H2
65.14 .. 65.07 81.9 C-H2
65.07 .. 65.02 42.4 C-H
64.90 .. 64.84 75.5 C-H2
64.69 .. 64.64 42.6 C-H2
64.24 .. 64.19 35.9 C-H2
63.69 .. 63.62 142.3 (two peaks) Smaller peak: C-H
33.97..33.91 93.4 C-H2
33.42 ..33.36 81.6 C-H2
33.07..33.01 96.8 C-H2
28.71.. 28.65 16.4 C-H2
26.46 .. 26.41 47.6 C-H2
26.28 .. 26.21 95.7 C-H2
25.86 .. 25.79 85.2 C-H2
25.66 .. 25.58 104.8 C-H2
24.10 .. 24.04 48.0 C-H2
23.89..23.84 48.1 C-H2

Assignment
Ketone (C2)

Furanose (C2)
Furanose (C2)
Pyranose (C2)
Pyranose (C2)
Furanose (C5)
Furanose (C5)
Ketone (C5)
Pyranose (C1 or C6)
Ketone or furanose (C1 or C6)
Pyranose (C1 or C6)
Ketone or furanose (C1 or C6)
Ketone or furanose (C1 or C6)
Ketone or furanose (C1 or C6)
Pyranose (C5)
Ketone or furanose (C1 or C6)
Pyranose (C1 or C6)
Pyranose (C1 or C6)

Larger peak: C-H2 Larger peak: Ketone or furanose (C1 or C6)

Smaller peak: Pyranose (C5)

Ketone or furanose (C3 or C4)
Ketone or furanose (C3 or C4)
Ketone or furanose (C3 or C4)
Pyranose (C3 or C4)
Pyranose (C3 or C4)
Ketone or furanose (C3 or C4)
Ketone or furanose (C3 or C4)
Ketone or furanose (C3 or C4)
Pyranose (C3 or C4)
Pyranose (C3 or C4)



145

Table 8.9: Mestrenova *C NMR-predicted chemical shifts (ppm) for furanose, ketone, and

pyranose tautomers of 34-Dfru. The carbon numbering convention is also provided.

Carbon Position  Pyranose Furanose Ketone ]H? O
1 66.4 66.8 69.1 HO "\,
2 95.4 103.9 212.1 Juranose
3 30.0 321 36.6 9 o
4 27.4 27.4 29.0 Ho s o hetone
5 67.2 74.5 716 L pranose -
6 66.7 65.9 66.8 DDF

Electrospray ionization mass spectrometry (ESI-MS) analysis of 34-Dfru was done on a
Bruker maXis ultra-high resolution, time-of-flight mass spectrometer using infusion in positive
ion mode. Samples were diluted 1:60,000 in 85% methanol/15% water (v/v) prior to
analysis. Samples were infused at 3 uL/min with a source voltage of 3500V. The source
temperature was set to 180°C while the nebulizer pressure was 0.4 bar and the drying gas flow was
4 L/min. The mass range measured was 75 to 1550 m/z. The ESI-MS shows a single major peak
at m/z = 171, consistent with the molecular weight of 34-Dfru (148 g/mol) plus a sodium ion (23
g/mol). This result rules out the presence of a hydrated geminal diol (which would have molecular
weight 166 g/mol), a compound which could also show a quaternary *3C NMR peak in the 90-110
ppm region of the *C NMR spectrum. A smaller peak at m/z = 131 was observed, which could

correspond to a protonated isomer of Lgol (e.g. a THFDM precursor, 130 g/mol).

Cis- and trans- tetrol were assigned using reported *C NMR chemical shifts from the
literature.! The c/t ratio was calculated based on the ratio of these peaks measured by quantitative

13C NMR.
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Figure 8.9: Quantitative 3C NMR of product of Tetrol. cis-tetrol: 71.7, 65.5, 28.3 ppm. trans-
tetrol: 72.0, 65.4, 28.6 ppm. A small amount of side-product THFDM is also present in this

spectrum, consistent with the GC results.

8.2. HPLC Chromatograms of Reaction Products
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Figure 8.10A: Lgol (t/e = 1.3) feedstock. (1) = erythro-Lgol. (2) = threo-Lgol.
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Figure 8.10B: Product of Table 5.1, Entry 3. (3) = mixture of cis- and trans-Tetrol. Minor

unknown compound also observed at a retention time of 8 min.

Max ntensity : 11,107

"gelecmrlu Time Tien
1004 (4) (5)

Tess.
Pump A Pressure|

Figure 8.10C: Product of Table 5.3, Entry 2. (4) = 34-Dglu. (5) = 34-Dman.

mv Nax intensity : 27412
Detector A Time 39042 ien 162 _Press. 251.50]
(6) Pump A Pressure]

Figure 8.10D: Product of Table 5.1, Entry 7. (6) = 34-Dfru.

Figure 8.10: HPLC chromatograms of reaction products. Compounds in the HPLC were assigned
based on comparison with *C NMR spectra. 34-Dglu, 34-Dfru, cis-tetrol, and trans-tetrol are all

overlapped in the HPLC.



8.4. Reaction network for metal- and acid- catalyzed conversions of levoglucosan,
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mannose,

glucose, and fructose
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Figure 8.11: Relevant acid-catalyzed and metal-catalyzed reactions of levoglucosan, glucose,

mannose, and fructose. “eq” indicates reactions which are assumed to be quasi-equilibrated.
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8.5. Appendix for Chapter 6

8.5.1. NMR, HPLC, and Polarimetry Analyses of hexane-tetrols and —triols

A) 2R, 35-1236-HT

i) NMR
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Figure 8.12. *H NMR of 2R, 3S-1236-tetrol (water suppression)
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Figure 8.13. 13C NMR of 2R, 3S-1236-tetrol

- 13C multiplicities confirmed with DEPT-NMR
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Figure 8.14. 'H-*C HSQC NMR of 2R, 3S-1236-tetrol
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Figure 8.15. *H-'H COSY NMR of 2R, 35-1236-tetrol (water suppression)
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i) HPLC:

Figure 8.16. HPLC of 2R, 3S-1236-tetrol. Pink — feed. Black — product.
iii) Optical rotation: a®®p=-6.5 (c = 1.2, MeOH); lit -7.1 (water).1!
B) 4R, 5S -145-HT

i) NMR
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Figure 8.17. *H NMR of 4R, 55-145-HT (water suppression)
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Figure 8.18. 3C NMR of 4R, 55-145-HT
- 3C multiplicities confirmed with DEPT-NMR

-13C NMR agrees with lit reference: 2
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Figure 8.19. IH-3C HSQC NMR of 4R, 5S-145-HT
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Figure 8.20. *H-'H COSY NMR of 4R, 55-145-HT (water suppression)

i) HPLC:
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Figure 8.21. HPLC of 4R, 5S-145-HT. Pink — feed. Black- product.
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iii) Optical rotation: 0®°p = +23.5 (¢ = 1.1, MeOH); lit -18.2 ( ¢ = 1.4, MeOH) for its enantiomer

(4S, 5R)-1,4,5-hexanetriol.** Enantiomers have equal and opposite specific rotations.
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C) 2R, 5S (meso)- 1256-HT (Pt/SiAl)

i) NMR:

400
250
300

250

25 20 15 10 05
fL (ppm)

Figure 8.22. 'H NMR of 2R, 5S-1256-HT (water suppression)
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Figure 8.23A. Full *C NMR spectrum
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Figure 8.23B. Stereoselectivity measurement

Figure 8.23. 3C NMR of 2R, 55-1256-HT
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Figure 8.24. 'H-3C HSQC NMR of 2R, 55-1256-HT
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Figure 8.25. *H-'H COSY NMR of 2R, 55-1256-HT (water suppression)
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Figure 8.26. HPLC of 2R, 5S5-1256-HT. Pink — feed. Black — product.

vi) Optical rotation:

Zero optical rotation is expected because the product is a meso compound. A specific rotation of
-8.2 (¢ = 0.92, MeOH) was measured. However, the reaction product mixture contains 2% of the

diastereomer 2S, 5S-1,2,5,6-hexanetetrol (specific rotation of -24.0 reported in the literature, ¢ =
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1.69, MeOH)* , and 6% of residual beta-D-methyl-galactopyranoside (specific rotation measured
-76.1, ¢ =0.87, MeOH). Accounting for these impurities, the specific rotation of the major product
is 0?°p = -3.4 (c = 0.92, MeOH). The deviation of this value from zero is likely due to the presence

of small side-products with non-zero optical rotations.
D) 2S, 5S- 125-HT (Pt/SiAl)
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Figure 8.27. *H NMR of 2S, 55-125-HT (water suppression)
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Figure 8.28A. Full *C NMR spectrum
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Figure 8.28B. Stereoselectivity measurement
Figure 8.28. 3C NMR of 2S, 55-125-HT
- 13C multiplicities confirmed with DEPT-NMR

-13C NMR agrees with lit reference: °
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Figure 8.29. *H-C HSQC NMR of 2S, 5S-125-HT
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Figure 8.30. 'H-'H COSY NMR of 2S, 5S-125-HT (water suppression)
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i) HPLC:
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Figure 8.31. HPLC of 2S, 55-125-HT. Pink — feed. Black — product.

vi) Optical rotation: a®>p=-1.9 (c = 0.89, MeOH). No literature sources could be found for optical
rotation of (2S, 5S)-1,2,5-hexanetriol. The specific rotation of its diastereomer (2S, 5R)-1,2,5-
hexanetriol has been reported: -51.3 (¢ = 0.15, MeOH).” This comparison provides evidence that

our reaction product does not have (2S, 5R) or (2R, 5S) stereochemistry.

8.5.2. NMR and ESI-MS identification of reaction intermediates

A) 3,4-dideoxy-mannose (23-Dman)

Quantitative-13C NMR + DEPT analysis shows that there are six Cs species, each with one C-H
peak in the anomeric region (102-90 ppm), two CH peaks and one CH2 peak in the C-O bond (60-
85 ppm) region, and two CH2 peaks in the upfield region (20-35 ppm). Letters “A-F” indicate the
assignment of the six different species. There are six *C signals for each species A-F. “C” and
“D” have similar peak areas so they cannot be distinguished; similar with “E” and “F”. Note that
the peak at 21.9 ppm is overlapped with an impurity present in the feed, causing its area to be

greater than the other “EF” peaks. No aldehyde peak is observed by NMR. ESI-MS shows m/z =
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171 (pyranose/furanose + Na) as major peak, 153 (anhydro- species + Na) as minor peak. The
ESI-MS results rule out a hydrated geminal diol or a C12 dimers. m/z = 118 and 245 peaks are
impurities which were present in a blank sample containing no feedstock. These results strongly
suggest the presence of “pyranose”, “furanose”, both of which can exist in alpha and beta forms,

as well as and “anhydro-pyranose” and “anhydro-furanose” species.

Range [ppm] Brea Species #

2 99.69.. 93.66 63.01 CH

4 37.93.. 3754 6.7 CH
5 35535545 13205 CH

80.06.. 50.01 G6.01
s B I 13283
78787874 58.02

12 TdE . T40 E7.35 CH
13 G726, 67.21 G6.26 CH

B5.24 G513 183.43
63.52.. 63,46 142
B30 .. 63.06 6366

23 E138.. 6131 136.51 CHz
25 32.958. 32352 T72.55 CHz

27 0. 3102 186,52 CHz
28 23.85.. 2380 176.83 CHz

3 2772 2T ES T0.92

0
d

CHz
CHz

S 24.05.. 24.01 5953

Table 8.10. 13C NMR chemical shifts and multiplicities of 23-Dman
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Figure 8.32. ESI-MS of 23-Dman
B) 2,3-dideoxy-rhamnose (23-Drha)

Quantitative-13C NMR + DEPT analysis shows that there are four Cs species, each with one C-H
peak in the anomeric region (102-90 ppm), two CH peaks in the C-O bond (60-85 ppm) region,
two CH2 peaks in the upfield region (20-35 ppm), and one CH3 peak in the methyl region (10-20
ppm). Letters “A-D” indicate the assignment of the four different species. ESI-MS shows a single
major peak at m/z = 155 (pyranose/furanose + Na). These results strongly suggest the presence of
“pyranose”, and “furanose” species, both of which can exist in alpha and beta forms. 23-Drha

cannot form an anhydro- species.
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Range [PPh) Area CEFT Azsignment

55.45 9533 2229 Cl

3 H &
7 75,76 7566 22376 CH B
CH &

g 70.79 . FO.68 23388

1 4911, 4886 E7E.09 hMECH

31403132
29.79 . 2967

24 17311723 215.4 CH3 A

Table 8.11. 13C NMR chemical shifts and multiplicities of 23-Drha

Intens.
x10% [M+Na]*
15506784
1.5
1.0+
0.5
oo -_ﬂjm
200

Figure 8.33. ESI-MS of 23-Drha

C) 3,4-dideoxygalactose (34-Dglu)
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Quantitative-'3C NMR shows that the products are comprised of “34-Dglu-pyranose 17, “34-
Dglu-pyranose 2”, (alpha and beta tautomers of 34-Dglu-pyranose) and “erythro-Lgol”, by
comparison to our previous work .** ESI-MS shows a major peak at m/z = 171 (34-Dglu-pyranose

+ Na) and a minor peak at m/z = 153 (erythro-Lgol+ Na). 34-Dglu cannot form a furanose species.

Range (ppm) Normalized Assignment
1 101.29 .. 101.22 32.9 anhydro-DG

73.65 .. 73.56 28.78 anhydro-DG

66.43 .. 66.37 25.94 anhydro-DG
65.83 .. 65.77 24.43 anhydro-DG

17 23.91 ..23.83 22.02 anhydro-DG
18 22.04 ..21.98 22.7 anhydro-DG

Table 8.12. 13C NMR chemical shifts and multiplicities of 34-Dglu
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Figure 8.34. ESI-MS of 34-Dglu
D) 3,4-dideoxyfucose (34-Dfuc)

Quantitative-13C NMR + DEPT analysis shows that there are two Cs species, each with one C-H
peak in the anomeric region (102-90 ppm), two CH peaks in the C-O bond (60-85 ppm) region,
two CH2 peaks in the upfield region (20-35 ppm), and one CH3 peak in the methyl (10-20 ppm)
region). Letters A & B indicate the two tautomers. ESI-MS shows m/z = 155 (pyranose + Na) as
major peak. m/z = 118 and 245 peaks are impurities which were present in a blank sample
containing no feedstock. These results strongly suggest the presence of alpha and beta pyranose.

34-Dfuc cannot form furanose or anhydro- species.
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Range (ppm) Area DEPT Assignment
1 98.16 .. 97.97 100 CH A

72.98 .. 72.80 99.77
70.47 .. 70.25 101.94

31.60 .. 31.50

29.87 .. 29.77 91.14

20.09 .. 20.02 90

Table 8.13. 13C NMR chemical shifts and multiplicities of 34-Dfuc
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Figure 8.35. ESI-MS of 34-Dfuc
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