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Preface

This dissertation summarises work from my PhD project which was performed at the
Technical University of Denmark (DTU) from May 2016 to April 2019. The dissertation
was completed as part of the Cat2BioChem project, a collaborative project between DTU,
and the companies Haldor Topsge and Perstorp, which was funded by the Innovation Fund
Denmark (case number 5150-00023B). The work in this thesis was performed primarily
at the Department of Chemistry (DTU), partly at the New Business R&D department
at Haldor Topsge and during a one month research stay at the Innovation department
of Perstorp. My PhD project was initially supervised by Assoc. Prof. Peter Fristrup,
who transferred to the private sector to seek new challenges. My project was subsequently
supervised by Prof. Robert Madsen. The project was co-supervised throughout by Senior
Research Scientist Sebastian Meier.

This thesis is divided into 11 Chapters. The first three chapters provide the back-
ground and motivation for this project. The first chapter introduces petrochemicals, the
motivation for transitioning towards biobased chemicals and which chemicals to target.
In the second chapter, the Sn-Beta catalysed conversion of carbohydrates to a-hydroxy
esters is introduced, leading to the aim and outline of the project in chapter 3. Chapter 4
details the experimental methods used in this thesis. Chapters 5 to 10 present the main
results produced in the course of this PhD project. Chapter 5 focusses on identifica-
tion of reaction products. Chapter 6 regards development of quantitative NMR, methods,
which are employed in Chapters 7-10. In Chapter 7, general operational conditions are
optimised with focus on production of double dehydration products (DPM and THM).
Further optimisation is performed in Chapter 8, with focus on addition of alkali salts; the
correlation between alkali anion and selectivity as well as alkali concentration, catalyst
active site and selectivity are examined. Chapter 9 explores the reaction mechanisms
of newly identified products through the use of isotopically labelled carbohydrates. In
Chapter 10, applications of DPM and MVG are touched upon with focus on polymer
applications. Finally, in Chapter 11 an overall conclusion on project and results is given.

Unless otherwise stated, the work presented in chapters 5 to 10 was performed by
me and is largely based on my published articles, which have been reproduced in the
appendix for the convenience of the reader.
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Abstract

In the pursuit to replace fossil resources with more sustainable alternatives, the chemo-
catalytic conversion of carbohydrates provides an important method for producing new
functional chemicals. This PhD project focussed on the use of a Sn-Beta zeolite catalyst
for the conversion of glucose, xylose and glycolaldehyde in methanol, to form a-hydroxy
esters, such as methyl lactate and methyl vinyl glycolate (MVG), with interesting poten-
tial for applications as building blocks for polymer production.

The studies primarily used NMR, spectroscopy to reveal previously unexamined chem-
ical details. Several previously unreported products were identified in the conversion of
xylose, glucose and glycolaldehyde, respectively, leading to vast improvements in car-
bon balances, which aided in the understanding of the reaction process. Two new key
products that were identified are methyl 2,5-dihydroxy-3-pentenoate (DPM) and methyl
2,4 5-trihydroxy-3-pentanoate (THM). These products possess multiple different func-
tional groups, making them extremely versatile for upgrading of the monomer or func-
tionalisation of polymers.

NMR methods suitable for quantification of these products in complex mixtures with-
out prior purification were developed. These methods included the adaptation of proto-
cols used in biocatalysis for compound identification, and the development of methods
for reducing analysis time of chemocatalytic product mixtures to 5 min, even for highly
accurate quantifications of minor by-products.

The effects of different reaction conditions were assessed to optimise the formation
of new chemicals from abundant pentoses and hexose, respectively. Tested parameters
included substrate stereochemistry, reaction concentration, catalyst to substrate ratios,
catalyst metal and framework, temperature and solvent. The highest yields were obtained
with 8.3-23 wt% substrate and a 1:2 catalyst to substrate ratio at 160 °C in ethanol.
Under these conditions, THM and DPM yields of up to 19.4% and 42% were obtained,
respectively.

The presence of alkali metal salt has been known to modify Sn-Beta reaction selectivity.
Here, the influence of alkali salts was assessed to obtain more detailed understanding of
their effect on the reaction. Alkali salts were observed to facilitate retro-aldol reactions
and to suppress other pathways including dehydration. The trends for product yields
correlated with initial rate trends, indicating that reaction selectivity is under kinetic
control. It was further demonstrated that the effect is proportional to the alkali salt to
tin active site ratio, and that trends can be correlated to a double dissociation model. This
model indicates that the catalyst may be modified between three states with either no, one
or two alkali substituted. Alkali was observed to have equivalent effects on epimerisation
by 1,2-carbon shift and retro-aldol cleavage, supporting that the presence of alkali salts
reduces the energy barrier for carbon-carbon bond cleavage.

Focus on mechanistic pathways and the transition of substrates through the catalytic
system were studied further by using both ?H and '3C isotopically labelled carbohydrate
substrates. From these experiments, it was deduced that incorporation of hydrogen by



tautomerisation occurs stereoselectively. Furthermore, competition between tautomerisa-
tion and dehydration is determining for selectivity between single and double dehydration
products. In addition, reactions are occurring in a reaction cascade with minimal release
of intermediates. Finally, Sn-Beta was shown to catalyse a 5,1-hydride shift in pentoses.

In the final part of the PhD project, application properties of xylose derived DPM
and glycolaldehyde derived MVG were assessed. DPM was successfully tested in poly-
esterification reactions, forming a copolymer with ethyl 6-hydroxy-hexanoate. The unused
functionality from DPM in the copolymer could also be modified. Meanwhile, having
already shown that MVG could be polymerised, MVG was tested for storage stability and
further applications in polymer blends. During storage, MVG underwent slow oxidation,
which could be slightly hindered by cold storage. Preliminary tests in polymer blends
showed interesting opportunities for modifying blend properties, which require further
examination.

Overall, this project has provided more detail on the Sn-Beta catalysed conversion of
carbohydrates through examination of detailed product distributions and atomic tracking.
Currently, MVG and DPM are of greatest interest due superior product yields compared
to other observed products, and due to multiple functionality providing high versatility
for future applications.
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Resumé

I jagten pa at erstatte fossile ressourcer med beaeredygtige alternativer udggr den kemokat-
alytiske omdannelse af kulhydrat en vigtig metode til fremstilling af nye funktionelle
kemikalier. Dette ph.d. projekt fokuserer pa brug af en Sn-Beta zeolit katalysator til om-
dannelse af glukose, xylose og glykolaldehyd til en raekke a-hydroxy estere, sasom methyl
laktat og methyl vinyl glykolat (MVG), med potentiale for anvendelse som byggesten til
produktion af polymere.

Studiet har primaert anvendt NMR. spektroskopi til at afslgre hidtil uudforskede
kemiske detaljer. Adskillige hidtil urapporterede produkter er blevet identificeret fra
omdannelsen af glukose, xylose og glykolaldehyd. Dette har resulteret i markante
forbedringer til karbonbalancer, som forbedrer forstaelsen af reaktionsprocessen. To
nggleprodukter er blevet identificeret, hhv. methyl 2,5-dihydroxy-3-pentenoat (DPM)
og methyl 2,4,5-trihydroxy-3-pentanoat (THM). Disse to produkter indeholder adskillige
funktionelle grupper, hvilket gor dem aldeles alsidige for modificering som monomere eller
funktionalisering som polymere.

NMR-metoder, til kvantificering af ovenstaende produkter direkte fra komplekse reak-
tionsblandinger uden forudgaende oprensning, er blevet udviklet. Disse metoder indbe-
fatter tilpasning af protokoller anvendt til produktidentifikation i biokatalyse samt en
reducering af analysetiden for kemokatalytiske produktblandinger til 5 minutter selv for
meget ngjagtig kvantificering af mindre biprodukter.

Virkningen af forskellige reaktionsparametre er blevet undersggt for at optimere dan-
nelsen af nye kemikalier fra hyppigt forekommende pentoser og hexoser. De testede
parametre inkluderer substratstereokemi, reaktionskoncentration, katalysator til substrat-
forhold, katalysatormetal og -struktur, temperatur og oplgsningsmiddel. De hgjeste ud-
bytter blev opnaet med 8,3-23 wt% substrat og et katalysator til substratforhold péa 1:2
ved 160 °C i ethanol. Under disse betingelser opnéedes udbytter pa op til 19,4% og 42%
af hhv. THM og DPM.

Alkalisalte er kendt for at modificere reaktionsselektiviteten af Sn-Beta. I denne un-
dersggelse blev indflydelsen af alkalisalte vurderet for at opna en mere detaljeret forstaelse
af deres pavirkning pa reaktionen. Det blev observeret, at alkalisalte fremmer retro-aldol
reaktioner, samtidigt med at de undertrykker andre reaktionsveje herunder dehydrering
til DPM/THM. Endvidere blev en korrelation mellem tendenserne for produktudbytter
og reaktionshastigheder observeret, hvilket indikerer, at reaktionsselektiviteten er un-
der kinetisk kontrol. Ligeledes blev det demonstreret, at de observerede effekter var
proportionale til forholdet imellem alkalisalt og tin active sites samt, at tendenserne
kan korreleres til en dobbelt dissociationsmodel. Modellen antyder, at katalysatoren kan
skifte imellem tre tilstande; enten med ingen, en eller to alkali per tin active site. Al-
kalisaltene udviste a&kvivalente effekter pa epimerisering ved et 1,2-karbonskift og pa
retro-aldolklgvning. Dette underbygger teorien om, at alkalisalte er med til at reducere
energibarrieren for klgvning af karbon-karbonbindinger.

De reaktionsmekanistiske veje og omdannelse af substrater igennem det katalytiske
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system er blevet studeret nsermere ved anvendelse af bade 2H og '2C isotop-meaerkede
kulhydrater. Disse eksperimenter viste, at inkorporering af hydrogen ved tautomerisering
sker stereoselektivt, samt at konkurrencen imellem tautomerisering og dehydrering er
afggrende for at bestemme selektivitet mellem enkelt- og dobbeltdehydreringsprodukter.
Alle reaktioner forlgber i en kaskade med minimal frigivelse af mellemprodukter.

I den sidste del af ph.d. projektet blev anvendelsesegenskaberne af DPM, som er
produceret fra xylose, og MVG, som er produceret fra glykolaldehyd, vurderet. DPM
blev med succes polymeriseret med ethyl 6-hydroxy-hexanoat ved polyesterificering. De
ubrugte funktionelle grupper fra DPM i polymeren kunne efterfglgende modificeres og
derved @endre polymerens egenskaber. I mellemtiden blev MVGs, der tidligere har vist
sig at kunne polymeriseres, opbevaringsstabilitet og dens brug i polymerblandinger testet.
Under opbevaring undergar MVG langsomt oxidering, hvilket kan bremses til en hvis grad
ved at opbevare prgven koldt. Forelpbig afprgvning af MVG i polymerblandinger viser
interessante muligheder for at pavirke blandingens egenskaber, hvilket kraever yderligere
undersggelse.

Samlet set har dette projekt bidraget med yderligere detaljer om Sn-Beta kataly-
seret omdannelse af kulhydrater igennem undersggelse af produktfordelinger og sporing
af atomer. Pa grund af opnaelse af hgjere udbytter end andre observerede produkter og
adskillig funktionalitet, der ggr dem seerdeles alsidige, er MVG og DPM forelgbigt de
mest interessante produkter i disse reaktioner.

viii



List of Abbreviations

1D-NMR
2D-NMR
3DG
3DX

B.P.
Beta

CAL-B
COSY
DFT
DHL
DHM

DMPM

DMSO
DMSO-
DPA

DPE
DPM

DPL
E6-HH
ECC

epoxy-MVG

ERY
F
FA-DMA

FDA

F-DMA

One dimensional NMR
Two dimensional NMR
3-deoxy glucosone
3-deoxy xylosone
Boiling point

Beta polymorph structure

zeolite structure

Candida Antarctica Lipase B
Correlation spectroscopy
Density function theory
3-deoxy-hexono-v-lactone

3-deoxy-hexonic acid methyl
ester

2,5-dihydroxy-4-methoxy-
pentanoic acid methyl ester
Dimethylsulphoxide
Dimethylsulphone
2,5-dihydroxy-3-pentenoic
acid

Ethyl
pentenoate

Methyl
pentenoate

2,5-dihydroxy-3-
2,5-dihydroxy-3-

3-deoxy-pentono-v-lactone
Ethyl 6-hydroxy-hexanoate

3,4-epoxycyclohexylmethyl
3’,4’-epoxycyclohexane-
carboxylate

Methyl 2-hydroxy-3,4-epoxy-
butanoate

Erythrulose
Furfural

Formaldehyde dimethyl ac-
etal

Food drug administration
(USA)

Furfural dimethyl acetal

FT-IR

GA
GA-DMA

GA-HA
GC-FID

GC-MS

H2BC

HBL
HDDA
HDO-VG

HMBC

HMF
HMF-DMA

HPLC

HSQC

HT

IS

LA
MAS-NMR

MCM-41

MDHB

Me
MF
MFI

Fourier-transform  infrared

spectroscopy
Glycolaldehyde

Glycolaldehyde dimethyl ac-
etal

Glycolaldehyde hemi-acetal

Gas chromatography — flame
ionization detection

Gas chromatography — mass
spectrometry

Heteronuclear 2 bond corre-
lation

2-hydroxy butyro-v-lactone
1,6-hexandiol diacrylate

1,6-hexandiol di(2-vinyl-
glycolate)

Heteronuclear multiple bond
correlation

5-(hydroxymethyl)furfural

5-(hydroxymethyl)furfural
dimethylacetal

High performance
chromatography

liquid

Heteronuclear single quan-
tum coherence

Hydrothermal synthesis
Internal standard

Lactic acid

Magic-angle spinning solid-
state NMR spectroscopy

Mobil Composition of Mat-
ter No. 41 framework

Methyl 2,3-dihydroxy bu-
tanoate

Methyl

Methyl formate

Zeolite  Socony  Mobil-5

(ZSM-5) zeolite framework

ix



MGA-DMA

MHHB

MHIB

ML

MLA

MMF
MMF-DMA

MMHB

MMVG

MPVO

MVG
MVG-sat
NMR

OxoB-HA

PE
PET
PLA
PT
PTFE
PUR
PVA
gNMR
RT
Sn-Beta

TFAA
THA

THE

2-methyoxy glycolaldehyde
dimethyl acetal

Methyl 2,4-dihydroxy bu-
tanoate
Methyl 2-hydroxy isobu-
tanoate

Methyl lactate
Methyl levulinate
5-(methoxymethyl)furfural

5-(methoxymethyl)furfural
dimethylacetal

Methyl 4-methoxy-2-
hydroxy-butyrate
3-methoxy MVG (methyl
2-hydroxy-3-methylbut-3-
enoate)
Meerwein-Ponndorf-Verley-
Oppenauer

Methyl vinyl glycolate
Methyl 2-hydroxy butanoate
Nucelar magnetic resonance
(spectroscopy)

Methyl
hemi-acetal

2-oxobutanoate

Polyethylene

Polyethylene terephthalate
Poly(lactic acid) /polylactide
Post-treatment synthesis
Polytetrafluorethylen
Polyurethane

Polyvinyl acetate
Quantitative NMR

Room temperature

Tin zeotype of beta poly-
morph structure

Triflouroacetic anhydride
2,4,5-trihydroxy-3-pentanoic
acid

Ethyl 2,4,5-trihydroxy-3-
pentanoate

THM

THO
TMPO
TOCSY

TPD

TPM

UL
uv
VGA
XRD

Methyl  2,4,5-trihydroxy-3-
pentanoate

Threose

Trimethylolpropane oxetane

Total correlation spec-
troscopy

Temperature Programmed
Desorption

Methyl 2,4,5-trihydroxy pen-
tenoate

Uniformly labelled
Ultra violet

Vinyl glycolic acid
X-ray diffraction



Contents

[Prefacel i
|Acknowledgements| 1ii
[Abstractl v
[Resumé (Danish)| vii
[Abbreviations| ix
I__Introductionl 1
|1 Transitioning from Petrochemicals to Biochemicals| 3
L1 Fossil Resources|. . . . . . . . . o e 3
1.2 Changing from Petrochemicals to Biochemicals| . . . . . . .. ... .. .. 4
1.3 Targeting Chemicals from Biomass| . . . . ... ... ... ......... 5
LA Plastid . . . . o oo oo e e 6
[L41 Plastic Pollution of Oceansl . . .. ... ............... 6

[1.4.2  Bioplastics| . . . .. ... 7

IL1.o  Targeting Biochemicals from Carbohydrates| . . . . . . ... ... ... .. 7

2 a-Hydroxy Acids for Biopolymers| 9
2.1 Lactic Acidl . . . . . . .. 9
[2.1.1 Applications| . . .. ... .. . . . 9

212 Production] . . ... ... ... 10

2.2  Zeolites and Zeotypes| . . . . . . . .. e 11
23 The Active Site of Su-Betal . . . ... .. ... ... ... L. 12
2.4 Sn-Beta to Methyl Lactatel. . . . . . ... ... ... .. ......... 12
241 Mechanisml . . . .. ... Lo 13

.42 Alkali Modification of the Active Sitel . . .. . ... ... ... .. 14

2.5 Methyl Vinyl Glycolate] . . . . .. ... ... oo 14
251 Mechanisml . . . . . . . .. 15

2.6  Nuclear Magnetic Resonance Spectroscopy in Chemocatalysis| . . . . . . . 15
[2.6.1 Nuclear Spin| . . . . . . . . .. .o 16

[2.6.2  Application of NMR} . . . . ... ..o oo 16

[2.6.3 Advances in NMR Analysis of Complex Mixtures| . . . . . ... .. 17
[3Aim and Outline of the Study] 19

xi



Contents

(I Experimentall

4  Experimentall

4. atalysts| . . . . .
K3 NMR Analysis| . . . . . . o

[4.3.1 Compound Identification| . ... ... ... ... .. .. ......
4.4 Other Analysis Methods| . . . . . . ... ... ... .. o0 0.
4.5 Stability Testing] . . . . . . .. o
4.6 Coating Formulation| . . . . . . . . . .. .. oo oo

[4.6.1 Coating Evaluation|. . . . . ... ... ... ... oL

(III  Results, Discussion and Conclusion|

[F_Tdentification of New Reaction Products|

b.1 Identification of new C6 products|. . . . . .. ... ... ... .......
[6-2 Tdentification of new Co products| . . . . . . . . . . . . .. ...

B3 Reaction Pathway] . . . . . . v v v i i et e e e e e
5.4 Deconstruction-Reconstruction Approach to Biomass Conversion| . . . . .

6 Quantitative Analysis of Complex Mixtures|

6.2  Quantitative 2D-NMRJ| . . . . ... . ..o
[6.2.1  Determining Response Factors| . . . .. ... ... ... ......
[6.2.2  Rationalisation of Response Factors| . . . . . ... ... ... ...
[6.2.3  Accelerated Data Acquisition| . . . . . . .. ... ... oL

7 Optimising Operational Conditions|
[7.1 Optimisation in Methanol| . . . . . ... .. .. ... ... ... ...
[7.1.1  Optimisation of THM Formation from Hexoses| . . . . . . . . . ..
[7.1.2 Optimisation of DPM Formation from Pentoses|. . . . . . ... ..
Ii.l.;i (:!211! ll]slsllll ...............................
7.2 The Effect of Solvent on Reaction Selectivity| . . . . ... ... ... ...
[7.2.1  Temperature Variations| . . . . . .. ... ... ... ... .....

8.3 Catalyst Titration with Alkali Salts| . . . ... ... ... ... ... ...
[8.3.1 A Two-Step Titration Model.| . . . . . . ... ... .. ... ....
[8.3.2  Catalyst Structure Elucidation by F'T-IR| . . . .. ... ... ...
[8.3.3 Three Catalyst States| . . . . . . ... ... ... ... .......

xii



Contents

19 Mechanistic Elucidation Through Isotopic Labelling| 65
[9.1 Alkali Salts Facilitate a C1-C2 Shift in Carbohydrates| . . . . .. ... .. 65
9.2 Solvent Incorporation| . . . . . . . ... ... Lo oL 67

[9.2.1  Solvent Proton Incorporation into Methyl Lactate] . . . . .. . .. 67
[9.2.2  Stereoselective Incorporation of Hydrogen in DPL| . . . . . .. .. 69
[9.2.3  DPM Shows No Incorporation ot Solvent Protons|. . . . . .. ... 69
[9.3 No 1-1°C Scrambling in Methyl Lactate] . . . . ... .. ... ... .... 70
9.4  Observation of a 5,1-Hydride Shift| . . . . ... ... ... ......... 72

110 Application| 73
[10.1 Polymerisation of trans-DPM| . . . ... ... ... ... ... .. .. 73
[[0.2"MVG as a New Commercial Chemicall . . . . . .. ... .......... 75

[10.2.1 Long-term Stability Tests| . . . . . . . . ... ... ... ... 75
[10.2.2 MVG in coatings| . . . . . . .« . o o oo o 7
@1 Conclusion| 81
B1b D 87

Appendix

[A_Published Workl 91
IA1  Tin-Containing Silicates: Identification of a Glycolytic Pathway via 3- |

| Deoxyglucosone| . . . . . . . ..o 92

IA2  Synthesis of a Novel Polyester Building Block from Pentoses by 'I'in-Containing |

[ Silicated . . . . . . . . . 114
A3 Quantitative NMR Approach to Optimize the Formation of Chemical Build- |
| ing Blocks from Abundant Carbohydrates| . . . . . . ... ... ... ... 135
[JA4  NMR Spectroscopic Isotope Tracking Reveals Cascade Steps in Carbohy- |
| drate Conversion by Tin-Betal . . . ... ... .. ... ... ... ..... 148
A5 Eftects of Alkali-Metal Ions and Counter lons in Sn-Beta-Catalyzed Car- |
[ bohydrate CONVersion] . . . . . . . . oo v v v it 160
IA6  Response Factors Enable Rapid Quantitative 2D NMR Analysis in Cat- |
| alytic Biomass Conversion to Renewable Chemicals|. . . . . . ... .. .. 171
IA7  Uncharted Pathways for CrCls Catalyzed Glucose Conversion in Aqueous |
| Solutionl . . . . . . . . e e e 182

xiii






Part 1

Introduction






1 Transitioning from Petrochemicals
to Biochemicals

The introduction is divided into two chapters. The goal of the first chapter is to narrow
down the replacement of fossil resources to a specific area that may be constructively tar-
geted and developed towards commercial implementation of a specific chemical product.
This section encompasses the motivations for transition away from from fossil resources
(Section , and how the petrochemical industry provides an ideal area for implementa-
tion of biomass (Section and [L.3)), as well as an introduction to plastic (SectiorlﬂE
and issues leading to a market opening for new biobased plastics (Sectionand 1.4.2).
These sections lead to discussion of the a-hydroxy acid lactic acid as a versatile target
with many opportunities (Section , which will be detailed further in Chapter

1.1 Fossil Resources

There are three main driving forces leading to the development of alternatives to use of
fossil resources: environmental, economical and political drivers.

Environmental sustainability is one of the main reasons for transition away from fossil
resources. The world is generally viewed as a closed ecological cycle that slowly changes
over time. This allows plants and animals to evolve and adapt to their environments, a
process that occurs over several generations, and allows a form of balance to be main-
tained. When a large outside force, namely us humans, impose large changes over short
time it causes a problem as there is insufficient time for the ecosystem to adapt.

As shown in figure [I.1] there has been a large overall increase in the emission of CO5
over the past 70 years.! This increase has largely been attributed to the combustion of
fossil resources, which takes large underground carbon deposits and reintroduces them into

420
400 —
380 —
360 —

340 A

Global Atmospheric CO,
(ppm)

320 A

T T T T
1960 1970 1980 1990 2000 2010 2020
Year

Figure 1.1: Global annual atmospheric CO3 levels from 1960 to 2015.1
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Figure 1.2: Global annual temperatures from 1850 to 2015.2

the atmosphere.? COj is a greenhouse gas, and the increased levels have been correlated to
increasing global temperatures (figure . The current increase in temperature already
exhibits clear ecological consequences.® For this reason, political initiatives have been
accelerating the development of replacement technologies for fossil resources.

The second is an economical driver. Fossil resources are considered a finite resource,
therefore, when the consumption exceeds rate of production, as is the current case, stock-
piles will inevitably run out. Naturally, this is not expected to happen suddenly and
stockpiles are unlikely to deplete completely. Instead, the production is expected to peak
and then decline, a concept referred to as peak oil.” The peak oil trend describes the effect
of dwindling resource stockpiles on the consumption rate. Dwindling stockpiles result in
oil becoming progressively more difficult and thereby more expensive to acquire, leading
to increasing oil prices. An increase in price opens the market for increased competition,
and with increased competition some stockpiles will become unprofitable to extract. Pro-
viding that these alternatives are sustainable, the fossil resources will inevitably become
unprofitable.

The final is a political driver. The taxation of fossil based resources and emissions from
industry provides an additional politically created economic driver based on environmental
factors. In addition oil deposits are not evenly distributed geographically. With a global
infrastructure that is highly reliant on fossil resources, this places countries with large
production of fossil resources at a political advantage. An example of this was the oil
crisis of 1973, where the Organization of Arab Petroleum Exporting Countries (OPEC)
placed an oil embargo, as a political force of hand. As a result oil prices quadrupled in
only one year, giving a wakeup call to all nations reliant on international oil supplies.©*

In summary, transitioning from fossil resources to renewable resources would provide
alleviation of negative environmental effects, higher infrastructure stability and a future
secure economical investment.

1.2 Changing from Petrochemicals to Biochemicals

Fossil resources are characterised as complex mixtures of hydrocarbons. These hydrocar-
bons possess a large amount of stored chemical energy and are therefore well suited as
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fuels or for energy production. In the US the total annual crude oil consumption is approx-
imately one billion metric tons, with the majority of this oil being used for the production
of fuel and energy (~85%).81Y Meanwhile, up to 10% of oil is used for the production
of chemicals. These distributions are considered roughly equivalent to estimated global
values.

The key element of o0il is the carbon backbone and the only readily available renewable
source of carbon is biomass. Biomass generally contains a higher amount of oxygen per
carbon than oil, resulting in oil containing approximately twice as much carbon per mass.
Therefore, for biomass to be able to replace the entire US oil industry, the production of
biomass for non-food purposes would need to reach approximately 2 billion tons per year.
In comparison, the annual production of biomass for non food purposes (biofuel, heat,
electricity) is currently approximately 190 million tons, just 10% of the required amount.
The production may be up-scaled and according to the US department of energy, the
maximum sustainable production of biomass is projected to be at least 1.2 billion tons.®
Thus the maximum predicted substitution potential for oil with biomass is only 60%.

Based on these projections it is not possible to replace the entire petroleum industry
by biomass. However, the energy and transportation sectors can draw from alternatives
that are not related to chemical production, such as wind, solar, geothermal and nuclear
power. As a result, if biomass resources are solely targeted towards the replacement of oil
consumed by the petrochemical industry, where the carbon source is a necessity, only 200
million tons of biomass would be required, which is already within the biomass production
capacity. Despite the small segment size, chemical production accounts for almost 50%
of the income generated from crude oil,"# providing a high value added business case for
biomass, with more economical flexibility than the fuels and energy sector.

In summary, the chemical industry provides a high-value added market, where biomass
may be used on a sustainable scale.

1.3 Targeting Chemicals from Biomass

When seeking to replace oil with biomass for chemical production, the difference in chem-
ical composition is important, as the initial chemical composition dictates the amount
of modification required to obtain the desired target chemical. The greatest difference
between oil and biomass is in the degree of oxidation. The degree of oxidation may be
expressed by the H/C ratio (Equation , which ranges from 4 for methane to -4 for
carbon dioxide.

_ n(H) —2n(0)
H/C = o) (1.1)

Within biomass, carbohydrates form the most abundant product group. An estimated
75-95% of the annual renewable biomass produced is in the form of carbohydrates, making
carbohydrates the worlds most abundant renewable chemical feedstock.™4 Ag a result,
carbohydrates are a key chemical feedstock for substitution of oil in the future.

Carbohydrates have a H/C value of 0 forming an ideal position to access several
chemicals in a mid range of oxidation states (figure . In comparison, crude oil has a
H/C ratio of around 2 a relatively low oxidation state.® The presence of oxygen, which is a
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disadvantage for energy utilisation, gives carbohydrates their high inherent functionality
and multiple handles that may be exploited for the production of diverse multifunctional

chemicals. Figure shows that compounds such as acids, currently produced from
oil, are closer to carbohydrates in oxidation state and therefore have the potential to be

produced with a higher atom efficiency than from oil. These compounds provide key
opportunities to develop competitive carbohydrate-based synthesis routes, in a so called

drop-in strategy.
is used as a plasticiser, and in polyester and alkyd resins,1% acetic acid is mainly used

Many of these compounds are used in plastic formulations, entitling a closer look at the
for production of vinyl acetate, the monomer of polyvinyl acetate (PVA),

plastic industry: acrylic acid is used for production of polyacrylates,’® phthalic anhydride
1718 and adipic

acid is a precursor for nylon.!?

1.4 Plastic
The use of plastic has facilitated the advancement and development of societies across
the globe during the past century. Plastics provide versatile materials which are cost-
effective, require little energy to produce and are lightweight and biocompatible 20221
The majority of plastic is currently produced from oil, constituting around 50% of the
resources consumed by the petrochemical industry, and amounting to roughly 6% of the
1157

world oil production (4% of oil and natural gas).
also growing concerns regarding end-of-life handling of plastic.23 Approximately 50% of

plastic is used in single-use applications such as packaging, resulting in a large amount
of waste generation.2!l As most of these types of plastic are not biodegradable,?# proper

Besides the concerns regarding use of fossil resources covered in Section [T} there are
disposal using recycling, incineration or landfills is vital to avoid environmental and eco-

logical consequences. 202112
1.4.1 Plastic Pollution of Oceans
The first reports of plastic pollution in scientific literature appeared in the 1970s and since
then the issue has only escilated. In 2010, 4.8 to 12.7 million metric tons of plastic were
estimated to have entered the ocean (1.7-4.6% of the total plastic waste).?? Considering



1.5. Targeting Biochemicals from Carbohydrates

that the majority of these plastics require decades if not centuries or millennia to degrade,
the accumulation of plastic debris in the ocean is of critical concern.

Larger plastic waste (or fragments thereof) are a suffocation risk to animals, either by
strangulation or swallowing. Entanglement can also result in drowning for many marine
animals. Plastic in oceans is mainly decomposed by UV radiation,?% resulting in smaller
and smaller pieces of plastic, the smallest of which are referred to as microplastic.

Microplastic is almost impossible to remove by physical methods due to the small
particle size. These microscopic pieces of plastic may be consumed by fish, animal, algae or
other microorganisms. As evidence of this, investigations have observed coloured pieces of
plastic in ocean-dwelling micro-organisms.“” As of now, the consequences of microplastic
are not completely clear, but the accumulation of microplastic in the food chain and into
our own food can be a reality.2®

As most plastic types are very robust, the time-scale for the complete degradation
of microplastic to monomeric forms is very long.” Therefore, the use of biodegradable
plastics is of great interest. These are new plastic types that can be degraded by bio-
logical processes on a much shorter time-scale than other methods and should therefore
be able to help reduce accumulation of plastic and microplastic. It should be noted that
such degradation is highly dependent on the micro-organisms present and therefore the
described biodegradability will vary depending on the local environment.

1.4.2 Bioplastics

Bioplastic is a term generally referring to plastics that are biobased and does not ne-
cessitate biodegradability. Bioplastics currently make up only 2% of the total plastic
market and only 23.2% of these bioplastics are also biodegradable.?? Bioplastics have a
projected potential to substitute 90% of the fossil-based plastics.®! It is also possible that
development of new bioplastics could further improve that potential.

Within the 2% bioplastic market share, the five main bioplastics, by production ca-
pacity and listed in descending order, are PUR (10-100% biobased), PET (20% biobased),
Starch blends (25-100% biobased), PLA (100% biobased) and PE (100% biobased), mak-
ing up 84% of the total bioplastic production capacity.?? Amongst these, only PLA (poly-
lactide) is both 100% biobased and biodegradable, accounting for 5.1% of total bioplastic
production capacity. PLA is an excellent example of employing an emerging strategy for
innovation, introducing a completely new polymer to the market with new properties that
existing plastic are unable to compete with.

1.5 Targeting Biochemicals from Carbohydrates

When assessing opportunities, it is important to look at reactions that carbohydrates are
naturally poised to undergo. A good indicator of this perspective is to look at biological
systems, which have evolved to be highly efficient. Chemicals currently produced from
fermentation processes include lactic acid, succinic acid, 3-hydroxy propanoic acid, ita-
conic acid, glutamic acid.™® Of these, lactic acid is of particular interest as lactic acid has
a H/C ratio of 0, eliminating the need for redox reactions and a redox acceptor, when con-
verting carbohydrates. Furthermore, chemicals accessible from lactic acid include acrylic
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acid, propylene glycol and lactide. 83

Acrylic acid and propylene glycol are both currently produced from oil and therefore
provide a drop-in market opportunity for biomass processes. Acrylic acid provides a
particularly good opportunity as it has a H/C ratio of 0, identical to lactic acid and
carbohydrates (Figure[1.3). Lactide is the precursor for production of polylactide (PLA),
mentioned in Section a product following an emerging market strategy.2<<%

The multiple strategies available for further upgrading of lactic acid, makes the pro-
duction og lactic acid from glucose a robust target for further development.



2 a-Hydroxy Acids for Biopolymers

The following section focuses on the Sn-Beta catalysed reaction of glucose to lactic acid.
The description involves insight into lactic acid, zeolites and Sn-Beta, and leading to selec-
tion of this reaction as a high-potential target for development towards industrialisation.
The concept of NMR analysis and its use in chemocatalysis will also be introduced. This
description will finally lead to the aim and outline of the current PhD project.

2.1 Lactic Acid

Lactic acid (2-hydroxypropanoic acid) is a simple naturally occurring organic acid found
many places in nature.21¥32 It was first discovered in 1780 by the Swedish chemist Scheele,
who discovered lactic acid in sour milk.*"33 Later, in 1881, the controlled fermentation
and first commercialisation was developed by French scientist Frémy.3%3254 Tactic acid
is the simplest form of a chiral a-hydroxy acid. It is a bifunctional molecule possessing
both alcohol and carboxylic acid functionality, making it extremely versatile with a high
functionality per carbon (1.5).

2.1.1 Applications

Lactic acid has many beneficial properties leading to a multitude of applications. The
compound is generally regarded as safe, by the FDA and other regulatory agencies,?1%3
allowing for applications involving direct consumption and prolonged skin contact. Such
applications include food production, where lactic acid can be used as an acidulant, pH

OH
o )\/OH Hydfo
W 12-propanediol a0

acetaldehyde ydrogenanonl

ol
0%
&y e OH
(0] N 12 lactate 0
)k[(\ Dehydration HO)K( | fow
o \\ﬁ\ OH ,IGSt@,/f, ] n‘
pentane-2,3-dione ﬂé& *.Lactic acid, /CQ,O //polylactlc acid
o
M'OT O o © Oxidation[ j: I
— M o
=
/Qi/% HO )J\WOH Lactide

polyacrylate acrylic acid o)
pyruvic acid

Figure 2.1: Select products available from lactic acid.
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buffering agent, emulsifying agent and flavouring agent. These properties are used in
processed foods such as bread, sweets, dairy products and alcoholic beverages.”274 The
salts of lactic acid, as well as lactic acid itself may be used in solution for disinfection and
preservation of raw meats, and the sodium salt is even used for medical applications such
as dialysis.”® On the other hand, lactic acid esters (and lactic acid) have many uses in
cosmetic applications, for example as solvents, exfoliants and pH regulators.2

Chemically, lactic acid is used as a platform molecule (precursor) for the production
of many important small molecules, such as propylene glycol and acrylic acid (Figure
leading to larger compounds such as acrylic polymers and polyesters.26"38  The
homo-polymer of lactic acid is called polylactic acid (PLA). PLA is a biodegradable and
biocompatible polyester,2? which upon degradation reforms lactic acid. Theses properties
are exploited for medical applications such as stitches, controlled drug release and prosthe-
ses, 34 as well as biodegradable packaging and labelling.5% Lactic acid can be polymerised
by refluxing, but the resulting polymer tends to be of low molecular weight.*Y(Zhao et
al. 2004) The major industrial method of PLA production is catalytic ring-opening poly-
merisation.*?

2.1.2 Production

Lactic acid is primarily produced biocatalytically by fermentation of glucose.13*34 The
enzymes involved in these processes are highly selective and some micro-organisms are
able to produce lactic acid enantioselectivly.33#41 Fermentation processes require close
regulation of fermentation conditions including pH, temperature and micro-organism nu-
tritions. The additives employed for the fermentation process can significantly affect the
requirements for the subsequent purification.®*34 The purification phase of lactic acid
production is considered the most expensive part of the process, and the main source of
the high price for lactic acid.*2

Typically, lactic acid is precipitated as its calcium salt, and subsequently rehy-
drated, leading to the formation of a stoichiometric amount of calcium and sulphuric acid
waste. 138944l Pyrification methods also include crystallisation of calcium lactate, extrac-
tion of lactic acid with a solvent such as isopropyl ether and high vacuum distillation. %2
However, many of these methods are made difficult by the low vapour pressure, self ester-
fication, and high solubility in water, which are further complicated by impurities from
fermentation, such as dextrins, proteins, inorganic salts, and unfermented sugars.42 The
recommended purification method is conversion of calcium lactate into methyl lactate, fol-
lowed by purification by distillation and (depending on the end application) re-hydrolysis
of the ester. 42

Recent research has shown the potential for production of lactic acid by chemocat-
alytic conversion of glucose by Sn-Beta.43 The Sn-Beta catalyst employed in this process
is a solid acid zeolite catalysts, mimicking the industrial methods employed for catalytic
upgrading of oil. Although less selective than highly evolved enzymes, zeolites are more
robust, allowing the use of a broader range of reaction conditions and solvents. Further-
more, the solid catalysts allow for establishment of heterogeneous flow processes, leading
to lower predicted production costs than fermentation.44
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2.2 Zeolites and Zeotypes

Zeolites are aluminosilicates which are well known as solid acid catalysts in several in-
dustrial applications, including the use of acidic zeolite Y for fluid catalytic cracking in
oil refinery.%2 Zeolites were first classified in 1756 by Axel Fredrik Cronstedt, who, upon
heating a zeolite, found that steam was formed from the stone, and therefore named them
zeolites from the greek zeo, to boil, and lithe, stone. They are known for their crystalline
structures which exist in many forms, each classified by a three letter code. The Structure
Commission of the International Zeolite Association has currently registered 245 different
structures (2019). Most of these structures are produced synthetically, although many
are naturally occurring.

Many aspects of zeolites catalytic function resembles enzymes. Like enzymes, the
majority of the molecular structure is not actively involved in catalysis, but forms a
three-dimensional crystalline structure. This structure forms uniform pores and channels
through the material on the scale of Angstrgms, which enables shape selectivity. The
shape selectivity can function by three methods: By limiting the diffusion of large or
bulky molecules into the pores (reactant selectivity), by sterically hindering the formation
of specific transition states (transition-state selectivity) or by preventing products from
diffusing out of the pores (product selectivity). Although zeolite shape selectivity is not
as specific as enzymatic shape selectivity, it provides a great advantage over homogeneous
and surface-based heterogeneous catalysts.

The catalytic activity of zeolites, similar to some enzymes, originates from a metal
atom substituted into the three-dimensional framework, typically in low abundance. In a
zeolite the metal and silicon atoms are tetrahedrally coordinated to oxygen. For silicon,
this coordination results in a neutral charge balance, but for aluminium, which belongs
to the group 13 elements, a surplus negative charge is produced. A proton is therefore
necessary to counterbalance the negative charge giving the catalyst its Brgnsted acidic
character (Figure . The aluminium atom of a zeolite may be substituted by a different
metal atom, changing the catalytic properties of the zeolite. Commonly used metals
include transition metals and tin, as with Sn-Beta. When for instance aluminium is
substituted by tin, a neutral charge balance is obtained, thus eliminating the Brgnsted
acidic character of the catalyst (Figure . Instead, the resulting tin zeolite exhibits
strong Lewis acid character.

+
o H o
S B 9? e 9 9
—O-Sll-O-AII-O-Sll-O— —O-Sll—O-Sln-O-Sll—O—
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Aluminosilicate Stannosilicate
(Zeolite) (Zeotype)

Figure 2.2: Molecular representation of a zeolite with aluminium or substituted with tin.
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2.3 The Active Site of Sn-Beta

A lot of effort from different research groups has gone into the elucidation of the chem-
ical structure of the Sn-Beta active site. The primary methods used have been FT-IR
with probe molecules and MAS-NMR combined with DFT calculations to interpret the
resulting spectra, 46703

FT-IR using acetonitrile was performed on dehydrated Sn-Beta samples resulting in
two distinct peaks at 2316 and 2308 cm~!. 484954 By combination with DFT these peaks
were assigned to tetrahedrally coordinated tin in a closed form (2308 cm™~!), coordinating
to four framework OSi groups, and a partially hydrolyzed open form (2316 cm~!), where
OSi group has been hydrolyzed to OH (Figure . From the strength of acetonitrile
absorption, the open form was determined to be a stronger Lewis Acid, and was also
more active in both Bayer-Villiger oxidation and Meerwein—Ponndorf—Verley reduction

reactions.28:5155
SiO\Sn/OSi Sio._ n/OH c|)H
sio”  Tosi sio”  Tosi Si
Closed Open
2308 cm! 2316 cm!
-685 ppm -659 ppm

Figure 2.3: Proposed structure of the open and closed active sites of tin.

Studies with tin MAS-NMR corroborated these results by showing peaks at -424 ppm
and -443 ppm, which were assigned to the open and closed sites, respectively. In addition,
MAS-NMR could be used for analysis of hydrated samples, which should more closely
resemble the tin active site in a reaction solution. These samples showed two peaks
between -650 and -750 ppm, instead."*

The peaks observed were not well defined and DFT calculations have since proposed
that hydrogen bonding and the solvent have a role to play in catalytic activity.®? Wolf
and co-workers assigned the two primary MAS-NMR, peaks to a closed hydrogen bonded
site (-685 ppm) and an open hydrogen bonded site (-659 ppm) (Figure .47 From
improvements in NMR methodology, it has become increasingly apparent that the Sn-
Beta active site is far more complex than first assumed,#%2 and the lack of incorporation
of the structural position of tin may also play an important and yet undetermined role.

2.4 Sn-Beta to Methyl Lactate

The chemocatalytic conversion of carbohydrates to lactic acid was first demonstrated us-
ing a homogeneous tin catalyst and the triose glyceraldhyde in methanol, forming methyl
lactate.?% The process has since then been expanded to include a heterogeneous Sn-Beta
zeolite catalyst, which was able to obtain similar yields, while enabling efficient removal
of the catalyst by filtration or precipitation.®” Subsequently, the substrate portfolio was
expanded to include the hexose sugars.?? Reaction at 160 °C resulted in reasonable yields
of alkyl lactate from glucose, fructose and sucrose, (43%, 44% and 64%, respectively).42
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In 2012 the substrate and product scope of the Sn-Beta catalysed carbohydrate conver-
sion was expanded further. Use of xylose and other pentoses was demonstrated, forming
around 40% methyl lactate, while use of glycolaldhyde was only able to form 16% methyl
lactate.?® A mixture of hexoses and pentoses, emulating depolymerised hemi-cellulose,
was also tested, showing yields comparable to linear combinations of conversion of the
pure carbohydrates (42.5%).2%

With future prospects of up-scaling the reaction, studies transitioned towards the use
of a Sn-Beta synthesis by a scalable post-treatment method (PT), where tin is substituted
into an existing dealuminated zeolite framework, instead of the previously employed hy-
drothermal synthesis (HT).?? Unfortunately the new PT catalyst suffered from lower
lactate yields than the HT.%Y A major breakthrough was the discovery of the "alkali ef-
fect", by which the addition of millimolar amounts of basic alkali salts lead to an increase
of methyl lactate formation from 20% up to 72% from sucrose (using potassium carbonate
and PT Sn-Beta).®V

2.4.1 Mechanism

The reaction mechanism for the conversion of carbohydrates to lactic acid is characterised
by Lewis and Brgnsted acid catalysed reactions. At present six mechanistic steps have
been proposed and substantiated (Figure. The majority of the mechanism is based on
initial research into triose conversion to alkyl lactate by tin chloride, but was expanded
to include Sn-Beta.”%>7 The investigation showed five mechanistic steps starting from
trioses: 1) isomersation of aldose to ketose, 2) a-dehydration to enol-pyruvaldehyde, 3)
tautermerisation to pyruvic aldehyde, 4) solvolysis from aldehyde to hemi-acetal, and 5)
1,2-hydride shift.%

CI) OH OH O‘ OH
OH OH OH OH o o OH o)
Retro-Aldol Dehydration ! Tautomerisation { Solvolysis Hydride Shift
. RO MeO
Cleavage LA
OH (0] o OH
OH OH OH OH OH
L. g | enol-pyruvaldehyde Pyruvaldehyde Methyl Lactate
I BA || Solvolysis
O OH OH [0}
Hexoses Trioses OR

RO
(0]

Pyruvaldehyde
Dimethyl Acetal

Figure 2.4: Pathway to the formation of alkyl lactate from carbohydrates

The first reaction step is a rapid isomerisation between dihydroxyacetone and glyc-
eraldehyde. The yields reported for trioses show no distinction between use of aldose or
ketose, leading to the conclusion that isomerisation occurs easily and rapidly so as not
to be limiting for further reaction.®® Transition towards methyl lactate is inititated by
dehydration of the C3 hydroxyl group, leading to the formation of enol-pyruvaldehyde.?%
Enol-pyruvaldehyde is proposed based on its formation as an intermediate in dehydration
of trioses in the methylglyoxal synthetase reaction.!

13



Chapter 2. «-Hydroxy Acids for Biopolymers

Enol-pyruvaldehyde is subsequently tautomerised to the thermodynamically more sta-
ble pyruvaldehyde, which is likely to undergo immediate solvolysis to the corresponding
hemi-acetal. The formation of this alde-keto intermediate has been substantiated through
observation of pyruvaldehyde acetals in the reaction.29/62

The final step involves a MPVO type reaction leading to formation of the final a-
hydroxy ester. Conversion of dihydroxyacetone conducted in deuterated solvents, to ob-
serve solvent incorporation of protons, showed no solvent proton incorporation in the C2
position of methyl lactate, substantiating an intramolecular hydrid shift in the final step. %
Reactions in deuterated methanol also showed incorporation of a single deuterium in the
C3 methyl group of both pyruvaldehyde and alkyl lactate when starting from trioses,
while no such incorporation was observed when starting from pyruvaldehyde, indicating
that tautermeristaion is irreversible.2%%3

Reactions starting from pyruvaldehyde showed formation of high amounts of methyl
lactate, confirming its role as a reaction intermediate.”® The pyruvaldehyde dimethyl
actetal was found to be formed in high ammounts by Brgnsted acidic catalysts, while
Lewis acid catalysts promoted formation of alkyl lactate.262

The progression to use of larger carbohydrates lead to identification of an additional
reaction, retro-aldol cleavage.*® The ability of S-hydroxy carbonyls to undergo retro-
aldol cleavage is well known from biological processes, including the glycolytic metabolic
pathway. 64862

Detailed studies on Sn-Beta with carbohydrates shows that isomerisation occurs by
a 1,2-hydride shift mechanism catalysed by the simultaneous coordination of carbonyl
and alcohol 2458 However, isomerisation is also in competition with epimerisation, which
occurs by 1,2-carbon shift following a Bilik type reaction mechanism.24:<

2.4.2 Alkali Modification of the Active Site

The addition of alkali ions has been observed to have a considerable effect on the reaction
selectivity of Sn-Beta,® signifying that alkali salts may be modifying the catalyst active
site. FT-IR experiments have shown a decrease in silanol signals upon addition of alkali.
It was therefore proposed that the exchange of alkali primarily occurs at the silanol group
of open sites, rather than at the stannol group.?? DFT calculations show that reactions
such as isomerisation have the lowest energy barrier when coordinated both to the silanol
and tin, while epimeristion is favoured when the sugar is bi-dentatly coordinated to the
tin. %8 It is thefore hypothesised that alkali salts inhibit the coordination of a silanol group
leading to more bidentate coordiantion to tin.?4/68

2.5 Methyl Vinyl Glycolate

Methyl vinyl glycolate (MVG) was recently identified in the Sn-Beta catalysed conver-
sion of carbohydrates. 2869l Tt j5 of high interest, because it is a simple a-hydroxy
ester, like methyl lactate, allowing it to undergo polyesterfication reactions.™ How-
ever, MVG also contains a double bond allowing for additional modification either before
or after polymerisation. Such properties are of great interest during polymer formula-
tion as they enable tuning of polymer properties, thus increasing the versatility of the
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building block. Dusselier and co-workers have previously demonstrated this capability,
by co-polymerisation of MVG with methyl lactate and post-modification of the resulting
co-polymer.¢?

2.5.1 Mechanism

The formation of MVG is proposed to occur by a pathway analogous to that of methyl
lactate, starting from tetroses. The tetroses may be employed directly or formed either
by aldol condensation of glycolaldehyde or retro-aldol cleavage of glucose. %™ Under
catalytic conversion of tetroses with tin three additional products were observed: methyl
4-methoxy-2-hydroxy butanoate (MMHB), methyl 2,4-dihydroxy butanoate(MHHB) and
2-hydroxy butyro-gamma-lactone (HBL). These form two competing pathways to the
formation of MVG (Figure [2.5).

The first competition occurs after the initial dehydration of tetrose to an enol form. At
this stage, the substrate may tautomerise to follow a pathway identical to the formation
of methyl lactate, leading to formation of HBL and MHHB, which are in equilibrium. The
enol may instead dehydrate further, in this case forming a highly conjugated unsaturated
aldo-keto intermediate. After solvolysis, the double dehydrated intermediate may undergo
a hydride shift to form the final MVG, or instead undergo conjugated addition prior to a
hydride shift to form MHHB instead.
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Figure 2.5: Pathway to the formation of MVG, MMHB and HBL/MHHB from tetroses.

2.6 Nuclear Magnetic Resonance Spectroscopy in
Chemocatalysis

Nuclear magnetic resonance (NMR) spectroscopy is a tool for the measurement of mag-
netically distinct atoms. Many atomic nuclei can be detected by NMR, but the most
commonly used in organic chemistry applications are naturally hydrogen and carbon.
NMR is able to provide information about the local electronic environment of an atom,
thereby discerning structural information such as bonding and sterochemistry.
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2.6.1 Nuclear Spin

Ounly atoms with an uneven number of protons and/or neutrons are detectable by NMR.
Therefore, hydrogen is detectable as its most abundant isotope (*H), while carbon is only
detectable as the less abundant 13C (1.1% natural abundance) isotope, as 12C has an even
number of protons and neutrons.

NMR active nuclei all possess an intrinsic quantum mechanical property called spin.
Nuclei with non-zero spin produce a magnetic field and have a magnetic moment. For
nuclei, spin is quantified. Nuclei such as 'H and '3C have two possible spin eigenstates.
Without an external magnetic field, there is no difference in energy between these states.
However, when exposed to a strong external magnetic field, the energy levels are split
forming a low and a high energy state. Thus, macroscopic samples are magnetised by
increased population of the low energy state.

When exposed to a magnetic field, magnetic moments oscillate around the magnetic
field with the so-called Lamour frequency. After excitation with a radio-frequency pulse,
this oscillation induces a measurable current in a coil in the NMR instrument, which is
used to produce the NMR spectrum. The oscillation is described by a frequency and
an amplitude. The amplitude is determined by the type and amount of nuclei and is
independent of their chemical or molecular environments. This property enables NMR
to perform quantitative measurements of atoms, for example all hydrogens give the same
instrument response if a suitable experiment is used. The Lamour frequency is dependent
on the type of NMR active atomic nuclei and the local magnetic field. This magnetic
field, that the nuclei experience, is modulated by electronic shielding from surrounding
electrons, which is what leads to the ability to differentiate atoms in different molecular
environments by NMR spectroscopy.

2.6.2 Application of NMR

NMR experiments are available that can provide information about the way atoms are
bound to each other, and how many hydrogen atoms are bound to a carbon (Figure .
When combined with the chemical shift, which senses the electronic environment, the
positions of double bonds and of oxygen atoms may be deduced. This is particularly
useful in the analysis of carbohydrates and carbohydrate dehydration, isomerisation and
cleavage products, where oxygen is the only heteroatom. The extensive stereo-chemistry
of these compounds can be distinguished by NMR, as atoms in diastereomers includ-
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lH_l3C lH_lH

0., 0
AT Benwr AR 1 Yhvee /B P i \Tocsy
c__.C C. .C CPCN)

HyC” >c” H HC” ~cl H HC” C
S /S H2BC
HH | HSQC*H H H H

Figure 2.6: Illustration of select NMR experiments, both one and two dimensional, hetero- and
homonuclear, and the correlations each experiment is able to detect.
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2.6. Nuclear Magnetic Resonance Spectroscopy in Chemocatalysis

ing cis/trans isomers have different electronic environments and thereby possess different
chemical shifts. The techniques are also applicable on unpurified reaction mixtures. Such
application is naturally dependent on sufficient spectral resolution to avoid signal over-
lapping.

All atoms produce the same amount of signal independent of the molecule they are
part of. As a result, the signal area in a 1D-NMR experiment corresponds to the molar
ratios of each atom in each substrate, provided that care is taken to warrant quantitative
data acquisition (complete relaxation between accumulated scans, no signal enhancement
by bonded atoms and homogeneous excitation). Therefore, if the molar quantity of one
atom is known, e.g. by addition of a known amount of a standard, the quantity of any
molecule in the sample may be determined, even if the complete structure is undetermined
or authentic standards are not available.

2.6.3 Advances in NMR Analysis of Complex Mixtures

Both 1D and 2D NMR techniques have previously been used extensively in organic and
natural product chemistry. However, these techniques have primarily focussed on the
identification of purified products, where high purity was considered essential for accurate
identification.™ The past two decades have seen extensive advances in application of NMR
spectroscopy for analysis of biocatalytic intermediates and products (i.e. metabolites) in
complex mixtures. These advances have been fuelled by improvements in instrumentation,
including stronger magnetic fields and higher sensitivity probes. 23

NMR spectroscopy offers advantages for compounds that are difficult to ionize or re-
quire derivatisation for MS and is unbiased, detecting all compounds present without
targeted optimisation.™73 Hence, analysis of complex metabolic mixtures expanded to
other 2D methods and other systems, including analyses in compartments such as n vivo
analysis of metabolic processes. While biocatalysis has adapted advanced NMR spec-
troscopic methods alongside synergistic chromatographic mass spectrometry methods,
chemocatalysis has been much slower to adapt to the opportunities provided by ultra-high
resolution methods. Throughout this thesis work, chemocatalytic biomass conversion was
hypothesized to benefit from advanced NMR spectroscopic methods to provide detailed
insight into chemocatalytic processes, including for instance the detection of short-lived
intermediates in situ and the identification of new reaction products.
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3 Aim and Outline of the Study

The overall objective of this dissertation of is to explore the formation of four chem-
ical building blocks with potential for industrialisation by chemocatalytic conversion
of carbohydrates. These compounds are methyl lactate (ML), methyl vinyl glycolate
(MVQG), methyl trans-2,5-dihydroxy-3-pentenoate (DPM), methyl trans-2,5,6-trihydroxy-
3-hexenoate (THM) and other simple esters hereof (Figure [3.1). These chemicals show
high potential for future applications as functionalised polymer building blocks, which
will be explored further in this work. As previously discussed, it is a requirement that the
starting material is bio-renewable and industrially scalable, therefore various abundant
carbohydrates have been selected for this endeavour. The main goal will be to improve the
understanding of the reaction mechanism through detailed analysis of product distribu-
tions, utilisation of isotope labelled substrates and a general parameter/additive screening
approach. These studies should also lead to a better understanding of selectivity control,
in order to warrant the efficient use of substrate feedstocks.

)O 0 o) OH o) OH
MeO ‘\/ MeOM MeO)W Meow
OH OH OH OH OH

ML MVG DPM THM

Figure 3.1: Target molecules for further developments towards industrial application.
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4  Experimental

4.1 Standard Reaction Conditions

In a typical experiment, 360 mg substrate, 180 mg Sn-Beta, 5 mL methanol (4.0 g) and
50 mg internal standard was added to a 5 mL glas microwave reaction vial. The vial was
heated in a Biotage Initiator+ microwave reactor to 160 °C under stirring (600 rpm) for 2
hours, then the reaction vessel was rapidly cooled to room temperature and the catalyst
was removed by filtration through a 0.4 uL syringe filter. Analysis was performed by
GC-FID and HPLC on aliquots of the unmodified sample. For analysis by NMR, 500 pL
sample aliquots were added to an NMR vial together with 50 L of d4-methanol as lock
substance.

Perturbation experiments followed the standard reaction procedure with the excep-
tion of the perturbation. In reactions involving alkali-containing solutions, the alkali metal
source was dissolved directly in methanol in the desired concentration, before addition
to the reaction vial. In reactions with solvents other than methanol, the reaction volume
was kept constant while varying the solvent.

Rate experiments were conducted in accordance with the standard reaction procedure
while reducing the catalyst amount to 90 mg.

Reactions with isotope-labelled substrates were conducted in 500 puL glass re-
action vials. Reactions were typically conducted with 18 mg Sn-Beta (Si/Sn—=200, hy-
drothermally synthesized), 36 mg labelled substrate, 500 L methanol and 5 mg internal
standard.

4.2 Catalysts

Post-treatment (PT) synthesised Sn-Beta was prepared according to a modification of
the procedure described by Hammond et al,”® and provided by Dr Sgren Tolborg (Haldor
Topsee), with the exception of the Sn-Beta (PT) catalyst employed for the experiments
in Section which were prepared by PhD student Irene Tosi (Department of Chemistry,
DTU).

The Sn-Beta (HT) catalyst employed in Sectionwas also prepared by PhD student
Irene Tosi, while all additional catalysts synthesised via hydrothermal synthesis (HT )76
were prepared by Dr Sgren Tolborg (Haldor Topsge), as were the Sn-MFI™ Sn-MCM-
4178 and Sn-SBA-15 catalysts.
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Chapter 4. Experimental

4.3 NMR Analysis

1D and 2D NMR was used for analysis of the catalytic experiments. NMR samples
were prepared by rapid cooling of the reaction vessel to room temperature. The Sn-Beta
catalyst was removed by filtration through a 0.4 pL syringe filter. 500 uL sample aliquots
were added to an NMR vial together with 50 uL of d4-methanol as lock substance.

The spectra were recorded on a Bruker (Fillanden, Switzerland) Avance IIT 800 MHz
spectrometer equipped with a TCI Z-gradient CryoProbe, an 18.7 T magnet and a sample
changer. A pulse sequence with 'H irradiation only applied during signal acquisition was
ysed to minimize distortions of signal integrals by the nuclear Overhauser effect for 1D

3C NMR spectra.

4.3.1 Compound Identification

Standard DQF-COSY, TOCSY, 'H-¥C HMBC, standard and edited 'H-'3C HSQC, as
well as 'H-13C HSQC-TOCSY experiments were employed for compound identification
in samples following solvent, evaporation overnight in a fume hood and re-dissolution in
deuterated solvents.

4.4 Other Analysis Methods

Unless otherwise stated, the quantifications listed, were determined or confirmed by NMR.
GC-FID/MS and HPLC were used to supplement or validate NMR quantifications.

GC-FID was performed with a 7890A Series GC system (Agilent Technologies) with a
SolGel-WAX column (Phenomenex). Quantification of methyl lactate (ML), methyl vinyl
glycolate (MVG), glycolaldehyde dimethylacetal (GA-DMA) and methyl 4-methoxy-2-
hydroxybutanoate (MMHB) were performed after calibration with referencing standards.
Quantification of DPM and THM (see Chapter [5) were also performed by calibration,
after synthesis and purification of referencing samples of each compound.

GC-MS was performed on an Agilent 6890 with a Phenomenex Zebron ZB-5 column
equipped with an Agilent 5973 mass selective detector, and used in product identification.

HPLC analysis was performed on a Agilent 1200 series HPLC. An Aminex HPX-87H
(BioRad) column (0.004 M H3SO4, 0.6 mL min~!, 65 °C) and a refractive index and
diode array detector was used for quantification of furanic compounds. Hydrolysis under
the acidic conditions in the column enabled quantification as 5-(hydroxymethyl)furfural
(HMF), 5-(methoxymethyl)furfural (MMF) and furfural using the appropriate standards.
Sugar conversion as well as an estimation of the remaining methyl sugars were quantified
using a Carbohydrate (Zorbax) column (60 wt% acetonitrile/water, 0.5 mL min~—!, 30
°C). The response factor used for the combined methylated sugar yields were based on
averages of commercially available methyl sugars.
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4.5. Stability Testing

4.5 Stability Testing

Stability of MVG was tested by exposing freshly distilled samples of MVG to different
conditions. 10 g of freshly distilled MVG was added to each of eight brown and two
colourless 25 mL GL25 borosilicate glass flasks and the flasks were sealed with a GL25
screw cap with a PTFE coated silicon seal. Prior to sealing, nitrogen atmosphere was
formed on four of the brown flasks, by flushing nitrogen into the flask for 2 min and
thereafter sealing the flask while maintaining a flow of nitrogen across the opening. Four
brown flasks were stored in a fridge at 5 °C, and four flasks were stored in a dark cupboard
at room temperature, two with nitrogen atmosphere and two without in each location.
The final two clear flasks were stored in a glass fronted cupboard facing a window, resulting
in two identical flasks in each of the three locations. One set of flasks was removed for
testing after 59 days in storage, and the second set of flasks was removed after 150 days
in storage. Analysis was performed by GC-FID and HPLC on aliquots of the unmodified
samples, and by *C NMR on a sample diluted 50 vol% with deuterated methanol.

4.6 Coating Formulation

Radiation curing blends were made using 99 wt% monomer and 1 wt% IRGACURE
500 photoinitiator (50 wt% Benzophenone and 50 wt% 1-Hydroxy-cyclohexyl-phenyl-
ketone). The monomer was either HDDA or HDO-VG (Figure in pure
form or in a 1:1 weight ratio with TP30 (bisphenol A epoxy diacrylate in 30% tripropylene
glycol diacrylate). After stirring until homogeneous, a 6-12 pm film was applied to an
aluminium plate and cured by running repeatedly under a UV lamp by a conveyor belt.
The curing was deemed complete when a cotton bud pulled over the surface, left no mark
in the film.

Cationic curing blends were made using 99 wt% monomer and 1 wt% IRGACURE
250 photoinitiator (4-Isobutylphenyl-4’-methylphenyliodonium hexafluorophosphate).
The primary monomer was ECC with upto 10 wt% of epoxy-MVG (Figure
or 10 wt% epoxy-MVG and 10 wt% TMPO (Trimethylolpropane oxetane). After
stirring until homogeneous, a 12 ym film was applied to an aluminium plate and cured
by running repeatedly under a UV lamp by a conveyor belt. The curing was deemed
complete when a cotton bud pulled over the surface, left no mark in the film.

4.6.1 Coating Evaluation

Coatings for evaluation were made by a thin film of polymer blend on aluminium and glass
plates and cured by running under a UV lamp by a conveyor belt (UV curing) or drying
in the fume-hood (thermal curing). The curing was deemed complete when a cotton bud
that was pulled over the surface left no mark in the film.

Hardness was evaluated by using the Konig hardness test (pendulum hardness), where
a bar with two points was placed on the film, and a pendulum rocked back and forth. The
harder a film, the less resistance the pendulum experiences and more swings are obtained.
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Chapter 4. Experimental

Film flexibility was tested by the Ericson hardness method, where a rounded piston
bends the coated aluminium plate until cracking of the film is observed.

Chemical resistance of a film was tested by soaking a cotton bud in methyl ethyl
ketone, and then swiping the cotton bud back an forth over the same area of the film,
with 0.5 kg of force. The test was stopped when dissolution of the film was observed.
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5 Identification of New Reaction
Productsm

A complete picture of the products formed in a reaction provides important insight into
the reaction process. The information gained allows for the development of substantiated
hypothesis concerning the reactions taking place, and in turn testing these hypothesis by
evaluation of changes to product distributions. Eventually, the knowledge gained may be
employed to perform targeted optimisation of selectivity towards desired products.

The conversion of glucose by Sn-Beta has been prone to low overall carbon balances,
despite high conversions.?® Gradual expansion of the reaction product portfolio has as-
sisted in improving this balance and known reaction products now included methyl vinyl
glycolate (MVG), methyl 4-methoxy-2-hydroxy-butyrate (MMHB), 2-hydroxy-butyro-v-
lactone (HBL), glycolaldehyde dimethyl acetal (GA-DMA), 5-(hydroxymethyl)furfural
(HMF) and methyl lactate (ML), with methyl lactate forming the major prod-
uct. 2368600 The proton and carbon chemical shifts of these products were assigned
and are displayed in Figure[5.1] High carbon balances remain elusive and have so far only
been achievable in reactions with high yields of methyl lactate.®?

O
OMe PO OH
1044&\/ 175.15 7.9 | (o) 560
4.40 OH MeO 6.3 . )
MeO 4 3 5 o0 reTs 1506\, //162.0
87, 3. OH 1245\ 1099
7.48 6.59
GA-DMA ML HME
134.94
173.13 6.01 176. 86 205,17 & 178 35 440,425 175.3 2 06,13
MeO MeO Y& 66.98 450 MeO 57.61
7417503 115 2 %55 HO 2 58 L. Pk 3 74’ s
MVG MMHB HBL MHHB

Figure 5.1: Structures of known products in the conversion of trioses, tetroses and hex-
oses. Abbreviations: Glycolaldehyde dimethyl acetal (GA-DMA), methyl lactate (ML), 5-
(hydroxymethyl)furfural (HMF), methyl vinyl glycolate (MVG), methyl 4-methoxy-2-hydroxy-
butyrate (MMHB) and 2-hydroxy-butyro-v-lactone (HBL)

The persistent low carbon balance lead our efforts to further expand the reaction
product portfolio. This portfolio has since acted as a tool in other experiments by which
a more complete understanding of the reaction product distributions are obtained. By
employing high resolution NMR techniques it has been possible to identify and assign
several new products formed in the conversion of hexoses and pentoses by Sn-Beta in
methanol.

TThis chapter is adapted from [Tolborg et al., Green Chem., 2016, 18, 3360-3369.; [Elliot et al., RSC
Adv., 2017, 7, 985-996.; and |Elliot et al., ChemSusChem, 2017, 10, 2990—-2996.
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Chapter 5. Identification of New Reaction Products

5.1 Identification of new C6 products

In a reaction starting from glucose in methanol solvent 11 products were identified, in
addition to the aforementioned products and not including stereoisomers (Figure [5.2).
Although the Sn-Beta catalyst is a Lewis acid, it still possesses some Brgnsted acidity.
This is evident from the observation of products typically found in the Brgnsted acid
catalysed deyhydration of fructose to HMF.®2 With the exception of methyl levulinate
(MLA) and methyl formate (MF), these products are characterised by a central furan

ring (Figure [5.2).

g OMe OH O OMe 07 OMe OMe HO
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Figure 5.2: Structures of new products identified in the conversion of hexoses by Sn-Beta in
methanol. Furanic compounds include 5-(hydroxymethyl)furfural dimethyl acetal (HMF-DMA),
5-(methoxymethyl)furfural (MMF), and the corresponding dimethyl acetal (MMF-DMA), fur-
fural dimethyl acetal (F-DMA) and methyl levulinate (MLA). Methyl glycosides are displayed in
a general stereochemical form, as are trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM),
3-deoxy-hexono-vy-lactone (DHL) and 3-deoxy-gluconic acid methyl ester (DGM).

Methyl glycosides, the methyl acetals of ring closed carbohydrates, are formed by
Brgnsted acid catalysed solvolysis of carbohydrates. They constitute one of the most
abundant compound groups and may exist in as many forms as there are corresponding
carbohydrates. With glucose as the starting substrate, methyl glycosides are primarily
formed as methyl glucopyranoside and methyl mannopyranoside. The furanoside forms
of methyl glycosides are only observed in small amounts and are not observed at long
reaction times, indicative of their lower stability under the reaction conditions.

The most interesting compounds discovered were trans-2,5,6-trihydroxy-3-hexenoic
acid methyl ester (THM), 3-deoxy-hexonic acid methyl ester (DHM) and 3-deoxy-
hexono-v-lactones (DHL) consisting of 3-deoxy-glucono-vy-lactone and 3-deoxy-mannono-
~-lactone, the six carbon analouges to MVG, MHHB and HBL, respectivly. As their
names indicate, these compounds are the mono-dehydrated (DHL/DHM) and the double
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Figure 5.3: '"H-'"3C spectral region of secondary alcohol CH-groups (indicated by small spheres)
adjacent to carboxylic groups, showing the signals of both known and new a-hydroxy esters

formed from conversion of glucose.
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Figure 5.4: Different forms of 3-deoxyglucosone in methanol solution (A), and a comparison of
the '"H-3C spectral regions of acetal and hemi-acetals in a 3-deoxyglucosone reference standard,
with that of a reaction mixture formed from conversion of glucose by Sn-Beta in methanol (B).
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Chapter 5. Identification of New Reaction Products

dehydrated (THM) forms of a gluconic acid base unit. Like MVG, MMHB and methyl
lactate, these compounds are a-hydroxy esters with the characteristic secondary alcohol
groups distinguishable in 'H-'*C HSQC (Figure [5.3).

In addition to these products, a reaction intermediate was detected in the form of 3-
deoxy-glucosone (3DG) (Figure ), a six carbon equivalent to methyl glyoxal formed
in the pathway to methyl lactate. Due to low abundance of the pathway intermediate,
a comparison of the compound with a reference standard was performed to confirm the
presence of the compound (5.4B).

Under full conversion, low methyl lactate selectivity conditions (360 mg glucose, 4 g
methanol, 180 mg Sn-Beta (PT), 160 °C, 6 hours) the addition of the aforementioned
products to the product spectrum was able to raise the carbon balance from 27% to 68%.

5.2 Identification of new C5 products

Following the successful identification of new C6 products, a clear pattern of dehydration
products emerge. A homologous series of ester products of different chain lengths is
expected, depending on the carbon backbone of the starting material, in accordance with
observation of methyl lactate from trioses, MVG, MHHB and HBL from tetroses, THM,
DHM and DHL from hexoses (Figure . There should therefore be equivalent versions
of these esters when starting from pentoses.5l:#4

In a reaction mixture formed from xylose substrate, it was possible to identify trans-
2,5-dihydroxy-3-pentenoic acid methyl ester (DPM), 3-deoxy-pentono-v-lactone (DPL)
and 2,4,5-trihydroxy-3-pentanoic acid methyl ester (TPM), thus completing the ester
series (Figure . Concurrent research by Chen et al. identified the acid analogues

? OH ? o
S R
OH o OH
ML
? OH ? O
\/\ _ > H‘/\ —_— \O)S/\ >56%
OH OH O OH OH
MVG
? OH OH ? OH o OH
N N ey e
OH OH O OH OH
3DX DPM
? OH OH ? OH o OH
kw/Lﬁ/Lﬁ _ > kT(Aﬁ/Lﬁ - . \O/KW/Q§/LH >18%
OH OH OH O OH OH OH OH
3DG THM

Figure 5.5: Expected series of homologous a-hydroxy ester products formed from C3—Cg sugars
catalysed by Sn-Beta and their corresponding maximum reported yields.** 508l The reaction
is applicable both to aldoses and ketoses.
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5.3. Reaction Pathway

of these compounds in water.84 In addition, the five carbon equivalent of MMHB was
also detected, 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester (DMPM), despite
its absence in the hexose product mixture. Analogously, C5 equivalents of the furanic
product groups were observed as furfural dimethylacetal (F-DMA) and furfural (F), and
pentose equivalents of methyl glycoside products were also detected (Figure .
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MeO150.93 \ 7 15301\ / 7.88 OH H
OH OH
ol R .
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173 3; 5, 84 911180 177 = e 175. 45 1 8161 741 66.39
MeO 70 91 132 36 67.92, 4.59 . 254 50 Meo 67.49 68.14 MeO
"on °° HO 257,200 *4°BH OH OMe
DPM TPM DMPM

Figure 5.6: Products formed in the catalytic conversion of pentoses by Sn-Beta in methanol.

5.2.1 Cis and Trans-DPM

After optimising the formation of DPM through solvent variation (see section , an
additional stereoisomer of DPM was identified (Figure [5.7B). The cis form of DPM was
distinguished from the predominant trans form by measuring the 3.Ji 15 coupling across
the double bond, which was 11 Hz, a typical value for a cis coupling. In addition to the
open chain form of c¢is-DPM a cyclic form was also detected, albeit only in trace amounts.

5.3 Reaction Pathway

Based on all the previously shown products, an overview of the reaction system may
be made, here for the pentose reaction system (Figure . The pentose system has
an analytical advantage over the hexose system, due to the reduced number of products
and stereo-isomers formed. This is of particular advantage when performing analysis by
NMR, as NMR will detect each diastereo-isomer as a separate product, creating a more
complex spectrum and reducing signal intensities. The pentose system produces products
within all the same product groups as the hexose system, and it is therefore possible to
draw parallels between selectivity and mechanistic effects observed for pentose ad hexose
systems.
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Figure 5.7: A) 'H-3C HSQC spectral region displaying the olefinic signals of trans-DPM and
¢is-DPM in a reaction mixture. 2Jcg correlations across the double bond are indicated by thin
white lines. B) Chemical shift assignments of trans-DPM (1) and cis-DPM (2).52
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Figure 5.8: Map of reaction pathways in the catalytic conversion of pentoses by Sn-Beta, based
on known products and intermediates. Reactions are applicable for both aldoses and ketose, and
are analogous to the hexose system.
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5.4. Deconstruction-Reconstruction Approach to Biomass Conversion

5.4 Deconstruction-Reconstruction Approach to
Biomass Conversion

As an alternative method to production of chemicals directly from glucose or xylose,
an intermediary building block produced from carbohydrates may be selected instead.
Glycolaldehyde provides one such option, which may be produced as a by-product from
bio-0il.#?) Although yet to reach industrial implementation, thermal cracking of sugar is
able to obtain over 50% yield of glycolaldehyde.2%8™ Breaking down mixtures of sugars
to smaller fragments provides the advantage of homogenizing the feed composition and
stereochemistry, while maintaining functionality. If a system with suitable reaction control
is available, then smaller building blocks may be used to form a large variety of larger
compounds. This method of construction resembles, proposed origin of life chemistry.®®

Conversion of glycolaldehyde by Sn-Beta in methanol does not follow the series of
homologous a-hydroxy ester products shown in Figure[5.5 on page 32] as it does not posses
a ~-hydroxy group for dehydration. Instead, glycolaldehyde predominantly undergoes
aldol condensation to C4 and C6 sugars (Figure [5.9). Hexoses subsequently undergo
retro-aldol cleavage forming trioses and ultimately methyl lactate, while tetroses lead
directly to formation of MVG or other C4 products, hence C4 products are predominantly

observed . 286IHTL
T
2% \ O OH OH 0 OH o
N O (R U R
o _— OH OH OH OH OH
g ML
O OH o o
OH o\~ |
GA ' MeO X * wmeo
OH OH OH OH OMe
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Figure 5.9: Pathways for formation of methyl lactate, MVG and MMHB from aldol condensation
of glycolaldehyde.

Under standard reaction conditions (400 mg glycolaldehyde, 200 mg Sn-Beta (PT), 5
mL methanol, 160 °C), 43% MVG was obtained after 2 hours of reaction, and upto 47%
was obtained after 24 hours (Table, showing a 1.5 fold increase compared to previously
reported values (30 %).”® Although several co-products of this reaction have already been
documented, 89l fyll elucidation of the carbon balance was sought, thereby aiding
further reaction development and optimization. Using high resolution 2D-NMR to analyse
the aforementioned reactions, 21 reaction products were identified and assigned (Figure
. Implementation of these products contributed about 10% addition carbon to the
carbon balance increasing the total balance to 82-83% (Table . However further
studies will be necessary to obtain a complete understanding of the pathways involved in
the formation of these by-products.
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Table 5.1: Product distribution from Sn-Beta catalysed conversion of glycolaldehyde in methanol.

Time GA® Glycosides® MGA-DMA HBL¢ ML MVGY MMHB MVG-sat Others® Total
2 h 7.5 1.1 24 7.9 1.3 45.0 11.9 1.0 5.0 83%
24 h 0 0 1.6 6.7 2.3 47.7 13.9 2.7 6.2 82%

All yields are in mol% carbon. a) GA-DMA and GA-HA. b) methyl S-ERY and a-THO glycoside. c)
MHHB and HBL. d) MVG and VGA. e) MF, MG, FA-DMA, MDHB, MMVG, OxoB-HA and MHIB,

all present in under 2% yield.
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Figure 5.10: NMR assignment of major products identified in the catalytic conversion of glyco-
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6 Quantitative Analysis of Complex
Mixturesﬂ

In Chapter [5| traditional NMR methods together with high resolution spectra were em-
ployed to identify new reaction products directly in the complex reaction mixture. This
chapter transitions to application of NMR for quantification. The chapter will cover
the selection of suitable internal quantification standards for the reaction system, which
may be employed in the usual 1D-NMR quantification methods. The standards will also
be employed in the development of a faster and more accurate 2D-NMR, quantification
method, which will also be presented herein.

6.1 Selection of an Internal Standard

In order to use NMR quantitatively, it is advisable to employ an internal referencing
standard. Based on common NMR standards from literature, 6 compounds (Figure [6.1))
were selected for testing as internal standards, and evaluated against the following four
requirements: 1) The compound must be unreactive under operando conditions, which
excludes certain functional groups such as acids and esters. 2) Low volatility is desirable
to enable reliable and reproducible sample preparation. 3) High solubility /miscibility in
methanol and other polar protic solvents is necessary to avoid inhomogeneities leading to
unreliable quantification. 4) The compounds should have a low complexity in 'H and *C
NMR, producing few *H and *C NMR signals with high intensities at low concentrations,
which is typically achieved by using small molecules with high degrees of symmetry.
The selected compounds are all either high boiling liquids or solids, facilitating easy
handling during sample preparation (Table and preventing product loss. In addi-

OH

o
[ j HOWOH
0 OH OH
Mesitylene 1,4-Dioxane Xylitol
0 ? OH
PN ('85 HO\)\/OH
Dimethylsulphoxide Dimethylsulphone Glycerol

Figure 6.1: Structures of compounds selected for evaluation as internal standards in the catalytic
conversion of carbohydrates by Sn-Beta in methanol.

TThis chapter is adapted from [Elliot et al., Top. Catal., 2019, doi:10.1007/s11244-019-01131-y.
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tion to the evaluated parameters, glycerol was observed to be highly viscous complicating
sample preparation and accurate addition to samples. The only problematic compound
based on the data from Table is xylitol. Xylitol is the only compound with low solu-
bility in methanol, which is the standard reaction solvent, therefore xylitol is unsuitable
as an standard for our application. Fortunately, all the other substrates showed good
miscibility or solubility at high concentrations in methanol and the other tested solvents.

As expected for common NMR standards, the compound structures are simple and
often have high degrees of symmetry, thereby producing few NMR signals (Table .
1,4-dioxane, dimethylsulphoxide (DMSO) and dimethylsulphone (DMSQO3) have multiple
identical atoms and produce only a single signal in both carbon and proton NMR, respec-
tivly (Table . This leads to minimal spectrum congestion and high signal intensity
for a given amount of standard, allowing for addition of smaller amounts of standard and
thereby minimising the influence of the addition.

Table 6.1: Overview of selected internal standards and their performance on conditions 2 to 4.2

Entry Compound B.pP.¢ Solubility NMR signals
°C H,O MeOH CHCI3 DMSO 13C He
1 Mesitylene 164 N Y Y Y 137.2, 126.4, 19.9 6.76, 2.24
2 1,4-Diozane 101 Y Y Y Y 66.7 3.67
3 Dimethylsulphozide 189 Y Y Y - 39.0 2.66
4 Dimethylsulphone 107°  >1M 420 mM 850 mM >1M 411 3.01
5 Glycerol 290 Y Y Y Y 72.6, 63.2 3.67, 3.60, 3.54
6 Xylitol 94> >1M <50mM < 50mM > 250 mM N.A. N.A.

aConsidering only protons attached to carbon. ®Melting point.

A test reaction was selected to evaluate the stability of the internal standards under
reaction conditions. The test was based on the standard conditions employed for Sn-
Beta catalysed conversion of xylose (8 wt% xylose and 2 wt% Sn-Beta (PT) in methanol
reacted at 160 °C).*#! The compound stability was evaluated by analysis of the reaction
mixture at different time intervals (Figure . Under typical full conversion conditions,
under 2 hours, all substrates show comparable stability. However, at elevated reaction
times, DMSO shows significant and progressive decomposition. Thus from a performance
perspective, among the tested compounds mesitylene, 1,4-dioxane and DMSQO, show the
greatest potential as internal standards.

Although analytical standards are generally used in such small quantities that safety
hazards are greatly reduced, it should be noted that DMSO, DMSQs, glycerol and xylitol
are all considered benign and have no hazards associated with their use. In contrast,
1,4-dioxane is suspected of being carcinogenic and mesitylene has high toxicity to humans
and aquatic lifeforms. In summary, the most promising compound tested was DMSO». It
is a safe, easy-to-handle solid with good solubility in polar solvents, and the two identical
methyl groups contained in the compound produce a high intensity, uncluttered signal in
the NMR spectrum.
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Figure 6.2: Stability of internal standards over time for the reaction of xylose by Sn-Beta in
methanol at 160 °C. The recovery of NMR signal for five standards is displayed after 0.5, 2, 8,
and 24 hours.®?

6.2 Quantitative 2D-NMR

Quantitative '3C NMR. provides highly resolved spectra for detailed quantification of
complex mixtures. However, *C qNMR is prone to long experiment times, as a result of
the low natural abundance (1.1%) of '3C, its long T; relaxation time and its low gyro-
magentic ratio (67.3 10 rad s~ T~1).2Y In comparison, 'H has a high natural abundance
(~100%) and gyromagnetic ratio (267.5 10% rad s7'T!),°Y but 'H-NMR spectra have a
20-fold smaller chemical shift range and give splitted multiplet signals, often leading to
spectral congestion and signal overlap.

By application of two dimensional 'H-13C HSQC NMR, it is possible to overcome
these issues and obtain spectra with higher resolution and sensitivity at vastly reduced
experiment times, as compared to '*C qNMR. To this end, response factors were deter-
mined for 'H-'3C HSQC spectra relative to quantitative *C spectra, normalised to an
internal standard (Figure . By this method, the analysis may be performed directly
on complex mixtures.

In the 3C qNMR, the correlation between the concentration (c) of an internal standard
(IS) and an analyte (i) in the sample, may be expressed by equation where N is
the number of identical carbons producing the signal and Area refers to the peak area.
Equation then describes the response factor of an analyte in 'H-13C HSQC (RFiHSQC)
relative to the 13C signal, normalised to the internal standard.

13
CgNMR
¢ Area; 77 JINLarbon

Ccrs AT@GIS q /N%arbon
HSQC BgNMR
REHSQC _ Volume 59 Areaitq 6.2)
! VolumefSSQC Area}dsqNMR
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external or internal standard - -
experiment time ~1 hour . [62
- Fe4
) [ 66
[ 68
. - F70
. : ’ F72
- R _ Cor74
“‘1:.)0‘“BID“‘E‘OI“A{DI“Z‘OV 5; J
Chemical Shift ('*C, ppm) Chemical Shift ("H, ppm)
Analyte signal relative to standard Analyte signal relative to standard

\ HSQC 136 QNMR /

usqc _ Volume; s [Area

RF; = j|
HSQC 13C gNMR
! Volumes %" |Area,;  ?

|

Response factor for quantitative 2D NMR
experiment time <10 minutes
lower limit of quantification 0.8 mM

Figure 6.3: Strategy for the rapid and accurate quantitative analysis of reaction mixtures using
response factors in 2D NMR.&

Upon combination of these two equations, a general expression is formed for the deter-
mination of the concentration of an analyte by 'H-'>C HSQC based on a predetermined
response factor and the concentration of an internal standard (equation [6.3). The con-
centration of the internal standard will be known from the sample preparation, making
determination of the response factor the most laborious part of the method.

Volume59° NCarbon
G = %SQC X crs X 7lC(M"bon /RFiHSQC (63)
Volumejg Nig

6.2.1 Determining Response Factors

For demonstration and testing of this method, four of the most abundant a-hydroxy ester
products were selected (DPM, MMHB, MVG and ML), and the CH group of the secondary
alcohol in the « position was used for the analysis. To form the product mixtures, D-
xylose was reacted with Sn-Beta in methanol, and the reactions were stopped at different
degrees of conversion. The calibration curves produced from the signal volume/area
ratios of 'H-'3C HSQC to '*C NMR all displayed linear trends (Figure [6.4), allowing for
extrapolation to lower concentration ranges than accessible by 3C NMR.

To validate the demonstrated method, a single reference sample of methyl lactate (9.2
mg of 98% purity, 0.087 mmol) in methanol was prepared in the presence of DMSO as
internal standard. A quantitative '*C NMR spectrum and a 'H-'2C HSQC NMR spec-
trum were recorded to determine the response factor of methyl lactate. Subsequently, four
samples were prepared of varying amounts of methyl lactate dissolved in methanol with

40



6.2. Quantitative 2D-NMR

0.15 - T T T T T

0.10 -

0.05 |

Volume ('H-"*C HSQC)

0.30

0.20
Area (°C gNMR)

0.40

Figure 6.4: Correlations between integrals from "H-'3*C HSQC normalised to the internal stan-
dard (DMSO) integral and quantitative '*C NMR integrals normalised to internal standard.
Correlations and linear regressions are shown for four selected products of the Sn-Beta catalysed
xylose conversion in methanol. &

DMSO as the internal standard. The amounts of methyl lactate were determined gravi-
metrically. Quantification with 'H-'3C HSQC NMR was performed using the response
factor calculated with a single independent calibration sample and was compared to gravi-
metric determinations (Figure [6.5/A) and to quantification by more time consuming *C
qNMR (Figure [6.5B).

Linear regression between 'H-'3C HSQC and gravimetric determinations yielded a
Pearson correlation coefficient of 0.9995 and a slope of 0.998. Linear regression between
'H-13C HSQC and quantitative 13C NMR determinations yielded a Pearson correlation
coefficient of 0.9997 and a slope of 1.016. Overall, comparison of the 'H-13C HSQC deter-
minations using response factors with gravimetric and quantitative NMR determination
show excellent consistency.
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Figure 6.5: Comparison of methyl lactate amounts determined by *H-'3C HSQC with gravimetric
analysis (A) and with quantitative '*C NMR analysis (B).52
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6.2.2 Rationalisation of Response Factors

Due to the chemical similarity of the compounds tested and the signals employed for
quantification (all signals are secondary alcohols in a-hydroxy esters), the difference in the
resulting response factors cannot be rationalised by variations in structural parameters,
such as scalar couplings. Measurement of 'H-'3C scalar couplings were performed to
confirm their similarity (Figure . The couplings were all measured to be between
146 and 147 Hz, too similar in size to have any significant influence on the determined
response factors.
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Figure 6.6: Contour plot of a 'H-'3C HSQC spectrum recorded without 'H decoupling during
the "*C evolution time. Only small variation (and highly similar "H-'3*C magnetization transfer
efficiency) exists for different a-hydroxy esters.5?

On the other hand, comparison of the response factors to molecular mass displayed a
linear correlation (Figure [6.7)). This correlation indicates that the difference in response
factor may be due to the smaller molecules having longer T, relaxation times, and that
the inter-scan delays of one second, used to reduce analysis time, were insufficient to allow
full relaxation of the smaller molecules. When a new analysis was subsequently performed
with a longer T; relaxation time (15 seconds), the response factors normalised towards
a value of approximately 0.33 (Figure . This change confirmed that an insufficiently
long relaxation delay was the source of variations in response factors. A response factor
of 0.33 is expected, as the analytes have a CH group while the internal standard has a
CHj group leading to three times the number of C-H pairs and thereby three times the
signal contribution.

The effect of molecular weight on response factors opens new analytical opportunities.
In a case, where an unknown compound is analysed, it would be possible to predict the
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Figure 6.7: Response factors as a function of molecular weight when using inter-scan recycle
delays of 1 sec.®?

molecular weight, based on the compounds response factor. There are of course certain
conditions: The compound must possess a CH pair to be detectable by 'H-'3C HSQC. The
scalar CH coupling of the unknown substrate must be similar to the reference compounds,
which will typically require that they possess similar functionality. As NMR is typically
good at structure determination, by which the molecular mass may also be determined,
this may initially seem like an unnecessary method. However, if the molecule in question is
very small and /or possesses a high number of heteroatoms, the determination of molecular
mass may be very useful for structure determination. Reversely, response factors may be
predicted from molecular weight according to the correlation shown in Figure [6.7)).

6.2.3 Accelerated Data Acquisition

The acquisition time of the 2D NMR, spectra were optimised by two methods. The first
was to reduce the spectral width, resulting in a "magnification" of a spectral range (Figure
). As the spectrum is smaller it required less time to produce at high resolution. The
second method demonstrated was non-uniform sampling. Here, a reduced number of data-
points were acquired in the *C dimension and a mathematical model was then employed
to compute the Fourier Transformation in the second dimension. The amount of data
acquired was reduced by simulating some of the data-points computationally and thereby
reducing analysis time with little loss in spectral resolution (Figure ) Both these
methods are highly efficient for 2D NMR, because the vast majority of a 2D spectrum
does not contain any signals.

The spectra of Figure show that high resolution spectra can be acquired within 5
minutes by employing these techniques. The lower limit of detection obtained in the ex-
periment was 0.3 mM corresponding to 0.07 mol%. Hence, the qNMR approach proposed
here emerges as a rapid, accurate means of quantifying complex reaction mixtures.
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Figure 6.8: 'H-'3C HSQC response factors for the indicated a-hydroxy esters when using inter-
scan recycle delays of 1 s and 15 s, respectively. Complete 'H relaxation leads to more homoge-
neous response factors near 0.33 relative to DMSO.B

A 24 min, conventional acquisition B 5 min, non-uniform sampling

Figure 6.9: "H-'3C HSQC spectra obtained by a conventional (A) method employing 24 min
acquisition time, and a non-uniform sampling method (B) using 5 min acquisition time. Reaction
conditions: 360 mg D-xylose (8.3 wt%), 90 mg Sn-Beta (2.1 wt%), 5 mL methanol and 50 mg
DMSO as internal standard, for 2 h at 160 °C and with 600 rpm stirring
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7 Optimising Operational Conditions

Upon identification of new compounds with potential for commercial applications it is
essential to optimise reaction selectivity and yields to create the strongest business case
possible. With the aim of improving control of reaction selectivity between the three
major product pathways, acetalisation, retro-aldol and dehydration, the effect of differ-
ent reaction parameters on product selectivity was assessed. Additionally, these results
could lead to improved insight into the reaction system and mechanisms taking place. In
the following sections the effects of temperature, catalyst framework and metal species,
reactant and solvent were studied.

7.1 Optimisation in Methanol

7.1.1 Optimisation of THM Formation from Hexoseﬂ

The identification of new reaction products from hexoses lead to attempted re-
optimisation of the Lewis acid catalysed conversion of hexoses, with focus on formation of
the double dehydration product THM rather than methyl lactate (Table. These opti-
misations encompassed four reaction parameters: the substrate, the catalyst framework,
the catalyst metal species and the reaction temperature. Of these parameters, the sub-
strate was observed to have the least effect on the reaction selectivity (Table entries
5-10). The reaction was robust towards changes in substrate stereo chemistry, as well
as changes between ketose and aldose substrates, demonstrating the strong isomerisation
capacity of the catalyst. A slight benefit was observed with the use of fructose, obtaining
up to 18% of the new THM product. Fructose likely benefits from formation of fewer
stable methyl glycopyranosides, due to a larger natural occurrence of furanosides in when
fructose is in solution.

Temperature experiments showed that higher temperatures favoured retro-aldol cleav-
age while lower temperatures benefited glycoside formation (Table entries 1-4). Mean-
while, double dehydration and triple dehydration products showed a discrete optimum at
160 °C and 140 °C, respectively. From these results it appears that dehydration benefits
from higher temperatures, but is out-competed by reto-aldol cleavage, which also benefits
from the temperature elevation.

Variation of the catalyst metal species to other Lewis acidic metals clearly displayed
tin’s superior properties for the dehydration reactions. Use of a Brgnsted acidic aluminium
zeolite resulted in high formation of the triple dehydrated furanic species, a possible
indicator that both a Brgnsted acidic and a Lewis acidic pathway to these products
may exist. Meanwhile, control reactions with dealuminated Al-Beta and Si-Beta showed
the expected lack of activity, as did SnOs-Beta. The more defect free, hydrothermally
synthesised Sn-Beta showed a similar but slightly higher selectivity for THM than the

TThis section is adapted from [Tolborg et al., Green Chem., 2016, 18, 3360-3369.

45



Chapter 7. Optimising Operational Conditions

Table 7.1: Conversion of hexoses using a selection of Beta-framework and/or tin containing
catalysts at 120-180 °C

. Dehydration
Entry Catalyst Substrate Temperature Glycosides Retro-aldol m
°C % % %

1 Sn-Beta (PT) Glucose 120 44 4 10
2 Sn-Beta (PT) Glucose 140 21 10 12 16
3 Sn-Beta (PT) Glucose 160 13 17 14 13
4 Sn-Beta (PT) Glucose 180 5 26 10
5 Sn-Beta (PT) Fructose 160 9 19 18 14
6 Sn-Beta (PT) Mannose 160 12 20 15 12
7 Sn-Beta (PT) Sorbose 160 13 15 17 14
8 Sn-Beta (PT) Galactose 160 26 10 12 13
9 Sn-Beta (PT) Tagatose 160 11 11 9 18
10 Sn-Beta (PT) Sucrose 160 10 22 15 13
11 Sn-Beta (HF) Glucose 160 8 24 16 9
12 Zr-Beta (HF) Glucose 160 27 25 2 2
13 Ti-Beta (HF) Glucose 160 14 28 3 3
14 Hf-Beta (HF) Glucose 160 35 18 4 8
15 Al-Beta Glucose 160 32 < <1 14
16 deAl-Beta Glucose 160 86 < <1 <1
17 Si-Beta (HF) Glucose 160 46 3 <1 3
18 Sn-MCM-41 Glucose 160 16 26 18 13
19 Sn-MFI Glucose 160 40 8 <1 <1
20 SnO2-Beta (HF)(®  Glucose 160 37 1 <1 2

The standard reaction conditions employed were 360 mg substrate (8.3 wt%), 4 g methanol, 180 mg
catalyst, for 6 h at 160 °C and with 600 rpm stirring. Yields (carbon%) of methyl glycosides, combined
yields of ML, MVG, MMHB and GA-DMA (retro-aldol), yields of THM (double dehydration) and
combined yields of HMF, MMF and F-DMA (triple dehydration products) from the conversion of hexose
sugars, using a variety of temperatures (1-4), sugars (5-10) and catalysts (11-20). a) Dispersed SnOs2
nanoparticles on Si-Beta.
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post-treatment synthesised catalyst. Two alternative frameworks were tested, Sn-MCM-
41 with larger pores (45 A) and Sn-MFI with smaller pores (5.6 A) than Sn-Beta (6.7
A). Sn-MCM-41 showed activity similar to Sn-Beta, pointing to limited shape selectivity
effects. However, the Sn-MFI showed almost no activity, indicating that the pores were
too small for the substrate diffusion. A glucopyranose molecule (the most abundant form
of glucose in solution) has an estimated diameter of 5.5-6.2 A (simulated in Chem3D,
PerkinElmer), which is slightly larger than the the pores of a MFI zeolite, consistent with
the observed results.

In summary, the optimal conditions for double dehydration (formation of THM) of
fructose or glucose were found at 160 °C using a Sn-Beta or Sn-MCM-41 zeolite catalyst
in order to avoid substrate diffusion limitations.

7.1.2 Optimisation of DPM Formation from Pentosesﬂ

This process of optimisation was repeated for the conversion of pentoses to DPM, with
the further addition of yields of single dehydration C5 products, DPL and TPM (Table
. The trends observed for formation of DPM from pentoses coincided with those ob-
served for THM formation from hexoses with regards to temperature, substrates, catalyst
structure and metal species. Likewise, single dehydration yields followed similar patterns
for pentoses and hexoses. The strong correlation between pentose and hexose selectivity
supports that the same reaction pathways are present for both systems.

In addition to the previous studies, here it is demonstrated that the reaction system,
comprising of xylose and Sn-Beta (HT) in methanol, is very robust towards increases
in concentration. The reaction showed no significant change in product distributions
upon increasing the concentration from 8.3 wt% to 23 wt% xylose. The possibility for
high concentration reactions can greatly reduce purification costs and increase reactor
productivity. The concentration increases were performed while keeping the substrate to
catalyst ratio constant and subsequently the effect of the the catalyst/substrate ratio was
assessed. Catalyst to substrate ratios of 0.5 wt/wt and higher yielded comparable reaction
selectivity, and were optimal for single and double dehydration product yields. Meanwhile,
lower ratios showed an increase in the yield of retro-aldol products. Formation of both
glycosides and triple dehydration products showed no significant change upon variation
of the catalyst to substrate ratio or variation of substrate concentrations.

7.1.3 Conclusion

Overall, it can be concluded that Sn-Beta is one of the best catalysts for both retro-aldol
and dehydration reactions, and to control selectivity between retro-aldol and dehydration
pathways, changes to temperature and catalyst loading have the greatest effect. Retro-
aldol products are favoured by high temperatures and low catalyst loadings, while, single
and double dehydration reactions are favoured by temperatures near 160-170 °C and high
catalyst loadings.

TThis section is adapted from |[Elliot et al., RSC Adv., 2017, 7, 985-996.

47



Chapter 7. Optimising Operational Conditions

Table 7.2: Conversion of pentoses using a selection of Beta-framework and/or tin containing
catalysts, at varying temperature, concentration and loading.

. . Dehydration
Entry Catalyst Substrate Temp. Conc. Loading Glycosides Retro-Aldol Single Double Thiple
°C wt% wt/wt % % %
1 Sn-Beta (HT)  Xylose 140 8.3 0.5 44 16 23.3 31 17
2 Sn-Beta (HT) Xylose 150 8.3 0.5 3.3 19 22 32 13.4
3 Sn-Beta (HT) Xylose 160 8.3 0.5 4 19 23 33 11
4 Sn-Beta (HT) Xylose 170 8.3 0.5 3 25 19.7 34 9
5 Sn-Beta (HT)  Xylose 180 8.3 0.5 3.4 24 19 32 7.7
6 Sn-Beta (HT) Ribose 160 8.3 0.5 3 17 20.5 30 0
7 Sn-Beta (HT) Lyxose 160 8.3 0.5 2.6 20 24.2 31 11
8 Sn-Beta (PT) Xylose 160 8.3 0.5 23 15 15 23 17
9 Sn-MFI Xylose 160 8.3 0.5 30 24 6 11 10
10 Sn-MCM-41 Xylose 160 8.3 0.5 23 18 20 16 20
11 Sn-SBA-15 Xylose 160 8.3 0.5 32 18 13 12 18
12 SnO2-Beta®  Xylose 160 8.3 0.5 42 3 3 <1 1
13 Ti-Beta Xylose 160 8.3 0.5 48 22 11 <1 5
14 Zr-Beta Xylose 160 8.3 0.5 39 25 4 <1 4
15 Al-Beta Xylose 160 8.3 0.5 82 0 n.d. n.d. 1
16 Si-Beta Xylose 160 8.3 0.5 42 8 5 <1 3
17 Blank Xylose 160 8.3 0.5 6 1 n.d. n.d. <1
18 Sn-Beta (HT) Xylose 160 8.3 0.5 4 19 23.3 33 11
19 Sn-Beta (HT)  Xylose 160 15 0.5 6 17 24.37 34 8.7
20 Sn-Beta (HT) Xylose 160 23 0.5 6 17 24.1 32 11
21 Sn-Beta (HT) Xylose 160 8.3 0.125 3.8 32 20.19 19 14.3
22 Sn-Beta (HT) Xylose 160 8.3 0.25 3.7 28 21.8 28 11
23 Sn-Beta (HT) Xylose 160 8.3 0.5 4 19 23.3 33 11
24 Sn-Beta (HT) Xylose 160 8.3 0.75 3.02 17 21.9 34 9.9
25 Sn-Beta (HT)  Xylose 160 8.3 1 3.5 15 25.1 34 10

The standard reaction conditions employed were 360 mg substrate (8.3 wt%), 4 g methanol, 180 mg
catalyst, for 2 h at 160 °C and with 600 rpm stirring. Yields (carbon%) of methyl glycosides, combined
vields of ML, MVG, MMHB, GA-DMA (retro-aldol), combined yields of DPL, TPM and DMPM (single
dehydration), yield of DPM (double dehydration) and combined yields of furfural and furfural-DMA
(triple dehydration products) from the conversion of pentose sugars, using a variety of temperatures
(1-5), sugars (3,6-7), catalysts (3,8-17), concentrations (18-20) and loadings (21-25). n.d. = not detected.
Refer to Chapter for product abbreviations. a) Dispersed SnO2 nanoparticles on Si-Beta.

48



7.2. The Effect of Solvent on Reaction Selectivity

7.2 The Effect of Solvent on Reaction Selectivit

Variation of the reaction solvent is common practice in the exploration of chemical reac-
tions, the changes to compound solubility and solvent-substrate interactions can greatly
affect the selectivity of reactions. In the conversion of carbohydrates by Sn-Beta, the sol-
vent is expected to play a particularly strong role, due to its participation as nucleophiles
in the formation of esters, acetals and hemiacetals in the reaction. Previous studies have
primarily employed water to form acids and methanol to form methyl esters, in this work
other simple alcohols with longer and/or larger aliphatic chains are also explored.
Employing xylose as the starting substrate, reactions were conducted with water,
methanol, ethanol, n-propanol, n-butanol and iso-propanol. As the solvent is participating
in the reaction, different esters/acids are formed in each mixture. Despite this chemical
diversity, little change is observed for the '3C NMR signals of products, allowing 3C
NMR to identify and quantify compounds in all of the solvents employed (Figure .
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Figure 7.1: '*C NMR spectra after converting 360 mg D-xylose with 180 mg Sn-Beta in 5 mL
solvent. The carbonyl spectral region is shown and signals are assigned to the respective solvent
equivalents of 1. trans-DPM, 2. cis-DPM, 3. cyclo-DPM, 4. DMPM, 5. TPM, 6. DPL, 7. ML,
8. MVG; an apostrophe denotes the diastereomer of a compound. Chemical shifts are relative
to deuterated methanol (added to 10% v/v) set to 47.85 ppm for all solvents.

The resulting product distributions are displayed in Figure Here, it is observed
that the yield of retro-aldol products is diminished by increasing the size of the solvent
alkyl group, starting as the major product in water (20%) and becoming a minor product
in almost all other solvents. The opposite effect is observed for yields of the 3,4-dideoxy
esters, which benefit from larger solvent groups, progressing from the minor product in

TThis section is adapted from [Elliot et al., ChemSusChem, 2017, 10, 2990—2996.
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Figure 7.2: Product distribution of reactions in alcohols or water. The reactions were conducted
with 180 mg Sn-Beta, 360 mg D-xylose, 5 mL solvent and 50 mg DMSO as internal standard,
and run for 2 hours at 160 °C with 600 rpm stirring. An experimental uncertainty within +£1%
was achieved in all cases. Legend abbreviations for the methyl products are used, although the
corresponding solvent alkyl or acid equivalents are formed.
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Figure 7.3: Initial rate of formation for 3,4-dideoxy esters/acids in methanol, ethanol and water.
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7.2. The Effect of Solvent on Reaction Selectivity

water (4%) to the major product in all alcohols with the highest recorded yield in ethanol
(42%). Although the trends from water to methanol to ethanol appear clear, selectivity
in larger alcohols appears more unpredictable, showing yields generally distributed be-
tween those observed in methanol and ethanol, which can be indicative of multiple effects
simultaneously influencing reaction selectivity.

Further insight was sought into the change in selectivity between methanol, ethanol
and water, by measuring initial rates of formation for 3,4-dideoxy ester formation (Figure
. Water showed the lowest rate of formation, which could be expected as it also has
the lowest 3,4-dideoxy acid selectivity. Ethanol, which produced the highest 3,4-dideoxy
ester yields, had only the second fastest rate of formation, which was 33% lower than that
of methanol. These results may be interpreted to suggest that ethanol is suppressing side
reactions rather than enhancing the formation of 3,4-dideoxy esters.

7.2.1 Temperature Variations

Variation of reaction temperature in ethanol was performed in an attempt to further
improve the maximum obtainable yield of DPE. Further beneficial effects on the yield of
DPE were not obtained by temperature variation (Figure , which displayed a broad
optimum in the range of 140 °C and 160 °C, values slightly lower than the methanol

optimum from 160 °C to 180 °C (Table |7.2 on page 48). Overall product distributions
showed little change in the tested range, with the greatest change observed for the DPE,

which varied from 36-42% yield.
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Figure 7.4: Product distribution upon temperature variation of reactions conducted in ethanol.
Reaction conditions: 360 mg D-xylose, 180 mg Sn-Beta and 5 mL ethanol with 50 mg DMSO as
internal standard, reactions were run for 2 h at the selected temperature. Legend abbreviations
for the methyl products are used, although the ethyl equivalents are formed.
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Chapter 7. Optimising Operational Conditions

7.2.2 The Effect of Ethanol on THE Formation from Glucose

The beneficial effect of ethanol over methanol in the formation of trans-DPE was also
tested for the formation of trans-THM/THE from glucose. Experiments showed a similar
beneficial effect of ethanol in the formation of trans-THE. NMR analysis of the olefinic
region of trans-THM/THE (Figure showed 25% higher formation of trans-THE in
ethanol than trans-THM in methanol, which is roughly equivalent to the increase observed
from DPM to DPE (Figure . In contrast, a significant drop in alkyl lactate (major
retro-aldol product) is observed, declining from 31.5% in methanol to 12.6% in ethanol.

A (0] OH
RO N
OH OH
B
Ethanol DMSO| area 1.000
l 0.253+0.004 0.254+0.004
Methanol
]o.zosto_oog 0.206:0.002 DMSO | area 1.000
| 1
e B — T
130 125 40 38 36

Chemical Shift ("*C, ppm)

Figure 7.5: (A) Structure of the C6 analogue of trans-DPM, trans-2,5,6-trihydroxy-3-hexenoic
acid methyl ester (trans-THM). (B) Spectral comparison of the areas of the olefinic carbon shifts
of trans-THM/THE in ethanol and methanol reaction solvents. Duplicate samples are shown,
including errors of determination of signal areas relative to DMSO as an internal quantification
standard. Reaction conditions: 360 mg D-glucose, 180 mg Sn-Beta, 5 mL ethanol or methanol
and 50 mg DMSO as internal standard, reactions were run for 2 hours at 160 °C with 600 rpm
stirring.
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8 | Alkali Effect

The addition of alkali has previously been shown to greatly affect reaction selectivity in
the conversion of hexoses by stannosilicates. 54606881 Here, the aim was to improve the
understanding of the alkali effect, and in doing so obtain the capability to further control
reaction selectivity, thereby creating an optimised and reproducible process. This process
involves expansion of the number of products monitored, comparison of both yields and
reaction rates, distinction of anion and cation effects, and comparing reaction effects with
measured changes in the catalyst.

8.1 Alkali Concentration vs Product Yield

The effect of alkali salts on the product distributions of both hexoses and pentoses follows
the same general trend (Figure . It can be seen that dehydration products, be that
single, double or triple dehydration, are reduced in yield by the addition of alkali salts. In
contrast, retro-aldol products, products involving the breaking of a carbon-carbon bond,
benefit from the addition of alkaline salts up to a specific optimum. Above this optimum
concentration of alkali salt, the yields of retro-aldol products also drop significantly.
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Figure 8.1: The effect of alkali on the product distributions from hexoses using a Sn-Beta (PT)
catalyst (left, this figure was made by Dr Sgren Tolborg) and pentoses using a Sn-Beta (HT)
catalyst. Reaction conditions: 360 mg substrate, 180 mg Sn-Beta (PT, Si/Sn = 125 or HT,
Si/Sn = 150), 5 mL of a solution with 0 — 1.0 mM K,COs in methanol, 160 °C.

TThis section is adapted from |Elliot et al., RSC Adv., 2017, 7, 985-996.], |Tolborg et al., Green Chem.,
2016, 18, 3360-3369. and |[Elliot et al., ChemSusChem, 2018, 11, 1198-1203.
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Chapter 8. Alkali Effect

The optimum appears to shift to slightly lower concentrations in the pentose system,
where a Sn-Beta (PT) catalyst is used. However, any decisive conclusions remain elusive
as the HT and PT catalysts also have slightly different tin loadings. In the hexose system,
methyl glycosides contribute significantly to the product yields, and the addition of alkali
is seen to be very beneficial in suppressing their formation.

Initial rates are also affected by changes in the alkali salt concentration (Figure .
Stepwise concentration change in basic alkali salts (Figure [8.2), exhibit trends closely
resembling the trends observed for product yields (Figure consistent with kinetic
reaction control. All quantified products show decreasing initial rates of formation with
increasing salt concentrations, with the exception of methyl lactate, which has an op-
timum concentration at approximately 0.3 mM potassium carbonate. Changes to the
reaction rate and the reaction selectivity can be interpreted as alkali modifying the cat-
alytic properties of the catalyst active site to favour methyl lactate formation.
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1.2 1.00 4 0.3 4
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Figure 8.2: Initial rates of conversion and of formation for different compound classes as a
function of K2CO3 concentration. Reaction conditions: 360 mg D-xylose, 90 mg Sn-Beta (PT),
5 mL methanol, and 50 mg DMSO at 160 °C.

8.2 Alkali Counter—io

The anion of the alkali salt has a very profound effect on the optimum concentration
for methyl lactate formation. The anions form two groups following one of two trends
(Figure , one with a sharp optimum characterized by a basic anion, and the other a
exponential trend with a flat optimum at high concentrations, characterized by a neutral

TThis section is adapted from [Elliot et al., ChemSusChem, 2018, 11, 1198-1203.
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8.2. Alkali Counter-ion
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Figure 8.3: Methyl lactate yield as a function of potassium concentration for various salts of
strong acids (filled green symbols) and salts of weak acids (open blue symbols). Reaction con-
ditions: 250 mg glucose, 100 mg Sn-Beta (HT), 5 mL methanol (5 mL), 120 °C, 19 h. The
experimental work and figure were produced by Dr. Sgren Tolborg. 22

anion. This finding indicates that part of the alkali salt effect observed in Figure [8.I] may
also be an acid-base effect, due to the use of potassium carbonate.

8.2.1 The Effect of Anions on Initial Rates

The effect of the alkali ion and counter anions is also prevalent in the initial rates of for-
mation of the reaction products (Figure [8.4). Reaction rates were determined at reaction
times below 30 sec where the reaction is not limited by the substrate concentration, and
thereby a pseudo-first order reaction, depending only on the catalyst concentration, was
obtained.

The formation of methyl glycosides is largely unaffected by neutral salts, but greatly
affected by basic salts. The apparent mechanism of methyl glycoside formation is acetali-
sation, a reaction commonly considered to be Brgnsted acid catalysed. Addition of a basic
salt may reduce the amount of free acid and thus result in a drop in reaction rate (and
also yield when there are unaffected competing reactions), as is observed. Meanwhile the
lack of effect of neutral salts indicates that alkali ions and Lewis acid sites do not play a
great role in the formation of glycosides.

The same pattern is observed for the formation of furanic compounds (triple dehydra-
tion products); Basic salts greatly inhibit formation of furanics, while the neutral salts
only show a slight inhibitory effect. Once again reduction of Brgnsted acidity may be
the explanation. It has previously been demonstrated that furfural (or HMF) may be
formed by Brgnsted acid catalysed dehydration of ketoses i.e. xylulose and fructose. 4%
This is an important observation in relation to the development of a reaction mechanism.
Despite our studies indicating that HMF may readily be formed from commercial 3DG,
these results indicate that in a reaction mixture the primary source of furanics is most
likely Brgnsted acid catalyst dehydration of ketoses not proceeding via an intermediate
resembling 3DG.
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Figure 8.4: Overview of the effects of KCl and K2CO3 on the formation rates for the designated
products. Errors are calculated based on a linear fit of experimental data points. Reaction
conditions: D-xylose (360 mg), Sn-Beta (PT) (90 mg), methanol (5 mL), and DMSO (50 mg)

at 160 °C. The designated amounts of KoCO3 and KCI were dissolved in the methanol solvent
prior to reaction.
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8.3. Catalyst Titration with Alkali Salts

The formation of TPM and trans-DPM (single and double dehydration products) show
no significant difference between the effect of a neutral and a basic alkali salt (Figure ,
but a detrimental effect of both. Based on this observation, the formation of TPM and
DPM must largely follow the same Lewis acid catalysed pathway, one distinctly different
to that towards furfural. In contrast, the rate of methyl lactate formation follows the
inverse trend of glycoside and furanic formation rates, benefitting from both low Brgnsted
acidity and potassium ion exchange.

8.3 Catalyst Titration with Alkali Salts]

Previously, the effect of alkali salts has been shown by systematic variation of the alkali
additive.%% In this study, in addition to varying the amount of alkali salt, the tin content
in the Sn-Beta catalyst was also varied (Figure [8.5). The catalysts were all synthesized
from the same batch of dealuminated Al-Beta by the same post-treatment methodﬂ
The only change in the procedure was the amount of tin(IV)chloride that was used for
impregnation, which was adjusted to obtain nominal Si/Sn ratios of 25, 50, 100, 150,
200 and 400. The catalysts were tested in a reaction containing 360 mg D-glucose, 90
mg Sn-Beta, 55 mg DMSO (internal standard) and 5 mL methanol with pre-dissolved
potassium carbonate, and using a separate experiment for each data-point (Figure .
Reactions were conducted in a microwave reactor at 160 °C for 4 hours to ensure full
conversion even with low tin-content catalysts. The reaction performance was evaluated
primarily based on methyl lactate yields, as methyl lactate has previously shown the most
interesting and significant effects (Figure .

Each catalyst yield showed a distinct optimum potassium concentration for formation
of methyl lactate. Increasing tin content results in the optimum shifting towards higher
potassium concentrations. This trend points to a correlation between the amount potas-
sium and the amount of tin. To enable quantitative evaluation of this correlation, the
optimum potassium concentration for methyl lactate formation was determined relative
to the Si/Sn ratio (Figure 8.6). A close linear correlation was observed for catalysts
with nominal Si/Sn ratios between 50 and 400, while high tin content (Si/Sn 25) lead to
deviation from linearity.

XRD indicated that the high tin loading (Si/Sn 25) catalyst contains large amounts
of extra-framework tin oxide, in contrast to the other catalysts. Tin oxide is known to
be catalytically inactive, but will contribute to catalyst tin and may be the cause of this
deviation. NH3-TPD was employed to obtain a quantitative assessment of catalytically
active tin sites (Figure [8.7).

The catalysts in the range of 50-200 Si/Sn had comparable desorption of ammonia per
tin. Meanwhile, the Si/Sn 25 exhibited a 35% drop in the ammonia per tin, consistent
with increased presence of catalytically inactive tin sites as expected from the presence of
extra-framework tin oxide. The Si/Sn 400 catalyst exhibited a large increase in ammonia
desorption per tin, however, due to the very weak TPD signal at such low tin contents
the value may be unreliable. As such, the Si/Sn 400 catalyst was omitted from further

TThis section is adapted from Elliot et al., Alkali Ton Titrations of Sn-Beta Active Sites Provide Insight
into Structure-Activity Relations
tThe catalysts were synthesised by PhD student Irene Tosi, Department of Chemistry, DTU.
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Figure 8.5: Methyl lactate yield from glucose at varying concentrations of potassium carbonate
using Sn-Beta (PT) catalysts with different tin contents. The curves are a guide to the eye.
Reaction conditions: 360 mg D-Glucose, 90 mg Sn-Beta, 55 mg DMSO (internal standard) and
5 mL methanol with potassium carbonate, reacted for 4 hours at 160 °C.
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Figure 8.6: Optimum potassium carbonate concentration for methyl lactate formation as a func-
tion of tin content determined by elemental analysis, indicating a linear correlation between
framework tin and alkali. Reaction conditions: 360 mg D-Glucose, 90 mg Sn-Beta, 55 mg DMSO
(internal standard) and 5 mL potassium carbonate in methanol, reacted for 4 hours at 160 °C.
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8.3. Catalyst Titration with Alkali Salts
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Figure 8.7: Ammonia desorption per tin (mol/mol) of Sn-Beta catalysts with tin loadings from
25 to 400 Si/Sn. Values were determined by integration of the NH3-TPD absorption/desorption
peak at 255 °C.

interpretations.

The results of Figure |8.5| were normalised to the measured ammonia absorption, lead-
ing to alignment of the methyl lactate yields for the different catalysts (Figure . The
catalysts in the range of Si/Sn 25-200 now show a single optimum at approximately
K/NH; = 0.6 mol/mol. Most importantly, it may be concluded that optimal alkali
concentrations for a Sn-Beta catalyst with a Si/Sn ratio of 25-200 (synthesized by the
post-treatment method) may be predicted from catalyst characterization by NH3-TPD,
omitting the need for empirical optimisation of each new catalyst.

8.3.1 A Two-Step Titration Model.

Observed product selectivities upon alkali addition show three selectivity regimes. The
first regime shows a high propensity for dehydration and is predominant when no alkali
is present. The second regime is responsible for formation of retro-aldol products and is
most strongly expressed at the optimum alkali concentration for methyl lactate formation.
The last regime is inactive for formation of both dehydration and of retro-aldol products
and predominates at high alkali concentrations.

As the transition between these regimes is induced by addition of alkali, the transition
may be described as a two-step titration (equation [8.1)), where X(OH)2, X(OH)OK and
X(OK)o, are the protonated, single alkali exchanged and double alkali exchanged states,
respectively, and k1 and k2 are dissociation constants.

X(OK); & X(OH)OK & X (OH), (8.1)

The titration of two sites of different acidity was modelled by fitting all data points
(from Figure |8.8) to a [K*]-dependent double dissociation model (Figure blue). The
model shows good consistency with the experimental data and the residual error of the
model can be attributed to the simplicity of the model, as the model does not account for
possible structural inhomogeneities, alkali exchange positions or catalyst pore confinement
effects.
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Figure 8.8: Effect of addition of potassium carbonate on methyl lactate yield in the catalytic
conversion of glucose by Sn-Beta containing different amounts of Sn. The yields are displayed
relative to the K/NHj ratio determined by NH3-TPD, thus excluding inactive/inaccessible tin.
The line shows a double dissociation model fitted to the data from the Si/Sn 25 to 200 catalysts.
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Figure 8.9: Fitting of methyl lactate yields to a [K']-dependent double dissociation model (blue),
demonstrating the optimal regimes for retro-aldol product formation, and fitting of THM yields to
a corresponding double dissociation model (black), to show the dehydration regime. Data points
from catalysts with Si/Sn 25 to 200 were employed, normalized to the number of Sn-active sites
using NH3-TPD. The fit of THM yields only varies the selectivity of the three different sites, but
employs dissociation constants obtained from the alkali-dependence of methyl lactate yields.
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8.3. Catalyst Titration with Alkali Salts

From this model the first dissociation constant is determined to 1.11 (normalized to
ammonia) almost three fold higher that the second dissociation constant which is 0.44
(normalized to ammonia). These values were then used to fit the same model to data
from the dehydration product THM (Figure black), which also showed excellent
agreement between model and data. The model predicts 0% selectivity for the double
alkali exchanged site to both products. More interesting is the single alkali exchanged
site, which the model predicts to have >70% selectivity towards methyl lactate. This
is of course providing that the single alkali exchanged site may be completely isolated.
Nonetheless, the results are reasonably consistent with literature where optimised Sn-Beta
systems have achieved up to 72% methyl lactate from sucrose. Y

8.3.2 Catalyst Structure Elucidation by FT—IR|f|

The linear correlation between alkali and tin content points to a stoichiometric effect on
the tin active site. To substantiate this stoichiometric effect, the catalyst was characterised
by FT-IR and using CD3CN as probe molecule both in the presence and the absence of
alkali. Samples of the Si/Sn 100 catalyst were impregnated with solutions of 0.4 and
3.0 mM potassium carbonate, filtered and dried at 120 °C, to simulate the ion exchange
occurring in the reaction solution at and above optimum alkali content, respectively. A
unmodified catalyst sample (K/NHs at 0) was characterised along with the impregnated
samples (K/NHjz at 0.59 and 4.43).

FT-IR of these samples showed distinct changes to the O-H region of the spectrum
(Figure . The O-H stretch of terminal silanols at 3735 cm~! and the O-H stretch of
hydrogen-bonded silanols with weak Brgnsted acidic character at 3696 cm~—! were both
significantly decreased by addition of alkali, with the latter completely eliminated at high
concentration.?? These observations corroborate our previous assertion of the exchange
of protons with potassium.

Absorption of CD3CN probe molecules shows a change in the binding affinity of the
three catalysts (Figure —C). Based on the ratio between the peaks at 2310 cm ™!
(CD3CN adsorbed on tin) and at 2275 cm™! (CD3CN adsorbed on silanol groups), the
unmodified catalyst first absorbs CD3CN to the tin site, which has the strongest binding
affinity, and thereafter to the silanol groups (Figure ) As alkali is added, the binding
affinity of the tin sites is decreased and at high alkali content is exceeded by the silanol
binding affinity (Figure [8.11/C).

Likewise, after desorption under vacuum at room temperature for one hour, the tin
to silanol ratio increases, also showing that tin has a stronger binding affinity for CD3CN
than silanols (Figure ) When comparing the samples with and without alkali it is
also clear that the binding affinity of tin is decreased by alkali, a clear indicator that the
tin active site is being modified.

8.3.3 Three Catalyst States

From combined structural and activity data, we propose a correlation between the ac-
tive site and product yields as depicted in Figure [8.12] Here, the initial protonated site

TThe experimental data in section were provided by PhD Student Irene Tosi, Department of Chem-
istry, DTU
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Figure 8.10: The OH stretching region of the FT-IR spectra of post-treated Sn-Beta zeolite
(100) without alkali (black) and after impregnation in 0.4 mM (pink) and 3 mM (blue) aqueous
potassium carbonate solution, corresponding to the optimum concentration for the production
of methyl lactate and a 7.5-fold excess. FT-IR spectra were compared after normalization to the
framework bands at 1875 cm-1 and 1988 cm-1. The experimental work and figure were produced

by PhD Student Irene Tosi.
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Figure 8.11: In-situ FT-IR measurements of CD3CN adsorption on Sn-Beta zeolites increasing the
pressure from 1.5 x 1072 mbar to 5 mbar (A-C). Post-treated Sn-Beta without impregnation (a),
after treatment in 0.4 mM (b) and after treatment in 3 mM (c) aqueous solution of potassium
carbonate. FT-IR signals of CD3CN bands of Sn-Beta zeolites with and without alkali after
desorption of CD3CN at room temperature for one hour under vacuum (D). A higher amount of
probe molecule remains adsorbed in the absence of alkali. FT-IR spectra were compared after
normalization to the framework bands at 1875 cm ™! and 1988 cm™'. The experimental work
and figure were produced by PhD Student Irene Tosi.
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Figure 8.12: Identical titration behaviour of the active site lead to an optimum of yields for
retro-aldol products and to decreasing THM yields (top). A plausible model for stochiometric
alkali exchange at the active side is shown on the bottom.

A is active for both dehydration and retro-aldol reactions. The single deprotonated B
site is highly selective for retro-aldol cleavage and as the fraction of states transition
toward predominance of the B site, retro-aldol products increase. However, once the dou-
ble deprotonated C site is formed, no significant formation of retro-aldol or dehydration
products is observed. Although the C site is inactive for these types of reactions, other
degradation reactions are clearly taking place, as may be observed by low substrate re-

covery (Figure |8.1 on page 53)) and strong dark discolouration of the reaction mixture.

The lack of meaningful signals in NMR could point towards formation of oligomers.
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9  Mechanistic Elucidation Through
Isotopic Labelling]

The use of isotopically labelled substrates for mechanistic elucidation is well parred with
high resolution NMR spectroscopy. When combined, it is possible to track the progression
of singular atoms from the reactant to the substrates formed. From these observations it
is possible to glean important information about the reaction mechanisms taking place.
In the following chapter, multiple studies are covered, where substrates with 13C or 2H
isotopic labelling have been used to obtain important mechanistic information about the
Sn-Beta catalysed conversion of carbohydrates.

9.1 Alkali Salts Facilitate a C1-C2 Shift in Carbohy-
drates

From the formation of 2-'>C mannose from 1-'3C glucose it is known that epimerisation
by a 1-2 carbon exchange is catalysed by Sn-Beta.?% It has previously been proposed that
a 1-2 carbon shift may occur by either a retro-aldol-aldol or Bilik type mechanism (Figure
9.1). Although it has been demonstrated that the epimerisation is occurring primarily by
the Bilik type mechanism, %™ there may be a great resemblance between epimerisation
and retro-aldol cleavage. It is hypothesised that after an initial retro-aldol cleavage the
subsequent dehydration out-competes aldol condensation. It was previously demonstrated

OH O-H o
B LA A T LA
/ , N \
) 0 0
Mo B~
H He IS H‘>\
HO R HO R HO R
=3C label

Figure 9.1: Comparison of 1,2-carbon shift by a retro-aldol (A) and a Biliktype (B) cleavage
mechanism.“” The conversion of a *C-labelled C1 position to a *C-labelled C2 position is
indicated for both cases.

TThis chapter is adapted from [Elliot et al., ChemCatChem, 2018, 10, 1414-1419.] and |Elliot et al.,
ChemSusChem, 2018, 11, 1198-1203.
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Figure 9.2: A) Yields of methyl lactate, TPM, trans-DPM, and furfural (analysed in its dimethyl
acetal form) at varying potassium carbonate concentrations. B) Corresponding **C distribution
at the C1 and C2 positions of methyl lactate, TPM, trans-DPM, and furfural (dimethyl acetal
form). For ML, the C3 position derived from pentose C1 is shown instead of C1. Reactions
were conducted with D-[1-'*CJ-xylose (36 mg), Sn-Beta (HT) (18 mg), methanol (500 yL), and
DMSO (5 mg), which were reacted at 160 °C for 5 min. K2COs was dissolved in the solvent
methanol prior to reaction.
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9.2. Solvent Incorporation

that alkali salts greatly affect retro-aldol cleavage (Chapter. Therefore, a series of tests
were performed on isotopically labelled 1-'3C xylose with increasing concentrations of
potassium carbonate. The degree of carbon exchange from the C1 to the C2 position was
compared with corresponding product yields (Figure .

It is seen that epimerisation is increased upon addition of alkali following an expo-
nentially increasing trend. However, the degree of epimerisation does not display an
optimum, like methyl lactate, instead the curve levels out, closely resembling the inverse
of dehydration product trends. In the Sn-Beta/carbohydrate system this is a significant
case of a reaction not being inhibited by high concentrations of a basic alkali salt.

9.2 Solvent Incorporation

The incorporation of solvent protons into a uniformly labelled 2Hg-pentose was aided by
'H-13C HSQC NMR and has provided several insights to the reaction system. As seen in
Figure the number of deuterium may be determined based on the number of peaks
produced in a 'H-3C HSQC spectrum. Each addition of deuterium produces two extra
peaks until there are no more hydrogen atoms left, in which case no signal is observed in

IH-13C HSQC.

Figure 9.3: Multiplet pattern of the C3-position of ML that results from the incorporation of
three, two, and one 'H atoms (from left to right).

9.2.1 Solvent Proton Incorporation into Methyl Lactate

The methyl lactate produced in the reaction shows no incorporation of solvent hydrogen
at the C2 position (Figure. On the other hand the C3 position shows multiple degrees
of incorporation, for which the spectra are displayed in Figure[0.4] The predominant form
involves the incorporation of a single solvent hydrogen. For that to be the case the C3
position of methyl lactate must originate from a carbohydrate carbon atom possessing
two deuterium before retro-aldol cleavage. This is only the case for the C5 position of the
aldose, or after isomerisation, the C1 and C5 positions of a ketose.

The incorporation of two and even three solvent hydrogens is observed in up to 14
mol%. Based on the observed incorporation and the reaction scheme for methyl lac-
tate formation (Figure it may be deduced that tautomerisaiton to methylglyoxal is
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Figure 9.4: Fraction of methyl lactate isotopologues produced upon reaction of D-[UL-?Hgl-
ribose. Reactions consisted of D-[UL-?Hg|-ribose (36 mg), Sn-Beta (HT) (18 mg), methanol (500
p1L), and dimethylsulphoxide (5 mg) (internal standard) heated to 160 °C for 2 h.
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Figure 9.5: 'H-'3C HSQC signals for the C3 position of DPL. The four potential diastereomer
products (isomerism at C2 and C3) produced by reaction of enantiomerically pure D-[UL-*Hg]-
ribose yield four triplets, one for each CH group at C3, as the 2H nuclei was not decoupled.
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9.2. Solvent Incorporation

reversible and that the rate of the subsequent hydride shift is faster than reverse tau-
tomerisaiton, but not incomparably faster.

9.2.2 Stereoselective Incorporation of Hydrogen in DPL

Solvent incorporation into single-dehydration products was expected at the C3 position,
and with the two diastereoisomers of DPL, containing the C2 and C4 sterocenters either
in co-planar or anti-planar configuration. The isomers produce a signal for each C-H
pair, leading to two signals per carbon which each split into three peaks as the result of
a deuterium and hydrogen on the same carbon (Figure [9.5). From this spectrum it is
seen that the co- and anti-planar configurations are equally distributed (the sum of signal
volumes at 31.8 ppm versus those at 31.4 ppm). However, the incorporation of a solvent
proton occurs highly stereo-selectively, with 52% ee (the peaks at 2.2 ppm versus 2.5 ppm
and the peaks at 2.55 ppm versus those at 2.0 ppm).

Although this has no effect on the DPL formed in a normal reaction, it does tell
us that the incorporation of a solvent proton is controlled by the catalyst and that the
catalyst is able to impose stereoselective control on the substrate. This observation is
also intriguing in relation to trans-DPM, where high selectivity for the trans isomer may
be found (Section . Coupling these observations strengthens the image of

Sn-Beta as a stereoselective catalyst.

9.2.3 DPM Shows No Incorporation of Solvent Protons

The degree of incorporation of solvent protons into trans-DPM, formed from a uniformly
labelled ?Hg-pentose, is an important indicator for reversibility of the initial dehydration
step of the reaction. If there is a high degree of reversibility, a solvent proton will incor-
porate into the C2 position of the sugar, isomerise with the C1 position and ultimately
end up in the C2 position of DPM through a hydride shift in the final catalytic step.

As may be seen from the reaction results in Figure no solvent protons are observed

A: D-[UL-’Hg]-ribose fZH O|§|H OH
2 2
OH OH
Sn-Beta,
CH3OH
A
r A
0y H SH 0, 2H \ZH 0, 2H “2H,
H \\\\ H_,.+ H \\\\ H_,.+ H \\\\ H_,‘
MeOWOH MeOWOH MeOWOH
OH ?H OH 2H OH 2H
1% 3% 96%

Figure 9.6: Isotopologues of trans-DPM fromed from D-[UL-?Hg]-ribose, therby showing solvent
'H incorporation. Reaction Conditions: D-[UL->Hg]-ribose (36 mg), Sn-Beta (HT) (18 mg),
methanol (500 pL), and DMSO (5 mg) (internal standard) heated to 160 °C for 2 h.
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Figure 9.7: Proposed mechanism for the formation of trans-DPM via a pathway not including
3DX and formation of TPM/DPL via 3DX. The mechanism proposes that the enol cis/trans
stereochemistry plays an important role in determining product selectivity.

at the C2 position of DPM, leading to the conclusion that the first dehydration step is
not reversible to any significant degree. Furthermore, there is also no observed solvent
incorporation at the C3 position of DPM. The lack of incorporation of solvent protons
in the C3 position tells us that tautomerisation to 3DX does not occur in the pathway
to DPM. When coupled with the results for DPL (Section , which shows that only
one solvent proton is incorporated in the structure, it is also possible to deduce that the
tautomerisation of 3DX must be irreversible.

From these conclusions it is possible to propose a mechanism for the formation of single
dehydration products (DPL) and double dehydration products (DPM) and how they
differ (Figure[9.7). Here, the stereochemical configuration of the first dehydration step is
presented as the determining step for selectivity between single and double dehydration,
reasoning that the trans configuration of the first dehydration product will be sterically
hindered in coordinating the C4 hydroxy group to the catalyst and will therefore favour
tautomerisation. Meanwhile, the cis configuration will allow for coordination of the C4
hydroxyl group facilitating further dehydration. In short, the selectivity can be said to
be a competition between tautomerisation and C4-dehydration, where the energy barrier
for dehydration is determined by coordination to the catalyst, which is controlled by the
cis/trans-stereochemistry.

9.3 No 1-3C Scrambling in Methyl Lactate

1-13C labelled aldo-pentose was use as a method to track the C1 carbon to the methyl
lactate product. Depending on whether methyl lactate originates primarily from the
starting aldose or from the corresponding ketose, the resulting methyl lactate is expected
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Figure 9.8: Retro-aldol cleavage mechanism for a 1-'*C labelled aldose (A) and ketose (B)
substrate yielding different methyl lactate and glycolaldehyde isotopolouges.

to be either unlabelled (Figure ) and showing a uniform '3C distribution, or labelled
(Figure ) showing up to 100 fold higher 3C contribution from one position.

The experimental results (Figure showed that the '>C distribution is non-uniform,
and that there is an increased prevalence of >C at the C3 position of methyl lactate. This
distribution is surprising considering the expected formation of a symmetrical dihydroxy
acetone intermediate. From this result it may be deduced that methyl lactate is pri-
marily formed from the ketose form in accordance with the mechanism of Figure [9.9B.
In addition, the C3 position of methyl lactate must be originating from the C1 position
of the ketose, consistent with the observations from solvent incorporation experiments
(section [9.2.1 on page 67), and resembling biocatalysis.*?

O OH OH Sn-Beta, jD 9
13~ CH3OH 4% 84% 33l 15%
H/CN ——= MeO Jﬁ( T MeO S,
OH OH OH OH
Yield: 10.5% 1.6%

Figure 9.9: Relative distributions of **C in methyl lactate and MVG upon conversion of D-[1-
13C-xylose. Reaction conditions: 36 mg D-[1-'3*C|-xylose, 18 mg Sn-Beta (HT), 500 pL methanol,
and 5 mg DMSO (internal standard) heated to 160 °C for 5 min. Yields were determined by
using 'H NMR spectroscopy (mol% carbon).

Finally, the high selectivity of labelling on the C3 over the C1 position of methyl
lactate is indicative of the substrate remaining bound to the catalyst throughout the
reaction cascade. That is to say that no free trioses are formed in the reaction after
retro-aldol cleavage, as it would lead to rapid isomerisation resulting in scrambling of the
C1/C3 labelling through formation of symmetric dihydroxy acetone.
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9.4 Observation of a 5,1-Hydride Shift

Non-cleavage products were observed in the conversion of 1-'3C labelled aldo-pentose to
detect the breakage and reforming of carbon-carbon bonds and detect the corresponding
position of the carbohydrate aldehyde carbon in the end products. For the major dehy-
dration product DPM, the results confirmed that the C1 of the reactant xylose was also
the C1 position of the product (Figure [9.10). The results also showed a small exchange
of labelled carbon to the C2 and C5 positions of the molecule.

O OH OH Sn-Beta,

O O . OH
1§C M, 81% 1/0\ 5%
H MeO™ ;9 9%
OH

OH OH

Figure 9.10: Relative distributions of *C in trans-DPM upon conversion of D-[1-'*CJ-xylose.
Reaction conditions: 36 mg D-[1-'3C]-xylose, 18 mg Sn-Beta (HT), 500 uL methanol, and 5 mg
DMSO (internal standard) heated to 160 °C for 5 min. Yields were determined by using 'H
NMR spectroscopy (mol% carbon).

Epimerisation of carbohydrates through a 1,2-carbon shift is known from literature,
consistent with the observed exchange of the '*C labelling from the C1 to the C2 po-
sition.23400l Fxchange between the C1 and C5 positions have not been reported for
Sn-Beta. However, Ti-Beta, another lewis acidic zeolite, has been reported to perform a
5,1-hydride shift of carbohydrates in their cyclic pyranose form.™02 To discern if a similar
reaction is taking place with Sn-Beta, reactions were performed with 5,5-2Hy-arabinose
(Figure . In DPM formed from the reaction, 20% of the deuterium labelling had
migrated from the C5 position to C2, confirming that a 5,1-hydride shift had taken place.
In addition, methyl lactate showed that 78% of the C3 position (corresponding to the car-
bohydrate C1 position) contained no deuterium and 22% contained a single deuterium,
confirming the conclusions obtained from DPM isotopomers and isotopologues.

O OH OH OH OH O
5,1-hydride shift
H oyH T TH H
H 2H
OH OH OH OH
Sn-Beta, Sn-Beta,
CH30OH CH30OH
o 2H, 0, 2 N
JIH (AR Ho (o keH
MeO OH MeO OH
OH OH
80% 20%

Figure 9.11: Yields of trans-DPM isotopomers produced upon conversion of [5,5’-2H2]-arabinose7
providing evidence of a 5,1-hydride shift. Reactions conditions: 36 mg [5,5’-2H2]-a1rabinose7 18
mg Sn-Beta (HT), 500 puL methanol, and 5 mg DMSO heated to 160 °C for 5 min.
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10 Application

In the commercialisation of new chemicals the assessment of applications and related
properties is just as essential as optimising reaction and purification processes. The
following chapter covers preliminary testing of trans-DPM and MVG as monomers for us
in polymer blends.

10.1 Polymerisation of tmns-DP

In order to evaluate DPM as a monomer building block, DPM was tested in polymeriza-
tion reactions. The process involved development of a scaled-up synthesis and purification
procedure, consisting of a 1 L auto-clave setup and subsequent vacuum dry column chro-
matography for purification. Although, these methods are feasible on lab scale, it should
be noted that a flow set-up and distillation would be more suited for further scale-up.

The poly esterification of lactate to poly-lactic acid (PLA) is a known commer-
cial process, and co-polymerisation of MVG and ML has been shown by Sels and co-
workers.B8003 Ty the latter process, it was also shown that the vinyl groups of MVG
could be modified post-polymerisation. Similar capabilities are envisioned for DPM: Poly-
esterification employing the ester and primary alcohol group, then the possibility of post-
modification of the double bond, and in addition the possibility of post-modifying the
secondary alcohol group.

The work was conducted in collaboration with master’s student Christian Andersen
(under supervision of Assoc. Prof. Anders Daugaard) from DTU Polymer, who performed
the co-polymerisation of DPM with ethyl-6-hydroxy-hexanoate (E6-HH). An enzymatic
catalyst (Candida Antarctica lipase B) selective for primary alcohols was used and the
resulting co-polymer could be positively identified by NMR, (Figure .

?
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Figure 10.1: 'H NMR assignment of the co-polymer product of ethyl-6-hydroxy-hexanoate (E6-
HH) and DPM, poly(E6-HH-co-DPM) (Figure Polymer I).

TThis sections is adapted from [Elliot et al., RSC Adwv., 2017, 7, 985-996.
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Figure 10.2: Enzymatic co-polymerisation of DPM and ethyl 6-hydroxy-hexanoate (E6-HH)
using Candida Antarctica lipase B (CAL-B) and subsequent functionalisation. The reaction of
the thiols can supposedly occur on either carbon of the olefinic moieties, but only one form is
represented in the figure for clarity.

The polymer (NMR spectrum in Figure had a 0.17 molar ratio of DPM having
incorporated 77% of the added DPM and had a molecular weight of 12 350 g/mol. Higher
amounts of DPM were also tested (0.44 and 0.66 molar ratio), which resulted in 100%
incorporation, but the resultant polymers showed significantly lower molecular weights
(4500 and 3700 g/mol, respectively). These preliminary tests showed that DPM may be
successfully polymerised in a poly-esterification reaction.

To explore the versatility of poly(E6-HH-co-DPM), post-modification reactions were
performed on the a-hydroxyl and olefinic groups (Figure . For testing post-
functionalisation of the a-hydroxyl group, modification by triflouroacetic anhydride
(TFAA) was employed. This method is widely used for hydroxyl labelling of polymers
and the high reactivity of TFAA provides the best possible conditions for the hydroxyl
group to react.l04105 TH_.NMR analysis showed that full TFAA functionalisation of the
hydroxyl groups in poly(E6-HH-co-DPM) was obtained (Figure Polymer IT).

Simultaneously, thiol-ene chemistry was employed to assess the reactivity of the intra-
chain alkene, a well-established method for post-modification of alkenes by formation of
alkyl sulfides. 82106107 Thiol-ene reactions were performed with five different substrates,
which achieved 30-100% incorporation (Figure Polymer IIT a-e), generally showing
higher incorporation for smaller substrates. Based on these results, the olefinic group in
DPM is available for post-polymerisation modifications.

The results obtained from these initial co-polymerisation and post-modification tests
of DPM, show great promise for DPM as a highly versatile tunable monomer in polymer
applications.
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10.2 MVG as a New Commercial Chemical

As previously discussed, MVG has shown interesting capabilities for application as a
polymer building block (Section [2.5 on page 14)), and can be produced in high yields
from glycolaldehyde (Section [5.4 on page 35). To pursue the use of MVG along the
track to commercialisation, the following studies have focussed on the evaluation of MVG
stability under typical storage conditions, and the evaluation of MVG and MVG analogues
in polymer blends for making polymer films.

10.2.1 Long-term Stability Tests

Assessing the long term stability of MVG under typical chemical storage conditions is nec-
essary, both in the long term sales perspective, but also for guaranteeing substrate quality
and composition during downstream upgrading and application development. Three stor-
age locations were selected, a fridge (5 °C), a dark storage cupboard and a light storage
cupboard with a glass front (Figure . The locations were selected due to their com-
mon availability in a laboratory and in order to vary storage temperature and UV exposure
to the sample. The samples stored in the fridge and dark cupboard were stored in brown
flasks to further prevent any possibility of UV exposure, a sample with atmospheric air
and one with nitrogen atmosphere were prepared for each of the two locations. The sam-
ple stored in the light cupboard was prepared in a colourless glass flask with atmospheric
air, providing the worst storage conditions. The samples were analysed after 59 and 150
days in storage (Figure , with a separate vial prepared for each time interval.

2 s &
3 8 8

Air N, Air N, Air
59 days 98.1 97.8 97.9 97.6 97.6
150 days 97.3 97.4 97.6 96.9 97.0

Figure 10.3: Long term storage conditions for MVG stability testing and measured purities of
MVG in mol% carbon (Initial purity was 98.7%).

After 59 days, the samples all showed between 0.6 and 1.1 mol% decrease in MVG
purity by carbon and after a total of 150 days the decrease was between 1.1 mol% and
1.8 mol%. Examination of the *C NMR spectra shows two areas of particular interest
(Figure . Most significant is the observation of three new peaks at 162.2, 159.5
and 158.9 ppm, characteristic of highly oxidized carbon such as anhydrides, formates and
carbonates. 108 TH3C HSQC-TOCSY NMR experiments revealed no additional structural
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10.2. MVG as a New Commercial Chemical

information on these peaks consistent with isolated carbon atoms with a high amount of
oxygen, leading to the conclusion that oxidation reactions are taking place. It is also
possible to observe the formation of VGA through its C3 peak at 135.3 ppm, and an
increase in the amount of methanol in the reaction corroborates this observation. In
addition, on either side of the MVG C3 peak (134.9 ppm) two low broad peaks are
visible. The broad peaks could come from formation of oligomers of MVG, but other
than an increase in methanol exceeding the formation of VGA, our results have been
unable to confirm this proposition.

Generally there is little difference between the degradation observed in the storage
conditions tested. All samples show the same impurities, but in slightly varying amounts
(Figure , and besides the peaks shown here, no additional impurities were observed
that were not also present in the initial mixture. Based on the products formed, the pri-
mary degradation routes under storage are oxidation, hydrolysis and potentially oligomeri-
sation.

10.2.2 MYVG in coatings

To illuminate possible future applications of MVG, MVG and MVG analogues were tested
in three different types of coatings: acrylate, epoxide and alkyd coatings. The acrylate
coating is cured by UV radiation curing, where a small UV active acrylate initiates a
cascade polymerisation forming linkages between double bonds. Epoxide coatings use UV
cationic curing to form strong acids that initiate polymerisation (primarily) between the
epoxide groups. Lastly, the alkyd coating follows a thermally activated polycondensation
reaction, leading to the release of water which is removed from the system.

Reactive Diluent in Alkyd Paints

The alkyds used, for instance in alkyd paints, are very viscous making them difficult to
apply as a thin, even film. Therefore, along with a drying agent a diluent is often added.
It is preferable for this diluent to be a reactive diluent, rather than to evaporate as a
solvent would. The diluent should react with the alkyd becoming part of the final film
and potentially modifying properties of the film. MVG was tested as a reactive diluent
for this application and compared to Lacknafta. The reference formulation consisted of
70 wt% alkyd, 30 wt% Lacknafta, <1 wt% BOCH OXY T616 (drying agent), <1 wt%
BYK 346 (surface smoothener), and a test sample consisted of 30 wt% MVG instead of
Lacknafta, 100 pm films were made of each blend on aluminium plates and dried overnight
at ambient conditions. Weighting of the plate containing the MVG blend revealed that 30
wt% of the blend had been lost. From that it may be concluded that the MVG evaporated
rather than reacted as was desired and is therefore not suitable as a reactive diluent for
alkyd paints.

Radiation Curing

MVG was modified to HDO-VG]T| (Figure [10.6) and tested as an monomer in a radiation
curing formulation. The formulation was done both with and without a reactive diluent

TSynthesised by Senior Laboratory Engineer Pia Wennerberg, Perstorp AB
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Figure 10.6: Chemical structure a polyacrylate monomer (HDDA) and the MVG derived substi-
tute monomer (HDO-VG).

Table 10.1: Acrylate blends for testing of HDO-VGs properties in radiation curing films

. ° Film L. Konig Ericson Chemical
Blend  HDO-VG ~ HDDA  TP30 Irg500° Thickness Curing Hardness Hardness Resistance®
g g g g nwm runs k/s mm swipes
1 9.59 0.39 6 41 32 4.8 6
2 4.81 4.78 0.39 6 45 76 44 142
3 9.58 0.39 12 3 n.a. 1.9 200
4 4.78 4.80 0.39 12 1 200 2.3 200

@Bisphenol A epoxy diacrylate in 30% tripropylene glycol diacrylate. *TRGACURE 500 photoinitiator.
¢Number of runs under a UV lap at 100% power with a 5 m/min belt transport rate. “Performed to films
on a glass plate. *Number of swipes back and forth with a cotton bud soaked in methyl ethyl ketone and
0.5 kg of pressure.

hi
0
o) o)
NJ\OMe
OH o) o)

epoxy-MVG ECC
methyl 2-hydroxy-3,4-epoxy-butanoate 3,4-epoxycyclohexylmethyl
3',4'-epoxycyclohexanecarboxylate

Figure 10.7: Chemical structure the reference epoxide monomer (ECC)and the MVG derived
substitute monomer (epory-MVG).

Table 10.2: Epoxide blends for testing of epory-MVGs properties in cationic curing films.

epoxy Film . Konig Ericson Chemical
Blend ~ ECC -MVG TMPO®  Irg250" Thickness Curing® Hardness Hardness® Resistance®
g g g g nm runs k/s mm swipes
1 9.68 0.53 12 3 233 2.8 200
2 8.68 1.05 0.48 12 1 233 3.5 200
3 7.7 1.16 1.02 0.53 12 2 233 3.8 200

@Trimethylolpropane oxetane. "TRGACURE 250 photoinitiator.Number of runs under a UV lap at 100%
power with a 5 m/min belt transport rate. “Performed to films on a glass plate. Number of swipes back
and forth with a cotton bud soaked in methyl ethyl ketone and 0.5 kg of pressure.
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(TP30) and compared to a reference sample containing HDDA (Table . Films were
formed on aluminium plates and cured under a UV lamp. The most notable distinc-
tion between HDDA and HDO-VG samples was a drastic increase in the amount of UV
exposure need to cure the film. The HDO-VG films were generally softer (Konig hard-
ness), less resistant to chemicals and had a higher flexibility (Ericson hardness), although
these effects were slightly reduced by addition of the reactive diluent (TP30). Also, the
HDO-VG films showed a lower propensity to coalesce when applied to glass plates.

These results indicate that HDO-VG may be a viable additive when forming acylate
polymer films, which require higher flexibility. However, the very slow curing needs to be
addressed to improve the usability and ease of application.

Cationic Curing

MVG was modified to epoxy—MVGIﬂ and tested as an additive in an epoxide cationic curing
blend in comparison to ECC (Figure . Addition of epoxy-MVG improved the curing
rate of the film and the flexibility of the film (Ericson hardness) was also greatly improved
(Table . Meanwhile the Konig hardness and the chemical resistance of the films were
retained. In addition, the films formed on glass showed a reduced propensity to coalesce.

The effects of addition of epoxy-MVG are highly interesting. The ability to tune the
flexibility of a film without modifying other film properties makes the epozy-MVG very
useful as an additive. In addition, the reduced propensity of the films to coalesce is an
overall improvement to the application of the film.

tSynthesised by PhD student Bo Jessen, Department of Chemistry, Technical University of Denmark
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11 Conclusion

This conclusion compiles results from six chapters, which can be grouped into reaction
analysis (Chapter 5 and 6), optimisation (Chapter 7), understanding (Chapter 8 and 9)
and application development of reaction products (Chapter 10). The main findings are
as follows:

Reaction Analysis The most significant products identified were the a-hydroxy esters
DPM and THM, new five and six carbon analogues of MVG, respectively. The identifica-
tion of additional reaction products lead to significant improvements in carbon balances
in reactions from pentoses, hexose and glycolaldehyde. Dimethylsulphone was found to
be a highly suitable internal standard for NMR analyses of the reaction mixture, with
good stability under the employed reaction conditions. A quantitative 2D NMR method
was developed, which employed calibration of response factors from '3C NMR, thereby
avoiding the need for isolated referencing standards.

Reaction Optimisation Towards Formation of DPM and THM Optimisation
showed that the most favourable conditions for formation of double dehydration products
(DPM and THM) were at 160 °C with a 1 to 2 ratio (wt/wt) of Sn-Beta catalyst to
carbohydrate. The reaction selectivity showed high stability to changes in substrate
stereochemistry and concentration (from 8.3-23 wt%). Changing from methanol to more
bulky solvents lead to a large increase in single and double dehydration products with
up to 42% yield of DPE and 19.4% THE obtainable in ethanol, corresponding to a 1.25
fold increase. In contrast, the presence of an alkali salt additive was detrimental for the
formation of dehydration products.

Understanding the Alkali Effect The effect of increasing alkali concentrations has
been seen to suppress dehydration and solvolysis in favour of formation of retro-aldol
products. The initial rates of formation are observed to follow the same trends, but
are also dependent on whether a neutral or basic salt is employed. A basic salt has a
more beneficial effect on retro-aldol formation rates, and reduces rates of glycoside and
furanic product formation, more than neutral salts. It was shown that the optimum
concentration for methyl lactate formation is directly dependent on accessible tin sites.
Furthermore, the peak follows a double dissociation trend, which is dependent on the
alkali to active site ratio. From this trend, it may be deduced that the tin active site is in
an active equalibrium between three states, with either no, one or two alkali substituted,
with the latter being inactive for the observed reaction pathways. Alkali is observed
to have equivalent effects on epimerisation by 1,2-carbon shift and retro-aldol cleavage,
supporting that the presence of alkali salts reduces the energy barrier for carbon-carbon
bond cleavage.
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Chapter 11. Conclusion

Mechanistic Understanding Experiments with isotopically labelled substrates
showed that in addition to high trans selectivity, tautomerisation also occurs stereo-
selectively. Meanwhile, the second dehydration step towards the formation of trans-
DPM, and in extension trans-THM, competes with tautomeristion towards formation of
DPL/TPM via 3DX, which is formed irreversibly. It is proposed that the stereochemistry
of the enol formed after the first dehydration is important in determining the continued
pathway, as the stereo-chemistry may limit coordination of the C4 hydroxyl group to the
active site. Furthermore, reto-aldol cleavage initiates a reaction cascade to form methyl
lactate, without releasing the substrate before methyl lactate is formed. Sn-Beta also was
also shown to catalyse a 5,1-hydride shift in pentoses.

Applications MVG and DPM were tested for further applications in polymers. DPM
was successfully co-polymerised with E6-HH by the enzyme CAL-B to form a co-polyester.
Modification was successfully carried out of the resulting polymer at both the alcohol and
the alkene functionality. Modified MVG was tested in polymer blends and found suitable
for applications in radiation curing as HDO-VG and cationic curing as epoxidised MVG.
The storage stability of MVG was tested and MVG was found to decompose slowly over
time by oxidation.
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Inorganic glycolytic systems, capable of transforming glucose through a cascade of catalytic steps, can
lead to efficient chemical processes utilising carbohydrates as feedstock. Tin-containing silicates, such as
Sn-Beta, are showing potential for the production of lactates from sugars through a cascade of four to
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within these systems. Here we identify dehydration of glucose to 3-deoxyglucosone as an important
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Introduction

Processes, in which glucose is directly converted to useful
chemical products, have a high potential for industrial
implementation." Inorganic catalytic systems, although with
limited examples of industrial implementation, have potential
advantages over enzymatic and fermentative systems in terms
of scalability, tolerance to a broad range of harsh reaction con-
ditions and tolerance to cytotoxic intermediates or products.”
So far, direct industrial conversion of glucose with inorganic
catalytic systems has been limited to the production of sorbitol
and gluconic acid, but several other chemicals have been
reported as being accessible directly from glucose in high
yields. These include fructose, ethylene glycol, propylene
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glycol, levulinic acid, 5-(hydroxymethyl)furfural (HMF) and
lactic acid derivatives.>™

The use of tin-containing silicates for the conversion of
sugars to lactates has received considerable attention. The first
report from 2009 described the isomerisation of triose sugars
to lactic acid and methyl lactate (ML) in near quantitative
yields using Sn-Beta at low temperatures.'” The scope was
expanded the following year with a report that also hexoses
can be converted to ML at higher temperatures (160 °C) in
68% yield, with formation of small amounts of methyl vinyl
glycolate (MVG).* At the same time, Sn-Beta was reported to be
an active catalyst for the isomerisation of glucose to fructose
and mannose in water at moderate temperatures (100 °C).*

This dependence on temperature enables some degree of
versatility in the use of Sn-Beta as a catalyst. At moderate temp-
eratures the Lewis acidic tin sites primarily catalyse a 1,2-
hydride shift leading to isomerisation. At higher temperatures
a C-C bond cleaving retro-aldol reaction is catalysed resulting
in the fragmentation of monosaccharides to either the afore-
mentioned triose sugars, which subsequently lead to ML (in
methanol) or to C,- and C,-sugar fragments (glycolaldehyde
and tetrose sugars) that form MVG (and glycolaldehyde
dimethyl acetal, GA-DMA).'""> Additionally, Sn-based catalysts
have also been used to catalyse the C-C bond formation to
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form similar products (e.g. MVG, a-hydroxy-y-butyrolactone)
starting from small sugar-like fragments, such as form-
aldehyde, glycolaldehyde and the triose sugars.'"*™*

In addition to the reaction temperature, the presence of co-
solutes is known to affect tin-catalysed reactions dramatically.
Especially the presence of alkali metal salts has been reported
to influence the catalytic properties of stannosilicate materials
in a variety of reactions involving monosaccharides.'®™"°

It was reported in 2012 by Gunther et al. that addition of
sodium tetraborate to aqueous glucose solutions, using Sn-
Beta as catalyst at 80 °C, promotes an intramolecular 1,2-
carbon shift over a 1,2-hydride shift. This leads to the epimeri-
sation of glucose into mannose, rather than the isomerisation
to fructose. In 2014 it was reported by Bermejo-Deval et al. that
addition of sodium chloride and sodium exchanged Sn-Beta
displays a similar catalytic performance as the one described
by Gunther et al., suggesting that the observed change in reac-
tion pathway is attributable to the sodium ions and not to the
tetraborate anion as first reported.’®'” The epimerisation reac-
tion has been hypothesised to occur as an intramolecular 1,2-
carbon shift.'”?° An alternative interpretation of the observed
results could be that the 1,2-carbon shift occurs via a retro-
aldol reaction of glucose to erythrose and glycolaldehyde, fol-
lowed by an aldol reaction of the same species to form either
glucose or mannose, effectively leading to the observed
epimerisation.

An effect of alkali salts on the conversion of sugars into
methyl lactate in reactions using stannosilicates was first
reported in 2013."® It was found that addition of alkali metal
salts to the reaction medium increases the yield of methyl
lactate obtained from sugars in methanol using Sn-Beta at
170 °C from 30 to 75%."° The pronounced effect of alkali ions
at trace amounts has led us to identify alkali metal contami-
nants, originating from the templating agent used in the syn-
thesis of the Sn-Beta zeolite.

While Sn-Beta is not a commercial catalyst, recent develop-
ments have facilitated the production of the catalyst and thus
increased its availability and attractiveness. Two approaches
are currently employed to obtain active stannosilicate catalysts:
(i) a direct synthesis route in which tin atoms are incorporated
in the zeolite framework during hydrothermal synthesis, and
(ii) a post-synthetic procedure, where vacancies are created
within a crystalline Beta zeolite, in which tin is subsequently
introduced. For Sn-Beta, approach (i) involves reacting a sili-
cate- and a tin source at hydrothermal conditions (140 °C) in
the presence of an organic structure directing agent, in an
autoclave. This results in aluminium-free, highly hydrophobic
and defect-free crystals.”"** Though currently only possible on
laboratory scale, optimisations have been implemented to
make the preparation industrially feasible.**™>* Several stanno-
silicate materials are obtainable by direct synthesis including
the zeotype Sn-MFI and the amorphous ordered mesoporous
stannosilicates Sn-SBA-15 and Sn-MCM-41.%°7%

Using the post-synthetic technique (ii), active Sn-Beta cata-
lyst can be obtained for instance through dealumination of a
commercial Beta zeolite, followed by incorporation of tin
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within the vacancies formed in the lattice.?>*° This approach,
which can also include deboronation or desilication, has
expanded the accessible framework types, in which tin can
successfully and with relative ease be incorporated (Sn-MWW,
Sn-USY, etc.).>'** Changes in pore dimensions of various sili-
cates can result in a complete change in product selectivity as
recently shown by De Clercq et al.*

Despite of the great interest in catalytic glucose conversion
to produce lactates, mechanistic details of the conversion and
its modulation by co-solutes have remained sparse. The cata-
Iytic cascade involved in the conversion of sugars using Sn-
Beta can be compared to its biological counterpart, the
Embden-Meyerhof-Parnas glycolysis. Several main features
are present in both cases: the isomerisation of glucose to fruc-
tose, the retro-aldol reaction to form two trioses and the iso-
merisation of the two trioses to the thermodynamic sink,
lactic acid. An additional glycolytic pathway, the Entner-
Doudoroff glycolysis (ED), is also found in some bacteria and
archaea. This biological pathway involves oxidation of phos-
phorylated glucose to gluconic acid followed by dehydration to
produce 3-deoxyglucosonic acid. This intermediate then
undergoes a retro-aldol reaction to produce a triose and glycer-
ate, which are subsequently transformed to lactate.?®

We report here, that stannosilicates in the absence of alkali
metal salts catalyse reactions which bear resemblance to the
first part of the ED glycolysis. The central intermediate in the
inorganic glycolysis is 3-deoxyglucosone (3-deoxy-p-erythro-hexo-
sulose, 3DG) instead of 3-deoxyglucosonic acid in the ED
glycolysis. Further conversion of 3DG can lead to several pro-
ducts, most notably unbranched and deoxygenated Cg-esters
and -lactones. They comprise multi-functionalised molecules,
which could find applications within the specialty polymer
segment. Finally, we argue that in the presence of alkali metal
salts, some of the 3DG formed also undergoes a retro aldol
reaction, forming pyruvaldehyde and glyceraldehyde which
contributes to the overall yield of ML. This final pathway is an
inorganic analogue to the ED pathway.

Results and discussion
Identification of the reaction products

The pronounced effect of alkali metal salts on the selectivity
towards methyl lactate demands a further understanding of all
the other products formed, especially in the absence of alkali
metal salts. Therefore, the first step towards the unveiling of
the reaction mechanism was the identification of all the by-
products formed (Scheme 1). These were identified by means
of NMR spectroscopy (assignment spectra recorded of the reac-
tion mixtures) and GC-MS. Apart from the known retro-aldol
reaction products methyl vinyl glycolate (MVG), glycolaldehyde
dimethyl acetal (GA-DMA) and methyl 4-methoxy-2-hydroxy-
butyrate (MMHB) and unconverted sugars, the presence of
several other major end-products was observed.

Among the most abundant species many were anticipated:
methyl glycosides (‘MG’), i.e. acetals of hexoses consisting

Green Chemn., 2016, 18, 3360-3369 | 3361

93



Chapter A. Published Work

Published on 26 February 2016. Downloaded by DTU Library on 2/11/2019 6:38:37 PM.

94

Paper

View Article Online

Green Chemistry

Ce-Carbohydrates
O.__OH

OH

o

o
OH OH OH
DGM

Glycoside Formation
No alkali, Low T

HO 0.0
HO’ OH
OH
MG

New products

3DG glycolysis
No alkali, 3DG as intermediate
Furanic products

: [e]
i N & 0. 0.

: o o N
P HOTN(T) o o (T o
i mMLA HMF MMF

OH
Q. .0
OH
OH
DGL

o b & - =

H (e} (e}
H\/\fu\o/ \0/ o “°W°/ \°W°/

OH :
THM ! FDMA

HMF-DMA MMF-DMA

Scheme 1 Identified products from the conversion of glucose with Sn-Beta in methanol.

primarily of methyl glucopyranoside and methyl mannopyra-
noside were formed. Furanic end-products represented as
‘FUR’ including 5-(hydroxymethyl)furfural (HMF) and 5-(meth-
oxymethyl)furfural (MMF), and the corresponding dimethyl
acetals (HMF-DMA and MMF-DMA). Furfural dimethyl acetal
(F-DMA) and methyl levulinate (MLA), although found in very
small amounts, are also considered as furanic end-products.
We speculate that F-DMA is formed by aldol reaction of C,-
and C;-sugars to form small amounts of Cs-sugars, some of
which are transformed to furfural by dehydration. We con-
firmed that F-DMA is not formed from HMF under the reac-
tion conditions, ruling out this alternative explanation. Small
amounts of formaldehyde dimethyl acetal were also observed.
In addition to the expected products, three interesting com-
pounds were identified in the reaction mixture. They are par-
tially dehydrated Cg-sugar acid derivatives, both in acyclic
methyl ester form and cyclic lactone forms. These new com-
pounds were identified by multidimensional NMR spectro-
scopy (Fig. 1) as trans-2,5,6-trihydroxy-3-hexenoic acid
methyl ester (THM), 3-deoxy-y-lactones (DGL) consisting of
3-deoxy-y-gluconolactone and 3-deoxy-y-mannonolactone and
3-deoxy-gluconic acid methyl ester (DGM). Identification of the
products is provided in ESI (Fig. S1-S51). A pure sample of
THM was isolated from a scaled-up experiment (18 g of

OH o OoH
0
H\M o o
OH OH OH 9
o
o
~
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P SN o

Chemicg ;msﬂ o

" Pom) OH
Fig. 1 H-'3C spectral region of secondary alcohol CH-groups (indi-
cated by small spheres) adjacent to carboxylic groups in the displayed
compounds of a reaction mixture produced by the catalytic conversion
of glucose in methanol at 140 °C. Compounds were identified by homo-
and heteronuclear NMR assignment spectra recorded on the mixture.
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glucose, see ESIf for more information), and NMR spectro-
scopy was used to confirm the structure on this pure
sample.

These new findings enable the catalytic production of new
molecules from sugars. THM in particular possesses a very
interesting structure, where multiple functionalities are found.
Promising applications, for instance, as a monomer or additive
to synthesise materials with improved properties, can be fore-
seen. Earlier studies related to the degradation of sugars under
alkaline conditions had reported the presence of trans-2,5,6-tri-
hydroxy-3-hexenoic acid in very small amounts (<0.5%).>”*
However, much higher THM yields are reported here (up to
18%).

Effect of the addition of alkali

In order to study the effect of alkali metal salts, 9 wt% solu-
tions of glucose in methanol were reacted at 160 °C with Sn-
Beta catalyst (alkali free) in the presence and in the absence of
potassium carbonate in methanol (0-1.0 mM solutions) in
high pressure glass reaction vessels. The yields of different
components were calculated from GC, HPLC and multidimen-
sional NMR spectroscopy and are shown in Fig. 2 and are
grouped into three main classes, as shown in Scheme 1, based
on the type of glycolytic reaction pathway they are formed in:
(1) methyl glycosides (MG); (2) retro-aldol reaction products
comprising ML, MVG, MMHB and GA-DMA; (3) glycolytic reac-
tion involving dehydration to 3DG and further reaction pro-
ducts comprising furanics (‘FUR’), such as HMF, MMF and
F-DMA; methyl levulinate (MLA); 3-deoxy-y-lactones (DGL) as
well as THM, which is the main product in this category.
These three product categories are respectively termed ‘Methyl
Glycosides’ (MG), ‘RA products’ and ‘3DG products’ through-
out this paper.

It can be observed that the addition of alkali changes the
distribution of the products drastically. While the ‘3DG pro-
ducts’ represent almost 35% of the yield in the absence of
alkali, ‘RA products’ become dominant for K,CO; concen-
trations above 0.1 mM, In the presence of alkali metal salts,
the retro-aldol reaction pathway is responsible for about 70%
of the overall glucose conversion.

Here, the main products are the C,-C, products methyl
lactate (ML, ~50%), methyl vinyl glycolate (MVG, ~18%), glyco-

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Effect of alkali concentration on glucose conversion by Sn-Beta.
Nuances of green and brown are retro-aldol and 3DG products, respect-
ively. Reaction conditions: 0.180 g Sn-Beta (PT, Si/Sn = 125), 0.360 g
glucose, 4.0 g of a solution with 0-1.0 mM K,COs in methanol, 160 °C,
6 h. The data is reported in ESI Table S1.1

laldehyde dimethyl acetal (GA-DMA) and methyl 4-methoxy-2-
hydroxybutyrate (MMHB). THM is formed in yields of 6% in
the presence of 0.31 mM K,COs, illustrating that carbon flux
via the 3DG pathway is still occurring even under these
conditions.

Standard deviation was calculated for triplicates of selected
alkali concentrations and the results are shown in Table S2.7 It
can be observed that the deviation is below 3% in all the cases,
indicating that the results obtained are reliable.

From the results depicted in Fig. 2, it is clear that the 3DG
reaction pathway is dominant in the absence of added alkali
metal salts. In this case, THM is formed in a yield of 14%,
together with 6% lactones (DGL) and 13% furanics. The effect
of alkali metal salts results primarily from favouring the RA
reaction pathway over the 3DG reaction pathway. This might
suggest that the glycolytic pathways are affected by the acidic
environment in the stannosilicate material. Hydroxyl groups in
the near vicinity of the tin-sites, as well as partially-hydrolysed
tin-sites have been proposed to constitute the active site in
Sn-Beta.”***** The observed effect of alkali metals is thus
likely related to an ion-exchange of these Bronsted acidic sites,
as has been hypothesised for comparable materials (TS-1 and
Ti-Beta) in various reports.*’** Homogeneous systems involv-
ing tin are also affected by the presence of alkali salts, which
could indicate a degree of simultaneous homogeneous cata-
Iytic activity of the alkali metal salts.****

For Sn-Beta, the mass balance in the absence of added
alkali metal salts is 75% and has an optimum at almost 90%
for alkali concentrations between 0.21 and 0.31 mM (Fig. 2).
For higher amounts of alkali a decrease in the carbon balance
to 65% occurs, which is accompanied by a darkening of the
product mixture after reaction, as shown in Fig. S6.f Blank
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experiments without Sn-Beta both with and without addition
of alkali metal salts lead to formation of methyl glycosides
(see Table S4,F entries 4 and 5). Again, the addition of alkali
decreased the mass balance considerably, showing that the
stability of the sugar is low under alkaline conditions.

ICP analyses of the liquid after reaction in the absence of
added alkali indicated the presence of very low amounts of
sodium (Na’, 4 wt ppm). This minor contamination was con-
stant in all of the reactions, without any correlation to the
addition of K,CO; and is probably due to small amounts of
sodium remaining in the catalyst or the borosilicate glassware
used for the reactions. This alkali should therefore be con-
sidered as ‘background’ alkali and it is likely that higher
selectivity via the 3DG pathway than reported here could be
reached.

A series of kinetic experiments were conducted in order to
better evaluate the effect of the presence of alkali. It is clear
from Fig. 3 that the addition of alkali ions to the reaction
medium modifies the progress of the reaction. The conversion
of glucose to methyl glycosides is lowered in the presence of
alkali. While almost 50% MG are produced after ten minutes
in the absence of added alkali, this amount decreases to 15%
when the experiment was performed in the presence of
0.6 mM K,CO;. When attempting to convert the commercially
available methyl glucosides (methyl o-p-glucopyranoside,
methyl f-p-glucopyranoside and methyl a-p-mannopyranoside)
almost no conversion was achieved after 6 h at 160 °C in the
absence of added alkali (3-15%, see Table S4,1 entries 1-3).
The formation of MG as pyranosides essentially limits the
further reaction towards the desired products. No methyl furano-
sides were observed, which is in good agreement with previous
studies showing that furanosides have an increased reactiv-
ity."® Moreover, the rate of formation of ML and the other
‘RA products’ is substantially increased upon addition of
small amounts of alkali. The ML yield increased from 4 to

0 10 20 30 0 1 20 30

Time / min Time / min

Fig. 3 Kinetic experiments on product formation at low conversion
with (open circle) and without (solid circle) addition of alkali metal salts.
Reaction conditions: 0.180 g Sn-Beta (PT, Si/Sn = 125), 0.360 g glucose,
4.0 g of a solution with either 0 or 0.62 mM K,COj3 in methanol, 160 °C.
The data are reported in ESI Table S3.1
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20% after ten minutes in the presence of 0.6 mM K,CO;.
Finally, the formation of furanics (‘FUR’) and THM was also
minimised in the presence of added alkali. The addition of
alkali diminishes both THM and furanics in a comparable
manner, indicating that they are indeed formed along similar
reaction pathways. These kinetic experiments further illustrate
the pronounced effect of alkali metal salts and the delicate
balance of Bronsted acidity in the Sn-Beta catalyst when using
sugars. Selectivity to different products is clearly affected by
small changes in acidity of the system.

Elucidation of the reaction mechanism

Based on these results, a comprehensive reaction scheme
(Scheme 2) can be proposed, in which 3-deoxyglucosone (3DG)
is the central intermediate. The presence of 3DG in the reac-
tion solutions was confirmed by direct observation of the
methyl acetal of 3DG at incomplete conversion (Fig. 4). At full
conversion, the presence of 3DG isomers is greatly diminished,
confirming its role as a reaction intermediate.

3364 | Green Chem.,, 2016, 18, 3360-3369
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Fig. 4 Identification of 3DG as a reaction intermediate by comparison
of the acetal region between a reaction mixture and an authentic stan-
dard by 2D *H-3C HSQC.
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The formation of 3DG from glucose is effectively a $-dehy-
dration reaction that is likely to proceed via a retro-Michael
addition of water from the 1,2-enol form of the sugar
(Scheme 2). Hence, it is not a dehydration that is likely to be
catalysed by conventional Brensted acid catalysis. This reaction
pathway has been suggested by Sels and co-workers for the
analogous formation of C;-compounds from tetroses.'” The
outcome is that glucose is transformed into the enol form of
3DG, which upon tautomerisation is fully converted into 3DG.
This dehydration reaction is likely irreversible under the
applied reaction conditions in analogy to pyruvaldehyde,
which is known not to undergo rehydration to form trioses. In
addition, fructose should follow the same reaction pathway
once it has enolised on an active tin-site, since the 1,2-enol
form of fructose is identical to the enol form of glucose (and
of mannose). Hence, the same distribution of end-products for
3DG should be expected from glucose, fructose and mannose.

The further conversion of 3DG can occur via several routes.
The most important ones involve further dehydration of 3DG
via a subsequent p-elimination of water (Scheme 2) to form
3,4DGE. We have not observed 3,4DGE directly in our reaction
mixture, and its presence is hypothesised from the formation
of THM and HMF.” We speculate that trans-3,4DGE is con-
verted into THM in an analogous fashion as vinyl glyoxal is
transformed into MVG, i.e. by addition of methanol to the

Table 1 Conversion of monosaccharides in the absence of alkali using a
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aldehyde moiety, followed by a 1,2-hydride shift resulting in
the formation of the resulting o-hydroxy ester.'” Interestingly,
the THM identified in the reaction product is entirely the
trans-isomer and no traces of the cis-isomer are seen in the
reaction mixtures. We speculate that the cis-3,4DGE is also
formed on the active sites of Sn-Beta, but that it is readily con-
verted into HMF via an intramolecular cyclisation and dehy-
dration reaction, and this is the major source of HMF and
other derivatives formed from hexoses (in the absence of
strong Bronsted acids).”” 1t is likely that different cis/trans
ratios are in part defined by the stereochemistry of the C,
(or more precisely on the relative stereochemistry of the
C,- and Cs-positions). However, when comparing glucose-
fructose-mannose and galactose-tagatose (Table 1), we did
not observe any major differences in the ratios of HMF and
THM, suggesting that this effect is not significant, if present
at all.

A minor part of the 3DG does not undergo p-elimination of
water, and is instead converted to end-products via 1,2-hydride
shift reactions. In methanol, at 7> 140 °C, 3-deoxy y-glucono-
and y-mannonolactones (DGL) are the main end-products
from 3DG in combined yields of about 8%. These are either
formed by direct lactonisation of the 3DG furanoside or
from methyl 3-deoxygluconolactone, which undergoes lactoni-
sation and elimination of methanol. Addition of methanol to

selection of Beta-framework and/or tin containing catalysts

3DG products

MG Retro-aldol products® FUR® THM
Temperature — —_— —

Entry Catalyst Substrate °C % % %

1 Sn-Beta (PT) Glucose 120 44 4 10 8
2 Sn-Beta (PT) Glucose 140 21 10 16 12
3 Sn-Beta (PT) Glucose 160 13 17 13 14
4 Sn-Beta (PT) Glucose 180 5 26 10 8
5 Sn-Beta (PT) Fructose 160 9 19 14 18
6 Sn-Beta (PT) Mannose 160 12 20 12 15
7 Sn-Beta (PT) Sorbose 160 13 15 14 17
8 Sn-Beta (PT) Galactose 160 26 10 13 12
9 Sn-Beta (PT) Tagatose 160 11 11 18 9
10 Sn-Beta (PT) Sucrose 160 10 22 13 15
11 Sn-Beta (HF) Glucose 160 8 24 9 16
12 Zr-Beta (HF) Glucose 160 27 25 2 2
13 Ti-Beta (HF) Glucose 160 14 28 3 3
14 Hf-Beta (HF) Glucose 160 35 18 8 4
15 Al-Beta Glucose 160 32 <1 14 <1
16 deAl-Beta Glucose 160 86 <1 <1 <1
17 deAl-Beta Fructose 160 51 2 14 <1
18 Sn-MCM-41 Glucose 160 16 26 13 18
19 Sn-MFI Glucose 160 40 8 <1 <1
20 SnO,-Beta (HF) Glucose 160 37 1 2 <1
21 Si-Beta (HF) Glucose 160 46 3 3 <1

Yields (carbon%) of methyl glycosides (MG), methyl lactate (ML), methyl vinylglycolate (MVG), glycolaldehyde dimethylacetal (GA-DMA), methyl
4-methoxy-2-hydroxybutanoate (MMHB), combined yield of 5-(hydroxymethyl)furfural (HMF), 5-(methoxymethyl)furfural (MMF) and furfural
dimethylacetal (F-DMA) denoted FUR and trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM) from the conversion of various sugars using
a variety of catalysts, different sugars and at different temperatures. Reaction conditions: 160 °C, 360 mg substrate, 4 g methanol, 180 mg
catalyst, 6 h, 600 rpm stirring. “ Combined yield of quantified retro-aldol products (ML, GA-DMA, MVG and MMHB) and furanics (HMF, MMF,

MLA and F-DMA). For yields of the individual products see Table S5.
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3,4DGE (Scheme 3) would lead to the formation of 4-methoxy-
2,5,6-trihydroxyhexanoic acid methyl ester (MTHM), but this
compound is below the detection limit in our reaction
mixture.

When using commercial 3DG as substrate, the main pro-
ducts from the glycolytic 3DG pathway (DGL, THM and fura-
nics) are observed as end-products (Fig. S7f). In contrast to
experiments using monosaccharides as substrates, the major
products formed from commercial 3DG are a complicated
mixture with the two 3-deoxy-y-lactones being predominant.
Small amounts of THM and HMF derivatives are seen from
3DG, suggesting that a commercial sample of 3DG does not
fully represent the reactive 3DG formed from monosaccharides
in the pores of Sn-Beta. It has been reported previously that
3DG consists of a complex mixture of aldo-furanosides, keto-
furanosides and pyranosides in methanol, with very little
acyclic 3DG." It is therefore likely that the product compo-
sition of commercial 3DG reflects preformed conformational
distributions rather than the inherent reactivity of 3DG formed
as a pathway intermediate. Interestingly, the ratio of THM to
furanics obtained from 3DG seems to be lower than in the
case of glucose. This means that more furanics are produced
from 3DG. This fact supports the hypothesis that most of the
furanics produced in the reaction from sugars are indeed
formed via 3DG as intermediate, and not directly from sugars.
This has previously been confirmed for the formation of fura-
nics via 3DG by Bols and coworkers."’

It has been reported that 3DG can undergo a retro-aldol
reaction and form glyceraldehyde and pyruvaldehyde (enol
form) which are both readily transformed into methyl

3366 | Green Chem., 2016, 18, 3360-3369
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lactate.”® > If 3DG is indeed a major source for methyl lactate,
then the reaction cascade would greatly resemble the ED glyco-
lysis. From the commercial 3DG sample there were also
observed trace amounts of methyl lactate in the product
mixture (1-2%). Again, the absence of acyclic 3DG in the com-
mercial reference might explain the low amount of methyl
lactate obtained. However, due to the complexity of the com-
mercial 3DG used in this experiment, it is not possible to use
this direct experiment to determine the extent of retro-aldol
reaction products formed via 3DG versus direct reaction from
sugars. An indirect indication of the contribution of the 3DG
pathway to the production of methyl lactate can be obtained
from the effect of alkali addition (Fig. 2, data of Table S17).
The ratio of methyl lactate to the total amount of ‘RA products’
has been calculated (ML/‘RA products’). The retro-aldol reac-
tion from 3DG will only lead to ML. The only route for the for-
mation of C, and C, products is via a ‘conventional’ retro-aldol
reaction of the aldohexoses. An increase in the percentage of
methyl lactate will thus indicate the contribution of the 3DG
route to ML formation. From the results in Table S1,} it is
clear that there is an increase in the proportion of methyl
lactate (from 63% to 72% of the total ‘RA products’) when
increasing the concentration of alkali (Table S1,T entries 1-5).
This observed deviation is corroborated by the kinetic experi-
ments shown in Fig. 3 (data shown in Table S37), where the
percentage of methyl lactate follows the same trend with the
addition of alkali (from 59% to 69%). The percentage seems to
be independent of the conversion level and it is only related to
the amount of alkali added to the reaction medium. Bearing
this in mind, we propose that 3DG can be a source of methyl
lactate, despite the very low amounts we observed in our
experiment using authentic 3DG as a substrate. Further
studies are needed to determine the extent of retro-aldol reac-
tion of 3DG and evaluate whether ED glycolysis mechanism
has a significant contribution to the formation of methyl
lactate using stannosilicates.

Other important parameters affecting the reaction

Different reaction parameters and catalysts were investigated
in the absence of added alkali and the reaction mixtures were
analysed thoroughly by HPLC and GC. As can be seen in
Table 1 (entries 1-4), the temperature plays an important role.
When the reactions were carried out at 120 °C, 40% of methyl
glycosides (MG) were obtained as the main product formed at
low temperatures. As the temperature increases, ‘RA glycolysis’
products become dominant. The production of THM reached
a maximum at 160 °C (14%, Table 1, entry 3), while the fura-
nics (FUR) were formed in similar amounts over the tempera-
ture range tested.

The effect of the preparation method of the Sn-Beta and the
metal incorporated in the framework of the zeolite Beta were
also investigated. Characterisation of the catalysts can be
found in ESI Fig. S8, S9 and Table S6.1 A slightly higher yield
of 16% THM was observed when using a Sn-Beta catalyst crys-
tallised in a fluoride medium (entry 10) compared to a catalyst

This journal is © The Royal Society of Chemistry 2016
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prepared by post-treatment of a commercial Beta, which gave
14% THM (entry 3).

Other metals (Zr, Ti and Hf) showed a considerably lower
yield of ‘3DG glycolysis’ products (entries 12-14). Only small
amounts of THM were observed, suggesting that these catalysts
are not highly active catalysts for p-elimination of water. It is
interesting to note that only minor changes in product distri-
bution were observed with increase in alkali content with Zr-
Beta (see Table S77), indicating that the alkali effect is directly
related to the nature of the active site.

Different Sn-based catalysts were also tested. It was found
that Sn-MCM-41 (entry 18) displays a similar reaction profile
as Sn-Beta and a substantial yield of THM (18%) was observed
for this catalyst. Sn-MCM-41 has also been reported previously
to be capable of forming high amounts (~60%) of methyl
lactate from sucrose in the presence of alkali metal salts,"
suggesting that it has a similar catalytic behaviour as Sn-Beta
both in the presence and in the absence of alkali. The other
stannosilicate material, Sn-MFI, was not very active in the for-
mation of products from hexoses, as has been reported pre-
viously and related to its smaller pores limiting its usefulness
as a catalyst for the conversion of hexoses.*” As expected, SnO,
on Si-Beta and pure Si-Beta (entries 20 and 21) were inactive
for the formation of both RA products and 3DG products.
Using these catalysts, most of the glucose was transformed
into methyl glycosides (MG). No THM was observed using Al-
containing zeolites as catalysts. Commercial zeolite Beta (Si/Al
= 12.5) yielded some FUR (14%) from glucose but the mass
balance was low (<50%), illustrating that high concentration of
Bronsted acidity catalyses degradation reactions under the
applied reaction conditions. At lower temperature it is,
however, possible to suppress such degradation reactions and
obtain a high carbon balance along with a high yield of fruc-
tose.*® Using the de-aluminated Beta zeolite, which has been
used as the precursor in the preparation of the post-treated Sn-
Beta zeotype, resulted in the formation of large amounts of
MG and neither 3DG nor RA products were observed. From
fructose, some furanics (FUR, 14%) and small amounts of RA
products (~2%) were formed as expected, but no THM was
observed. It can therefore not be ruled out that residual
Bronsted acidity in the finished Sn-Beta zeolite could contri-
bute to the formation of furanics during conversion of the
aldohexoses. On the other hand, THM is formed by catalysis
involving the Sn-site, clearly demonstrating the unique cata-
Iytic properties of tin-containing silicates.

Conclusions

We report a detailed investigation of the glycolytic reaction
pathways that are catalysed by stannosilicates. A new glycolytic
reaction pathway involving 3DG as the central intermediate
was discovered. This reaction pathway could lead to new ways
of converting abundant and cheap glucose into new and inter-
esting chemicals such as THM and 3-deoxy-y-lactones. In the
absence of alkali metal salts, stannosilicates catalyse the

This journal is © The Royal Society of Chemistry 2016
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p-elimination of water converting glucose—fructose-mannose
into 3DG. Under the reaction conditions studied here, most of
the 3DG underwent a further f-elimination of water leading to
3,ADGE which was converted into THM (trans-3,ADGE) and
HMF (cis-3,4DGE) and related derivatives. In the presence of
alkali metal salts the rate of formation of retro aldol products
is increased, making the retro aldol pathway dominant.
Further, alkali metal salts reduce the rate of formation of
methyl glycosides, thereby effectively leading to more free
monosaccharides in solution than in the absence of alkali. It
is remarkable that the presence or the absence of ppm levels
of alkali metal salts can influence the catalytic properties of
stannosilicates so dramatically. From the increase of methyl
lactate with respect to the total ‘RA products’, indirect evidence
for a ED type glycolysis pathway has been found. The presence
of this alternative pathway may be responsible for the improve-
ment of the yield of ML. We envisage that further control of
the active sites of stannosilicate materials such as Sn-Beta will
enable a much higher degree of control between these two glyco-
Iytic pathways, and thereby enable the low cost transformation
of glucose into a variety of chemicals using inorganic catalytic
systems.

Experimental
Catalytic tests

Catalytic conversion of sugars was performed in a 5 mL glass
microwave reaction vial (Biotage). Typically, 120 mg
(0.67 mmol) of glucose (Sigma-Aldrich, >99.0%), 60 mg of cata-
lyst (prepared as described in the ESIf), and 4.0 g of methanol
(Sigma-Aldrich, >99.8%) were added to the reaction vial. The
reactor was sealed and heated to 160 °C under stirring (600
rpm) in a microwave synthesiser (either a Biotage Initiator or a
Biotage Initiator+). After 6 h, the reaction was cooled and ali-
quots were retrieved from the reactor vessel and filtered using
a 0.22 pm syringe filter. In reactions involving alkali-contain-
ing solutions, the alkali metal source (K,COj;, Sigma-Aldrich,
>99.0%) was dissolved directly in methanol before use in the
desired concentration.

Analysis

Reaction solutions were analysed thoroughly using NMR spectro-
scopy and the reaction components were identified. Quantifi-
cation was performed using NMR spectroscopy, GC-FID/MS
and HPLC-RI/DAD. The reported yields of the individual com-
ponents are carbon yields based on glucose (further infor-
mation in ESI{).

The yields of methyl lactate (ML), methyl vinyl glycolate
(MVG), glycolaldehyde dimethylacetal (GA-DMA) and methyl
4-methoxy-2-hydroxybutanoate (MMHB) were quantified using
a 7890A Series GC system (Agilent Technologies) with a SolGel-
WAX column (Phenomenex). No commercial source of MMHB
was available and the response factor of MVG was used to
approximate the amount of the compound.
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trans-2,5,6-Trihydroxy-3-hexenoic acid methyl ester (THM)
was identified and quantified by GC-MS on an Agilent 6890
with a Phenomenex Zebron ZB-5 column equipped with an
Agilent 5973 mass selective detector. Since no commercial
source was available for THM, this compound was purified
and used for calibration, see ESIf for purification method.
Methyl levulinate (MLA) was likewise analysed and quantified
from GC-MS spectra of the reaction liquids.

For the quantification of furanics an Agilent 1200 series
HPLC equipped with an Aminex HPX-87H (BioRad) column
(0.004 M H,S0,, 0.6 mL min™", 65 °C) using a refractive index
and diode array detector was used. During the reaction, any
furanics formed will undergo acetalisation with the methanol
solvent. These acetals hydrolyse under the acidic conditions
during the HPLC analysis and are therefore quantified as 5-
(hydroxymethyl)furfural (Aldrich, >99%), 5-(methoxymethyl)
furfural (Manchester Organics) and furfural (Sigma-Aldrich,
99%) using the appropriate standards.

Sugar conversion as well as an estimation of the remaining
methyl sugars were quantified on an Agilent 1200 series HPLC
equipped with a Carbohydrate (Zorbax) column (60 wt% aceto-
nitrile/water, 0.5 mL min™", 30 °C). The response factor used
for the combined methylated sugar yield was based on an
average of the three commercially available methyl sugars;
methyl a-p-glucopyranoside (Sigma, >99%), methyl p-b-gluco-
pyranoside (Sigma, >99%) and methyl a-p-mannopyranoside
(Sigma, >99%), see ESI Fig. $10.F The estimate was addition-
ally verified by NMR of the reaction liquids.

For the discovery of chemicals formed in the stannosilicate-
catalysed conversion of glucose, high-field NMR spectroscopy
was employed on a Bruker Avance II 800 MHz spectrometer
equipped with a TCI Z-gradient CryoProbe and an 18.7 T magnet
(Oxford Magnet Technology, Oxford, UK.). To this end, 10%
(w/v) natural abundance glucose in methanol was reacted at
140 °C in the absence of added alkali ions for 6 h in methanol.
Subsequently 1 mL of the sample was condensed and re-dissolved
in d;methanol (99.96 atom%, Sigma-Aldrich, St. Louis, MO).
Standard homonuclear 1D, 2D COSY and 2D TOCSY were carried
out on the non-enriched sample in addition to heteronuclear
'H-"*C HMBC and highly *°C resolved '"H-">C HSQC and 'H-"*C
HSQC-TOCSY spectra. All spectra were recorded at 30 °C.
Identification of compounds in the reaction mixture was aided
by the use of pure reference standards (including 3DG, mono-
saccharides, methyl-glycosides, furanics and methyl lactate).

The NMR quantification of identified compounds in reac-
tion mixtures was performed by addition of 10% d,-methanol
to 500 pl of reaction mixture and subsequent *C 1D NMR
spectroscopy sampling 16 384 complex data points during an
acquisition time of 1.6 seconds and using a recycle delay of
58.4 seconds between 400 scans. This method was used for
verification of other analysis procedures and quantification of
3-deoxy-y-lactones (DGL).

The metallosilicate materials used were synthesised accord-
ing to previously published procedures.”"*****” More details
on each individual synthesis and characterisation are included
in the ESL.{
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Catalyst Preparation

Sn-, Zr-, Ti and Hf-Beta zeolites via hydrothermal synthesis procedure

Sn-Beta zeolites (Si/Sn = 125) were synthesized by modifying the route described by Valencia et al.! In a typical synthesis
procedure, 30.6 g of tetraethyl orthosilicate (TEOS, Aldrich, 98%) was added to 33.1 g of tetraethylammonium hydroxide
(TEAOH, Sigma-Aldrich, 35% in water) under careful stirring, forming a two-phase solution. After stirring (~60 min) one phase is
obtained and tin(1V) chloride pentahydrate (SnCl4-5H,0, Aldrich, 98%) dissolved in 2.0 mL of demineralized water was added
drop wise. Stirring was maintained for several hours to allow ethanol formed from the hydrolysis of TEOS to evaporate. Finally,
3.1 g hydrofluoric acid (HF, Fluka, 47-51%) in 1.6 g of demineralized water was added to the gel, yielding a solid with the molar
composition; 1.0Si:0.005Sn:0.02CI":0.55TEA":0.55F :7.5H,0. All samples were then homogenized and transferred to a Teflon-
container placed in a stainless steel autoclave. This was then placed at 140°C for 14 days. The solid was recovered by filtration
and washed with demineralized water, followed by drying overnight at 80°C in air. The organic template contained within the
material was removed by heating the sample at 2°C/min to 550 °C in static air and maintaining this temperature for 6 h.

Zr-Beta (Si/Zr = 150) and Hf-Beta (Si/Hf = 200) zeolites were prepared by the aforementioned procedure, exchanging the
tin source with ZrOCl,-8H,0 (Sigma-Aldrich, 98 %) or HfCl, (Aldrich, 98 %), respectively. For Ti-Beta (Si/Ti = 150), tetraethyl
orthosilicate (Aldrich) was first dissolved in a mixture of H,O, and water and then used in a similar fashion as the metal source.

Purely siliceous Beta (Si-Beta) was prepared by omitting the addition of tin source and SnO,-Beta was synthesized using
tin oxide (SnO., Aldrich, <100 nm) as the tin source.?

Sn-Beta (Si/Sn = 125) via post-treatment procedure

Sn-Beta (Si/Sn = 125) was prepared according to a modification of the procedure described by Hammond et al.®
Commercial zeolite Beta (Zeolyst, Si/Al = 12.5, NH,'-form) was calcined (550 °C for 6 h) to obtain the H-form and treated with
10 g of concentrated nitric acid (HNO3, Sigma-Aldrich, 265 %) per gram of zeolite Beta powder for 12 h at 80 °C. The resulting
solid was filtered, washed with ample water and calcined (550°C for 6 h using a ramp of 2°C/min) to obtain the dealuminated
Beta (deAl-Beta). This solid was then impregnated by incipient wetness methodology with a Si/Sn ratio of 125. For this purpose,
tin(ll) chloride (0.128 g, Sigma-Aldrich, 98 %) was dissolved in water (5.75 mL) and added to the dealuminated Beta (5 g). After
the impregnation process, the samples were dried 12 h at 110°C and calcined again (550°C for 6 h).

Sn-MFI (Si/Sn = 400)

Sn-MFI was prepared following a procedure described by Mal et al.* In a typical synthesis, 5.35 g of ammonium fluoride
(Sigma-Aldrich, 298 %) was dissolved in 25 g of demineralized water under stirring. A solution of SnCl4:5H,0 in 10 g of water
was then added under rapid stirring, followed by slow addition of a solution of 9.8 g of tetrapropylammonium bromide (Aldrich,
98 %) in 56 g of demineralized water. Finally, 8.6 g of fumed silica (Aldrich) was dissolved. The mixture was then stirred for
approx. 3 hours and transferred to a Teflon-lined autoclave and crystallized at 200°C for 6 days. The solid was then recovered
by filtration, washed with ample water and dried overnight at 80°C followed by calcination (2°C/min, 550°C, 6 hours dwell time)
to obtain the finished material.

Sn-MCM-41 (Si/Sn = 200)

The ordered mesoporous stannosilicate, Sn-MCM-41, was prepared according to the route described by Li et al.° In a
typical synthesis, 26.4 g of tetraethylammonium silicate (TMAS, Aldrich, 15-20 wt% in water, 299.99%) was added slowly to a
solution of 13.0 g of hexadecyltrimethylammonium bromide (CTABr, Sigma, 299.0%) dissolved in 38.0 g of water, and the
mixture was allowed to stir for approx. 1 hour. At this point, SnCls-5H,0 and hydrochloric acid (HCI, Sigma-Aldrich, min. 37%) in
2.1 g of water was added drop wise to the solution and allowed to stir for 1.5 h. To this solution 12.2 g of TEOS was added and
stirred for 3 h, giving a gel composition of; 1.0Si:0.005Sn:0.44CTABr:0.27TMA:0.08CI:46H,0. The samples were then
transferred to a Teflon-lined container placed in a stainless steel autoclave and placed in a pre-heated oven at 140°C for 15 h.
The solid was recovered by filtration and washed with ample water and dried overnight at 80°C. The material was finalized by
calcination, heating the sample to 550°C at 2°C/min in static air and maintaining this temperature for 6 h.

Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of the calcined samples were measured on an X'Pert diffractometer (Philips) using
Cu-Ka radiation. Surface area and pore volume measurements were performed using multipoint N, adsorption/desorption on an
Autosorb automatic surface area and pore size analyzer (Quantachrome Instruments). The total surface area of the samples
was obtained using the BET method and the micropore volume was calculated by the t-plot method using the Autosorb3
software. UV-Vis measurements were done using a DH-2000-BAL balanced deuterium, halogen light source (Ocean Optics).
Mesoporous materials were characterized using low angle x-ray diffraction to verify the ordered nature of these materials.
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Production of 2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM)

Synthesis and Purification

Post-treated Sn-Beta (3 g), Glucose (12 g, Sigma-Aldrich, >99.0%) and methanol (200 g, Sigma-Aldrich, >99.8%) were
added to the Teflon liner of a 1 L autoclave reactor (Autoclave Engineers). The reactor was sealed and heated to 160°C under
stirring (450 rpm) for 16 hours. The reaction mixture was then cooled and filtered resulting in the crude reaction mixture. The
crude reaction mixture was concentrated under reduced pressure at 40°C. 2.1 g of the concentrate was dissolved in methanol,
evaporated onto Celite and purified by flash column chromatography (silica gel 15-40 Mesh, CH.Clz, 20:1 CHCl;:MeOH)
affording 0.30 g of pure THM.

Analysis and Identification

NMR experiments were recorded on a Bruker Ascend 400 spectrometer, *H -NMR was recorded at 400 MHz and **C-NMR
was recorded at 100 MHz. The chemical shifts are given in ppm relative to the residual solvent signals and the chemical shifts
are reported downfield to TMS. HRMS was recorded on an LC-TOF (ES).

'H-NMR (400 MHz, CDs0D): & (ppm) 5.93 (dd, J = 15.3, 4.3 Hz, 1H), 5.88 (dd, J = 15.3, 4.1 Hz, 1H), 4.69 (d, J = 4.1 Hz,
1H), 4.14 (ddd, J = 6.7, 4.7, 4.1 Hz, 1H), 3.73 (s, 3H), 3.51 (dd, J = 10.9, 4.7 Hz, 1H) 3.45 (dd, J = 10.9, 6,7 Hz, 1H). *C-NMR
(100 MHz, CDs0D) : 5 (ppm) 174.6, 133.8, 129.4, 73.4, 72.2, 67.0, 52.6. HRMS (ESI+) m/z calculated for C;H;,0s [M + Na]*:
199.0577, found: 199.0572.
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Figure S1: "H and "’C NMR spectra of purified THM produced by the aforementioned procedure.
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Figure S2: *H-'H TOCSY correlations between protons of the THM spin system in a reaction mixture by Sn-Beta glucose in

methanol.
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Figure S3: *H-'H TOCSY correlations from the methylene protons to other protons in the spin systems of 3-deoxy-y-lactones present in a glucose-derived
reaction mixture.
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Figure S6: Visual change in color of reaction liquids with increase in K,CO3 added to the methanol used as solvent. The vials were prepared using 180 mg

Sn-Beta (PT), 360 mg glucose, 4 g of solvent, reacted for 6 hours at 160°C.
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Beta catalysis in methanol at 160°C. Spectra are renormalized to identical THM signal amplitude to highlight the higher ratio of furanics/THM using 3-
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Figure S8: Low angle XRD diffractogram of Sn-MCM-41 (Si/Sn = 200).

108



Supplementary Information (SI) for Green Chemistry
This journal is © The Royal Society of Chemistry 20XX

Figure S9: XRD diffractograms of a) Sn-Beta (PT), b) Sn-Beta (HF), c) SnO,-Beta (HF), d) Si-Beta (HF), e) Zr-Beta (HF), f) Ti-Beta (HF), g) Hf-Beta (HF)
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Figure S10: Calibration curve for the three methyl glucosides; methyl a-D-¢ pyranoside, methyl -D-

P 10side and methyl a-D-mannopyranoside
measured on an an Agilent 1200 series HPLC equipped with a Carbohydrate (Zorbax) column (60 wt% acetonitrile/water, 0.5 mL/min, 30°C).
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Tables

Table S1: Conversion of glucose in the presence and absence of alkali using Sn-Beta prepared by the post-treatment method (PT Sn-Beta).

Retro-aldol pathway 3DG pathway
Entry ;‘ég’aﬁr};‘) MG ML S@A MVG  MMHB p’ila’ﬂ\s, HMF  MMF  MLA Dz A DGL  THM
mM % % % %
1 0 16 17 3 6 1 63 0 10 2 <1 6 14
2 0.10 9 26 2 1 2 64 0 7 <1 <1 5 13
3 021 9 37 1 15 3 66 0 4 <1 <1 6 1
4 031 6 48 1 18 3 70 0 2 <1 <1 3 6
5 062 7 9 <« 16 2 72 <1 0 <1 <1 0 3
6 1.03 3 37 o« 14 2 69 2 4 <1 <1 <1 1

Yields (carbon%) of methoxylated sugars (MG), methyl lactate (ML), glycolaldehyde dimethylacetal (GA-DMA), methyl vinylglycolate (MVG), methyl 4-
methoxy-2-hydroxybutanoate (MMHB), 5-(hydr hyl)furfural (HMF), 5 h hyl)furfural (MMF), methyl levulinate (MLA), furfural dimethylacetal
(F-DMA), 3-deoxy y-lactones (DGL), and trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM).

Reaction conditions: 160°C, 360 mg glucose, 4 g solvent, 180 mg Sn-Beta (PT) (Si/Sn = 125), 6 hours, 600 rpm stirring.

Table S2: Standard deviations given in parenthesis at alkali concentrations of 0 and 0.31 mM K,COs/methanol for the conversion of glucose using PT Sn-
Beta.

Entry Ckacos (in methanol) MG ML GA-DMA MVG MMHB MMF MLA THM
mM %

1 0 16(3) 17(1) 2(0.2) 7(1) 1(0.1) 10(1) 2(0.3) 14(1)

2 0.31 6(0.4) 49(2) 1(0.3) 18(1) 3(0.1) 2(1) <1 6(0.9)

Yields (carbon%) of methoxylated sugars (MG), methyl lactate (ML), glycolaldehyde dimethylacetal (GA-DMA), methyl vinylglycolate (MVG), methyl 4-
methoxy-2-hydroxybutanoate (MMHB), 5-(l fural (HMF), 5 irfural (MMF), methyl levulinate (MLA), and trans-2,5,6-
trihydroxy-3-hexenoic acid methyl ester (THM).

Reaction conditions: 160°C, 360 mg glucose, 4 g solvent, 180 mg Sn-Beta (PT) (Si/Sn = 125), 6 hours, 600 rpm stirring.
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Table S3. Conversion of glucose in the presence and absence of alkali using Sn-Beta prepared by the post-treatment method (PT Sn-Beta) for 10-30 mins.

Retro-aldol pathway 3DG pathway
. GA- ML/RA F-
Entry Time Solvent MG ML DMA MVG MMHB products’ HMF MMF MLA DMA FUR THM
min % % % %
1 10 Methanol 45 8 2 3 <1 59 2 4 <1 <1 6 7
2 20 Methanol 31 10 3 4 <1 59 1 8 <1 <1 11 10
3 30 Methanol 29 11 3 4 <1 59 1 8 <1 <1 10 11
0.62 mM
4 10 K2CO3 13 39 <1 15 2 69 <1 <1 <1 <1 1 2
/methanol
0.62mM
5 20 K2CO3 9 42 <1 16 2 69 <1 <1 <1 <1 1 2
/methanol
0.62 mM
6 30 K>COs3 8 47 <1 17 2 69 1 <1 <1 <1 1 2
/methanol
Yields (carbon%) of methoxylated sugars (MG), methyl lactate (ML), glycolaldehyde dimethylacetal (GA-DMA), methyl vinylglycolate (MVG), methyl 4-
thoxy-2-h 0ate (MMHB), 5-(hydr hyl)furfural (HMF), 5 h hyl)furfural (MMF) and furfural dimethylacetal (F-DMA) and the
combined furan yield of HMF, MMF, F-DMA and MLA denoted FUR as well as trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM).
Reaction ions: 160°C, 360 mg 49 180 mg catalyst, 600 rpm stirring.

Table S4: Conversion of various methyl glucosides using Sn-Beta (PT) and blank experiments both in the presence of and in the absence of alkali, reacted

at 160 °C.
3DG
Retro-aldol pathway pathway
Entry Catalyst Substrate Solvent Unconverted MG M. GA MVG  MMHB FUR THM
sugars DMA
% % %
Methyl a-D-
1 Sn-Beta (PT) glucopyranoside Methanol - 85 1 <1 1 <1 <1 <1
Methyl B-D-
2 Sn-Beta (PT) glucopyranoside Methanol - 82 1 <1 1 <1 <1 <1
Methyl a-D-
3 Sn-Beta (PT) mannopyranoside Methanol - 97 2 <1 <1 <1 <1 <1
4 - Glucose Methanol 78 18 <1 <1 <1 <1 1 <1
0.62mM
5 - Glucose K.COyf 39 34 <1 <1 <1 <1 2 <1
methanol
Yields (carbon%) of unconverted sugars, methoxylated sugars (MG), methyl lactate (ML), methyl (MVG), (GA-

DMA), methyl 4-methoxy-2-hydroxybutanoate (MMHB), combined yield of 5-(hydroxymethyl)furfural (HMF), 5-(methoxymethyl)furfural (MMF) and furfural

dimethylacetal (F-DMA) denoted FUR and trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM).
Reaction : 160°C, 360 mg sub: 49 180 mg catalyst, 6 hours, 600 rpm stirring.

111



Chapter A. Published Work

112

Supplementary Information (SI) for Green Chemistry
This journal is © The Royal Society of Chemistry 20XX

Table S5: Conversion of monosaccharides in the absence of alkali using a selection of Beta-framework and/or tin containing catalysts.

Retro-aldol pathway 3DG pathway
Entry  Catalyst Substrate Temperature MG ML GA- MVG MMHB HMF  MMF  MLA F- THM
DMA DMA
°C % % %
1 Sn-Beta (PT) Glucose 120 44 4 1 1 <1 1 9 <1 <1 8
2 Sn-Beta (PT) Glucose 140 21 10 2 3 1 2 12 <1 <1 12
3 Sn-Beta (PT) Glucose 160 13 17 3 6 1 <1 10 2 1 14
4 Sn-Beta (PT) Glucose 180 5 26 2 11 1 <1 7 2 1 8
5 Sn-Beta (PT) Fructose 160 9 19 2 7 1 <1 11 2 1 18
6 Sn-Beta (PT) Mannose 160 12 20 2 8 1 <1 10 1 1 15
7 Sn-Beta (PT) Sorbose 160 13 15 3 9 2 <1 11 2 1 17
8 Sn-Beta (PT) Galactose 160 26 10 2 6 1 <1 11 2 1 12
9 Sn-Beta (PT) Tagatose 160 11 11 <1 6 1 <1 14 2 2 9
10 Sn-Beta (PT) Sucrose 160 10 22 2 8 2 <1 11 1 <1 15
11 Sn-Beta (HF) Glucose 160 8 24 1 8 1 4 5 <1 <1 16
12 Zr-Beta (HF) Glucose 160 27 25 5 7 <1 <1 1 <1 <1 2
13 Ti-Beta (HF) Glucose 160 14 28 3 6 1 2 1 <1 <1 3
14 Hf-Beta (HF) Glucose 160 35 18 3 5 <1 <1 7 <1 <1 4
15 Al-Beta Glucose 160 32 <1 <1 <1 <1 <1 2 12 <1 <1
16 deAl-Beta Glucose 160 86 <1 <1 <1 <1 <1 <1 <1 <1 <1
17 deAl-Beta Fructose 160 51 <1 <1 <1 <1 <1 12 <1 <1 <1
18 Sn-MCM-41 Glucose 160 16 26 3 5 3 4 7 <1 <1 18
19 Sn-MFI Glucose 160 40 8 8 4 <1 <1 <1 <1 <1 <1
20 (S"_:'S)"Be'a Glucose 160 37 1 o <« <1 2 <« <4 o<« <
21 Si-Beta (HF) Glucose 160 46 3 2 1 <1 3 <1 <1 <1 <1
Yields (carbon%) of methoxylated sugars (MG), methyl lactate (ML), methyl vir (MVG, wyde di (GA-DMA), methyl 4-

). g
methoxy-2-hydroxybutanoate (MMHB), combined yield of 5-(hydroxymethyl)furfural (HMF), 5- (me(hoxymelhyl)'uriural (MMF) and furfural dimethylacetal (F-
DMA) and trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM) from the conversion of various sugars using a variety of catalysts, different sugars and
at different temperaluves
Reaction i : 360 mg sub 49 180 mg catalyst, 6 hours, 600 rpm stirring.
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Table S6. Physical properties of the various catalysts used in the study using No-i and from XRD dif
X-ray diffraction N.-adsorption/desorption
Entry Catalyst Primary phase Seer Shicropore Viotal Viicropore”
m’lg mL/g
1 Sn-Beta (PT) *BEA 557 373 0.37 0.19
2 Sn-Beta (HF) *BEA 486 362 0.33 0.19
3 SnO,-Beta *BEA 457 365 0.27 0.19
4 Si-Beta *BEA 465 378 0.27 0.20
5 Zr-Beta (HF) *BEA 490 391 0.27 0.20
6 Ti-Beta (HF) *BEA 481 392 0.27 0.20
7 Hf-Beta (HF) *BEA 541 376 0.32 0.20
8 Sn-MFI MFI 377 191 0.20 0.09
9 Sn-MCM-41 Mesoporous silica, a = 45 A” 962 1.00 -
a. Determined using the t-plot method.
b. Determined using low angle x-ray diffraction (0.5-5° 26)
Table S7: Conversion of glucose using Zr-Beta (HF) in different concentration of K,COs in methanol.
Retro-aldol pathway 3DG pathway
Entry Catalyst Substrate Solvent MG ML GA-DMA MVG MMHB FUR THM
% % %
1 Zr-Beta (HF) Glucose Methanol 27 25 5 7 <1 2 2
2 Zr-Beta (HF) Glucose 0.31 mM K,COg/methanol 15 27 2 10 2 2 1
3 Zr-Beta (HF) Glucose 0.62 mM K,COg/methanol 12 25 1 10 3 1 1

Yields (carbon%) of unconverted sugars, methoxylated sugars (MG), methyl lactate (ML), glycolaldehyde dimethylacetal (GA-DMA), methyl vinylglycolate

(MVG), methyl 4-meth 2-h

(MMHB), i yield of 5-
dimethylacetal (F-DMA) denoted FUR and trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM).

whfurfural (HMF), 5-(mett

49 180 mg catalyst, 6 hours, 600 rpm stirring.

)furfural (MMF) and furfural

S. Tolborg, A. Katerinopoulou, D. D. Falcone, |. Sadaba, C. M. Osmundsen, R. J. Davis, E. Taarning, P. Fristrup and M. S.
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We report here the direct formation of the new chemical product trans-2,5-dihydroxy-3-pentenoic acid
methyl ester from pentoses using tin-containing silicates as catalysts. The product is formed under
alkali-free conditions in methanol at temperatures in the range 140-180 °C. The highest yields are found
using Sn-Beta as the catalyst. Under optimised conditions, a yield of 33% is achieved. Purified trans-2,5-
dihydroxy-3-pentenoic acid methyl ester was used for co-polymerisation studies with ethyl 6-
hydroxyhexanoate using Candida antarctica lipase B as the catalyst. The co-polymerisation yields
a product containing functional groups originating from trans-2,5-dihydroxy-3-pentenoic acid methyl
ester in the polyester backbone. The reactivity of the incorporated olefin and hydroxyl moieties was
investigated using trifluoroacetic anhydride and thiol-ene chemistry, thus illustrating the potential for
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Introduction

The emergence of bio-based chemical products from sugars has
been particularly successful in the area of polyester materials.
Simple polyester building blocks include hydroxy acids, diacids
and dialcohols, such as lactic acid, succinic acid and 1,3-
propylene glycol. These building blocks can be produced from
sugars by fermentation or chemocatalysis.’* While fermenta-
tion has been the preferred method, research aimed at trans-
forming sugars into polyester building blocks using chemo-
catalytic processing has proliferated during the last decade.*®
These activities are driven partly by the prospect of chemo-
catalysis offering cost advantages over fermentation, but also
by the prospect of gaining access to chemical products that are
inaccessible by fermentation. Polyester building blocks that are
accessible in few steps from sugars using chemo-catalysis
include 2,5-furandicarboxylic acid, ethylene glycol, adipic
acid, isosorbide, lactic acid and 2-hydroxy-3-butenoic acid.
2,5-Furandicarboxylic acid is accessible via acid catalysed
dehydration of fructose, followed by oxidation.'*** When 2,5-fur-
andicarboxylic acid is polymerised with ethylene glycol, poly-
ethylene furanoate is formed." This polyester has been shown to
have favourable barrier properties compared to PET plastics,
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functionalising the new co-polymers.

indicating that it may be developed as a useful material in the
packaging materials segment.® Ethylene glycol itself can be
produced in various ways for instance by catalytic hydrogenation
of sorbitol in yields of up to 37% '* or directly from glucose in
combination with retro-aldol co-catalysts such as tungsten salts in
yields of 35-75%.'>'* In a different catalytic approach using acid
catalysis, sorbitol can be dehydrated to give isosorbide. This diol
has been successfully polymerised with different dicarboxylic
acids resulting in new types of polyester materials, some of which
have already become commercial products.*” Adipic acid is
accessible from glucose in two steps by catalytic hydrogenation of
glucaric acid."” Racemic methyl lactate can be made directly from
Ce sugars in yields up to 75% using tin-containing silicates as
catalysts." Lactic acid is an established polyester building block
used in the production of poly(lactic acid) which has become
widely used as a bio-based polyester material within the pack-
aging materials segment." The newest and least known member
of this group is methyl vinyl glycolate (MVG), which can be made
directly from Cg sugars in yields up to 20% as a co-product to
methyl lactate and from C, sugars in yields up to 60%.***** Due to
its chemical similarity to lactic acid, MVG can be co-polymerised
with lactic acid to produce a co-polyester having pendant vinyl
groups that allow for post functionalisation. Here, we report that
pentose sugars can be converted into a new activated polyester
building block, trans-2,5-dihydroxy-3-pentenoic acid methyl ester
(DPM), in one step using tin-containing silicates as catalysts. We
have furthermore isolated gram quantities of DPM and we show
the successful co-polymerisation of DPM and ethyl 6-hydrox-
yhexanoate (E6-HH) using enzymatic polymerisation. The co-
polymers can be functionalised by thiolation or acetylation of
the olefin and hydroxyl moiety, respectively.

RSC Adv,, 2017, 7, 985-996 | 985
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The catalytic conversion of sugars to lactic acid derivatives
using tin-containing silicates has been reported for all simple
monosaccharides.?*"**?* The first report was related to triose
sugars in water and methanol and later reports described
similar chemistry occurring for hexoses, tetroses and pentoses.
The product selectivity varies, depending on the length of the
sugar molecule. Trioses form exclusively lactates while tetroses
lead to high yields of MVG. Pentoses and hexoses form multiple
products, depending amongst other factors on the presence of
co-solutes in the reaction medium. Recently we have shown that
trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM) is
formed in yields of 15-18% from hexoses using tin-containing
silicates as catalysts and in the absence of added co-solutes.
The reaction pathway was elucidated and 3-deoxyglucosone
was identified as the intermediate responsible for the formation
of this product and of related lactones and 5-hydroxymethyl
furfural derivatives.>®

We here continue our exploration of chemo-catalytic sugar
processing, taking these reports into consideration. A product
pattern emerges based on the prior reports consisting of the
homologous series of a-hydroxy esters: THM from hexoses,
MVG from tetroses and methyl lactate from trioses. From this
trend, a similar Cs product can be predicted for pentoses
(Scheme 1). This product, DPM, is the activated and biocom-
patible ester version of trans-2,5-dihydroxy-3-pentenoic acid
recently identified among trihydroxypentanoic acid derivatives
formed from xylose in water.” Here, we verify that this product,
DPM, is indeed formed in yields of up to 33% from the pentoses
xylose, lyxose and ribose. This finding shows that tin-containing
silicates display a remarkable ability to catalyse consecutive
dehydrations of sugars to afford intermediary B,y-unsaturated
a-keto-aldehydes which are converted into the B,y-unsaturated
a-hydroxy ester end products (Scheme 1).

Tin-containing silicates are solid Lewis acid materials that
are capable of activating carbonyl groups in small molecules
and catalyse simple transformations. Examples include Baeyer—
Villiger  oxidation, ~Meerwein-Ponndorf-Verley-Oppenauer
redox reactions, monosaccharide isomerisation, aldol- and
retro-aldol reactions and certain dehydration reactions.**** The

0 OH o o
’ — B -
OH [¢] OH
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o oM 0 o
G N S ——
OH OH 0 OH OH
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9 OH OH 0 oH o ?H
H ~ [ ~ —_— 5 5 >33%
Y Y N
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OH OH OH O_OH OH OH OH
306G THM

Scheme 1 Formation of homologous «-hydroxy ester products from
C3-Cg sugars catalysed by tin-containing silicates. The reaction is
applicable both to aldoses and ketoses
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most studied tin-containing silicate is Sn-Beta, in which tin is
incorporated into a framework of silica having the *BEA
topology. Sn-Beta is often reported as being a superior catalyst
compared to other tin-containing silicates for these reac-
tions.'®***373 Currently, this supposed superiority of Sn-Beta is
not well understood, especially under operando conditions.
Recent work aimed at elucidating the catalytic functioning of
Sn-Beta includes DFT calculations, FT-IR, TPR and '*°Sn-NMR
spectroscopy.*>™** Despite it being a crystalline material, the
preparation method often greatly influences the -catalytic
performance. Two principally different preparation methods
are normally used, direct synthesis under hydrothermal
conditions using hydrofluoric acid as mineralising agent [Sn-
Beta (HT)] and synthesis by post treatment of a dealuminated
Beta zeolite with a tin source [Sn-Beta (PT)]. The Sn-Beta (HT)
typically consists of large hydrophobic crystals of 3-5 pm with
few defects. Tin loadings up to 2% are typically employed, as it
is difficult to incorporate higher loadings of tin.** Sn-Beta (PT) is
made from a parent Al-Beta zeolite which has been deal-
uminated. The Sn-Beta (PT) crystal size is inherited from the
parent material and is often in the range of 0.2-1 um in diam-
eter. The material contains many defects, causing it to be more
hydrophilic than the Sn-Beta (HT). Several different methods of
incorporating tin into the dealuminated zeolite are being
employed such as vapour-phase deposition,* solid state ion
exchange®” and reflux in isopropyl alcohol with a tin salt.”®

We synthesised Sn-Beta (HT) and Sn-Beta (PT) with a tin
content of 1.25-1.5% alongside other tin-containing silicates
and other Lewis acidic Beta zeolites. These materials were
tested in the production of DPM from xylose in methanol with
the aim of identifying activity patterns and optimising the DPM
yield.

Experimental
Catalyst synthesis

Sn-, Zr-, Ti- and Al-Beta (Si/M = 150) via hydrothermal synthesis
were prepared by modifying the route described by Valencia
et al.*>* In a typical Sn-Beta (Si/Sn = 150) synthesis procedure,
30.6 g of tetraethyl orthosilicate (Aldrich, 98%) was added to
33.1 g of tetraethylammonium hydroxide (Sigma-Aldrich, 35%
in water) under careful stirring (~60 min), and tin(wv) chloride
pentahydrate (Aldrich, 98%) dissolved in 2.0 mL of demineral-
ised water was added drop wise. The mixture was then left to stir
for several hours. Finally, 3.1 g hydrofluoric acid (Fluka, 47—
51%) in 1.6 g of demineralised water was added. All samples
were then homogenised and transferred to a Teflon®-container
placed in a stainless steel autoclave. The samples were then
incubated at 140 °C for 14 days. The solid was recovered by
filtration and washed with demineralised water, followed by
drying overnight at 80 °C in air. The organic template contained
within the material was removed by heating the sample at 2 °C
min~" to 550 °C in static air and maintaining this temperature
for 6 h.

Zr-Beta (Si/Zr = 150) and Al-Beta (Si/Al = 150) zeolites were
prepared by the aforementioned procedure, exchanging the tin
source with zirconyl chloride octahydrate (Sigma-Aldrich, 98%)
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or aluminium chloride hexahydrate (Fluka, =99%), respec-
tively. Furthermore, Al-Beta was incubated for only 5 days at
140 °C. For Ti-Beta (Si/Ti 150), tetraethyl orthotitanate
(Aldrich) was first dissolved in a mixture of hydrogen peroxide
and water and then used in a similar fashion as the metal
source. SnO,-Beta (Si/Sn = 200) was synthesised using tin oxide
(Aldrich, <100 nm) as the tin source. Purely siliceous Beta (Si-
Beta) was prepared by omitting the addition of a metal source.

Sn-Beta (Si/Sn = 125) via post-treatment was prepared
according to a modification of the procedure described by
Hammond et al.” Commercial zeolite Beta (Zeolyst, Si/Al =
12.5, NH,'-form) was calcined at 550 °C for 6 h and deal-
uminated by treatment with 10 g of concentrated nitric acid
(Sigma-Aldrich, =65%) per gram of zeolite Beta powder for 12 h
at 80 °C. The solid was recovered by filtration, washed and
calcined (550 °C for 6 h). The dealuminated zeolite was then
impregnated by incipient wetness methodology with a Si/Sn
ratio of 125. For this purpose, tin(u) chloride (0.128 g, Sigma-
Aldrich, 98%) was dissolved in water (5.75 mL) and added to
5 g of the solid. After the impregnation process, the sample was
dried at 110 °C for 12 h and calcined again.

Sn-MFI (Si/Sn = 100) was prepared following a procedure
described by Mal et al.*® In a typical synthesis, tin(iv) chloride
pentahydrate (Aldrich, 98%) was dissolved in 5 g of deminer-
alised water and added to 15.6 g of tetraethyl orthosilicate (98%,
Aldrich). This mixture was then stirred for 30 min. Afterwards,
13.4 g of tetrapropylammonium hydroxide (40%, AppliChem) in
13.4 g of demineralised water was added and stirred for 1 h, and
subsequently an additional 60 g of demineralised water was
added. The solution was then left stirring for 20 h. The gel was
transferred to a Teflon®-lined autoclave and synthesised at
160 °C for 2 days under static conditions. The solid was recov-
ered by filtration, washed with ample water and dried overnight
at 80 °C followed by calcination (2 °C min™?, 550 °C, 6 h dwell
time) to obtain the finished material.

Sn-MCM-41 (Si/Sn = 200) was prepared according to the
method described by Li et al.*" In a typical synthesis, 26.4 g of
tetraethylammonium  silicate (Aldrich, 15-20 wt% in water,
=99.99%) was slowly added to a solution of 13.0 g of hex-
adecyltrimethylammonium bromide (Sigma, =99.0%) dis-
solved in 38.0 g of water and allowed to stir for 1 h. At this point,
tin(wv) chloride pentahydrate (Aldrich, 98%) and hydrochloric
acid (Sigma-Aldrich, min. 37%) in 2.1 g of water was added drop
wise to the solution and allowed to stir for 1.5 h. To this solu-
tion, 12.2 g of tetraethylorthosilicate (98%, Aldrich) was added
and stirred for 3 h. The sample was then transferred to a Tef-
lon®-lined container in a stainless steel autoclave and placed in
a pre-heated oven at 140 °C for 15 h. The solid was recovered by
filtration, washed with ample water and dried overnight at
80 °C. The material was finalised by calcination, heating the
sample to 550 °C at 2 °C min " in static air and maintaining this
temperature for 6 h.

Sn-SBA-15 (Si/Sn = 200) was prepared following the synthesis
route described by Ramaswamy et al.** In a typical synthesis,
1.0 g of hydrochloric acid (37 wt%, Fluka) in 140 g of demin-
eralised water was added to a solution of 8.0 g of Pluronic® P-
123 (PEG-PPG-PEG polymer, Aldrich, M,, = ~5800 g mol ")

View Article Online

RSC Advances

in 60 g of demineralised water. The solution was then stirred for
2 h. To the synthesis mixture 18.0 g of tetraethyl orthosilicate
(98%, Aldrich) was added followed by tin(wv) chloride pentahy-
drate (Aldrich, 98%) dissolved in 2.0 g of demineralised water.
The mixture was then stirred for 24 h at 40 °C and then trans-
ferred to a Teflon®-lined autoclave and heated to 100 °C for
24 h. The solid was recovered by filtration, washed with ample
water and then calcined at 550 °C for 6 hours.

Catalyst characterisation

Catalyst characterisation was performed by XRD, BET, N,-
sorption and ICP-OES. Powder X-ray diffraction (XRD) patterns
of the prepared and calcined samples were measured on an
X'Pert diffractometer (Philips) using Cu-Ko. radiation. Surface
area and pore volume measurements were performed using
multipoint N, adsorption/desorption on an Autosorb automatic
surface area and pore size analyser (Quantachrome Instru-
ments). The total surface area (Sger) of the samples was ob-
tained using the BET method and the micropore volume (Viicro)
was calculated by the ¢-plot method using the Autosorb3 soft-
ware. The characterisation results are shown in the ESI, Fig. S2,
S3 and Table S1.f The elemental composition of the prepared
materials was measured using inductively coupled plasma-
atomic emission spectroscopy (ICP-OES) on a PerkinElmer
model Optima 3000 (Varian Vista).

Catalytic tests

In a typical experiment, 4.0 g methanol (Sigma-Aldrich,
>99.8%), 360 mg (2.4 mmol) xylose (Sigma-Aldrich, >99%) and
180 mg of catalyst were added to a 5 mL glass microwave vial
(Biotage). No special precautions were taken to avoid moisture
or oxygen. The reaction vessel was heated under stirring (600
rpm) for 2 h in a Biotage Initiator+ microwave synthesiser. After
cooling, samples were retrieved and analysed. In some experi-
ments, an alkali salt co-solute was added by replacing the
appropriate portion of the methanol solvent with a 1.0 mM
standard solution of potassium carbonate (Sigma-Aldrich,
=99.0%) in methanol to obtain the desired concentration.

Product analysis for catalyst testing

Analysis of the reaction mixtures was performed using a combi-
nation of GC-FID, HPLC and 1D and 2D NMR. A Bruker
(Fallanden, Switzerland) Avance II 800 MHz spectrometer equip-
ped with a TCI Z-gradient CryoProbe and an 18.7 T magnet
(Oxford Magnet Technology, Oxford, U.K.) was used for the
identification of unknown products. A 7890A Series GC system
(Agilent Technologies) with a Phenomenex Zebron ZB-5 column
and a FID detector was used for the quantification of glyco-
laldehyde dimethylacetal (GA-DMA), methyl lactate (ML), methyl
vinyl glycolate (MVG), methyl 4-methoxy-2-hydroxybutanoate
(MMHB) and 2,5-dihydroxy-3-pentenoic acid methyl ester
(DPM). With the exception of DPM, commercial standards were
used for the calibration. DPM was synthesised and purified as
described under “Isolation of trans-2,5-dihydroxy-3-pentenoic acid
methyl ester (DPM)” and the pure material was used in calibration
standards.
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An Agilent 1200 series HPLC equipped with an Aminex HPX-
87H (BioRad) column (0.004 M H,SO,, 0.6 mL min™ ", 65 °C)
using a refractive index and diode array detector was used for
detection and quantification of furfural, furfural dimethylacetal
and other analogues. The aqueous acidic eluent hydrolyses all
furfural analogues back to furfural, resulting in a collective
quantification of all furanics (FUR).

One-dimensional "H NMR spectra were used to quantify 3-
deoxy-y-pentonolactones (DPL), 2,4,5-trihydroxy-3-pentanoic
acid methyl (TPM) and 2,5-dihydroxy-4-methoxy-
pentanoic acid methyl ester (DMPM) using the CH; signal at
1.39 ppm from ML as a reference. Spectra were recorded directly
on reaction mixtures in methanol after removal of catalyst and
upon addition of 10% (v/v) Dy-methanol (Cambridge Isotopes).
Spectra were recorded on a Bruker Avance III spectrometer
equipped with a 9.4 T magnet and a BBO probe. Methanol
proton resonances were suppressed by presaturation at
frequencies of 3.36 ppm, 4.786 ppm using the two logical
channels of the spectrometer. Spectra were recorded at 30 °C by
sampling 8096 complex data points during an acquisition time
of 1.02 seconds, employing an inter-scan delay of 10 seconds
and accumulating 16 scans.

Two-dimensional "H-"*C HSQC spectra were used to quan-
tify methyl glycosides (MG) and residual substrate relative to
DPM at natural *C isotopic abundance. The 'H-"°C HSQC
spectra had a '*C carrier offset of 101 ppm and employed
a spectral width of 22 ppm to sample the anomeric region of
xylose and its methyl glycosides at high resolution and sensi-
tivity. Samples were prepared by condensing 1 mL of the filtered
reaction mixture using a SpeedVac vacuum concentrator and
redissolving the resultant residue in D,-methanol. These
spectra were recorded on a Bruker Avance III HD spectrometer
equipped with a 9.4 T magnet and a Bruker CryoProbe Prodigy,
sampling 1024 and 128 complex data points in the 'H and "*C
spectral dimensions for acquisition times of 292 and 58 milli-
seconds, respectively. Spectra were processed with extensive
zero filling in all dimensions and integrated in Topspin 3.5.

In samples where DPM or ML were present in less than 10%,
estimations of DPL, TPM, DMPM, MG and residual substrate
were quantified by a combination of an Agilent 1200 series
HPLC equipped with a Carbohydrate (Zorbax) column (60 wt%
acetonitrile/water, 0.5 mL min~*, 30 °C) and two-dimensional
"H-"*C HSQC employing standard addition of xylose. 50 pL of
a 100 mM stock solution in Dj-methanol was added to the
sample and spectra were re-recorded by the aforementioned
two-dimensional "H-"*C HSQC procedure.

ester

Isolation of trans-2,5-dihydroxy-3-pentenoic acid methyl ester

Up-scaled reactions were performed in a 1 liter autoclave
(Autoclave Engineers) with mechanical stirring. The autoclave
was loaded with 300 g of methanol, 18 g of xylose and 4.5 g of
Sn-Beta (PT) and heated under stirring to 160 °C for 16 h. The
autoclave was allowed to cool, the catalyst was then removed by
filtration and the reaction mixture was dried overnight with 50 g
molecular sieves. The molecular sieves were filtered from the
product mixture and methanol was removed in vacuo affording
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a crude brown residue. trans-2,5-Dihydroxy-3-pentenoic acid
methyl ester was isolated from the crude by dry column vacuum
chromatography using ethyl acetate/heptane as the eluent,
typically yielding 2.6 g trans-2,5-dihydroxy-3-pentenoic acid
methyl ester of >94% purity (GC-MS, Fig. S4,f 'H-NMR,
Fig. S51).

trans-2,5-Dihydroxy-3-pentenoic acid methyl ester. '"H NMR
(400 MHz, CD;0D) 6 5.89 (dtd, J = 15.5, 5.0, 1.4 Hz, 1H), 5.72
(ddt,j=15.5, 5.7, 1.7 Hz, 1H), 4.76 (s, 4H), 4.58 (ddt, ] = 5.7, 1.4,
1.4 Hz, 1H), 3.99 (ddd, J = 5.0, 1.6, 1.4 Hz, 2H), 3.63 (s, 3H), 3.21
(p, J = 3.3, 1.6 Hz, 1H). "*C NMR (101 MHz, CD;0D) 6 173.2,
132.2, 126.8, 70.9, 61.3, 51.2.

Enzymatic polymerisation of ethyl 6-hydroxyhexanoate and
trans-2,5-dihydroxy-3-pentenoic acid methyl ester to poly(E6-
HH-co-DPM)

For the co-polymerisation, 0.40 g (3 mmol) of trans-2,5-
dihydroxy-3-pentenoic acid methyl ester, 2.0 g (13 mmol) of
ethyl 6-hydroxyhexanoate (Sigma-Aldrich, 97%) and 0.24 g of
N435 (Novozymes) was added to a Schlenk tube. The mixture
was placed in an oil bath under magnetic stirring at 60 °C and
200 mbar pressure for 2 h, before being reduced to 5 mbar for
another 70 h. The product was dissolved in tetrahydrofuran
(Sigma-Aldrich, =99.9%) and immediately filtered by suction.
The filtrate was evaporated in vacuo, re-dissolved in tetrahy-
drofuran and precipitated in cold methanol (Sigma-Aldrich,
=99%). Refrigeration at 5 °C for 30 min followed by filtration,
yielded poly(E6-HH-co-DPM) as an orange sticky solid (1.088 g,
62% yield).

Polymer I - poly(E6-HH-co-DPM). FT-IR (cm ') 3496, 2943,
2865, 1721. 'H-NMR (300 MHz, CDCl;) 6 5.97 (dt, ] = 15.49,
5.68 Hz, 0.16H), 5.79 (dd, ] = 15.48, 4.58 Hz, 0.17H), 4.62 (d, ] =
4.37 Hz, 0.18H), 4.54 (d, ] = 5.59 Hz, 0.26H), 4.17 (m, 0.37H),
3.99 (t,] = 6.64 Hz, 1.64H), 3.58 (t, ] = 8.23 Hz, 0.18H), 2.24 (t, ]
= 7.47 Hz, 2.00H), 1.58 (m, 4.13H), 1.31 (m, 2.11H), 1.19 (t,] =
7.19 Hz, 0.06H). *C-NMR (75 MHz, CDCl;) 6 173.5, 172.8, 130.0,
126.7, 70.4, 67.9, 65.9, 64.1, 34.0, 28.3, 25.4, 24.5.

Trifluoroacetic anhydride esterification of poly(E6-HH-co-
DPM)

In a typical esterification, 63 mg poly(E6-HH-co-DPM) was dis-
solved in 0.7 mL D-chloroform (Sigma-Aldrich, 99.8%) and
transferred to a NMR tube and 4 drops of trifluoroacetic anhy-
dride (Sigma-Aldrich, >99%) were added. The mixture was
precipitated in cold methanol (Sigma-Aldrich, =99%) and
refrigerated at 5 °C for 30 min. The mixture was transferred to
a syringe and filtered using a Teflon® syringe filter. The filter
was washed with chloroform and the liquid was collected. The
solvent was evaporated under ambient conditions and the
product was dried overnight in a vacuum oven at 30 mbar at
room temperature, yielding the functionalised polyester (poly-
mer II). Coupling yield was determined by 'H-NMR, based on
the change in chemical shift of the protons vicinal to the alcohol
group of DPM.

Polymer II. FT-IR (cm ') 3500, 2960, 2864, 1723. 'H-NMR
(300 MHz, CDCl;) 6 6.11 (dt, /] = 15.68, 5.39 Hz, 0.19H), 5.92
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(dd, ] = 15.61, 6.39 Hz, 0.18H), 5.63 (d, ] = 6.37 Hz, 0.16H), 4.67
(d,J = 5.23 Hz, 0.28H), 4.21 (m, 0.38H), 4.10 (t, ] = 6.56, 1.70H),
3.91 (t,/ = 6.63, 0.11H), 2.37 (t, ] = 7.49, 2.00H), 1.66 (m, 4.21H),
1.39 (m, 2.32H), 1.26 (m, 0.14H). *C-NMR (75 MHz, CDCl;)
6 175.8, 175.7, 166.6, 158.9, 149.7 (q), 131.5, 123.2, 113.7 (q),
74.8, 68.01, 67.9, 66.6, 65.1, 34.3, 28.2, 25.5, 24.6.

Thiol-ene functionalisation of poly(E6-HH-co-DPM)

For the thiol-ene functionalisation, 15 mg poly(E6-HH-co-
DPM), 4 drops of mercaptoacetic acid (Sigma-Aldrich, =98%)
and 2.9 mg (0.02 mmol) 2,2-dimethoxy-2-phenylacetophenone
(Sigma-Aldrich, 99%) was dissolved in 0.6 mL D-chloroform
(Sigma-Aldrich, 99.8%). The mixture was transferred to a NMR
tube and irradiated with UV light (A = 365 nm) for 30 min,
yielding the thiol functionalised polyester (polymer IIlc). The
conversion of the double bond was determined by 'H-NMR
from the signals at 5.97 and 5.79 ppm corresponding to the
substitution of the double bond in poly(E6-HH-co-DPM). This
functionalisation was further confirmed by detection of
increased presence of carboxylic acid functionality in FT-IR at
3461 cm ™. Polymers Illa, b, d and e were prepared by the
aforementioned procedure, exchanging the derivatising agent
with 1-mercaptohexane, mercaptoethanol, 2-ethylhexanethiol
or thiophenol respectively, and coupling yields are given in
Scheme 3.

Polymer characterisation

NMR characterisation of polymers was performed on a 7 Tesla
Spectrospin-Bruker AC 300 MHz spectrometer at room
temperature using CDCl; as solvent. Assignments of NMR
spectra were based on homonuclear and heteronuclear corre-
lation spectroscopy (*H-"H COSY and "H-"°C HSQC spectra).
Glass transition temperatures (T) and melting temperatures
(Twm) were obtained using a Discovery DSC from TA Instruments.
Thermal analyses were performed at a heating and cooling rate
of 10 °C min~* from —100 to 150 °C. Ty and T, were measured
at the inflection point and at the peak temperature, respectively.
Fourier transform infrared (FT-IR) spectroscopy was conducted
on an attenuated total reflection (ATR)-FT-IR (Thermo iS50 with
a built-in diamond ATR with a resolution of 4 cm™) in order to
confirm the presence of functional groups. Molecular weight
and polydispersities were determined using Size Exclusion
Chromatography (SEC). SEC was performed in THF on a Visco-
tek GPCmax autosampler equipped with a Viscotek TriSEC
model 302 triple detector array (RI detector, viscometer detector
and light scattering detectors measuring at 90° and 7°) and
a Knauer K-2501 UV detector on two Polymer Laboratories PLgel
MIXED-D columns. The samples were run at a flow rate of 1 mL
min ' at 35 °C and molecular weights were determined from
a PS calibration.

Film casting

In a typical procedure 0.27 g of e-polycaprolactone (Perstop, M,
= 50000 g mol ') and 0.030 g of poly(E6-HH-co-DPM) was
dissolved in 6 mL of tetrahydrofuran. The mixture was trans-
ferred to a Teflon® mold and the solvent was allowed to
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evaporate in a closed vessel at room temperature to ensure
a slow evaporation of the solvent. The resulting film was hot-
pressed at 70 °C for 10 min to ensure a uniform, flat film.

Water contact angle measurements

A water droplet of 15 puL was placed on the surface with the
needle inside the drop, and the drop was expanded and con-
tracted on the surface of the polymer film at a rate of 2.0 pL's™".
All water contact angle measurements were determined as an
average of three measurements of three different drops at

different positions on the polymer surface.

Results and discussion

Identification of trans-2,5-dihydroxy-3-pentenoic acid methyl
ester and co-products

Thorough analyses of product mixtures from reactions using
xylose as the substrate and Sn-Beta (HT) as the catalyst were
initially performed by GC-MS. Here it was found that in addition
to the previously reported retro-aldol and dehydration products,
additional products were present.>**** Analysis of the product
mixtures using 2D heteronuclear (‘H-'°C) spectroscopy,
confirmed the presence of DPM alongside 3-deoxy-y-pentono-
lactones (DPL), 2,4,5-trihydroxypentanoic acid methyl ester
(TPM) and 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester
(DMPM). These products are thus homologues of those re-
ported for the conversion of hexoses to THM and 3-deoxy-
gluconolactones. Following this initial work, a comprehensive
analysis procedure was established, combining GC, HPLC and
NMR spectroscopy to quantify the different reaction products
for the conversion of pentoses (Scheme 2). This analysis
procedure was used for comparing different catalysts, condi-
tions and co-solutes and for optimising the yield of DPM.

Reaction pathways for pentoses

In the presence of Lewis acidic silicates, pentose sugars react
along three primary reaction pathways leading to a variety of
products (Scheme 2). These are grouped accordingly: (1)
formation of methyl glycosides (MG) catalysed by Brensted
acids in the absence of alkali co-solutes; (2) retro-aldol reactions
leading to C;-C, a-hydroxy esters and glycolaldehyde dimethy-
lacetal which are catalysed by Lewis acidic silicates in the
presence of alkali co-solutes; (3) dehydration via 3-deoxy-
xylosone (3-DX) to give DPM, DPL, TPM, DMPM and furfural
derivatives (F and F-DMA), catalysed by tin-containing silicates
in the absence of alkali co-solutes.

The central intermediate 3-DX can be transformed into DPL
via a 1,2-hydride shift of its intramolecular hemiacetal. Xylose
give rise to two different DPL diastereomers that can be dis-
cerned by NMR spectroscopy. We speculate these to be 3-deoxy-
y-p-xylonolactone and 3-deoxy-y-p-lyxonolactone, formed by
racemisation on C, in the 1,2-hydride shift step. In an analo-
gous open chain form, 3-DX can react with methanol to form
a hemiacetal which can undergo a 1,2-hydride shift leading to
TPM. From 3-DX a subsequent dehydration can also occur,
leading to cis/trans-3,4-dideoxyxylos-3-enone (cis/trans-3,4-DXE).
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Scheme 2 Major pathways, intermediates and products in the conversion of pentoses by Sn-Beta. Compound abbreviations: 3-deoxyxylosone
(3-DX), cis-3,4-dideoxyxylos-3-enone (cis-3,4-DXE), trans-3,4-dideoxyxylos-3-enone (trans-3,4-DXE), 2,5-dihydroxy-4-methoxy-pentanoic
acid methyl ester (DMPM), 3-deoxypentonolactone (DPL), trans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM), furfural (F), furfural
dimethylacetal (F-DMA), glycolaldehyde dimethyl acetal (GA-DMA), methyl glycosides (MG), methyl lactate (ML), methyl 4-methoxy-2-

hydroxybutanoate (MMHB), methyl vinyl glycolate, (MVG) and 2,4,5-trihydroxy-3-pentanoic acid methyl ester (TPM).

The trans-3,4-DXE isomer can undergo reactive esterification
leading to DPM while cis-3,4-DXE is a likely precursor for
furfural via a third dehydration step. Interestingly, 3-deoxy
xylosone has previously been reported as an intermediate in the
formation of furfural from pentoses.>”*® In the current study, we
often find that the yields of furfural derivatives and DPM are
correlated, supporting that this is indeed an important inter-
mediate in the formation of furfural species using Lewis acidic
catalysts. This interpretation is furthermore supported by the
use of the Bronsted acidic Al-Beta as the catalyst, resulting in
the formation of only trace amounts of furfural products (1%)
and no detectable DPM. In contrast, Sn-Beta forms 11-17%
furfural products and 23-33% DPM under comparable condi-
tions. A small amount of DMPM was also observed as a product.
This is likely formed via Michael addition of methanol to 3,4-
DXE, prior to a 1,2-hydride shift, thereby being analogous to the
formation of MMHB from tetroses.>**!

Testing of different catalysts

Significant yields of DPM (10-33%) were obtained only for
catalysts containing tin incorporated into a siliceous matrix
(Table 1, entries 1-5). A comparison of the yields of products
obtained from xylose using the different tin-containing silicates
is shown in Fig. 1. The products are grouped into the three
categories mentioned above, according to the primary reaction
pathways responsible for their formation. The highest DPM yield
of 33% was obtained using Sn-Beta (HT) (Table 1, entry 1) which
also resulted in the highest ratio of DPM to total dehydration
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products (3 : 5), while Sn-Beta (PT) resulted in a lower DPM yield
of 23% (Table 1, entry 2) and showed a lower ratio (1 : 2). This
difference is likely attributable to the balance of Bronsted and
Lewis acidity in the two materials. Sn-Beta (PT) contains more
defects due to being synthesised by a post treatment method,
likely resulting in a more Bronsted acidic character.*>* Addi-
tionally, the different preparation methods may lead to
a different incorporation of tin into the *BEA siliceous
matrix.***** An indication of the different acidity balance for Sn-
Beta (HT) and Sn-Beta (PT) is seen when comparing their yields
of MG being 6% and 23%, respectively. Of all the tin-containing
silicates tested, the small pore Sn-MFI material displays the
lowest selectivity towards DPM and dehydration products. The
main products formed after two hours are methyl glycosides,
indicating that the pentoses are not converted preferentially via
Lewis acid catalysed pathways but instead have time to undergo
acetalisation reactions which are typically catalysed by Bronsted
acids.” Other tin-containing silicates such as the ordered mes-
oporous materials Sn-SBA-15 and Sn-MCM-41 were also active
for the formation of DPM, resulting in yields of 12% and 16%
yield, respectively. These catalysts all belong to the group of tin-
containing silicates and are all able to form DPM in significant
yields. In contrast, materials having tin outside of the siliceous
matrix, such as dispersed SnO, nanoparticles on Si-Beta, did not
catalyse the formation of DPM under these reaction conditions
(Table 1, entry 6). This finding highlights the importance of
successfully incorporating tin in the silicate matrix to obtain
catalytically active heterogeneous catalysts.
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Table 1 Conversion of xylose using a variety of catalysts®
Retro-aldol Dehydration
Carbon

XYL, MG, GA-DMA, ML, MVG, MMHB, DPL, TPM/DMPM’, FUR‘, DPM, Total, balance,
Entry Catalyst % % % % % % Total, % % % % % % %
1 Sn-Beta (HT) n.d. 4 2 1“2 <1 19 10 13 11 33(3) 68 90 (4)
2 Sn-Beta (PT) n.d. 23 3 1 <1 <1 15 6 9 17 23(1) 55 93 (3)
3 Sn-MFI <1 30 6 17 1 <1 24 3 3 10 1(1) 27 82 (5)
4 Sn-MCM-41  nd. 23 4 12 < <1 18 6 14 20 16(1) 57 98 (5)
5 Sn-SBA-15 <1 32 6 11 <1 <1 18 3 10 18 12 (1) 42 92 (6)
6 SnO,-Beta? 53 42 2 <1 <1 <1 3 1 2 1 <1 6 104 (7)
7 Ti-Beta <1 48 7 11 3 <1 22 4 7 5 <1 16 86
8 Zr-Beta <1 39 12 10 2 <1 25 2 2 4 <1 9 73
9 Al-Beta 6 82 n.d. nd. nd. n.d. 0 nd. nd. 1 n.d. 1 89 (1)
10 Si-Beta 13 42 5 2 <1 <1 8 2 3 3 <1 8 71
11 Blank 88 6 <1 <1 < <1 1 nd. nd. <1 nd. 1 96 (1)

“ All reactions employed the standard reaction conditions: 360 mg xylose (8.3 wt%), 4 g methanol, 180 mg catalyst, 2 h, 160 °C and 600 rpm stirring.
Reactions were performed in triplicates and standard deviations of the last digit are given in parenthesis for DPM; full values and deviations for all
products are provided in Table S2. n.d. = not detected. Refer to Scheme 2 for product abbreviations. ” Combined yields (carbon%) of 2,4,5-
trihydroxy-3-pentanoic acid methyl ester and 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester. © Combined yields (carbon%) of furfural and

furfural dimethyl acetal. ¢ Dispersed SnO, nanoparticles on Si-Beta.
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Fig. 1 Product distribution of tin-containing silicates based on data
from Table 1. Reaction conditions: 0.360 g xylose, 0.180 g catalyst,
4.0 g methanol, 160 °C, 2 hours.

The purely siliceous material Si-Beta did not catalyse the
formation of significant amounts of DPM, and the main
product observed was MG (Table 1, entry 10). Catalysts having
other metals than tin incorporated into the framework such as
titanium, zirconium and aluminium did not form significant
yields of DPM from xylose either (Table 1, entry 7-9). However,
both Ti-Beta and Zr-Beta gave appreciable yields of retro-aldol
products (22-25%), which is in accordance with previous
reports of these materials being active for the formation of

his journal is © The Royal Society of Chemistry 201

lactates.”® The formation of DPM, in contrast, occurs via
a different reaction pathway that is seemingly only catalysed by
the tin-containing silicates. The same trend was reported for the
formation of THM from hexoses using the same types of
materials.”® The highly Bronsted acidic Al-Beta was found to
convert xylose into methyl glycosides with a high selectivity,
which is in accordance with previous findings.*® No formation
of DPM was observed, while small amounts of furfural were
detected (ca. 1%).

We would like to draw attention to the yields of furanic
products and DPM in the comparison of Zr-Beta and Ti-Beta
with all the tin-containing silicates. Low yields of furanic
products (4-5%) are observed for the zirconium and titanium
materials while all tin-containing silicates form substantially
higher yields (10-20%). This observation supports the afore-
mentioned hypothesis, that the majority of the furanic products
is formed via a 3-DX route for the tin-containing silicates. The
inability of the titanium and zirconium materials to catalyse the
formation of 3-DX from xylose thus also prevents a substantial
co-production of furanic compounds.

Effect of reaction parameters and co-solutes for DPM
formation using Sn-Beta

The catalyst screening clarified that Sn-Beta gives higher DPM
yields than other tin-containing silicates. We therefore assessed
the reaction parameters in detail using Sn-Beta (HT) as the cata-
lyst. To this end, we varied the reaction temperature (140-180 °C),
the catalyst to substrate ratio (0.125-1.0), the concentration of
xylose in the reaction solution (8.3-23 wt%) and examined the
effect of adding alkali co-solutes in the form of potassium
carbonate. Furthermore, we tested if other pentoses could be used
for DPM formation. From these studies, it was deduced that high
catalyst to substrate ratios and the absence of alkali co-solutes are
important parameters to obtain high yields of DPM.
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The effect of reaction temperature on the yield of DPM was
insignificant and similar yields (31-34%) were obtained in the
temperature range of 140-180 °C (Table S4f). The reaction
temperature effect appeared to be more pronounced for yields
of other reaction products, with higher temperatures favouring
retro-aldol products (9% difference) and lower temperatures
favouring furanics (8% difference).

It had previously been shown for hexoses that alkali co-solutes
significantly diminish the yield of THM and furanic products,
leading to increased yields of retro-aldol products, from 30% in
the absence of alkali to 75% in the presence of 0.065 mM of added
potassium carbonate.'® We find that an analogous effect exists for
the conversion of pentoses (Fig. 2), illustrating that optimal yields
of DPM require a strict control of alkali contaminants. We found
by ICP measurements that a background alkali level of 1.3 wt ppm
was present even under “alkali free” conditions, possibly origi-
nating from the borosilicate glassware.

The catalyst to substrate ratio was varied from 0.125 to 1.0 on
weight basis, while keeping the substrate concentration
constant at 8.3 wt% xylose. Interestingly, a strong dependence
on catalyst loading was found, as selectivity towards DPM
increased significantly from a catalyst to substrate ratio of 0.125
(19% DPM) up to 0.5 (34% DPM) (Table S47). The formation of
retro-aldol products followed the opposite trend, decreasing
with increased catalyst to substrate ratios from a combined
yield of 32% at a catalyst to substrate ratio of 0.125 to just 15%
at a ratio of 1.0.

The effect of the xylose concentration in the reaction mixture
was tested, keeping the catalyst to substrate ratio constant at

801 I VG [ IMMHB  [_JFUR
MG I oPM
[ GA-DVMA
704 I VL
60
50
R 40
30
204
104
]
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0 005 0.10 020 025 050 075 1.0
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Fig. 2 Product distribution at different alkali concentrations using Sn-
Beta, based on data from Table S5.f Reaction conditions: 0.360 g
xylose, 0.180 g Sn-Beta (HT, Si/Sn = 150), 4.0 g methanol, 160 °C, 2
hours. Yields of TPM and DMPM and DPL are not included in this graph.
Refer to Scheme 2 for abbreviations.
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0.5. Surprisingly, increasing the concentration did not lower the
yield of DPM and using a 23 wt% solution of xylose in methanol
gave a similar yield of 32% as an 8.3 wt% solution (Table S37).

Finally, two other pentoses (ribose and lyxose) were tested as
substrates and found to give DPM yields of 30% and 31%,
respectively (Table S37).

Polymerisation potential

In order to evaluate the usefulness of DPM as a novel polyester
monomer, and having shown that DPM can be formed in
acceptable yields (above 30%), the synthesis and purification of
DPM was performed at larger scale (1 L). Due to the simpler
synthesis route of Sn-Beta (PT), this catalyst was used at the
expense of a lower overall DPM yield. From these large-scale
experiments, 2.6 g of =94% pure (as estimated by '"H-NMR)
DPM was synthesised. Having shown that DPM can be
prepared in acceptable amounts, we became interested in its
use as a polymer building block. It has previously been shown
by Sels and co-workers that MVG can be co-polymerised with
lactic acid with a 1,2-linkage to afford a polyester material
having pendant vinyl groups available for post functionalisa-
tion.” Additionally, it has recently been reported that MVG can
be converted into dimethyl (E)-2,5-dihydroxyhex-3-enedioate,
via a metathesis reaction.””*® This new product has also been
successfully co-polymerised with lactic acid.”” In contrast to
MVG, DPM contains both a secondary and a primary alcohol,
which prevents the use of classical polymerisation catalysts due
to poor selectivity control. However, enzymatic polymerisation
methods permit polymerisation of such highly functional
monomers.”* Especially the enzyme selectivity between
primary and secondary alcohols enables the specific synthesis
of functional linear polymers that cannot be prepared using
chemo-catalysis.®** Unfortunately, homo-polymerisation of
DPM was unsuccessful and resulted only in the formation of
oligomers. As an alternative to homo-polymerisation, co-
polymerisations were conducted using the commercially avail-
able monomer ethyl 6-hydroxyhexanoate (E6-HH) as shown in
Scheme 3. Polymerisation of pure E6-HH affords poly-
caprolactone (PCL) which is a linear and biodegradable poly-
ester produced on industrial scale. Co-polymerisation with
DPM could be envisaged to be a useful way to modify the
properties of PCL. This approach incorporates DPM into linear
polymers with a linear 1,5-linkage, leaving the secondary
alcohol and olefin moieties available for post-functionalisation
(Scheme 3, polymer I).

The enzymatic co-polymerisations between DPM and E6-HH
were performed at 60 °C in bulk monomer in accordance with
the general procedure described in the Experimental section.
The NMR spectrum of the resulting polymer (Fig. 3) shows that
that the vinylic hydrogen atoms from DPM are present, while
the alcohol, alkene and ester functional groups were confirmed
by FT-IR spectroscopy (Fig. S67).

The polymer synthesis procedure was varied to study the
effects of feed ratio and polymerisation time on the resulting
polymers. Polymerisation time was studied by conducting co-
polymerisation experiments using a DPM to E6-HH molar
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Scheme 3 Enzymatic co-polymerisation of DPM and ethyl 6-
hydroxyhexanoate (E6-HH) using Candida antarctica lipase B (CAL-B)
and subsequent functionalisation. The reaction of the thiols can
supposedly occur on either carbon of the olefinic moieties, but only
one form is represented in the scheme for clarity.
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Fig. 3 H NMR assignment of the co-polymer product, poly(E6-HH-
co-DPM), from Table 2 entry 4.

ratio of 0.22 and varying the reaction times (Table 2, entries 2—
4). The shortest polymerisation time of 18 h resulted in the
incorporation of approximately 55% (0.12 molar ratio) of the
DPM from the feed into the co-polymer. By increasing the
polymerisation time to first 42 h and subsequently to 72 h,
incorporation was increased to 77% (0.17 molar ratio). At all

Table 2 Enzymatic co-polymerisation of E6-HH and DPM®
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RSC Advances

tested reaction times reasonable degrees of polymerisation (M,,
=10 000-12 350 g mol ") and polydispersity indices (PDI = 2.1~
2.5) were obtained, comparable to typical results from enzy-
matic polymerisation of monomers containing both secondary
and primary alcohols.®"**

These findings clearly showed that DPM was more chal-
lenging to polymerise than E6-HH, which was also evident by
DPM being unable to homo-polymerise. Nevertheless, DPM
should become incorporated at longer polymerisation times
and higher DPM fractions in the feed (Table 2).

A study of varying the feed ratio of E6-HH to DPM from
a molar ratio of 0.22 to 0.66 showed that the content of DPM in
the co-polymer increased with increased ratio. This lead to full
incorporation of DPM into the co-polymers at polymerisation
times of 72 h and molecular ratios above 0.44. Despite full
incorporation of DPM, these polymerisations resulted in
molecular weights of only 4500 and 3700 g mol " for 0.44 and
0.66 molar ratio, respectively. Molecular weights above 10 000 g
mol~" as observed with 0.22 molar ratio DPM could not be
obtained for these co-polymerisations.

The thermal properties of all the co-polymers were investi-
gated by DSC and showed glass transition temperatures (7;)
between —49 °C to —56 °C, which is typical for aliphatic poly-
esters and confirms the flexible nature of the polymer chain.
The melting temperature (7T,,) at 0.12 molar ratio of DPM was
determined to be 42.8 °C and T,, decreased with increasing
content of DPM to 7.5 °C at 0.66 molar ratio DPM. The incor-
poration of DPM clearly prevents the regularity and close chain-
to-chain packing required for the polymer to crystallise, thereby
reducing the melting temperature.

These initial studies clearly show that DPM can be success-
fully polymerised with other similar monomers thereby
providing access to functional polymers. Furthermore, the
degree of incorporation may be used to manipulate the physical
properties of the co-polymer.

Post-functionalisation

Post-functionalisation of polymers offers the possibility to tailor
their properties. The DPM containing co-polymers were tested
for their ability to undergo functionalisation of the a-hydroxyl
and olefinic groups (Scheme 3). Functionalisation of the o-
hydroxyl groups of DPM was performed using trifluoroacetic
anhydride (TFA), a highly reactive reagent widely used in

Entry Time h Feed MR” Prod. MR** T, °C T, °C My¢, g mol™* M,f, g mol ™! PDI
v 18 0 0 ~60.2 48.9 3600 4700 1.3
2 18 0.22 0.12 —49.3 42.8 5150 10 050 2.1
3 42 0.22 0.14 —49.3 42.5 4490 10 750 2.4
4 72 0.22 0.17 —50.0 34.2 5000 12 350 2.5
5 72 0.44 0.44 —55.5 15.1 1900 4500 2.4
6 72 0.66 0.66 —52.3 7.5 1760 3700 2.1

@ All reactions were performed at 60 °C and the pressure was held at 200 mbar for 2 h whereafter it was reduced to 5 mbar in accordance with

optimisations performed with E6-HH (see ESI).

Molar ratio (MR) listed as DPM/E6-HH [mol mol~"]. ¢ Determined by "H NMR. ¢ Determined

by DSC. ¢ Determined by SEC in THF using PS standards./ Using only E6-HH as monomer.

1is journal is © The
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hydroxyl labelling of polymers, allowing for clear detection of
functionality by NMR analysis.®*** The structure of the TFA
modified co-polymer (Scheme 3, polymer 1I) was verified by 'H
NMR (see experimental section “Thiol-ene functionalisation of
poly(E6-HH-co-DPM)”), showing that full functionalisation was
achieved.

Additionally, thiol-ene chemistry was used to demonstrate
the reactivity of the intra-chain alkene.> Thiol-ene chemistry is
a well-established protocol for functionalisation of polymers by
formation of alkyl sulphides via reaction of a thiol and an
alkene using radical chemistry.®>*® Here, a photo initiator (2,2-
dimethoxy-2-phenylacetophenone, DMPA) was used together
with a selection of thiol compounds (Scheme 3) to illustrate the
potential for post-polymerisation functionalisation.

The functionalisation of DPM sub-units in the thiol-ene
experiments was determined using 'H and 'H-"C NMR
following diminished double bond proton intensities within the
polymer upon functionalisation. Thiol-ene reactions varied
between 30 and 100% conversion, with the least sterically
hindered substituents yielding the highest conversion (Scheme
3, polymers IlTa-e). Poor solubility of the functionalised co-
polymer materials in DMSO and chloroform prevented
conclusive studies of the regioselectivity in the thiol-ene reac-
tions. We found that in particular mercaptoacetic acid and
mercaptoethanol (Scheme 3, polymer IIIb-c) were effective
grafting reagents, making it possible to fully convert the in-
chain double bond, clearly demonstrating the polymers high
potential for functionalisation. In-chain alkenes are estimated
to have an approximately 10-fold lower reactivity compared to
corresponding pendent alkenes.®” The high extent of function-
alisation in the polymer observed herein is thus extraordinary
and underlines the potential of in-chain alkenes for preparation
of functional polymers.

Co-polymer blends with polycaprolactone in thin films

The prepared co-polymers have a high structural similarity to
PCL and therefore blends between some of the co-polymers and
PCL were investigated. PCL often finds uses in biomedical
devices, where control of surface properties and functionality
are highly desired properties and therefore simple blending
could be an interesting application of the new co-polymers.

Three different films consisting of pure PCL, a PCL blend
with 10 wt% poly(E6-HH-co-DPM) (PECD-PCL) and a PCL blend
with 10 wt% trifluroacetic acid functionalised poly(E6-HH-co-
DPM) (PECD(TFA)-PCL) were prepared by solvent casting and
hot-pressing. The prepared films were investigated by water
contact angle (WCA) measurements to determine the impact on
surface properties of the blend (Table 3).

The pure PCL film had an advancing WCA of 85°, which was
reduced to 75° by blending with the DPM co-polymer. This
shows the impact of the free hydroxyl groups from the co-
polymer, and could be exploited to increase the hydrophilicity
of the thin film. This was corroborated with the receding WCA,
which is reduced by almost 10° for the blend, indicating the
presence of more polar groups in the system. Conversely,
blending PCL with the trifluroacetic acid functionalised
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Table 3 Advancing and receding water contact angle measurements
for PCL, PECD-PCL and PECD(TFA)-PCL films®

Film Advancing WCA deg Receding WCA deg
PCL’ 90 (1) 46 (1)
PCL 85 (2) 46 (2)
PECD-PCL' 75 (1) 38(2)
PECD(TFA)-PCL? 93 (2) 36 (2)

“ All water contact angles (WCA) were determined as averages of three
measurements of three different drops at different positions on the
polymer surface and standard deviations of the last digit are given in
parenthesis. > WCA value for PCL from literature.”* °The film
contained 10 wt% poly(E6-HH-co-DPM). ¢ The film contained 10 wt%
TFA functionalised poly(E6-HH-co-DPM).

poly(E6-HH-co-DPM) resulted in an increase in the advancing
WCA up to 93°, which is expected from increasing the hydro-
phobicity of the film due to the fluorine in the co-polymer. The
receding WCA was not affected from blending in the fluorinated
co-polymer, which showed that the system is still amphiphilic.
Both results show that the co-polymer is able to modify the
surface properties of the thin film blend, and that post-
modification of the co-polymer permits exploitation of the
functional groups for further modification of the surface of thin
film blends.

Conclusion

In the current study, we have shown that the novel polyester
building block DPM can be synthesised from pentoses using
tin-containing silicates as catalysts in yields up to 32% with
xylose concentrations of 23 wt%. This approach provides
a simple and low cost route from a plentiful and sustainable
feedstock to an intriguing chemical product. Future improve-
ments to the DPM synthesis may encompass ways to suppress
the formation of furanics or of retro-aldol products, or to better
control the formation of ester products from 3-DX. DPM has
been shown to be an interesting monomer for the preparation
of functional polyesters in co-polymerisation with E6-HH.
Enzymatic polymerisations were effective for the synthesis of
the highly functional polyesters with 0.17 to 0.66 molar ratio
content of DPM. The co-polymers could easily be post-
functionalised using either TFA or thiol-ene chemistry to
extend the potential applications of these co-polymers. As an
example, simple blends with PCL were investigated and it was
shown how the co-polymer could be used to affect the surface
properties of the polymer film.

The chemoenzymatic approach described herein thus
enables future bio-refineries to better utilise pentoses from
hemicellulose-containing biomass, providing the chemical
industry with new types of interesting polymer building blocks.
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Polymerization of Ethyl 6-Hydroxyhexanoate (E6-HH)

Ethyl 6-hydroxyhexanoate (E6-HH) (2.0 g, 12 mmol) and CAL-B (NZ435, 0.20 g) was transferred to a Schlenk tube. The suspension was
then immersed in an oil bath at 80 °C under stirring and va cuum (200 mbar) for 18 h and terminated by cooling in a dry i ce bath. The
product was dissol ved in THF and enzyme particles were filtered off by suction filtra tion (particle retention 5-13 pm). The residue was
washed with THF several times. The fil trate was evapora ted in vacuo, re-dissol ved in THF and precipitated in cold methanol. The
precipitate was fil tered and the residue were dried under va cuum at room temperature overnight yielding 0.40 g polyester as a white
solid. The procedure was repeated for 50, 60 and 70 °C respecti vel y (results in Table S6) showinga linear increase in molecular weight as
seen in the figure below. The yield of the polymerization was 20% after precipitation.

SEC: Ma= 5421 g mol, Mw = 6878 g mol, PDI = 1.27. DSC: Tm= 51.82°C. IR: ¥ / cm™ = 3425, 2944, 2864, 1721, 1167, 1043. *H NMR (300
MHz, CDCl 3) 6 4.09 (m, 0.02H), 4.03 (t, J = 6.7 Hz, 1H), 3.61 (t, J = 6.4 Hz, 0.09H), 2.27 (t, ) = 7.5 Hz 1H), 1.61 (m, 2H), 1.35 (qv, J = 8.3 Hz,
1H), 1.22 (t, J = 7.1 Hz, 0.08H). 13C NMR (75 MHz, CDCl 3) § 173.5, 64.0, 62.5, 60.2, 34.0, 28.3, 25.4, 24.5, 14.2.

8000 25
Mw: R? = 0.99
7000
6000 R =0,9603
E 5000 _ - L5 %_._ Mw
S 2000 —/ s
-~ 1 — Mn
= e
3000 =—o— PDI
05
2000 = = = Linear
1000 0 (Mw)
45 50 55 60 65 70 75 80 85 tinear
T/°C (Mn)

Figure S1. Polymerization Results. Influence of temperature on Mn, Mw and PDI for enzymatic polymerization of £6 -HH.
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Figure S2. XRD Diff racto grams. XRD diffractograms of a) Sn-Beta (HT, Si/Sn = 150), b) Zr-Beta (HT, Si/Zr = 150), c) Ti-Beta (HT, Si/Ti = 150), d) Al-Beta (HT, Si/Al =150), e) Sn-B eta
(PT, Si/Sn = 125), f) SnO2-Beta (HT, Si/Sn = 200), g) Si-Beta (HT), and h) Sn-MFI (OH", Si/Sn = 100)
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Figure S6. FT- IR of poly( E6-HH-co-DPM). FT-IR spectru m of poly(E6-HH-co-DPM) showing a bro ad signal at 3496 cm™ arising f rom th e O-H stretch as well as a ch aracteristic C =0
stretch at 1721 cm™ and C-O stretch at 1159 cm™ and 1045 cm™ from the ester functionality. A weak signal from th e C=C stretch is visible on the shoulder of the C=O stretch

and a strong C=C out-of-plane bend signal is visible at 961 cm™.
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Figure §7. DSC of poly(E6-HH-co-DPM). DSC spectra of different poly(E6-HH-co-DPM) synthesis. a) table 2 entry 1, 18 hours reaction time, 100% E6 -HH. b) table 2 entry 2, 18 hours
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Tables

Table S1. Physical properties of the various catalysts used in the study measured using N 2-adsorption/desorption and from XRD diffraction.

Nz-adsorption

Elemental Analvsis X-rav diffraction
Entry Catalyst SeeT Smicroporel?) Viotal Vmicroporel?
Si/ Metal Primary Phase m?/g mi/g

1 Sn-Beta (HT, 150) 186 *BEA 486 362 033 0.19
2 Sn-Beta (PT, 125) 113 *BEA 557 373 037 0.19
3 Sn-MFI (100) 82 MFI 404 273 0.25 0.14
4 Sn-MCM-41 (200) 252 - 962 - 1.00 -

5 Sn-SBA-15 (200) 271 - 918 111 1.09 0.06
6 SnO2-Beta (200) 303 *BEA 457 365 0.27 0.19
7 Ti-Beta (HT, 150) 245 *BEA 460 372 0.27 0.19
8 Zr-Beta (HT, 150) 167 *BEA 470 374 0.27 0.19
9 Al-Beta (HT, 150) 142 *BEA a72 366 0.27 0.19
10 Si-Beta - *BEA 465 378 0.27 0.20

n.a. = not available
[a] Determined using the t-plot method.

Table $2. Conversion of xylose using a variety of catalysts.

Retro-Aldol Dehydration
Entry Catalyst XYL MG GA-DMA ML MVG MMHB  Total DPL TPM/DMPME!  FUR®! DPM  Total
% % 3

1 Sn-Beta (HT) nd. 4(1) 1.81(7) 14(1) 2.1(6) 0.6(3) 19 10.3(5) 13 (1) 11(1) 33(3) 68
2 Sn-Beta (PT) nd. 23(1) 318(2) 10.8(3)  0.63(4) 0.8(8) 15 5.7(9) 9(1) 17.4(6) 23(1) 55
3 Sn-MFI 0.9(9) 30 (4) 60(2) 169(4) 1.29(6)  036(3) 24 3.0(2) 30(2)  10.1(5) 11(1) 27
4 Sn-MCM-41 n.d. 23(5) 4.0(8) 12.5(7) 0.40(6) 0.8(2) 18 6(1) 14(1)  205(7) 16 (1) 57
5 Sn-SBA-15 0.3(2) 32(6) 60(1) 109(3) 030(2) 06(3) 18 33(1) 95(3) 17.7(8) 12(1) a2
6 Sn02-Betall 53(5) 42(5) 23(2) 045(4) 0.39(4) 0.1(1) 3 1.281(3) 23(6) 14(2) 042(2) 6
7 Ti-Beta 0.46 (4) 48 7.4(1) 11.2(8) 2.81(5) 0.34(1) 22 3.8(2) 6.7(2) 48(3) 0.83(2) 16
8 Zr-Beta 0.3(2) 39 120(2)  103(1)  20(1)  054(2) 25 25(3) 21(1)  39(3) 065(7) 9
9 Al-Beta 6(1) 819(5) n.d. n.d. nd. nd. 0 n.d. nd.  12(2) nd 1
10 Si-Beta 13 a2 51(2) 201(6) 037(6) 0321(4) 8 1.61(5) 31(3)  34(6) 02(2) 8
11 Blank 87.7 (6) 6.2(3) 028(7)  02(3)  06(1) 0.1(1) 1 nd. nd._ 03(2) nd. 1

Reactions were performed in triplicate and employed the standard reaction condmons 360 mg xylose (8.3 wt%) 4 g methanol, 180 mg catalyst, 2 h, 160 °C, 600

rpm stirring. Standard deviations of the last digit are given in parenthesis. C 2,5-dihydroxy thy ic acid methyl ester (DMPM),

3-deoxypentonolactone (DPL), trans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM), furanics (FUR), glycolaldehyde dimethyl acetal ( GA-DMA), methyl
glycosides (MG), methyl lactate (ML), methyl 4-methoxy-2-hydroxybutanoate (MMHB), methyl vinyl glycolate (MVG), 2,4,5-trihydroxy-3-pentanoic acid methyl ester
(TPM) and xylose (XYL). n.d. = not detected.

[a] Combined yields (carbon%) of 2,4,5-trihydroxy-3-pentanoic acid methyl ester and 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester.

[b] Combined yields (carbon%) of furfural and furfural dimethyl acetal.

[c] Dispersed SnO2 nanoparticles on Si-Beta.

Table $3. Reaction yields from the conversion of pentoses with varying substrates and concentrations.

Retro-Aldol Dehydration
Entry  Substrate Substrate PENT MG GA-DMA ML MVG MMHB  Total DPL TPM/DMPME! FURM! DPM Total
% % %
1 Ribose 83 nd. 3(2) 20(1) 12(2) 20(7) 05(2) 17 1037 (3) 101(3)  12(2) 30(2) 63
2 Lyxose 83 nd.  2.6(6) 21(1) 15(3) 2(1)  05(3) 20 11.6(2) 126(1)  11(3) 31(2) 66
3 Xylose 83 nd.  4(1) 181(7) 14(1) 21(6) 06(3) 19 10.3(5) 13(1)  11(1) 33(3) 68
4 Xylose 15 0.06 (9) 6(1) 03(1) 14(1) 1.9(4) 03(1) 17 11.37 (4) 13(1)  87(9) 34(4) 68
5 Xylose 23 nd. 6(1) 2(2) 13(1)  17(4)  03(2) 17 11.1(5) 13(2)  11(2) 32(2) 67
Reactions were performed in triplicate and employed the reaction conditions: 180 -1200 mg pentose (4.3-23 wt%), 4 g methanol, 180 mg Sn- Beta (HT, 150), 2 h, 160
°C, 600 rpm stirring. Standard deviations of the last digit are given in parenthesis. Ct abbreviati 2,5-dihydroxy-4 th ic acid methyl ester

(DMPM), 3-deoxypentonolactone (DPL), trans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM), furanics (FUR), glycolaldehyde dlmethyl acetal ( GA-DMA), methyl
glycosides (MG), methyl lacta te (ML), methyl 4-methoxy-2-hydroxybutanoate (MMHB), methyl vinyl glycolate (MVG), reactant pentose ( PENT) and 2,4,5-trihydroxy-
3-pentanoic acid methyl ester (TPM). n.d. = not detected.

[a] Combined yields (carbon%) of 2,4,5-trihydroxy-3-pentanoic acid methyl ester and 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester.

[b] Combined yields (carbon%) of furfural and furfural dimethyl acetal.
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Table S4. Reaction yields from the conversion of xylose, varying catalyst to substrate ratio and temperature.

Retro-Aldol Dehydration
Catalyst/
Ent emp. XYL MG GA-DMA ML MVG MMHB  Total DPL TPM/DMPMEa! FURI! DPM  Total
Substrate
oc % 14
1 0.001! 160 87.7(6) 6.2(3) 028(7)  02(3) 06(1) 0.1(1) 1 nd. nd.  03(2 nd. 1
2 0.125 160 nd.  38(3) 3(2) 23(1) 43(2) 1.0(6) 32 9.0(5) 11.19(6)  14.3(4) 19(3) 53
3 0.25 160 nd. 37(1) 2.5(9) 21(2) 3(1)  0.8(5) 28 8.8(5) 13(1) 1(1) 28(3) 60
4 0.50 160 n.d. 4(1) 1.81(7) 14(1) 21(6) 0.6(3) 19 10.3(5) 13(1) 11(1)  33(3) 68
5 0.75 160 nd.  3.02(7) 1.00(7) 13.2(9) 19(2) 05(1) 17 10.1(2) 11.8(2) 9.9(4) 34(3) 67
6 1.00 160 nd.  35(4) 061(7) 112 12(5 15(7) 15 12.4(6) 12.7(5) 10(2) 34(3) 70
7 05 140 nd. 444 25(1) 1(3) 10(7) 05(1) 16 9.7(1) 13.6 (9) 17(2)  31(3) 72
8 05 150 n.d. 3.3(6) 2.1(4) 15 (4) 2(1)  05(3) 19 10(1) 12(2)  134(7) 32(3) 68
9 0.5 170 nd. 3.0(3) 1.31(4) 18(4)  4(1)  13(5) 25 10(1) 9.7(3) 9(1) 34(3) 63
10 0.5 180 nd.  34(7) 0.8 (4) 18(3) 39(9)  12(3) 24 10 (1) 9(0) 7.7(4)  32(3) 59

Reactions were performed in triplicate and employed the reaction conditions: 360 mg xylose (8.3 wt%), 4 g methanol, 0 -360 mg Sn- Beta (HT, 150), 2 h, 600 rpm
stirring. Standard deviations of the last digit are given in parenthesis. Compound abbreviations: 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester (DMPM), 3-
deoxypentonolactone (DPL), trans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM), furanics (FUR), glycolaldehyde dimethyl acetal (GA-DMA), methyl glycosides
(MG), methyl lactate (ML), methyl 4-methoxy-2-hydroxybutanoate (MMHB), methyl vinyl glycolate (MVG), 2,4,5-trihydroxy-3-pentanoic acid methyl ester (TPM) and
xylose (XYL). n.d. = not detected.

[a] Combined yields (carbon%) of 2,4,5-trihydroxy-3-pentanoic acid methyl ester and 2,5-dihydroxy-4-methoxy-pentanoic acid methyl ester.

[b] Combined yields (carbon%) of furfural and furfural dimethyl acetal.
[c] Blank sample; contains no catalyst.

Table S5. Reaction yields from the conversion of xylose using Sn-Beta with addition of K2CO3.

Retro-Aldol Dehydration
Entry K2CO3 XYL MG GA-DMA ML MVG MMHB Total FURE DPM Total
mm % % %
1 0.00 n.d. 6 2 14 2 <1 19 11 33 54
2 0.05 n.d. 1 2 27 7 2 38 9 21 30
3 0.10 n.d. 1 2 34 13 2 51 4 14 28
4 0.15 n.d. 1 2 34 14 2 52 6 11 17
5 0.25 n.d. 2 2 35 14 3 54 4 8 12
6 0.50 n.d. 5 1 29 13 2 as 2 4 6
7 0.75 n.d. 6 1 23 12 2 38 2 2 4
8 1.00 n.d. 5 1 16 9 2 28 1 2 3

All reactions employed the reaction conditions: 360 mg xylose (8.3 wt%), 4 g methanol, 180 mg Sn-Beta (HT, 150), 2 h, 160 °C, 600 rpm stirring. Compound

abbr

Table $6. Enzymatic polymerization of E6-HH

trans-2,5-dihydroxy-3-pent

\oic acid methyl ester ( DPM), furanics (FUR), glycolaldehyde dimethyl acetal (GA-DMA), methyl glycosides (MG), methyl
lactate (ML), methyl 4-methoxy-2-hydroxybutanoate (MMHB), methyl vinyl glycolate (MVG) and xylose (XYL). n.d. = not detected, n.a. = not available.
[a] Combined yields (carbon%) of furfural and furfural dimethyl acetal.

Polymer®® Temperature Mo M, PDIb!
°C g mol ™t gmol?
1 50 1816 3874 21
12 60 3616 4701 13
13 70 4688 5905 13
14 80 5421 6878 13

[a] All reactions were conducted at 200 mbar for 18 h.

[b] Determined by SEC in THF.
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Quantitative NMR Approach to Optimize the Formation of
Chemical Building Blocks from Abundant Carbohydrates

Samuel G. Elliot,”” Sgren Tolborg,” Irantzu Sadaba,”’ Esben Taarning,

Sebastian Meier*®

The future role of biomass-derived chemicals relies on the for-
mation of diverse functional monomers in high yields from car-
bohydrates. Recently, it has become clear that a series of a-hy-
droxy acids, esters, and lactones can be formed from carbohy-
drates in alcohol and water solvents using tin-containing cata-
lysts such as Sn-Beta. These compounds are potential building

The need to establish more sustainable methods of obtaining
the chemicals needed by society for the production of food,
materials, fuels, and energy is widely recognized. The current
chemical industry is based on the availability of a small
number of petroleum-derived building blocks. Biomass can be
utilized to provide access to both existing and new types of
building blocks, and research into this area has steeply in-
creased during the last decade. It is important for these chemi-
cals to be accessible at low cost and at the same time to have
useful properties to be commercially utilized. Direct conversion
of sugars to a target chemical by heterogeneous catalysis
offers the best chance of lowering the process costs."™ A ple-
thora of reaction products have been identified in the acid-cat-
alyzed conversion of C5 and C6 carbohydrates.”’ Amidst them
acyclic a-hydroxy esters and acids have recently emerged as
an attractive group of biomonomers (Scheme 1).

For potential use in biopolymer applications, the production,
polymerization, and upgrading of the C3 building block lac-
tate (7) and the C4 building block vinyl glycolate (8) has previ-
ously been demonstrated.®'" Recently, the production and
polymerization of the C5 building block 2,5-dihydroxy-3-pente-
noic acid methyl ester (Me-1) as well as the formation of the
C6 building block trans-2,5,6-trihydroxy-3-hexenoic acid methyl
ester (Me-12) have been described (Table 1).'>%

Conversions of C5 and C6 carbohydrates into the acyclic un-
saturated a-hydroxy compounds 1 and 12 have been achieved

using Sn-Beta in methanol™'¥ or in water'? at temperatures Table 1. Conversion of C4, C5, and C6 carbohydrates by Sn-Beta to ho-
mologous 3,4-dideoxy esters with declining yield.
- 5 Carbon Backbone Substrate  Compound Structure Yield [%]
[a] S. G. Elliot, Dr. S. Meier
Department of Chemistry o
Technical University of Denmark c4 Erythrulose Me-8 MeO' ~ 56"
Kemitorvet, Bygning 207, 2800 Kgs. Lyngby (Denmark) OH
E-mail: semei@kemi.dtu.dk o OH
[b] Dr. S. Tolborg, Dr. I. Sddaba, Dr. E. Taarning cs Xylose Me-1 Meow 3309
Haldor Topsoe A/S OH
Haldor Topsaes Allé 1, 2800 Kgs. Lyngby (Denmark) o oH
LI Supporting Information and the ORCID identification number(s) for the c6 Glucose Me-12 Meok{\/\ 1614
@ author(s) of this article can be found under OH OH
https://doi.org/10.1002/cssc.201700587.
ChemSusChem 2017, 10, 2990 - 2996 Wiley Online Library 2990 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[b] and

blocks for polyesters bearing additional olefin and alcohol
functionalities. An NMR approach was used to identify, quanti-
fy, and optimize the formation of these building blocks in the
Sn-Beta-catalyzed transformation of abundant carbohydrates.
Record yields of the target molecules can be achieved by ob-
structing competing reactions through solvent selection.

Xylose
9 oH oH
OH OH
Il
-2H,0 -H,0 -3H,0
ROH ROH ROH
Furanics
o !
) Lo
/A
|
OH |
10 O |
R
|
OR |
1 o |
ROT™NT
R=Alkyl, H

Scheme 1. Overview of major pathways in the catalytic conversion of xylose
by Sn-Beta and the major products identified in the reaction mixtures at
high temperatures (>100°C). The products are shown for reactions in alco-
hol (R=alkyl) or water (R=H) and are grouped (from left to right) as 3,4-di-
deoxy esters, 3-deoxy esters, retro-aldol products, and furanics.
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above 100°C in the absence of further additives. A Sn-Beta—
zeolite synthesized under hydrothermal conditions using
hydrofluoric acid as the mineralizing agent was the most effi-
cient catalyst for this reaction.>'¥ C5 and C6 carbohydrates
yield around 30% for C5-carbohydrate substrate Me-1 and
around 15% for C6-carbohydrate substrate Me-12, respectively.
The yields for the formation of the C4 analogue vinyl glycolate
methyl ester (Me-8) can exceed 50% (Table 1).”*™ Alkali-salt
additives were shown to reduce product yields and to strongly
enhance the formation of smaller compounds such as methyl
lactate.”

Optimizing carbohydrate conversion into new chemicals and
detection of the products requires consideration of the analyti-
cal approaches employed. Methods that rely on the use of ref-
erence standards for identification and quantification, includ-
ing liquid and gas chromatography, may be challenging to im-
plement in work streams targeting new chemicals. In cases
where commercial standards are unavailable, either production
of standards or calculations to estimate response factors are
necessary."” In contrast, methodologies that combine detailed
structural information and the possibility of quantitatively de-
tecting an accurate signal would be more valuable in the push
toward bio-based economies.

Herein, we combine in situ NMR spectroscopy for the iden-
tification of reaction products with an accurate quantitative
NMR (qNMR) methodology to assess solvent effects in the Sn-
Beta-catalyzed conversion of abundant carbohydrates. The
methodology operates on a timescale comparable to common-
ly used chromatography methods but avoids empirical instru-
ment- and analyte-dependent response factors altogether.
Instead, QNMR signals are simply proportional to the number
of contributing atoms. Moreover, identifying new chemicals
in situ makes intensive purification and characterization steps
obsolete. Water and a series of short-chain alcohols are used
as solvents that provide sufficient substrate solubility for the
carbohydrates. The motivation for testing longer-chain alcohols
as reaction solvents as opposed to methanol and water is to
compare the physicochemical properties of the solvents and
to investigate the stoichiometric participation of the solvent as
a nucleophile in the reaction. Thus, the choice of solvent will
affect the formation of alkyl-glycoside and acetal-type inter-
mediates during the reaction, modulate the microenvironment
and Lewis-acid properties of tin active sites in the stannosili-
cates, and alter molecular dynamics and energetics within the
reaction pathway.”'” Hence, solvent variation is a means of
optimizing operational conditions toward increased profitabili-
ty of bioprocesses.

For the analysis of solvent effects, optimized spectra of com-
plex reaction mixtures without prior purification or sample
pre-treatment in protic, non-deuterated solvents were ob-
tained. An advantage of this approach is that it does not rely
on the availability of purified reference compounds. Changes
in the product structures upon reaction with the solvent do
not critically complicate product identification or quantification
for the eleven main reaction products (Scheme 1).
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Results and Discussion

Detection of products in reaction mixtures without relying
on reference compounds

NMR spectroscopy is widely used for chemical structure eluci-
dation and mixture analysis. The use of NMR spectroscopy for
component identification and quantification is particularly
well-developed for biological samples, including biofluids, ex-
tracts, and foods, but has also gained popularity within bio-
mass conversion, for instance in the study of carbohydrate iso-
merization reactions™*""” or for lignin structure and depolyme-
rization reactions."® Herein, we use a suite of homo- and het-
eronuclear NMR experiments for the detection and identifica-
tion of carbohydrate degradation products in situ. Specifically,
DQF-COSY, TOCSY, 'H-"*C HMBC, conventional and edited 'H-
3C HSQC, as well as 'H-"*C HSQC-TOCSY spectra were em-
ployed for compound identification. Band-selective '*C excita-
tion" and optimized decoupling sequences®2" were used to
suppress non-informative signals and artefacts and to obtain
higher quality 'H-">C 2D NMR spectra. NMR spectroscopy has
notorious shortcomings in the detection of heteroatoms, but
this problem was negligible for reactions involving carbohy-
drate fragmentation or dehydration, as oxygen positions could
be inferred from '>C chemical shifts. At the same time, the de-
tection of discrete signals for individual atomic positions by
NMR spectroscopy allows for the distinction of isomers. Such
distinction of isomers is crucial, as several potential products in
carbohydrate dehydration cannot be distinguished based on
their mass alone.

Major products that were identified in reaction mixtures pro-
duced from xylose at 160°C using a Sn-Beta-zeolite catalyst
are shown in Scheme 1. These compounds were identified
through de novo structure determination and 'H/"*C chemical
shift assignments in unpurified reaction mixtures in six differ-
ent protic solvents (water, methanol, ethanol, n-propanol, iso-
propanol and n-butanol). This approach was aided by the use
of high-field NMR instrumentation (18.7 Tesla magnets)
equipped with cryogenically cooled detection electronics to
reduce electronic noise approximately threefold. The identified
reaction products are derived from pathways including C—C
bond breakage in retro-aldol reactions to yield C2, C3, and C4
fragments, which may subsequently undergo dehydration to
various a-hydroxy esters (7-8). Alternatively, direct dehydration
of the C5 compound to a-hydroxy-, 3-deoxy-, or 3,4-dideoxy
esters (1-6) or triple dehydration to furanics (9-11) can occur.
The most interesting of these products may be the trans-2,5-
dihydroxy-3-pentenoic acid alkyl ester (1). We recently showed
that this prospective chemical building block could be co-poly-
merized enzymatically in a selective 1,5-polymerization reac-
tion with ethyl 6-hydroxy-hexanoate, yielding polymers that
could be specifically functionalized at the secondary alcohol
group or at the olefinic bond of the monomer."? Thus, 2,5-di-
hydroxy-3-pentenoic acid alkyl esters could provide a platform
for a vast variety of functional materials derived from C5 carbo-
hydrates.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Standard reaction conditions were defined based on optimi-
zations of trans-2,5-dihydroxy-3-pentenoic acid methyl ester
(Me-1) formation in methanol." In these studies, a Sn-Beta
catalyst was found to be most effective for the formation of
Me-1, and therefore Sn-Beta was also employed herein to
probe the effects of different solvents.

1
i 6 ¢ 7 J
i-Propanol | 6 x 1
11
! & & 54
n-Butanol & [NV g7
-
n-Propanol 6 & 4\1'" hd 3P ?
1|
Ethanol § s 4354 3 87
- 1
] b5
Methanol s & Wie 2 J i
7
Waterg ¢ 15‘ 5 Y.
| . ; ; . ; T T )
180 175

Chemical Shift (*°C, ppm)

Figure 1. *C NMR spectra from a reaction mixture containing p-xylose

(360 mg) and Sn-Beta (180 mg) in the appropriate solvent (5 mL). The car-
boxyl spectral region is shown and signals are assigned to the molecules
found in Scheme 1; an apostrophe denotes the diastereomer of a compound.
Chemical shifts are relative to MeOH-d, (10% v/v) set at 47.85 ppm for all
solvents.

1D C NMR spectra of reaction mixtures in various solvents
were obtained and the carbonyl regions are shown in Figure 1.
The spectral signals corresponding to compounds in Scheme 1
were assigned. In these reaction mixtures, careful inspection al-
lowed for the identification of the minor cis-2,5-dihydroxy-3-
pentenoic acid alkyl ester (2) as well as the dominant trans-
form (1). The 'H-">C HSQC spectral region showing chemical-
shift assignments of 1 and 2 in methanol is displayed in
Figure 2. Long-range correlations through %J., couplings across
the double bond are indicated by white lines and serve to
identify the signals connected within the same NMR spin
system. The cis- and trans-configurations were identified by
characteristic *J,y scalar couplings across the olefinic bond and
by the characteristic signal shifts to lower frequencies for
carbon atoms adjacent to the cis-double bond. This cis-isomer
was identified as the minor product in all solvents. Together
with these products, six additional 3-deoxy ester/acid com-
pounds were identified within the carbonyl region shown in
Figure 1. These signals cluster within different spectral regions
in accordance with their functionality: olefinic esters (1-3, 8) at
172-174 ppm, alkyl esters (4, 5, 7) at 174-176 ppm, and lac-
tones (6) downfield of 177 ppm. Further inspection of the
3C NMR spectra of Figure 1 indicates that rather dramatic com-
positional changes result upon changing the solvent from
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Figure 2. a) 'H-""C HSQC spectral region displaying the olefinic signals of
compound 1 (trans-isomer) and compound 2 (cis-isomer) in a reaction mix-
ture. 2Joy correlations across the double bond are indicated by thin white
lines. b) Chemical shift assignments of compound 1 (trans-isomer) and com-
pound 2 (cis-isomer).

water to an alcohol. Furthermore, it was possible to distinguish
the diastereomers of compounds 4-6 as signified by an apos-
trophe associated with the compound number in Figure 1.

Quantification of bio-based chemicals in reaction mixtures

Reliable quantification of the compound series shown in
Scheme 1 was subsequently pursued by quantitative NMR
(QNMR) spectroscopy. As qNMR can operate at the highest
level of quantitative measurement?? the method is free of
empirical factors in the uncertainty analysis of the experiment,
and signal areas are directly proportional to the concentration
of atoms contributing to the signal.

Cryogenically cooled detection electronics and high-field in-
strumentation enabled absolute quantification of reaction mix-
tures by quantitative 1D "CNMR spectroscopy at natural
3C isotope abundance (1.11%). Inverse gated decoupling ex-
periments were used exclusively to avoid enhancement of the
3C signals by the nuclear Overhauser effect.?” Crude reaction
mixtures analyzed by C qNMR spectroscopy contained di-
methyl sulfoxide as an internal standard for absolute quantifi-
cation. Dilute dimethyl sulfoxide showed good recovery after
reactions without detectable degradation, was miscible with
the solvents tested in this study, and did not result in 'H or
'*C NMR signal overlap with analyte signals. Dimethyl sulfoxide
was thus deemed preferable to compounds such as mesity-
lene, dioxane, glycerol, or other alditols screened as standards

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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for the spectroscopic characterization of reaction mixtures
formed through catalytic carbohydrate conversion.

Quantitative 1D "C NMR rather than the more commonly
used 'H NMR spectroscopy was employed for quantification, as
*CNMR experiments provide excellent signal resolution and
sharp, non-split signals. Protonated carbon positions were gen-
erally used for quantification owing to their shorter T,-NMR re-
laxation times, yielding quantitative measurements for sub-
minute-timescale inter-scan relaxation delays. Alternatively, im-
proved ">C NMR spectra could be obtained by adding 1 mm of
the relaxation agent GdCl; to the NMR sample, shortening the
3C-carbonyl T, relaxation time to about 1s at room tempera-
ture and 18.7 T magnetic field. The reduced "C T, relaxation
time also permits accurate measurement of *CNMR signal
areas for quaternary carbons without the need for long inter-
scan recycle delays. The signal-to-noise ratio obtained within
1 h of experiment time per sample translated into an estimat-
ed error of determination of 0.2-1.0% for product yields. This
small experimental uncertainty was validated by performing
the analyses for reaction mixtures in all six different solvents in
duplicate, yielding near-identical >C NMR spectra for repeti-
tions in each solvent (Figure S1, see the Supporting Informa-
tion).

Solvent effects on the Sn-Beta-catalyzed reaction

Quantified yields of the eight major compounds in non-puri-
fied reaction mixtures in different solvents are displayed in
Figure 3. Various trends become evident upon variation of the
solvent. Increasing the length of the alkyl chain of alcohol sol-
vents decreases the amount of retro-aldol products (7-8)
formed, consistent with previously reported observations.”
Simultaneously, an increased yield of 3,4-dideoxy esters (1-3)
and related 3-deoxy esters (4-6) is observed. Notably, all of the

Yield / %

Water  Methanol  Ethanol n-Propanol n-Butanol i-Propanol

Solvent

Figure 3. Product distribution of reactions in alcohols or water. The reactions
were conducted with p-xylose (360 mg) and Sn-Beta (180 mg) in the appro-
priate solvent (5 mL) with dimethyl sulfoxide (50 mg) as an internal standard,
and run for 2 h at 160 °C with 600 rpm stirring. An experimental uncertainty
within = 1% was achieved in all cases. Legend numbers reference to the
compounds in Scheme 1.

ChemSusChem 2017, 10, 2990 - 2996

www.chemsuschem.org 2993

CHEM:SUSCHEM
Full Papers

longer-chain alcohols tested gave higher yields of 3,4-dideoxy
esters than for methanol, even under conditions that were spe-
cifically optimized for reactions in methanol. The formation of
3,4-dideoxy esters was most pronounced in ethanol with yields
of around 42% (38% of the trans compound (1) and 4% of
the cis (2-3) forms), which were 1.2-fold higher than in metha-
nol. Consistently increased yields were also found for the lac-
tone (6), formed in 15% yield in ethanol as compared to 8% in
methanol. Overall, the 3-deoxy and 3,4-dideoxy esters (1-6) ac-
count for 66% of the carbon balance in ethanol and in iso-
propanol. Quantifications of these related compounds are
summarized in Table 2. Furfural derivatization to alkyl acetals
predominates for methanol and is less pronounced in larger al-
cohols and especially in iso-propanol. In all solvents, 3,4-di-
deoxy esters are primarily formed as the trans compound (1),
with yields that are also higher than a combination of the cis-
3,4-dideoxy forms (2-3) and the potentially related furfural
forms (9-11).

Table 2. Yield of 3,4-dideoxy compounds (1-3) and 3-deoxy compounds
(4-6) from xylose in various solvents.

n- n- iso-
Product Water Methanol Ethanol Propanol Butanol Propanol
mixture (%] (%) (%) [%] [%] [%]
1-3 4 33 42 40 35 38
4-6 14 14 24 14 21 28
Sum 17 47 66 54 56 66

Reactions conducted in water exhibited a significantly al-
tered composition compared to reactions conducted in alco-
hols, which also exhibited a greater tendency toward humin
formation and catalyst discoloration. Thus, 3,4-dideoxy com-
pounds are formed at lower levels than for retro-aldol prod-
ucts, furanics, and 3-deoxy compounds in water. A principal
difference in the use of water and alcohol is brought about by
the formation of free Brgnsted acids as products in reactions
conducted in water. Brgnsted acids are known to catalyze
a multitude of reactions including dehydration and acetaliza-
tion.”! The continuous formation of Brensted acids during the
reactions will have an impact on the catalytic system and alter
the product distribution, thus rationalizing the principally dif-
ferent compositions of products in water and alcohol solvents.
Especially in cases where the 3,4-dideoxy compounds are tar-
geted, water is generally less useful as a solvent compared to
the alcohols.

We finally note that reaction selectivity has been partially at-
tributed to steric hindrance at the Sn active site in zeolite
pores."” In the current analysis of solvent effects, the use of
less nucleophilic and more bulky solvents increases the selec-
tivity toward the formation of C5 lactones (compound 6). This
change in selectivity suggests that bulkier alcohols promote an
intramolecular reaction rather than a reaction with the solvent
inside the Sn-Beta-zeolite pores.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Temperature effects in ethanol

As improved yields of 3,4-dideoxy esters were achieved in alco-
hols other than methanol (even under conditions that had
been optimized for methanol) we evaluated the prospect for
further improvements of the reaction system using ethanol as
the solvent. In the range of 140-160°C, the product selectivity
was reasonably consistent, giving similar yields of 3,4-dideoxy
esters (42%, see Table S2 in the Supporting Information). Over-
all, we find the formation of the 3-deoxy and 3,4-dideoxy de-
hydration products (1-6) to be only weakly sensitive toward
temperature variation between 120 and 180°C. Nevertheless,
exploring solvent and temperature effects resulted in a com-
bined yield above 40% for 3,4-dideoxy esters; an almost 10%
increase relative to previously achieved yields in methanol
(33%, Table 1)."”

The product ratios of cyclic y-lactone compound 6 and
open-chain 3-deoxy compounds 4 and 5 are temperature-de-
pendent (Figure 4). Lower temperatures favor the formation of
compound 6 relative to the open-chain compounds 4 and 5.
This observation correlates with an increasing fraction of acy-
clic products following endothermic y-lactone solvolysis form-
ing compound 5.2 Tabulated yields of the variable-tempera-
ture experiments are collected in the Supporting Information
(Table S2).

Yield / %

120 140 160 180
Temperature /°C

| Retro-aldol : -
= .

i 3,4-dideoxy
3 (1) . (23)

3-deo:
(45)

Furanics

Figure 4. Product distribution of reactions run between 120 and 180°C
using ethanol as the solvent. The reactions were conducted with p-xylose
(360 mg) and Sn-Beta (180 mg) in ethanol solvent (5 mL) with dimethyl sulf-
oxide (50 mg) as an internal standard, and run for 2 h at the selected tem-
perature. An uncertainty within 1% was achieved in all cases. Legend
numbers reference to the compounds in Scheme 1.

Time-resolved reaction analysis

Additional insight into solvent effects on the acyclic reaction of
xylose to potential polyester building blocks was sought by
tracking the reaction progress in water, methanol, and ethanol
over time. Reactions were conducted under microwave heat-
ing for varying lengths of time and were subsequently ana-
lyzed by quantitative >C NMR spectroscopy (full datasets are
provided in Table S3 in the Supporting Infomation). The experi-
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ments show that product formation continues even after full
xylose conversion. This observation is attributed to the accu-
mulation of glycoside intermediates,"” some of which can be
subsequently converted into the full range of products.

The formation of major product 1 in methanol and ethanol
was tracked in an initial-rate experiment at 160 °C under quasi-
steady state conditions as shown in Figure 5. Owing to the ini-

201 1
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< < Ethanol
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5 10 Water
2
=
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1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
Time /s

Figure 5. Initial-rate experiments for the formation of product 1 from b-
xylose (360 mg), using Sn-Beta (180 mg) at 160 °C and 5 mL of methanol,
ethanol, or water; initial rates: 0.85, 0.57 and 0.20 mmol L' min™, respective-
ly.

tial surplus of substrate, pseudo-first order kinetics were appar-
ent, which resulted in a linear accumulation of product during
the short initial period shown in Figure 5 (full kinetic data are
provided in Figure S2). Although compound 1 formed with
higher selectivity in ethanol (39%) than in methanol (31%) and
water (approximately 5%) in the kinetic experiments, the initial
rate of formation is lower in ethanol than in methanol. The for-
mation of compound 1 is accompanied by higher rates of con-
version of xylose in methanol than in ethanol and a lower rate
of conversion in water (Table S3, Supporting Information).
Kinetic profiles underline the complexity of the reaction
pathway and suggest that several solvent effects are impor-
tant. Solvent molecules compete with the substrate for bind-
ing to Sn active sites. A weaker binding behavior is expected
for alcohols relative to water, leading to better active-site avail-
ability for the substrate in alcohols compared to water.?*?"
This rationalization may explain the lower rate of formation of
compound 1 and the consequent lower rate of xylose conver-
sion observed in water. For the Sn-Beta-catalyzed conversion
of xylose in alcohol, the alcohol enters the catalytic cycle as
a nucleophilic reactant. The lower rate of production of com-
pound 1 in ethanol compared to methanol is consistent with
previous reports for C4 carbohydrate conversion, which sug-
gests that lower nucleophilicity and steric limitations may
direct product selectivity toward the 3,4-dideoxy compound.”’
In methanol and ethanol the formation of 1-6 is continuous
during the course of the reaction (Figure S2, Supporting Infor-
mation). In contrast, the yield of compound 1 in water rises to
a maximum and subsequently decreases during the reaction
while maintaining a consistent increase of all 3-deoxy and 3,4-
dideoxy compounds (1-6). This finding indicates that some re-
hydration of compound 1 can occur in water, especially in the
presence of accumulating Brensted acids. Formation of com-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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pound H-7 occurs more rapidly in water than formation of
compounds Me-7 and Et-7 in alcohols (Figure S3). Accumula-
tion of compound 7 in water is accompanied by an increase in
formation of compound 7, indicative of an alteration of the
mechanism induced by increased Brgnsted acidity. The final
levels of furanics decrease slightly from water compared to
methanol and ethanol (Figure 3). Observations of a lower
carbon balance in water and the discoloring of the reaction
mixture also suggest the formation of undetected polymeric
species (humins). The distinct selectivity of Sn-Beta-catalyzed
xylose conversion in water relative to alcohols can be ascribed
to lower reactivity at the Sn active sites owing to competing
solvent absorption and to mechanistic effects of Brensted acid
formation. The formation of alkyl lactates is largely suppressed
in longer alcohols, consistent with previous studies under con-
ditions that were optimized for lactate formation. Maximum
alkyl lactate yields have been reported to decrease from 65%
in methanol to approximately 35% in ethanol and 25% in iso-
propanol.” Overall, the beneficial effect of ethanol relative to
methanol in the formation of 1-3 can be ascribed to the less
nucleophilic nature and larger molecular size of ethanol disfa-
voring side reactions.

Improved yield of chemical building blocks from glucose

The abundance of glucose in biomass is even greater than that
of xylose, and glucose is the most abundant carbohydrate in
nature. Glucose is available from starch and cellulose, which
are both homopolymers composed of glucopyranose subunits.
Hexoses are able to form compound 12 (trans-2,5,6-trihydroxy-
3-hexenoic acid methyl ester; Figure 6a), the C6 analogue of

a) o] OH
12 RO
OH OH
b)
Ethanol DMSO| area 1.000
12
12
] 0.253+0.004 J 0.254:0.004
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12 12
|o.2oeto_ooz 0-20620.002 DMSO | area 1.000
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Chemical Shift ('*C, ppm)

Figure 6. a) Structure of the C6 analogue of compound 1, trans-2,5,6-trihy-
droxy-3-hexenoic acid methyl ester (12). b) Spectral comparison of the areas
of the olefinic carbon shifts of compound 12 in ethanol (top) and methanol
(bottom) reaction solvents. Duplicate samples are shown in different colors,
including the errors of determination of signal areas relative to DMSO as an
internal quantification standard.
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compound 1, although in lower yields than the analogues ob-
tained from C4 and C5 sugars (Table 1). To substantiate that
the solvent effect discussed herein is also applicable to the for-
mation of chemical building blocks from C6 carbohydrates, re-
actions using glucose as the substrate were performed.

The beneficial effect of ethanol relative to methanol in the
formation of compound 12 is also valid for glucose, as can be
seen from the NMR spectra of the olefinic region (Figure 6b).
The solvent change from methanol to ethanol increases the
formation of compound 12 approximately 1.2-fold (from 13.8
to 16.0% under the standard reaction conditions used herein).
The formation of the hexono-lactone equivalent of com-
pound 6 also increases, from 16.6 to 19.4%, whereas the for-
mation of alkyl lactate 7 decreases from 31.5 to 12.6%. All of
these effects closely follow trends observed for the conversion
of xylose and are consistent with previous studies using homo-
geneous and heterogeneous Sn catalysts for conversion of the
less-abundant acyclic C4 carbohydrate erythrulose.”'™ A shift
toward improved selectivity for the formation of commercially
interesting 3,4-deoxy esters at the expense of retro-aldol cleav-
age can be achieved for a series of carbohydrates using a Sn-
Beta catalyst in alcohols with a longer chain length than meth-
anol.

Conclusions

In conclusion, quantitative '>*C NMR was employed for the de-
tection and accurate quantification of previously unknown
products in the conversion of abundant C5 and C6 carbohy-
drates by Sn-Beta, without using reference standard com-
pounds. Identification and quantification are feasible in differ-
ent solvents, thus permitting the elucidation of solvent effects
on reaction selectivity. Exchanging methanol for longer-chain
alcohols results in increased yields of C5 3,4-dideoxy esters
from 33% in methanol to 42% in ethanol. This increase in
yield can be ascribed to the less-nucleophilic and larger etha-
nol disfavoring competing reactions. The improved yield of C5
3,4-dideoxy esters in ethanol relative to methanol and water
correlates with a lower rate of formation, although the path-
way forming 3,4-dideoxy acids or esters is assumed to progress
under kinetic control”” The formation of retro-aldol-derived
products is diminished in ethanol and alcohols of longer chain
length. Nonetheless, the reaction pathways forming 3-deoxy
and 3,4-dideoxy compounds remain viable in various protic
solvents.

Simple alcohols have been considered as environmentally
preferable solvents and ethanol has been described as prefera-
ble to methanol in terms of environmental, health, and safety
regulations.”®? Hence, the formation of 2,5-dihydroxy-3-pen-
tenoic acid esters in 42% yield and formation of the related
3-deoxy esters in combined yields of nearly 66% from xylose
in ethanol is encouraging for the development of environmen-
tally benign processes in a future bio-based chemical industry.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Reactions were conducted with a Biotage Initiator " microwave re-
actor in 5mL glass reaction vials. Reactions were typically per-
formed with Sn-Beta (180 mg, Si/Sn=200, hydrothermally synthe-
sized), p-xylose (360 mg), solvent (5mL) and dimethyl sulfoxide
(50 mg) as internal standard.

Catalyst material Sn-Beta was produced according to the synthesis
procedure described in the Supporting Information, based on
a modification of the procedure described by Valencia and
Corma,***" yielding the Sn-Beta catalyst with a Si/Sn ratio of 200.
The product composition and structure was confirmed by ICP (in-
ductively coupled plasma; Si/Sn=200), XRD (*BEA zeolite frame-
work, Figure S4) and N,-adsorption (see the Supporting Informa-
tion for details).

To discern effects of solvent upon product composition and path-
way usage, each sample was heated to 160°C for 2 h. Aliquots of
500 pL were taken from each sample, MeOH-d, (50 uL; Sigma-Al-
drich) was added, and the mixture transferred to a 5mm NMR
tube for immediate analysis. In kinetic experiments, samples in
water, methanol, or ethanol were prepared in the same manner
detailed above and heated to 160 °C for an allotted time (15, 10's,
1 min, 10 min, 1 h, or 2 h). Samples were rapidly cooled with com-
pressed air and 500 pL aliquots were taken from each sample,
mixed with MeOH-d, (50 pL), and transferred to 5 mm NMR tubes.
All NMR spectra were acquired on an 800 MHz Bruker Avance Il
NMR spectrometer equipped with a TCI CryoProbe and a SampleJet
sample changer. 1D ®C NMR spectra were acquired by sampling
64k complex data points during an acquisition time of 1.36 s, and
using an inter-scan recycle delay of 45 s. A pulse sequence with 'H
irradiation only applied during signal acquisition was used to mini-
mize distortions of signal integrals by the nuclear Overhauser
effect. Protonated *C carbon atoms were used for quantification
and several carbon sites per molecule were used to improve the
statistics of the signal area, using integration values from Bruker
Topspin 3.5 pl5 (see for example, Figure 6). Standard DQF-COSY,
TOCSY, 'H-*C HMBC, standard and edited 'H-"*C HSQC, as well as
'H-"*C HSQC-TOCSY experiments were employed for compound
identification in samples following solvent evaporation overnight
in a fume hood and re-dissolution in deuterated solvents. Figure S6
(Supporting Information) demonstrates the accuracy of this
method by comparison of a reaction sample with readily available
standard compounds. Standard 'H-">C HSQC, edited HSQC, as well
as 'H-"C HSQC-TOCSY were used in protic solvents to validate the
assignments. All spectra were processed with ample zero filling in
all spectral dimensions using Bruker Topspin 3.5 pl5.

Acknowledgements

This work was funded by the Innovation Fund Denmark (case
number 5150-00023B) and by Grant 2013 01 0709 of the Carls-
berg Foundation. 800 MHz NMR spectra were recorded on the
spectrometer of the NMR Center DTU supported by the Villum
Foundation.

Confilict of interest

The authors declare no conflict of interest.

ChemSusChem 2017, 10, 2990 - 2996 www.chemsuschem.org

2996

CHEM:SUSCHEM
Full Papers

Keywords: carbohydrates - NMR - solvent

effect - tin

green solvents -

[1] Y. Romén-Leshkov, J. N. Chheda, J. A. Dumesic, Science 2006, 312, 1933.

[2] J. B. Binder, R. T. Raines, J. Am. Chem. Soc. 2009, 131, 1979-1985.

(3] P. Gallezot, Chem. Soc. Rev. 2012, 41, 1538-1558.

[4] C. Li, Z. Zhang, Z. K. Zhao, Tetrahedron Lett. 2009, 50, 5403 -5405.

[5]1 A. Corma, S. Iborra, A. Velty, Chem. Rev. 2007, 107, 2411-2502.

[6] E. Taarning, S. Saravanamurugan, M. S. Holm, J. Xiong, R. M. West, C. H.
Christensen, ChemSusChem 2009, 2, 625-627.

[71 M.S. Holm, S. Saravanamurugan, E. Taarning, Science 2010, 328, 602—
605.

[8] S. Tolborg, I. Sddaba, C. M. Osmundsen, P. Fristrup, M. S. Holm, E. Taarn-
ing, ChemSusChem 2015, 8, 613-617.

[9] R. De Clercq, M. Dusselier, C. Christiaens, J. Dijkmans, R. l. lacobescu, Y.
Pontikes, B. F. Sels, ACS Catal. 2015, 5, 5803 -5811.

[10] M. Dusselier, P. Van Wouwe, F. de Clippel, J. Dijkmans, D. W. Gammon,
B. F. Sels, ChemCatChem 2013, 5, 569-575.

[11] A. Selvhgj, E. Taarning, R. Madsen, Green Chem. 2016, 18, 5448-5455.

[12] H.S. Chen, A. Wang, H. Sorek, J. D. Lewis, Y. Romén-Leshkov, A. Bell,
ChemistrySelect 2016, 1, 4167 -4172.

[13] S. G. Elliot, C. Andersen, S. Tolborg, S. Meier, |. Sadaba, A. E. Daugaard, E.
Taarning, RSC Adv. 2017, 7, 985-996.

[14] S. Tolborg, S. Meier, I. Sadaba, S. G. Elliot, S. K. Kristensen, S. Saravana-
murugan, A. Riisager, P. Fristrup, T. Skrydstrup, E. Taarning, Green Chem.
2016, 18, 3360-3369.

[15] S. Saravanamurugan, A. Riisager, E. Taarning, S. Meier, Chem. Commun.
2016, 52, 12773-12776.

[16] S. Saravanamurugan, A. Riisager, E. Taarning, S. Meier, ChemCatChem
2016, 8,3107-3111.

[17] S. Tolborg, S. Meier, S. Saravanamurugan, P. Fristrup, E. Taarning, I.
Séadaba, ChemSusChem 2016, 9, 3054-3061.

[18] E. A. Capanema, M. Y. Balakshin, J. F. Kadla, J. Agric. Food Chem. 2004,
52,1850-1860.

[19] C. Gaillet, C. Lequart, P. Debeire, J.-M. Nuzillard, J. Magn. Reson. 1999,
139, 454-459.

[20] E. Kupce, R. Freeman, G. Wider, K. Withrich, J. Magn. Reson. Ser. A 1996,
122, 81-84.

[21] Z. Zhou, R. Kimmerle, X. Qiu, D. Redwine, R. Cong, A. Taha, D. Baugh, B.
Winniford, J. Magn. Reson. 2007, 187, 225-233.

[22] M. Weber, C. Hellriegel, A. Rueck, J. Wuethrich, P. Jenks, J. Pharm.
Biomed. Anal. 2014, 93, 102-110.

[23] H. Jancke, F. Malz, W. Haesselbarth, Accredit. Qual. Assur. 2005, 10, 421 -
429.

[24] R. Freeman, H.D. W. Hill, R. Kaptein, J. Magn. Reson. 1972, 7, 327-329.

[25] M.T. Pérez-Prior, J.A. Manso, M. del Pilar Garcia-Santos, E. Calle, J.
Casado, J. Org. Chem. 2005, 70, 420-426.

[26] W.N. P. van der Graaff, C. H. L. Tempelman, G. Li, B. Mezari, N. Kosinov,
E. A. Pidko, E. J. M. Hensen, ChemSusChem 2016, 9, 3145-3149.

[27] J.R. Christianson, S. Caratzoulas, D.G. Vlachos, ACS Catal. 2015, 5,
5256-5263.

[28] C. Capello, U. Fischer, K. Hungerbuhler, Green Chem. 2007, 9, 927 -934.

[29] M. Tobiszewski, J. Namie$nik, F. Pena-Pereira, Green Chem. 2017, 19,
1034-1042.

[30] S. Valencia, A. Corma, (UOP LLC), , 1999 US6306364 B1.

[31] S. Tolborg, A. Katerinopoulou, D. D. Falcone, I. Sadaba, C. M. Osmund-
sen, R.J. Davis, E. Taarning, P. Fristrup, M.S. Holm, J. Mater. Chem. A
2014, 2, 20252-20262.

Manuscript received: April 7, 2017

Revised manuscript received: June 18, 2017
Accepted manuscript online: June 19, 2017
Version of record online: July 5, 2017

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chapter A. Published Work

142

CHEMISTRY & SUSTAINABILITY

CHEMSUSCHEM

ENERGY & MATERIALS

Supporting Information

Quantitative NMR Approach to Optimize the Formation of
Chemical Building Blocks from Abundant Carbohydrates

Samuel G. Elliot,”” Sgren Tolborg,™ Irantzu Sadaba,” Esben Taarning,* and
Sebastian Meier*®

¢ssc_201700587_sm_miscellaneous_information.pdf



WILEY-VCH

Catalyst Synthesis

30.6 g of tetraethyl orthosilicate (Aldrich, 98%) was added to 33.1 g of tetraethylammonium hydroxide (Sigma-
Aldrich, 35% in water) under careful stirring (~60 min), and tin(IV) chloride pentahydrate (Aldrich, 98%) dissolved
in 2.0 mL of demineralised water was added drop wise. The mixture was then left to stir for several hours. Finally,
3.1 g hydrofluoric acid (Fluka, 47-51%) in 1.6 g of demineralised water was added. The sample was then
homogenised and transferred to a Teflon®-container placed in a stainless steel autoclave and incubated at
140 °C for 14 days. The solid was recovered by filtration and washed with demineralised water, followed by
drying overnight at 80 °C. The organic template contained within the material was removed by calcination at
550 °C for 6 h (2 °C min'! ramp), yielding the Sn-Beta catalyst with a Si/Sn ratio of 200. The product was
confirmed by ICP (Si/Sn = 216), XRD (Figure S4, Primary Phase = *BEA) and Nz-adsorption (Sger = 656 m? g1,
Shicropore = 425 M? g1, Viota = 0.30 mL g%, Vmicropore = 0.21 mL g?).

X-Ray diffraction of the sample was done on a Philips X'Pert diffractometer using Cu-Ka radiation. Elemental
analysis was performed using inductively coupled plasma optical emission spectroscopy (ICP-OES) by first fully
dissolving the solid sample in a mixture of acids and measuring the resulting liquid on a Varian Vista Perkin
Elmer model Optima 3000. Information on the porosity and surface area was obtained by measuring and
analysing Nz-adsorption/desorption isotherms of the sample. Surface area was calculated by the BET method
and micropore volume by the t-plot method using the Autosorb3 software.
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Figure S1. Ce i of for select reactions, demonstrating the reproducibility of the reactions. Large signals at approximately 172,
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Figure S2. Formation of trans-3,4-dideoxy acid and alkyl esters (1) in three solvents (left) and cumulative yield of C5 3-deoxy and 3,4-dideoxy acids/esters (1-6,
right) at 160 °C. In the presence of Bransted acidity, compound 1 appears to rehydrate and thus decline over time (left) in water, opposite to its formation as a
stable product in methanol and ethanol. The inset (left) indicates that 1 forms more slowly in ethanol, while it reaches higher levels than in methanol or water.
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Figure S3. Formation of (alkyl) lactate (7) (left) and of furanics (right, sum of furfural and furfural acetals 9-11) in water, methanol and ethanol at 160 °C using Sn-
Beta catalyst.
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Figure S5. Proposed reaction pathway for the formation of compound 1 from xylose.
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Figure S6. Overlay of H-*C HSQC spectra of a reaction mixture (red) and commercial standards of methyl lactate (ML) and methyl vinyl glycolate (MVG) in
addition to furfural reacted to its (FA-DMA) in (reference spectra in grey). Samples contain DMSO as internal standard. This comparison
validates the identified compounds in the reaction mixture. Quantifications of the commercial ML and MVG standards were performed, yielding estimated amounts
of 8.7 mg ML and 9.6 mg MVG for samples with a weight of 9 and 10 mg respectively. The small differences in the determination may be attributed to residual
water in the reference standards.
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Table S1. Product distribution of reactions using primary alcohols of varying alkyl chain length./@

3,4-Dideoxy Compounds 3-Deoxy Compounds Retro-Aldol Compounds Furanic Compounds

Solvent 1 2-3@ 4-5 6 7 8 9 10-11" Dev.

C mol%
Water 29 0.7 32 10.6 18.2 1.4 12.7 0.0 0.5
Methanol 30.6 25 6.4 7.8 13.8 17 17 9.1 0.2
Ethanol 38.6 3.8 9.2 15.1 5.7 1.0 5.7 4.9 +0.4
n-Propanol 34.4 55 35 10.6 5.6 13 9.1 4.8 0.6
n-Butanol 32.0 3.1 6.0 14.7 4.0 13 6.0 26 +0.6
iso-Propanol 339 3.8 10.1 17.4 24 0.9 /i 16 +1.0

Reactions were conducted with 180 mg Sn-Beta®”, 360 mg D-xylose, 5 mL solvent and 50 mg dimethyl sulfoxide as internal standard and run at 160°C for 2 h.
Compound numbers reference to the compounds in Scheme 1. [a] Combined yield of acyclic and cyclic forms. [b] Combined yields of acetal and hemi-acetal
forms.

Table S2. Product distribution of reactions using varying temperatures with ethanol as the solvent.

3,4-Dideoxy Compounds 3-Deoxy Compounds Retro-Aldol Compounds Furanic Compounds
Temperature

1 2-3@ 4-5 6 7 8 9 10-110 Dev.
°C C mol%
120 34.7 1.0 5.6 17.1 35 35 6.3 13 +0.8
140 39.5 25 8.1 16.2 5.5 5.8 27 0.0 0.6
160 38.6 3.8 9.2 15.1 5.7 4.9 5.7 1.0 +0.4
180 35.8 21 131 11.3 6.8 6.5 3.0 0.0 0.6

Reactions were conducted with 180 mg Sn-Beta?®, 360 mg D-xylose, 5 mL ethanol and 50 mg dimethyl sulfoxide as internal standard and run for 2 h. Compound
numbers reference to the compounds in Scheme 1. [a] Combined yield of acyclic and cyclic forms (see Scheme 1, compounds 2-3). [b] Combined yields of acetal
and hemi-acetal forms.
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Table S3. Progression of the reaction mixture composition over time. &

3,4-Dideoxy 3-Deoxy Retro-Aldol Furanic Compounds
Time Compounds Compounds Compounds _Furanic Compounds
Solvent XYL XYLU/LYXE  Glycosides! 1 2-3¢ 4-5 6 7 8 9 10-11 Dev.
s C mol%
1 38.2 na. na. 31 0.0 0.0 00 51 0.0 0.0 0.0 0.4
10 30.2 na. na. 4.0 0.0 0.8 0.6 5.7 0.3 05 0.0 +0.4
60 16.8 na. na. 5.7 0.0 16 31 8.6 0.6 1.0 0.0 0.4
Water
600 6.6 na. na. 6.6 0.4 27 71 134 15 6.0 0.0 +0.3
3600 0.0 na. na. 53 12 35 83 143 18 10.2 0.0 0.3
7200 0.0 na. na. 29 0.7 3.2 10.6 18.2 14 12.7 0.0 0.5
1 44.9 23.1 12.6 4.8 0.0 0.7 0.0 25 0.0 0.0 0.2 +1.2
10 29.4 233 13.2 6.0 0.0 13 0.2 26 0.0 0.7 0.9 +1.1
60 4.1 8.7 18.9 14.9 0.1 2.4 0.5 6.2 0.6 2.2 45 0.7
Methanol
600 0.0 2.9 9.2 23.6 0.9 6.3 36 9.6 0.8 2.6 6.3 0.7
3600 0.0 0.1 5.4 25.8 11 5.4 62 117 12 31 7.4 0.7
7200 0.0 na. na. 30.6 25 6.4 78 138 17 17 9.1 +0.2
1 46.6 17.4 35 16 0.0 0.0 0.0 0.0 0.0 3.6 0.0 +0.6
10 39.6 17.9 5.3 2.7 0.0 0.0 00 02 0.0 37 0.0 0.6
60 13.2 13.6 9.2 8.3 0.0 e 1.0 13 0.0 7.3 0.0 0.6
Ethanol
600 0.0 1.4 6.3 30.5 17 8.3 4.8 32 0.0 6.2 20 0.8
3600 0.0 0.2 4.4 34.3 2.0 6.9 137 34 0.0 7.4 18 +0.8
7200 0.0 na. na. 38.6 38 9.2 151 57 1.0 5.7 4.9 0.4

Reactions were conducted with 180 mg Sn-Beta®®, 360 mg D-xylose, 5 mL solvent and 50 mg dimethyl sulfoxide as internal standard and run at 160°C.
Compound numbers reference to the compounds in Scheme 1. [a] Combined yields of xylulose and lyxose (xylose isomerization products). [b] Glycoside
formation was quantified using *H-**C HSQC integration relative to an internal standard calculating *H-**C HSQC response-factors for pentoses. [c] Combined
yield of acyclic and cyclic forms (see Scheme 1, compounds 2-3). [d] Combined yields of acetal and hemi-acetal forms.
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NMR Spectroscopic Isotope Tracking Reveals Cascade
Steps in Carbohydrate Conversion by Tin-Beta

Samuel G. Elliot,” Esben Taarning,*® Robert Madsen,” and Sebastian Meier*®

Quantitative isotope tracking studies were used to investigate
the reaction pathways that occur for Sn-Beta-catalyzed carbo-
hydrate conversion to various o-hydroxy esters. Experimental
insight into the conversion of pentoses was sought (i) by iden-
tifying pathways based on isotope patterns in the reaction
products and (i) by probing asymmetric isotope incorporation
into products. The results indicate that reaction intermediates
remain coordinated to the active site throughout the reaction

Introduction

The study of carbohydrates as alternative resources to petro-
chemicals has been intensifying in recent years. Despite this in-
terest, many routes of carbohydrate conversion to useful
chemicals are complex and lack fundamental pathway under-
standing. The overall complexity of carbohydrate conversion in
chemocatalytic pathways is reminiscent of the complexity en-
countered in biochemical pathways. Analytical methods that
deal with challenging metabolic reaction systems are, there-
fore, conceivable additions to the toolbox of biomass research.
Recently, we showed that high-field NMR spectroscopy can be
used to identify, quantify, and optimize reactants at natural iso-
tope enrichment in biomass conversion."" In addition, the use
of NMR spectroscopy may provide additional mechanistic in-
sight into reaction cascades through the characterization of
isotope distributions in the products.”® Herein, we focus on
the Sn-Beta-catalyzed conversion of abundant carbohydrates
to methyl lactate (ML) and other a-hydroxy ester coproducts
(Figure 1).

The formation of lactate precursors for poly(lactic acid) pro-
duction using Sn-containing silicate chemocatalysis has been
studied intensively since 2009.” Subsequent research has illu-
minated some mechanistic details of the reactions that form
ML from trioses and hexoses in methanol solvent. These devel-
opments resulted in increasingly feasible methods for tuning
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cascades, regardless of the reaction pathway. A predominant
transformation of the C1 carbohydrate position to the C3 posi-
tion of methyl lactate resembles enzymatic glycolysis. Likewise,
the majority of retro-aldol cleavage occurs from the carbohy-
drate in the ketose form, which again resembles biological gly-
colysis. In addition, various side-activities are detected in Sn-
Beta-catalyzed carbohydrate conversion, which include 5,1-hy-
dride and 1,2-carbon shift of the carbohydrates.

0 I OH 0 OH
MeO)K( Meo)W\ MeO)W
OH OH OH OH

ML THM DPM
o Q . 0 O._R
MeO)K[A\ Meok(\/ 3/_7/
OH OH OH HO
MVG 3DE 3L

Figure 1. Structures of the products in the Sn-Beta-catalyzed conversion of
common carbohydrates, which include ML, THM, DPM, MVG, and assorted
3DE and 3DL. The R group of 3DE and 3DL may be H, CH,OH, or CH(OH)-
CH,OH for tetroses, pentoses, or hexoses, respectively.

reaction selectivity!"*'*'¥ as well as the discovery of new reac-
tion products."*” Most of these new products are a-hydroxy
acids such as lactate and some show potential as polymer
building blocks."®**) These bio-monomers include methyl
2,5,6-trihnydroxy-3-hexenoate (THM), methyl 2,5-dihydroxy-3-
pentenoate (DPM), methyl vinyl glycolate (MVG), and assorted
3-deoxy esters (3DE) and lactones (3DL), the structures of
which are shown in Figure 1. Pathways that lead to the forma-
tion of these compounds have so far remained less compre-
hensively studied than those of lactate formation as these
products were characterized more recently and because the
key C,-Cs intermediates are not as easily accessible in pure
forms as the analogous C; compounds for use as reference
standards and prospective reaction substrates.

In the current study, we use various pentose isotopologues
(pentoses with different isotope compositions, that is, different
neutron contents) to elucidate mechanistic details in the con-
version of carbohydrates to a-hydroxy esters catalyzed by Sn-
Beta in methanol. We hypothesized that the products and by-
products formed through the same pathway should be identi-
fiable by similar isotope patterns. In addition, the formation of
ML through the retro-aldol cleavage of a carbohydrate to dihy-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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droxyacetone or glyceraldehyde was reinvestigated. To this
end, the symmetry of isotope incorporation was probed for
products that might have arisen from symmetric dihydroxyace-
tone. Such experimental methods that employ isotope tracking
should have the prowess to identify consecutive steps in multi-
step reaction pathways that occur in a concerted manner at
the zeolite active sites.

Results and Discussion

Initial experiments were conducted using p-[1-*C]-xylose and
uniformly ?H-labeled p-[UL-’H]-ribose isotopologues (it has
been demonstrated previously that the pentose stereochemis-
try does not affect reaction selectivity)." Pentoses were select-
ed because of their inherently asymmetric aldol cleavage reac-
tions that enable the further distinction of product origins.
Pentoses and hexoses produce an equivalent set of prod-
ucts," 14129 and it is, therefore, reasonable to assume that the
mechanistic findings for pentoses can be transferred to the
mechanisms of hexose conversion and vice versa.

Methyl lactate

The mechanism of ML formation from trioses has been studied
previously for both homogeneous and heterogeneous Sn sys-
tems.*>2*2 The mechanism is proposed to consist of five se-
quential steps: a) enolization, b) dehydration, c) tautomeriza-
tion, d) (hemiacetalization, and e) hydride shift (Figure 2). The

OH OH o o o
-Ha c
S S IS R O
OH OH o

H
HO MeOH
MeO d
OH o
ML

O OH

A
OH

e MeO

Figure 2. Plausible mechanism for the formation of lactate from trioses from
Refs. [3,9,24-26]. Either dihydroxyacetone or glyceraldehyde may be em-
ployed as starting substrates.

starting substrate may be either a ketose or aldose as isomeri-
zation by a 1,2-intramolecular hydride shift will result in a mix-
ture of both forms. Previous studies were conducted using
protonated substrates in deuterated solvent and enolization
was deduced from deuterium incorporation into the C3-posi-
tion of ML A detailed understanding of the process that
occurs was sought by the sensitive detection and accurate
quantification of hydrogen incorporation from the solvent. In
addition, we sought to warrant that intramolecular hydride
shifts can be distinguished from exchange with hydrogen
atoms from the heterogeneous catalyst.

We used deuterated pentose in protonated solvent to
ensure that the substrate and solvent as well as the substrate
and catalyst carried different isotopic forms of hydrogen. The
resultant isotopologues of lactate were characterized by using

ChemCatChem 2018, 10, 1414-1419
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NMR spectroscopy at a magnetic field of 18.7 T (800 MHz in-
strument equipped with cryogenically cooled detection elec-
tronics) using a quantitative '>*C NMR (qNMR) spectroscopy ap-
proach demonstrated previously.”” The deuterated carbon po-
sitions were identified from characteristic chemical shift
changes to lower frequency and from characteristic multiplet
patterns caused by coupling to quadrupolar ?H nuclei (Fig-
ure 3A). >)C NMR spectra were acquired with recycle delays of
60 s and inverse-gated decoupling to avoid the nuclear Over-
hauser enhancement of '*C signal intensities for C atoms
bound to H.

140
138
Chery., 196 7 LCC
""calshm(vH'Z‘p 1.32 190 m.\ca\s“‘“
» Ppm) cne
B DUL-*Hlribose D2 O, 1
OH OH
Sn-Beta,
l CH4OH

+ MeO

2H OH
1% 13%

Figure 3. A) Multiplet pattern of the C3-position of ML that results from the
incorporation of three, two, and one 'H atoms (from left to right), respec-
tively. B) Fraction of lactate isotopomers produced upon the reaction of b-
[UL-*H-ribose. Reactions consisted of 36 mg p-[UL-Hg]-ribose, 18 mg Sn-
Beta, 500 pL methanol, and 5 mg dimethylsulfoxide (internal standard)
heated to 160°C for 2 h.

The resulting distribution of ML isotopologues from these
experiments is shown in Figure 3B. Most notably, the lack of
solvent exchange at the C2-position of lactate supports the hy-
dride shift mechanism in step e (Figure 2), which likely is irre-
versible, as must be the enolization in step a. The predominant
isotopologue (86%; Figure 3B) contains a single solvent
proton at the C3-position, which is consistent with a reversible
tautomerization in step c. The predominance of the singly C3-
protonated isotopologue (86%) over both the doubly (13%)
and triply (1%) protonated forms indicates that reaction d is
significantly faster than the competing reversible tautomeriza-
tion in step c.

Subsequently, the reaction was repeated using p-[1-">C]-
xylose to result in the "*C distributions of ML and MVG shown
in Figure 4. The prevalence of °C incorporation into the C3-po-
sition of ML shows that the C3-position of ML originates pre-
dominantly from the Cl-position of the substrate. This obser-
vation was surprising as the formation of a C3 fragment that
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O OH OH Sn-Beta, [¢] o
136 CH30H apll 8% sl 19%
H” —— MeO g MeO 225 33,
OH OH OH OH
Yield: 10.5% 1.6%

Figure 4. Distribution of >C in ML and MVG from p-[1-"*C]-xylose. Reactions
consisted of 36 mg p-[1-"*Cl-xylose, 18 mg Sn-Beta, 500 L methanol, and

5 mg dimethylsulfoxide (internal standard) heated to 160 °C for 5 min. Yields
were determined by using 'H NMR spectroscopy [mol% carbon].

contains the pentose Cl-position could be expected to pro-
ceed from a freely formed triose that isomerizes between the
aldose and ketose forms. Evidently, such a triose does not
emerge in the free form in noteworthy amounts, as this would
imply a symmetric "°C distribution in ML as well. We hypothe-
size that instead of a free triose, the retro-aldol cleavage of a
ketose results in an enol bonded covalently to the Sn site (Fig-
ure 5B). In this form, the primary alcohol that arises from the

A: Sio Osi Si0 O:
Si0-g/-OHz Si0-g/4-OH,
|3(§),\ko " 132 cl) ™
RS N R
OH OH OH OH
B: Sio Osi Si0 Osi Siq Osi
Si0-g}-OHz Si0-g/--OH, Si0-g/-OH,
oy (o o o o (OH
Y DL L
W WS 5
OH OH OH OH OH OH 2

Figure 5. Plausible mechanism for the retro-aldol cleavage of A) [1-"C]-aldo-
pentose and B) [1-"*C]-ketopentose to glycolaldehyde and glyceraldehyde.

Cl-position of the carbohydrate substrate may coordinate and
subsequently dehydrate. In this manner, the labeled C atom is
now in the C3-position of ML (Figure 5B). Notably, the conver-
sion of the carbohydrate C1-position to the lactate C3-position
is a common feature of chemocatalytic and biocatalytic glycol-
ysis, which results from the coordination or phosphorylation of
the carbohydrate C1 site, respectively.?”

The use of p-[1-"*Cl-xylose shows 84% ">C label at the C3-
position of the ML formed, whereas 'HNMR spectroscopy
shows a 10.5% combined vyield of all ML isotopomers and
7.4% yield of the '*C3-labeled methyl-[3-"*C]-lactate isotopo-
mer, which confirms that this isotopomer covers the majority
of the ML formed (Figure S1 in the Supporting Information).
These distributions corroborate that the majority of the ML ap-
pears to derive from the ketose form (Figure 5B) rather than
the aldose (Figure 5A), even if an aldose is used as the sub-
strate. Overall, isotope tracking data suggest that the Sn-Beta-
catalyzed ML formation proceeds predominantly from the
ketose form in a concerted manner in which retro-aldol frag-
ments remain bound to the active site. Similar isotope distribu-
tions with more than 80% 'C label at the C3-position in the
ML formed are found for shorter (1 min) or longer (2 h) reac-
tion times.
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Upon the retro-aldol cleavage of a ketose or aldose to form
ML, an equivalent amount of glycolaldehyde is formed, of
which the majority must be unlabeled to correspond to the la-
beled ML formed. MVG may be formed from the aldol conden-
sation of two glycolaldehyde fragments. As expected, MVG
was detected in the mixture and had a much more even distri-
bution of *C than ML (Figure 4B) with no predominant label-
ing at any single position.

Methyl 2,5-dihydroxy-3-pentenoate

Recently, it has become clear that various other a-hydroxy
esters in addition to ML can be formed in significant amounts
under similar catalytic conditions. The most abundant of these
longer a-hydroxy esters formed from pentoses is methyl trans-
2,5-dihydroxy-3-pentenoate (trans-DPM), which can be formed
in yields above 30%. trans-DPM and ML are Cs and C; a-hy-
droxy esters, respectively, and could be expected to follow
similar mechanistic steps in the formation of the a-hydroxy
ester functionality. The proposed mechanism for trans-DPM
formation is expected to differ from that of ML shown in
Figure 2 in step c. Here, tautomerization is replaced by an addi-
tional dehydration step, after which the pathway can proceed
equivalently to steps d and e for ML. To investigate the mecha-
nism for trans-DPM formation, we performed an analysis of
trans-DPM using [UL-’H,]- and [1-"C]-labeled pentoses equiva-
lent to that performed for ML.

Experiments with the deuterated pentose showed less than
4% total solvent proton incorporation into trans-DPM, all of
which was observed at the C5-position (Figure 6A). Most im-
portantly, this finding excludes the significance of tautomeriza-
tion to a free 3-deoxyxylosone-type intermediate, which has
been suggested previously, in the route to trans-DPM."*?* The
same lack of solvent exchange was observed in the pathway
to furfural (Figure S2), which shows that a 3-deoxyxylosone-

A: D-[UL-*Hg]-ribose ] Olg'H OH

Tyt
2, 2
L eV A

OH OH
Sn-Beta,
CH40H

A

B: D-[1-13C4]-xylose

O OH OH Sn-Beta, o OH
136 CH30H

sl A Joy
— MeOT.g”
OH

Figure 6. A) Amount of trans-DPM produced with the displayed isotopic
configuration upon the reaction of p-[UL-*H.]-ribose. B) Distribution of '*C in
trans-DPM using p-[1-'*Cl-xylose. Reactions consisted of 36 mg substrate,

18 mg Sn-Beta, 500 pL methanol, and 5 mg dimethylsulfoxide (internal stan-
dard) heated to 160 °C for 5 min.

OH OH
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type intermediate was not part of the pathway for Sn-Beta-cat-
alyzed furfural formation.

If we used the [1-°C] pentose substrate, the "*C isotope dis-
tributions show a peculiar pattern (Figure 6B). No scrambling
of the "C isotope into the C3- and C4-positions is observed,
and these positions retain an isotopic abundance close to the
natural isotopic abundance of ">C. In addition, the scrambling
of "*C isotope of [1->C] pentose into the C2- and C5-positions
is observed. Such a scrambling of '*C1 to C2 and C5 is consis-
tent with the epimerization of the carbohydrate through a 1,2-
carbon shift or isomerization by a 1,5-hydride shift, respective-
ly. Previously, epimerization by 1,2-carbon shifts has been re-
ported for Sn-Beta at lower temperatures, and 1,5-hydride
shifts were reported for other catalysts."”>?®2% |n addition,
trans-DPM is formed as the major isomer in all experiments
with negligible formation of the cis isomer. The same selectivi-
ty is observed for both Sn-Beta and the homogeneous SnCl,
(Figure S3), which excludes spatial confinement as the origin of
cis/trans selectivity.

From these observations we propose a plausible reaction
mechanism towards the formation of trans-DPM (Figure 7,
blue). The C3-position of trans-DPM is maintained as an olefinic
group throughout. Reversible keto-enol tautomerization of the
C3- or C4-positions en route to trans-DPM can thus be exclud-
ed as no solvent exchange is found at these positions. The for-
mation of a trans C2—C3 bond in step ¢ precludes cyclization
and leads to a linear pathway to form trans-DPM if a trans ole-
finic bond is formed in step e’ as well. The formation of a cis
olefinic bond in step e may enable a cyclic dehydration path-
way to furfural, supported by observed furfural isotopologues
(Figure S2). Similar to the retro-aldol cleavage of ketose sub-
strates (Figure 5), coordination at C2 elicits most central reac-
tion chemistry in the pathway. Coordination at C2 is vital for
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hydride shifts in the equilibration of ketose and aldose sub-
strates as well as the dehydration in steps c and €.

The experimentally observed products 3-deoxy-y-xylonolac-
tone (3DL) and methyl 3-deoxy-xylonate (3DE) derive from the
same pathway (Figure 7, green), whereas trans-DPM derives
from a different pathway, as witnessed from different patterns
of isotope incorporation. Previous experiments identified 3-de-
oxyglycosone (the glucose analogue of 3DX) in reactions from
glucose, and further experiments using a 3-deoxyglycosone
substrate indicated that this substrate forms saturated lactones
and esters predominantly, which supports steps e and f.'% A
rehydration of trans-DPM to 3DE seems unlikely as isolated
trans-DPM does not react to 3DE under the current reaction
conditions (Figure S4).

We hypothesize that the flux of intermediates into the two
different pathways, for trans-DPM (and possibly furanics) as
well as 3DL/3DE, may be influenced by the stereochemistry of
step c. Only the formation of a trans-2,3-enol favors subse-
quent 2,4 coordination and dehydration at C4. The formation
of a cis-enol in step c in Figure 7 (green) will make the simulta-
neous coordination of the enol and the C4 hydroxyl group less
favorable. In such a case, tautomerization to the experimental-
ly observed 3-deoxyxylosone intermediate (3DX) may occur in
favor of dehydration, as shown in step d, which leads to the
formation of 3DL and 3DE by intra- or intermolecular esterifica-
tion, respectively. Experiments with commercially available a-
hydroxy-y-butyrolactone showed that under the tested reac-
tion conditions the lactone and the ester equilibrate (Fig-
ure S5), which demonstrates that the products 3DL and 3DE
and their formation is indistinguishable under the tested reac-
tion conditions.

We considered the stereoselectivity for trans-DPM formation
and stereoselectivity in the aldose-ketose isomerization by C1-

sio_ Osi sio Osi
SiO~g/.-OH, SiO~y/.-OH
0O OH o sn S~ 2
| it 0| OH oH o | OH oH
a | o | c
Sio_OSi -H,0
OH OH Si0O-Sn—OH H OH H OH
SiO\ /OSi SiO\ /OSi
SlO?sn:OH smT’Sn.\.OH2
<) OH o OH 0\ /0 0\ 0
f
el =t Med -~ \> <4 \\>
HO HO OH HO  OH HO OH
3L 3DE 3DX
Sio OSi S0 OSi Si0 OSi Sio_ OSi
SiO~g/--OH SiO~g4--OH, SiO~y/--OH, SiO~y/--OH
ELs NS S _Sn

[o} OH

O (o) (o) Ol
Y r ol
- - Oy =
Meo>_<—\; -— — “H0
OH OH OH

trans-DPM

H
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0" ToH
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Figure 7. Proposed mechanism for the formation of trans-DPM, 3-deoxy-y-xylonolactone (3DL), and methyl 3-deoxy-xylonate (3DE) from p-xylose. The cis pre-
cursor to step f' may also react by alternative pathways to form furfural in addition to the three products displayed.
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C2 hydride shift reported previously“” and we set out to iden-
tify further stereoselective reactions in the pathways shown in
Figure 7. Experiments with [UL-*H,] aldopentose showed addi-
tional unanticipated isotope distributions in both 3DL and
3DE. Stereoselectivity was observed for the four potential dia-
stereomers of 3DL with isomerism at C2 and C3 (Figure 8). Al-

stereoselective
"H incorporation
_ atC3 (73%/27%)

o o.
o. Ycuzon
c

9
o 4

isomers at C2

Figure 8. 'H-"C-HSQC signals for the C3-position of 3DL. The four potential
diastereomer products (isomerism at C2 and C3) produced by reaction of
enantiomerically pure [UL-H,] pentose yield four triplets for CH groups at
(3, as splitting by the quadrupolar *H was not decoupled.

though stereoselectivity at the C2-position was low (9% diaste-
reomeric excess (de) between xylono- and arabino-lactone
forms), stereoselectivity for 'H incorporation at the C3-position
by tautomerization was (46+1)% de for these two lactones.
The same trend was observed for 3DE with 7% de for C2 and
46% de for both pairs of C3 diastereoisomers (Figure S6). The
almost identical stereoselectivity at C2 and C3 in 3DL and 3DE
suggests that the two molecules arise from the same reaction
pathway. The high diastereoselectivity of the tautomerizations
in this pathway and the high trans stereoselectivity in the de-
hydration pathway (Figure 7) parallel the high stereoselectivity
in the hydride shifts of aldose-to-ketose isomerizations. Thus,
Sn-Beta catalyzes a variety of stereoselective isomerization and
dehydration reactions.

C5-C1 hydride shift

To elucidate the ability of Sn-Beta to perform a 5,1-hydride
shift, [5,5'-H,]-arabinose was selected for testing. The reaction
of the [5,5'-’H,]-arabinose showed a final distribution of 80%
H, and 20% 2H'H in the C5-position of trans-DPM (Figure 9).
Compared with the lower (<4%) proton incorporation in the
uniformly deuterated substrate (Figure 6A) under identical re-
action conditions, this finding indicates that intramolecular hy-
dride exchange takes place. A C5-C1 hydride shift as detected
previously in Ti-Beta-catalyzed reactions is the most plausible
explanation.”” Analysis of the distribution of ?H in ML from
[5,5'?H,]-arabinose showed that the C3-position had 78% 'H;
and 22% *H'H, (Figure S7). This incorporation correlates to the
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Figure 9. Amount of trans-DPM produced with the displayed isotopic config-
urations upon reaction of a [5,5'-?H,]-arabinose. Reactions consisted of

36 mg substrate, 18 mg Sn-Beta, 500 pL methanol, and 5 mg dimethylsulfox-
ide heated to 160°C for 5 min.

migration of the label from the C5-position to the C1-position
as detected from the isotope pattern in trans-DPM after a hy-
dride shift for approximately 20% of the molecules (Figure 9).
Thus, the use of a [5,5'-*H,]-labeled pentose underlines that ML
originates primarily from the ketose (Figure 5). In addition, the
results indicate that a C5-C1 hydride shift occurs in the carbo-
hydrate form, but only for a minority of the carbohydrate sub-
strates.

Conclusions

We employed isotope-labeled substrates to track isotope redis-
tribution and solvent exchange in different products formed
during chemocatalytic carbohydrate conversion. The experi-
ments showed that ketoses are the primary substrates for
retro-aldol cleavage much like enzymatic glycolysis. This find-
ing is consistent with a rapid hydride shift between aldose and
ketose under the reaction conditions of a-hydroxy ester forma-
tion (~160°C). Furthermore, strong binding is observed be-
tween substrate and catalyst to result in the regioselective for-
mation of methyl lactate that occurs through the irreversible
formation of an enol, which continues in a cascade reaction
through to methyl lactate. Analogous conclusions can be
drawn for pathways that do not encompass a retro-aldol step.
Additionally, experimental data are consistent with the strong
coordination of the enol form by the catalyst active site. These
pathways include enols formed in the cascade toward methyl
trans-2,5-dihydroxy-3-pentenoate, 3-deoxy lactones, and 3-
deoxy esters, which exhibit little isotope scrambling once the
reaction cascade commences. However, our experiments show
some atom rearrangement attributed to reactions with uncon-
verted carbohydrates. Sn-Beta was shown to catalyze a 5,1-hy-
dride shift of carbohydrates as well as a 1,2-hydride shift and a
Bilik-type 1,2-carbon shift reported previously. We thus find
that rich mechanistic information can be derived from the use
of quantitative isotope tracking experiments in complex reac-
tion mixtures formed in biomass conversion.

Experimental Section

p-[1-"*C]-Xylose (99 at% '*C) was obtained from Sigma-Aldrich. b-
[UL-’H,] and p-[5,5'-*H,]-arabinose (98 at% ’H) were obtained from
Omicron Chemicals. Reactions were conducted with a Biotage Ini-
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tiator* microwave reactor in 500 pL glass reaction vials. Typically,
reactions were conducted with Sn-Beta (18 mg; Si/Sn =200, hydro-
thermally synthesized), substrate (36 mg), methanol (500 uL), and
dimethylsulfoxide (5 mg) as an internal standard.

The Sn-Beta catalyst was synthesized hydrothermally in accordance
with the procedure described by Tolborg et al. with a target Si/Sn
ratio of 200.°" The catalyst structure and composition were con-
firmed by using inductively coupled plasma optical emission spec-
troscopy (ICP-OES; 0.9 wt% Sn, Si/Sn=196), XRD (*BEA framework),
and N, absorption (Sger=>540 M’g™", Siyiciopore =436 M*g™", Vi =
0.30MLG ", Vinicropore =0.22 mLg " calculated by the t-plot method).

NMR spectroscopic isotope tracking was performed using spectra
that were acquired by using an 800 MHz Bruker Avance Il NMR
spectrometer equipped with a TCl CryoProbe and a Samplelet
sample handler. Data were zero-filled to double the number of ac-
quired complex data points before Fourier transformation in all
spectral dimensions by using Bruker Topspin 3.5 pl7 software.
Quantification was achieved by using gqNMR spectroscopic experi-
ments without pulse sequence elements that enhance or suppress
signal but with extensive interscan recycle delays. 2D 'H-">C NMR
HSQC spectra were used to validate the assignment of the inte-
grated 1D "CNMR spectra. The incorporation of deuterium was
verified from chemical shift changes and multiplet patterns in
HSQC spectra, and spectral editing was used to distinguish carbon
sites by the number of attached protons (and hence incorporated
deuterons; Figures 3 and 8). Quantitative proton decoupled '*C 1D
NMR spectra were acquired with recycle delays of 60s using a
pulse sequence that employs inverse-gated decoupling to avoid
the nuclear Overhauser enhancement of protonated sites.
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imethyl acetal form upon reaction of D-[UL-Hg]-ribose (A). Distribution of

Figure S2. Amount of deuterium remaining at the display:
d of 36 mg substrate, 18 mg Sn-Beta, 500 pL methanol and 5 mg dimethy!

"*C in furfural in its dimethyl acetal form using D-[1-"°C]-xylost
sulfoxide (internal standard), which were heated to 160°C for 5 min:
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Figure S3. Spectral region containing signals of olefinic groups for a mixture of D-xylos:
show a large formation of trans-DPM (C3, 'H = 5.8 ppm, "°C = 126.9 ppmy
ppm, °C = 127.3 ppm; C4, 'H = 5.8 ppm, '°C = 133.7 ppm). 36 mg D
sulfoxide (internal standard), which were heated to 160°C for 5 min.

ith either Sn-Beta (top) or SnCl, (bottom) as the catalyst. The spectra
UC = 132.3 ppm), but negligible formation of cis-DPM (C3, 'H = 5.5

eta or 0.6 mg SnCls, 500 pL methanol and 5 mg dimethyl
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Figu yl trans-2,5-dihydroxy-3-pentenoate (trans-DPM) reaction, after 0 min and 1 h, showing no change in the reaction mixture.
Reactions consiste trans-2,5-dihydroxy-3-pentenoate 285% purity, 180 mg Sn-Beta (Si/Sn = 150), 100 pL i i water, 5 mL
and 50 mg dimethyl sulfoxide (internal standard), which were heated to 160°C for 1 h.
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Figure S5. 8C-NMR spectra of a-hydroxy-y-butyrolactone reaction products, after Oghni i ld 2 h, showing both the initial lactone (HBL, 31.1 ppm) and
ctone, 18 mg Sn-Beta (Si/Sn = 150), 500 pL methanol and 5

mg dimethyl sulfoxide (internal standard), which were heated to 160°C for 5 min, 1h

ite (3DE) diastereoisomers resulting from incorporation of one "H atom, upon reaction of

Figure S6. Multiplet pattern of the C3 positi
8 mg Sn-Beta, 500 uL methanol and 5 mg dimethyl sulfoxide (internal standard), which

D-[UL-*Hg]-ribose. The reaction consisted of 36 m
were heated to 160°C for 5 min.
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arabinose, 18 mg Sn-Beta, 500 uL methanol and 5 mg dimethyl sulfoxide, which were heated to 160°C for
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Effects of Alkali-Metal lons and Counter lons in Sn-Beta-
Catalyzed Carbohydrate Conversion

Samuel G. Elliot,” Sgren Tolborg,”™ Robert Madsen, Esben Taarning,*™ and

Sebastian Meier*®

Alkali-metal ions have recently been shown to strongly influ-
ence the catalytic behavior of stannosilicates in the conversion
of carbohydrates. An effect of having alkali-metal ions present
is a pronounced increase in selectivity towards methyl lactate.
Mechanistic details of this effect have remained obscure and
are herein addressed experimentally through kinetic experi-
ments and isotope tracking. The presence of alkali-metal ions
has a differential effect in competing reaction pathways and
promotes the rate of carbon-carbon bond breakage of carbo-
hydrate substrates, but decreases the rates of competing dehy-

Introduction

Chemocatalytic carbohydrate conversion may be achieved by
the use of zeolites, which are microporous solid materials
widely used in oil refining that are projected to obtain similarly
central roles in biomass refining.""? In particular, zeotypes, with
elements such as tin instead of aluminum incorporated in the
zeolite framework, have been shown to catalyze a range of rel-
evant reactions in the conversion of carbohydrates, including
isomerization, dehydration, and retro-aldol cleavage of carbo-
hydrates."** Since carbohydrates comprise approximately
75% of all biomass on Earth, they are attractive as a feedstock
for the development of sustainable processes.”

Sn-Beta, a tin-containing zeotype (stannosilicate), is a partic-
ularly promising heterogeneous catalyst for carbohydrate con-
version.”® Sn-Beta is able to catalyze the isomerization and
epimerization of carbohydrates under mild reaction conditions
(near 100°C),”* whereas higher temperatures (above 120°C)
facilitate the formation of different a-hydroxy acids/esters and
furanic compounds through a combination of retro-aldol cleav-
age'®'? or condensation'™ and dehydration reactions.!"%'*®
The major products resulting from conversion of xylose by Sn-
Beta above 120°C are displayed in Scheme 1.
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dration pathways. Further addition of alkali-metal ions inhibits
the activity of Sn-Beta in all major reaction pathways. The
alkali-metal effects on product distribution and on the rate of
product formation are similar, thus pointing to a kinetic reac-
tion control and to irreversible reaction steps in the main path-
ways. Additionally, an effect of the accompanying basic anions
is shown, supposedly facilitating the cation exchange and elic-
iting a different concentration-dependent effect to that of neu-
tral alkali-metal salts.

OH
0/\{)'\(\0: 12 C-s shIf\/\/K‘/\OH

Pool of
carbohydrate " OH OH OH OH
substrates Xyloses \ /y lyxose
1,2 H-shift @il 1 2 H-shift
HO'Y

ﬁ _oﬁy w ka(v\

Glycosides furanics

e.g. furfural

Retro-aldol  3-deoxy esters ~3,4-dideoxy esters
e.g. ML e.g. TPM e.g. trans-DPM

Product mixture

Scheme 1. Competing pathways observed in the conversion of pentoses
catalyzed by Sn-Beta in methanol. ML =methyl lactate, TPM =2,4,5-trihy-
droxypentanoic acid methyl ester, trans-DPM = trans-2,5-dihydroxy-3-pente-
noic acid methyl ester, furanics =furfural and furfural dimethyl acetal.

Recently, it has been reported that the catalytic performance
of stannosilicates can be influenced by the presence of alkali-
metal cations."” Low millimolar concentrations of alkali-metal
ions were found to greatly increase the formation of methyl
lactate in methanol (from 30% to 75%) at 160°C over Sn-
Beta."”?” At lower temperatures (80°C), alkali-metal ions have
also been reported to promote Sn-Beta-catalyzed epimeriza-
tion over the isomerization of carbohydrates.”'*! The effect of
alkali-metal ions on zeolite-catalyzed reactions has been more
thoroughly studied for reactions with fewer competing path-
ways than depicted in Scheme 1, using non-carbohydrate sub-
strates. Thus, alkali-metal exchange has been shown to en-
hance Baeyer-Villiger oxidation by Sn-Beta,*” but to lower the
activity of titanosilicates in epoxidation with H,0,.2? These

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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alkali-metal effects are thought to result from exchange of pro-
tons at or in the vicinity of the catalyst active site.*?" The de-
tailed nature of the alkali-metal effect in improving methyl lac-
tate yield and carbohydrate epimerization and the correlation
between the two effects have hitherto remained unclear.

The current study sets out to systematically study the effect
of alkali-metal salts (as demonstrated herein for potassium
salts) on the divergent pathways catalyzed by Sn-Beta
(Scheme 1). Quantitative high-field NMR spectroscopy was
used to distinguish and quantify various reaction products
without the need for purification, reference compounds, or in-
strument calibration.”” Changes in activity and selectivity of
Sn-Beta were thus noninvasively probed by accurate in situ
analysis of the resultant reaction mixtures. These assays show
that alkali-metal ions promote the activity for methyl lactate
formation at moderate concentrations but inhibit all major Sn-
Beta-catalyzed pathways at higher concentrations.

Results and Discussion

A variety of potassium salts were initially probed for their
impact on the formation of methyl lactate by Sn-Beta. These
experiments encompassed the potassium salts of weak and
strong acids. The experiments were conducted at mild reaction
conditions (120°C) and with long reaction times (19 h) to
ensure full conversion. The potassium salts of weak and strong
acids in a concentration range of 0-20 mM K™ showed distinct
effects on the methyl lactate yield (Figure 1). The yields of
methyl lactate increased for salts of strong acids and reached a
plateau at higher concentrations. In contrast, alkali-metal salts
of weak acids (with basic anions) generally show a steeper in-
crease in methyl lactate yield to a well-defined optimum, fol-
lowed by a subsequent decrease in yield at higher concentra-
tions of the salt.

Mechanistic insights into the observed effect of potassium
salts of strong and weak acids were subsequently sought. The
effect was analyzed by probing the flux into all major reaction
pathways catalyzed by Sn-Beta. The formation of the four
major product classes (Scheme 1) and the methyl glycoside by-
products were tracked as initial rate experiments by using
quantitative high-resolution NMR spectroscopy to obtain time-

® 50
3
3 40
S
<
$§ % o KGO, @
8 o o KHCO, o Ker
32 4 CH,COOK 4K
£ ©  CHyCH(OH)COOK + KNO,
3 10
=
B T T T T

K* Concentration | mM

Figure 1. Methyl lactate yield as a function of potassium concentration for
various salts of strong acids (filled green symbols) and salts of weak acid-
s (open blue symbols). Reaction conditions: glucose (0.250 g), Sn-Beta (hy-
drothermally synthesized) (0.100 g), methanol (5 mL) containing up to

20 mm potassium salt, 120 °C, 19 h. Methyl lactate is considered stable
under the reaction conditions (Figure S1).

ChemSusChem 2018, 11, 1198 -1203 www.chemsuschem.org

1199

CHEMS U SCHEM
Full Papers

resolved kinetic data. These experiments were performed
using pentose substrate rather than hexoses at higher temper-
atures (160°C), owing to the higher obtained yields of dehy-
dration products and the formation of fewer diastereoisomers
when using pentose substrate."” Reactions were performed in
a microwave reactor and analyzed ex situ with *C and 'H-
3C NMR spectroscopy. The conversion of xylose was tracked in
the absence of alkali-metal salt, in the presence of 2 mm KCl,
and in the presence of 0.3 mm K,CO;. The chosen concentra-
tions are near optimum for methyl lactate formation under
these conditions (see the Supporting Information, Tables S1
and 52)." In addition, K,CO; concentrations above and below
the optimum were also tested (0.1-1 mm).

Initial rate experiments were conducted for only up to two
minutes at 160°C. We observed that xylose was converted
very rapidly on this short timescale (Figure S2), although the
process had previously been conducted on a timescale of
hours."” Both substrate and product signals showed initial
linear trends with and without alkali-metal salts, indicating that
a steady state was achieved (Figure 2 and Figure S3).

< 757 /
@ 1 2
2 o
£ o0 f2y ’
8 ges
5,12
3'25_ ég“' - x
3 1
=
0- r T T T T
16 X 0.3mMK,CO;4 x
R® 1 o 2mMKCI
= 12 + 2. = No Alkali
182 o
§ 84 &8
~ Egg
R &
g 4 °° a
= 4
o- = T T T T
[ 30 60 90 120
time /s

Figure 2. Formation of methyl glycoside and methyl lactate in initial rate ex-
periments. Signal areas were converted into molar yields by a quantitative
NMR approach. Reaction mixtures consisted of p-xylose (360 mg), Sn-

Beta (PT) (90 mg), methanol (5 mL), and dimethyl sulfoxide (50 mg; internal
standard), which were heated from room temperature to 160 °C within

30 seconds (indicated by the grey box) and heated for a given time at

160 °C. Methanol containing no additive, 2 mm KCl, or 0.3 mm K,CO,, was
used.

The time-resolved experiments show rapid formation of gly-
cosides already during the heating stage, both in the presence
of KCl and in the absence of any added salts. In contrast, the
rate of glycoside formation is suppressed approximately four-
fold for reactions performed at optimum K,CO; concentrations
(Figure 2). Thus, alkali-metal salts also exhibit an effect on the
formation of methyl glycosides depending on the basicity of
the anion, consistent with Fischer glycosylation in the presence
of weak Bronsted acidic sites. This effect is also observed for
the formation of furanics and is consistent with pathway
models suggesting that the formation of furanics encompasses
Bronsted acid-catalyzed dehydration. These observations may

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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be explained by neutralization of Brensted acidity by a basic
anion.

Importantly, the initial rate of methyl lactate formation in-
creases both in the presence of K,CO; and of KCI (Figures 2
and 3), demonstrating the positive effect of the alkali-metal

Methy! Glycoside

Methy| Lactate TPM

CHEMS/SCHEM
Full Papers

optimum for the yield of methyl lactate in the presence of

K,CO; results from a deactivation of the catalyst at higher con-

centrations. Effects of base-catalyzed carbohydrate degradation

are secondary and the rate of carbohydrate conversion is re-

duced in the presence of K,CO,, and not increased through
possible additional degradation reactions.

Thus, initial rates of conversion indicate that the

10 03 0.02 catalyst kinetically favors dehydration reactions in
- the absence of added K,CO;, but favors the forma-
;2 o2 i tion of retro-aldol products near 0.3 mm K,CO; prior
° to deactivation of all reaction pathways by further
§ o8 it addition of basic alkali-metal salt. Alkali-metal ions
g A = thus promote methyl lactate formation at moderate
= concentrations but inhibit all major Sn-Beta-cata-

00 0.0 0.00 lyzed pathways at higher concentrations. Further-
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KCI
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trans-DPM

No 03mM 2mM
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more, the alkali-metal effect occurs at similar con-
centrations to those of tin present in the catalyst
[K/Sn ratio=0.31 for an experiment with 0.3 mm
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Figure 3. Overview of the effects of KCl and K,CO; on the rates of formation for the des-

K,CO; and Sn-Beta (post-treated, PT) supporting the
hypothesis that the alkali-metal cation effect is relat-
ed to the tin active sites.

In addition to catalyzing the formation of prod-
ucts shown in Figure 4, Sn-Beta had been reported
to catalyze carbohydrate epimerization at tempera-
tures near 80°C.*'*! For a more complete picture of
the alkali-metal effect on Sn-Beta-catalyzed reac-
tions, we therefore also wanted to probe the effect
of alkali-metal salt addition on the rate of epimeriza-
tion. There are two viable mechanisms that can ex-

ignated products. Errors are calculated based on a linear fit of experimental data points.

cation on the catalytic activity of Sn-Beta towards methyl lac-
tate. A smaller increase is observed in the presence of KCl than
in the presence of K,CO;. This finding is consistent with both
the higher degree of free carbohydrates in the pres-
ence of K,CO; (Figure 2), as a result of inhibiting

plain the 1,2-carbon shift occurring in the epimeriza-
tion of carbohydrates: a retro-aldol type mechanism
where the shift occurs as a consequence of a retro-aldol/aldol
rearrangement (Scheme 2A) and a Bilik-type mechanism with
concerted breakage of the C2—C3 bond and formation of a

Bronsted acid-catalyzed pathways, and with higher 124 Conversion 1.00 = MethliGlycaside 03 Methyl Lactate

exchange of cations onto the zeotype in the pres-

ence of a basic anion.?®2% Increased rates for the for- 08 075 024

mation of methyl lactate are accompanied by re- 0.50 4

duced rates for formation of dehydration products %, 0.4 0.1

(Figure 3). Hence, the change in selectivity is caused Bf 025

by higher activity of retro-aldol cleavage and slightly 2 oo T T 0.00 -y T + 00 T T

reduced activity for dehydration pathways. L L b5 18 B8 0s 14 o 93 18
Subsequently, the reasons for the decline in % 0015 TPM 0o, ‘TEnsDPM -~ Furanics

methyl lactate formation above the optimum con-

centration of K,CO; were probed. To this end, the ini- 0.010 4 0.06 003

tial reaction rates were determined for varying con- 0.02 4

centrations of K,CO,. These rates are consistent with 0.005 - 0.03

previously reported trends in product distributions o]

for increasing concentrations of K,CO,."*?” Rates of 0.000 . r 000 . % 000 = x

formation for dehydration products decline upon ad- 0.0 0.9 10 0.0 0.5 LY 00 0:5 e

dition of K,CO;, in parallel with a drop in yield of
these products upon addition of K,CO,. Similarly, the

Concentration (K,CO3) / mM

highest rate of methyl lactate formation is found at
the K,CO; concentration that also results in the high-
est yield of methyl lactate (Figure 4). A well-defined

ChemSusChem 2018, 11, 1198 -1203 www.chemsuschem.org

Figure 4. Initial rates of conversion and of formation for different compound classes as a
function of K,CO; concentration. Reaction conditions: p-xylose (360 mg), Sn-Beta (PT)
(90 mg), methanol (5 mL), and dimethyl sulfoxide (50 mg) at 160 °C. Errors are calculated
based on a linear fit of experimental data points.
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Scheme 2. Comparison of 1,2-carbon shift by a retro-aldol (A) and a Bilik-
type (B) cleavage mechanism.*” The conversion of a *C-labeled C1 position
to a C-labeled C2 position is indicated for both cases.

new C1-C3 bond (Scheme 2B). Both suggested reaction mech-
anisms involve i) breaking of a C=0O bond to form a C—O-Sn
bond, ii) breaking of a Sn—0 bond to form a C=0 bond, and iii)
breaking of the C2—C3 bond and formation of a new C1-C3
bond.**% |rrespective of which mechanism is responsible for
the 1,2-carbon shift, epimerization and retro-aldol cleavage
thus share similar reaction steps and a similar effect of alkali-
metal ions on both reactions seems possible.

NMR spectroscopy was used to quantitatively measure iso-
tope redistributions and compound vyields to correlate the
alkali-metal effects both on epimerization and on methyl lac-
tate formation. The 1,2-carbon shift was indirectly probed at
high temperatures, which favor the cleavage or dehydration of
carbohydrates. To this end, isotopically enriched b-[1-"C,]
xylose was converted at 160°C in methanol by using Sn-Beta
under varying concentrations of alkali-metal salts. Isotope
scrambling was quantified for all major products after five mi-
nutes of reaction.

Experiments conducted with increasing amounts of K,CO,
showed that epimerization and retro-aldol cleavage share a
similar dependence on alkali-metal concentrations, as expect-
ed. The product distributions are depicted in Figure 5A and
the fractions of different isotopic isomers of these products are
shown in Figure 5B. The product distributions (Figure 5A) in
response to varying K,CO; concentrations reflect the trends
shown in Figure 4. The "*C label in the product was primarily
found at the C1 and C2 positions of all dehydration products,
and at the C3 and C2 positions of methyl lactate, as the C1 po-
sition of xylose primarily gets converted into C3 of methyl lac-
tate (Figure 5B).°" All major products showed a comparable
trend in the distribution of isotopic isomers with increasing
amounts of K,CO;. Scrambling increased with K,CO; concentra-
tions for the positions derived from C1 and C2 of xylose up to
K,CO; concentrations that provided the optimal methyl lactate
yield (0.25 mm K,CO;, 0.17 K/Sn). These observations show that
the epimerization of carbohydrates by a 1,2-carbon shift?" also
occurs under high-temperature conditions that lead to signifi-
cant retro-aldol cleavage and dehydration reactions. The rela-
tive product distribution of the main product categories
shown in Figure 5A, thus stabilizes in the same concentration
range of K,CO;, where the isotope redistribution due to epime-
rization (Figure 5B) also stabilizes. Indirect detection of 1,2-
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Figure 5. A) Yields of methyl lactate, TPM, trans-DPM, and furfural (analyzed
in its dimethyl acetal form) at varying alkali-metal concentrations. B) Corre-
sponding >C distribution at the C1 and C2 positions of methyl lactate, TPM,
trans-DPM, and furfural dimethyl acetal (see Figure S4 for methyl glycosides).
For ML, the C3 position derived from pentose C1 is shown instead of C1. All
reactions were conducted with p-[1-">Cl-xylose (36 mg), Sn-Beta (HT)

(18 mg), methanol (500 pL), and dimethyl sulfoxide (5 mg), which were
heated to 160 °C for 5 min. Methanol containing 0 mm, 0.125 mm, 0.25 mm,
0.5 mm and 0.75 mm K,CO;, respectively, was used.

carbon shift by stable isotope redistribution thus indicates that
moderate alkali-metal exchange accelerates epimerization by
Sn-Beta, whereas initial rate experiments show that the same
conditions also accelerate the retro-aldol cleavage but impede
dehydration by Sn-Beta.

Conclusions

We have employed two independent assays to evaluate the
role of additives in heterogeneous catalysis. The effects of
alkali-metal salts on the activity and selectivity of Sn-Beta-cata-
lyzed carbohydrate conversion were probed. Isotope tracking
experiments show that C—C bond breakage in epimerization
and retro-aldol reactions is accelerated relative to dehydration
reaction pathways in the presence of alkali-metal ions. Epimeri-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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zation and retro-aldol cleavage display a similar dependence
on the alkali-metal ion concentration. Kinetic experiments
show that K,CO, and KCI have differential effects on carbohy-
drate conversion, as K,CO; suppresses Brgnsted acid-catalyzed
reactions in the formation of methyl glycosides and furanic
compounds. Both K,CO; and KCl are activity promoters of
retro-aldol cleavage at low alkali-metal concentrations, indicat-
ing a modification of the active site by alkali-metal cations. At
higher concentrations of alkali-metal salts containing basic
anions, all major Sn-Beta-catalyzed pathways are deactivated.
Overall, kinetic and isotope data indicate that the alkali-metal
effect increases the selectivity for the formation of methyl lac-
tate from carbohydrates by changing the catalyst active site to
increase rates of carbon-carbon cleavage and—to a lesser
extent—reduce rates of dehydration in kinetically controlled
pathways.

Experimental Section

Reactions with isotope-labeled xylose were conducted with a Biot-
age Initiator 4 microwave reactor in 500 pL glass reaction vials. Re-
actions were typically conducted with 18 mg Sn-Beta (Si/Sn= 200,
hydrothermally synthesized), 36 mg [1-">C,]-p-xylose, 500 pL meth-
anol and 5 mg dimethyl sulfoxide as an internal standard. Rate ex-
periments were conducted with a Biotage Initiator + microwave re-
actor in 5 mL glass reaction vials. A typical reaction was conducted
with 90 mg Sn-Beta (Si/Sn=150, post-treated), 360 mg p-xylose,
50 mg dimethyl sulfoxide as the internal standard, and 5 mL meth-
anol, as well as alkali-metal salts at concentrations as indicated.
Control experiments were conducted in the presence of alkali-
metal salts but in the absence of Sn-Beta (see Figure S5).

Hydrothermally synthesized Sn-Beta (Si/Sn=200) catalyst was pre-
pared according to the procedure reported by Tolborg et al., em-
ploying a target Si/Sn ratio of 200.%2 The catalyst structure and
composition was confirmed by inductively coupled plasma optical
emission spectroscopy (ICP-OES; 0.9 wt% Sn, Si/Sn=196), X-ray dif-
fraction (XRD; *BEA framework), and N, absorption (Sger=
540 M’ 97", Spicopore =436 Mg, Vigw=030mMLg ™",  Viicropore =
0.22mLg ™", as calculated by the t-plot method). Post-treated Sn-
Beta (Si/Sn=150) catalyst was synthesized by a post-treatment
method in accordance with the procedure reported by Hammond
et al® The catalyst structure and composition was confirmed by
ICP-OES (1.3 wt% Sn, Si/Sn=152), XRD (*BEA framework) and N,
absorption  (Seer=688M?g™",  Spicopore =555 M?g",
043mLg ™", Vigopoe=0.22mLg ™", as calculated by the t-plot
method).

Viotal =

NMR spectra were recorded by using an 800 MHz Bruker Avance Il
NMR spectrometer equipped with a TCl CryoProbe and a Sample-
Jet sample handler. Quantifications were obtained by qNMR (quan-
titative NMR) experiments. Response factors in two-dimensional
'H-"C HSQC NMR spectra were obtained for the analytes of inter-
est by comparison to quantitative, integrated 1D "C spectra.
These quantitative proton-decoupled 1D '*C spectra were acquired
with recycle delays of 60 s using a pulse sequence that employs in-
verse gated decoupling. By employing response factors of 'H-">C
HSQC NMR experiments, far more sensitive spectra (ca.32 times
more sensitive) could be used to accurately and rapidly (20 min
NMR experiment time) quantify the main reaction products. The
spectra were processed by using Bruker Topspin 3.5 pl7 software
using ample zero filling in all spectral dimensions.
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Figure S1. 3C NMR Spectrum after a stability test of methyl lactate. Conditions: 18 mg Sn-Beta (HT), 36 mg DL-methyl lactate and 500 pL methanol reacted at
160 °C for 2 hours. No degradation is observed. The signals around 50 ppm are from the methanol solvent, d4 methanol lock substance and from spectral
artefacts with varying phase (strongest artefacts labelled with asterisks). Signals of the intact methyl lactate are labelled by their chemical shift.
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Figure S2. Substrate conversion during the first 2 minutes at 160 °C. 90 mg Sn-Beta (PT), 360 mg D-xylose and 5 mL methanol reacted at 160 °C.
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Figure S3. Initial rate experiments of methyl 2,4,5-trihydroxy-pentanoate (TPM, Figure 1, 3-deoxy esters) and methyl 2,5-dihydroxy-3-pentenoate (trans-DPM,
Figure 1, 3,4-dideoxy esters). Signal areas were converted to molar yields by a quantitative NMR approach. A particularly large negative effect of the presence of
alkali is observed for the rate of formation of trans-DPM, and slightly less so for TPM.
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Figure S4. Change in relative *H-'*C HSQC intensities at the C1 and C2 positions for the epimers methyl xyloside and methyl lyxoside in the experiment of Figure
6. The sum of signals for the C1 positions is compared to sum signals at the C2 position. C1-C2 exchange exhibits the same trend in glycosides as for the

products of Figure 6. Exact **C distributions as in the main text Figure 6 were not derived due to the error associated with extensive signal overlap in alcohol
regions of the one-dimensional quantitative **C-NMR spectra.
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Table S1. Optimisation of methyl lactate yield from a Sn-Beta(PT) catalyst by addition of K2COs.

Methyl Lactate Yield Conversion

[mol% carbon]

0.0 mM K2CO3 114 90.4
0.15 mM K2COs 6.59 74.2
0.3 mM K2CO3 10.97 60.3
0.5 mM K2COs3 9.42 58.1

Reactions were conducted with 360 mg D-[1-*C]-xylose, 90 mg Sn-Beta (PT), 5 mL methanol and 5 mg dimethyl sulfoxide,
which were heated to 120°C for 1 hour. Methanol containing K2CO3 was used to obtain the desired concentrations.

Table S2. Optimisation of methyl lactate yield from a Sn-Beta(PT) catalyst by addition of KCI.

Methyl Lactate Yield Conversion

[mol% carbon]

0.0 mM KCI 7.9 95
0.3 mM KCI 14.7 96
0.6 mM KCI 201 96
0.75 mM KCI 20.9 97
1.0 mM KClI 229 97
1.5 mM KCI 237 97
2.0 mM KCI 25.3 97
3.0 mM KCI 24.4 97
4.7 mM KCI 249 97

Reactions were conducted with 360 mg D-[1-**C]-xylose, 90 mg Sn-Beta (PT), 5 mL methanol and 5 mg dimethyl sulfoxide,
which were heated to 160°C for 2 hours. Methanol containing KCI was used to obtain the desired concentrations.

Table S3. Yields of major reaction products from Sn-Beta (HF) catalysed conversion of xylose with increasing concentration
of alkali ions.

Furfural* Methy! lactate trans-DPM TPM

Yield [mol% carbon]

0 mM K2COs 5.0 10.5 17.4 2.7
0.125 mM K2COs 26 25.2 8.0 16
0.25 mM K2COs 19 29.6 51 11
0.5 mM K2COs 10 171 29 0.7
0.75 mM K2CO3 0.4 6.2 1.9 0.4

Reactions were conducted with 36 mg D-[1-*C]-xylose, 18 mg Sn-Beta (HF), 500 pL methanol and 5 mg dimethyl sulfoxide,
which were heated to 160°C for 5 min. Methanol containing 0 mM, 0.125 mM, 0.25 mM, 0.5 mM and 0.75 mM K2COs,
respectively, was used.*Analysed in its dimethyl acetal form

WILEY-VCH
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Abstract

Carbohydrate conversion offers access to a variety of chemicals with diverse functionalities. An accurate analysis of the mul-
tiple products in post-reaction material is indispensable for enabling good atom economy in biorefining. A certain need for
reconsidering current analytical approaches to chemocatalytic biomass conversion is witnessed by the often poor carbon bal-
ances that are reported for carbohydrate conversion processes. Carbohydrate conversion usually includes isomerization and/
or dehydration, therefore analytical approaches that are suitable for the distinction and concurrent quantification of isomers
are desirable for developing sustainable processes towards known and new chemicals. Quantitative 1D NMR spectroscopy
can be used to determine absolute concentrations in the absence of purified reference compounds and can thereafter be used
to obtain response factors in other analytical methods resolving the compounds of interest. Here, we show that this approach
is applicable for obtaining response factors relative to an internal standard for rapid, highly resolved 2D NMR spectra at
natural isotopic abundance. Following calibration, this approach provides a limit of quantification in the order of 0.8 mM
within an experiment time of a few minutes. The approach is particularly beneficial for the quantification of compounds at
low concentrations, for instance in initial rate experiments, and for the quantification of low populated reaction intermediates.

Keywords Biomass - Catalysis - qNMR - Quantitative analysis - Reference standard - Response factor

1 Introduction petroleum refining, biomass is a promising feedstock [1, 2].
Biomass conversion offers access to a variety of chemicals

The current trajectories of global population growth and of ~ with diverse functionalities, for instance through the use of

natural resource consumption are unsustainable, as many
natural resources are poised to deplete within the next few
generations. Hence, sustainable means of producing known
and new chemicals to sustain our materials- and energy-
demanding lifestyles are needed. In this shift to alterna-
tive industries that rely more on renewables and less on

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11244-019-01131-y) contains
supplementary material, which is available to authorized users.
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solid acid catalysts such as zeolites [3, 4].

Accurate qualitative and quantitative analysis of the mul-
tiple products in post-reaction material is indispensable for
the development of biorefinery technology. The conversion
of biomass often includes the isomerization or dehydration
of carbohydrates [3, 5-10]. Therefore, analytical approaches
that are suitable for the distinction and concurrent quantifi-
cation of isomers (such as monosaccharides and their respec-
tive dehydration products) are poised to be particularly valu-
able for the analysis of biomass conversion products, and
thus for aiding sustainable processes towards known and
new chemicals. A certain need for reconsidering analytical
approaches to chemocatalytic biomass conversion is wit-
nessed by the often poor yields and low carbon balances
that are reported for carbohydrate conversion processes, with
little effort to identify and quantify the byproduct “dark mat-
ter” in the mixture [11].

NMR spectroscopy has been used in qualitative and
quantitative analysis for more than five decades [12].

@ Springer
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Recent improvements in instrumentation enable the deter-
mination of compound structures also in complex product
mixtures [10, 13, 14]. At the same time, the quantitative
use of NMR (qQNMR) has gained importance in metabolic
studies [15—18], natural products research [19, 20], food
analysis [21, 22] and pharmaceutical research [18, 23-25].
Compound identification and quantification in mixtures has
gained much attention in biocatalysis, while applications in
chemocatalysis have so far remained sparse [26-29]. Wider
implementation of NMR methodology in chemocataly-
sis could be attractive, considering that both the substrate
(mostly carbohydrates) and the interest in catalyst function
and dysfunction bear close resemblance to metabolic and
chemocatalytic processes.

Recently, we have shown that quantitative '*C NMR per-
mits the identification of novel chemicals, and optimization
of their formation by solvent variation in the stannosilicate
catalyzed conversion of carbohydrates [14]. Owing to its
superior resolution over 'H NMR, '3C NMR has an impor-
tant role to play in the analysis of complex mixtures contain-
ing chemically similar compounds. This approach permits
improved determination of carbon balances and of factors
affecting product distribution upon biomass conversion.

Quantitative '3C NMR spectroscopy suffers from medi-
ocre sensitivity due to the low natural abundance and the
lower magnetogyric ratio of '3C as compared especially to
'H. The mediocre sensitivity of '>C NMR results in lengthy
experiment times that challenge high throughput applica-
tions of the methodology. In contrast, faster and more sen-
sitive quantitative '"H NMR methods result in much more

Scheme 1 Strategy for the rapid

congested NMR spectra as the '"H NMR chemical shift range
is approximately 20-fold smaller than the *C chemical shift
range. In addition, 'H signals are split into multiplets due to
scalar coupling to other protons in the same molecule, thus
further congesting the "H NMR spectrum. Workarounds to
these problems can be achieved by indirect detection of '3C
signals through highly resolved two-dimensional 'H-'*C
HSQC spectra, which allow for rapid quantitative analysis
of complex post-reaction material when response factors are
employed.

2 Results and Discussion

A schematic overview of the rational employed in this
study is shown in Scheme 1. "H-'*C HSQC spectra were
used for compound quantification upon an initial determi-
nation of response factors in the 'H-'"*C HSQC relative to
quantitative '3C NMR spectra. To this end, normalization
to a stable internal quantification standard was performed.
Two-dimensional 'H-'3C HSQC spectra were subsequently
optimized for high throughput, achieving a limit of quan-
tification (LOQ) in the order of 0.8 mM with only 5 min
of experiment time per sample. When employing a 0.4 M
carbohydrate feedstock, this accuracy translates to a LOQ
of <0.2 mol% carbon. Such high accuracy can be beneficial
in various settings, such as initial rate experiments under
low conversion or in the tracking of pathway intermediates
[26, 27].

y 1O quantitative *C NMR 'H-detected 2D NMR - ('*C, ppm)
and accurate quantitative analy- external or internal standard = e e
sis of reaction mixtures using experiment time ~1 hour . 62

response factors in 2D NMR
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2.1 Internal Standards

Internal or external standards are employed in qNMR to
obtain highly accurate and precise results [25, 30]. Inter-
nal standardization removes many experimental uncertain-
ties and is considered superior to external standardization
[30, 31]. The internal standards can be added either prior
to biomass conversion or subsequent to the reaction, each
approach having advantages and disadvantages. Many
biomass reactions are conducted above the boiling point
of the solvent, which is typically low in order to expedite
subsequent purification steps. Higher reaction temperatures
imply possible solvent boil-off with concomitant changes to
analyte concentrations, thus arguing for addition of internal
standard into the reaction medium prior to the reaction. This
approach was therefore employed here.

Special precautions have to be taken in to account for the
use of internal standards during the reaction: the standards
should not decompose at high temperatures (often between
100 and 200 °C) and should not contain acidic or other
functional groups that may affect the reaction system. Pro-
spective qNMR standard substances with Brgnsted acidic
or basic sites were excluded from the study (for instance the
commonly employed standard maleic acid). Beyond being
chemically inert, suitable standards yield strong '>C signals
at low concentration that do not overlap with alcoholic and
olefinic carbon positions that are common in carbohydrate
derived products. To this avail, a minimal number of NMR
signals are desirable, simplifying analysis and reducing risk
of spectral overlap. Strong signals can be warranted by the
presence of protonated carbons with relaxation times com-
parable to those of carbons in the analyte mixture and by
symmetric molecules, where several magnetically equiva-
lent carbons contribute the signal. For instance, dimethyl
sulfoxide and dimethyl sulfone contain two equivalent car-
bons, thus doubling signal intensity, while mesitylene con-
tains three sets of three equivalent carbons and 1,4-dioxane
contains four equivalent carbons thus increasing the signal
intensity (Scheme 2).

o OH
[ ] HOWOH
(6] OH OH
Mesitylene 1,4-Dioxane Xylitol
0 _g_ OH
N 3 Ho._L_oH

Dimethylsulfoxide Dimethylsulfone Glycerol

Scheme 2 Structures of selected standard compounds tested herein

In addition, a high boiling point was deemed preferable to
case preparation and reduce risk of material loss during the
reaction. Finally, reference compounds should be available
in high purity at low cost, be non-hazardous and be misci-
ble with industrially relevant (and especially green) solvents
[24, 25]. Based on these considerations, the standards of
Scheme 2 and Table 1 were selected.

The miscibility or solubility of the prospective stand-
ard compounds was assessed with water, methanol, chlo-
roform and dimethyl sulfoxide as solvents (Supplementary
Table S1). Xylitol showed limited solubility in all solvents
except water and was not pursued further. In contrast, mesi-
tylene was very poorly miscible with water, but miscible
with the other four solvents. Mesitylene, 1,4-dioxane, dime-
thyl sulfoxide, dimethyl sulfone and glycerol were thus all
deemed potentially suitable primary standards for quantita-
tive NMR.

2.2 Reaction Performance

A test reaction was selected to evaluate the stability of inter-
nal standards in the presence of Lewis acidic zeolite Sn-
Beta. The test reaction was based on previous work within
biomass conversion and was comprised of 8 wt% xylose and
2 wt% Sn-Beta zeolite catalyst in methanol [32]. The mix-
ture was reacted at 160 °C for up to 24 h in order to evalu-
ate the stability of internal quantification standards on this
timescale. Full conversion was already achieved after 1-2 h.
Figure 1 shows the recovery of the standards with reasonable
solubility, i.e. mesitylene, 1,4-dioxane, dimethyl sulfoxide
(DMSO), dimethyl sulfone (DMSO,) and glycerol. Recovery
indicated that all compounds were stable over 2 h under the
reaction conditions, while DMSO showed degradation on
longer timescales. Dioxane, DMSO, mesitylene and glycerol
thus appeared particularly suitable as internal standards in
the presence of Lewis acidic catalysts for prolonged reaction
times. For short reaction times, as those required for full

Table 1 Overview of selected internal standards and their perfor-
mance on conditions 1 and 2

Entry Internal Standard B.P. [°C] Number of
NMR signals
g 3¢
1 Mesitylene 164 2 3
2 1,4-dioxane 101 1 1
3 Dimethyl sulfoxide 189 1 1
4 Dimethyl sulfone 107° 1 1
5 Glycerol 290 3 2
6 Xylitol 94° 4 3
“Considering only protons attached to carbon
"Melting point
@ Springer
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Fig.1 Stability of internal standards over time. The recovery of NMR
signal for five compounds is displayed after 0.5, 2, 8, and 24 h

conversion in our test reaction, all of the selected reference
standards appeared suitable and sufficiently stable as internal
standards.

2.3 Determination of 2D NMR Responses Relative
to 1D gqNMR

Biomass conversion can lead to new chemicals that do not
exist as commercial compounds for the determination of
response factors in analyses. Quantitative 1D NMR anal-
yses can be used to determine the amounts of chemicals
without the need for purified and isolated compounds, as
concentrations can be determined relative to a chemically
non-identical standard [33]. The signal response in quantita-
tive 1D NMR (e.g. '*C NMR) is proportional to the concen-
tration of atoms generating the signal and is therefore iden-
tical even for different compounds. Quantitative 1D NMR
spectra have thus previously been used in order to normal-
ize chromatographic analyses in instances where purified
and isolated reference compounds are not available [33].
NMR spectroscopy, however, offers an even more versatile
toolbox of multi-dimensional spectra with advantageous
spectral resolution and sensitivity. "H-'3C HSQC spectra,
as are employed here, provide roughly 30-fold higher sensi-
tivity than '3C NMR spectra of same duration and additional
resolution due to the acquisition of two spectral dimensions
(Supplementary Table S2).

Here, we acquired quantitative '3C NMR spectra and
H-B¢ HSQC spectra on a reaction mixture, derived from
the aforementioned Sn-Beta catalysed conversion of xylose
in methanol at 160 °C. Four products were selected as targets
for proof of principle (Scheme 3) only one of which was read-
ily available commercially. The targets all possess secondary
alcohols, producing signals within a similar spectral region.
Signals in the secondary alcohol region in a 'H-'*C HSQC

@ Springer

o (o}
HOWO/ Mo/
OH _0 OH

DPM MMHB
(trans-2, 5-dihydroxy-3- (methyl 2-hydroxy-4-
pentenoic acid methyl ester) methoxybutanoate)

(o} o
P Ao
OH OH
MVG ML

(methyl vinyl glycolate) (methyl lactate)

Scheme 3 Selection of major products from Lewis acid catalyzed
conversion of xylose, employed for the procedures in this work

(of 24 min duration) are displayed in Fig. 2. Corresponding
reaction products and their chemical shift assignments had pre-
viously been identified using various two-dimensional NMR
spectra on intact reaction mixtures [10, 14, 32].

Following identification of the signals as in Fig. 2, the sig-
nal areas from quantitative '>*C NMR spectra can be employed
to quantify the target compounds. Provided that the amount of
internal standard (IS) is known, a compound i can be quanti-
fied using Eq. 1, where N is the number of carbons in the
molecule producing the signal, and ¢; and ¢ are the concentra-
tions of analyte i and internal standard, respectively.

13CgNMR

Al,eai q! /Ni(_'(n[mn ;
— )
T3CaNMR [ Carbon ¢ (
Areag /N Is

Signal areas relative to the internal standard (DMSO) in
quantitative '>*C NMR spectra (i.e. analyte concentrations)

o]
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PN i o o
O NCZNe o~ s
ol : 0 OH
\

4.7

.6
Chem; 45 P, 7 "
Calshift ' 83 45 ™ ,Ga\s\'\\

> Ppm) cre™

Fig.2 The hydroxyl region of the "H-'C HSQC spectra with a selec-
tion of identified products indicated
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were correlated to the corresponding signal volumes in
'H-'3C HSQC spectra, as shown in Fig. 3, yielding com-
pound specific response factors based on the C2-H2 group.
The response factor RF%DNMRof a selected signal in com-
pound j is here defined as:

13C gNMR

i

13C gNMR @
IS

Volume"™
R F,HSQC _ i

Vol umeZSQC Area

Area

In plots of HSQC signal volumes versus quantitative '3C
NMR signal areas each relative to the standard, the response
factors thus simply correspond to the slope. In order to
assess the accuracy of response factor determinations, the
above-mentioned reaction was conducted for different dura-
tions to achieve a variety of concentrations for the target
compounds. Linear regressions yielded Pearson correlation
coefficients above 0.997 for each of the four displayed deter-
minations (Fig. 3), demonstrating excellent consistency of
1D and 2D NMR quantifications.

By substitution of Eq. 2 into Eq. 1, an equation for deter-
mining the concentration by 'H-'3C HSQC signal volumes
instead of quantitative 1D '*C NMR is obtained:

Volumef“QC NI‘;,”””"’ HsoC
G= soc X €15 X S carh RF; (©)
Volume N

1S

As "H-"3C HSQC spectra are more sensitive than quanti-
tative '3C NMR spectra, Eq. 3 permits more accurate quan-
tification of the compound 7 and faster determinations than
was possible by '3C NMR alone (Table S2 indicates tenfold
lower limit of detection at 11-fold faster analyses). Conver-
sion of concentrations to carbon yields requires qualitative

0.15 T T T
DPM, MMHB MVG ML

Volume ("H-"*C HSQC)
o
>

L

0.00 0.10 0.20 0.30 0.40
Area (*C gNMR)

Fig.3 Correlations between integrals from 'H-'"*C HSQC normalised
to the internal standard (DMSO) integral and quantitative 3¢ NMR
integrals normalised to internal standard. Correlations and linear
regressions are shown for four selected products of the Sn-Beta cata-
lysed xylose conversion in methanol

knowledge of the chemical identity of compounds i. Iden-
tification of the compounds can be performed in unpurified
reaction mixtures using spectra of reference compounds
[10, 34] or through multidimensional assignment spectra
recorded with high-field NMR [10, 13, 14].

2.4 Variation of Response Factors

Various factors affect the signal response in multidimen-
sional NMR spectra. Magnetization transfer can vary due
to variable scalar coupling constants and loss of transverse
magnetization during the transfer can likewise vary between
molecules. Both of these factors are expected to play very
minor roles for the response factors determined in the exper-
iments of Fig. 3. Scalar 'Jq,y, couplings were determined
for a-hydroxy esters and showed a very narrow distribution
of couplings constants in the analogous structural motifs
(variation between 146.0 and 146.7 Hz, Fig. 4a). Loss of
transverse magnetization during the transfer step of few
milliseconds in 'H-"*C HSQC is likewise expected to be
negligible.

The 'H-'3C HSQC spectra were recorded with a short
inter-scan recycle delay in order to minimize the experi-
ment time of the spectra. Accordingly, response factors show
size dependence with higher response for the slightly larger
compounds, as longitudinal (T)) relaxation in these com-
pounds is more complete during the inter-scan delay. The
predominant effect of inter-scan T, relaxation on differen-
tial response factors was probed by acquiring long HSQC
spectra with 15 s instead of 1 s inter-scan relaxation delays.
Response factors in these experiments were more homoge-
neous than for experiments using a 1 s recycle delay (Fig. 5).
Response factors generally approached a value near 0.33 for
longer recycle delays, consistent with the transfer of polari-
zation to carbon from three protons in the DMSO methyl
group, but from only one proton in the a-hydroxy ester
C2-H2 group. These findings indicate that response factors
may be predicted from molecular weight, while the molecu-
lar weight of unknown compounds may be estimated from
the response factor (Fig. 4b). Alternatively, the response
factor for different compounds can be equalised, through
suitable adjustments to the 2D NMR experiment, if desired.

2.5 Accelerated Data Acquisition

The results above showed that upon calibration with few
samples, responses in '"H-'3C HSQC spectra can be used
to quantitatively determine mixture composition in biomass
conversion with sensitivity and throughput that is superior
to the use of quantitative '*C NMR. The use of response fac-
tors permits the rapid acquisition of two-dimensional spec-
tra with short inter-scan relaxation delays. Two-dimensional
spectra can be further accelerated by recent methodological
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Fig.4 a Contour plot of a 'H-"*C-HSQC spectrum recorded without
'H decoupling during the '*C evolution time. Only small variation
(and highly similar 'H-'>C magnetization transfer efficiency) exists
for different a-hydroxy esters. b Response factor as a function of
molecular weight when using inter-scan recycle delays of 1 s

advances permitting data acquisition through sampling of
only a fraction of the data points that were conventionally
acquired. Spectra acquired in the conventional manner and
through the non-uniform sampling of the *C dimension are
displayed in Fig. 6. The spectrum in Fig. 6b recorded only
20% of the data points that were acquired in Fig. 6a and
hence could be acquired in only 5 min.

Spectral quality in the spectrum using non-uniform
sampling was still acceptable without any disturbance to
signal volumes or introduction of overlapping artefacts.
The LOQ was only marginally affected, increasing from
0.75 mM in the regular 24 min experiment to 0.83 mM
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Fig.6 'H-'>C HSQC spectra obtained by a conventional (a) method
employing 24 min acquisition time, and a non-uniform sampling
method (b) using 5 min acquisition time

using non-uniform sampling (Supplementary Table S2).
Thus, accurate quantitative determinations can be obtained
with minimal sample preparation and within few minutes, a
timescale competitive with most other commonly employed
analysis methods.

2.6 Validation

To validate the demonstrated methods, a single refer-
ence sample of methyl lactate (9.2 mg of 98% nominal
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purity, 0.087 mmol) in methanol was prepared in the pres-
ence of DMSO, as internal standard. A quantitative '*C
NMR spectrum and a 'H-'3C HSQC NMR spectrum were
recorded to determine the response factor of methyl lactate
relative to DMSO, in the HSQC spectrum. Subsequently,
four samples were prepared of varying amounts of methyl
lactate. Amounts of methyl lactate were determined by
weighing with an analytical balance. Samples were pre-
pared by dissolving the four samples in methanol solu-
tion in the presence of DMSO,. Quantitation with 'H->C
HSQC NMR was performed using the response factor
calculated with a single independent calibration sample
and was compared to gravimetric determinations (Fig. 7a)
and to quantitation by gNMR (Fig. 7b). Linear regression
between HSQC and gravimetric determinations yielded a
Pearson correlation coefficient of 0.9995 and a slope of
0.998. Linear regression between HSQC and quantitative
13C NMR determinations yielded a Pearson correlation
coefficient of 0.9997 and a slope of 1.016. Overall, com-
parison of the HSQC determinations using response fac-
tors with gravimetric and quantitative NMR determination
show excellent consistency.

>
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Fig.7 Comparison of methyl lactate amounts determined by 'H-'*C
HSQC with gravimetric analysis (a) and with quantitative 3¢ NMR
analysis (b)

3 Conclusion

The cost and atom economy of sustainable processes using
biomass substrates depend on the efficient identification,
quantification and exploitation of valuable chemicals in the
post-reaction material. Where pure reference samples of
new chemicals are not commercially available, 1D gNMR
is a suitable method for the determination of concentra-
tions, as the same number of nuclei in different chemical
compounds produces equivalent signals. Hence, 1D gNMR
spectra can be used to determine absolute concentrations
in the absence of the purified reference compounds and
can thereafter be used to obtain response factors in other
analytical methods resolving the compounds of interest.

Here, we have shown that this approach is applicable for
obtaining response factors relative to an internal standard
for more sensitive and better resolved 2D NMR spectra.
Following calibration, these 2D NMR spectra can be used
to analyse samples within an experiment time of a few
minutes. The higher sensitivity provided by 2D NMR
spectra relative to 1D NMR spectra can be particularly
beneficial for the identification of compounds at low con-
centrations, for instance in initial rate experiments, and for
the quantification of low populated reaction intermediates.

The approach described herein relies on a correct quan-
tification by 1D qNMR, while the subsequent 2D NMR
spectrum merely needs to be acquired in a reproducible
manner. The approach is applicable to analytes, where one
of the CH groups yields a non-overlapped '*C NMR signal
in the reaction mixture. This constraint has not resulted
in a practical limitation in the reaction mixtures studied
herein. Uncertainties in the acquisition of gNMR refer-
ence spectra have been described [31, 35], where inter-
nally standardized spectra have less sources of uncertainty
than externally standardized spectra [31]. The residual
uncertainties that have to be taken into account include
weighing uncertainties of the internal standards as well as
its purity, including for instance water content, and poten-
tial degradation of the internal standards. Notably, these
uncertainties in the amount of internal standard will elicit
arelative error of determination.

In summary, the referencing of sensitive and rapid
quantitative NMR spectra to quantitative one-dimensional
spectra permits screening biomass conversion reaction at
attractive throughput rates and high chemical detail.
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4 Materials and Methods
4.1 Sample Preparation

Test reactions were conducted as previously described
[14]. NMR samples were prepared by rapid cooling of
the reaction vessel to room temperature, removal of the
Sn-Beta catalyst by filtration through a 0.4 pm syringe
filter and addition of 50 pl d4-methanol (Sigma Aldrich)
as NMR lock substance to 500 ul of the post-reaction
material.

4.2 NMR Spectroscopy

All NMR spectra were acquired at 25 °C on a Bruker Avance
11 800 MHz NMR instrument equipped with a TCI Cryo-
Probe. Quantitative one-dimensional >*C NMR spectra were
acquired by acquiring 64 k complex data points of the '*C
signal with a spectral width of 239 ppm, thus sampling an
acquisition time of 1.36 s for the '3C free induction decay.
128 scans were acquired with an inter-scan recycle delay
of 60 s. Inverse gated coupling was applied only during the
acquisition period to avoid differential '*C signal enhance-
ments through polarization transfer from 'H to '3C. 13C
T, relaxation times were probed by the inversion recovery
method in order to validate that a recycle delay of 30 s suf-
fices to allow return of the magnetization to its equilibration
for quantitative determinations of protonated carbon atoms.

Two-dimensional "H-'3C HSQC spectra were recorded
as data matrices of 1024 x 300 complex data points and a
spectral width of 9 and 30 ppm in the 'H and *C dimen-
sions, respectively. An inter-scan recycle delay of 1 s was
employed. This experiment sampled the free induction
decay for 142 ms in the 'H and for 50 ms in the *C dimen-
sion, respectively. A relatively narrow spectral width in
the '3C dimension (55-85 ppm) was employed to rapidly
achieve good spectral resolution in the '*C dimension as
described previously [21, 36, 37]. Analyte signals and ref-
erence compound signals of interest are subject to spectral
aliasing if their 13C chemical shifts occur outside the nar-
row '*C NMR spectral width and appear at observed posi-
tions §'°C,,,=8'>C + n * SW, where n is an integer and
SW is the '3C spectral width of the 2D NMR spectrum.
"H-13C HSQC NMR spectra were acquired within 24 min
of experiment time. Non-uniform sampling of the indirect
dimension [38] was subsequently used to accelerate data
acquisition of the 2D NMR spectra. Spectra of accept-
able quality were obtained with sampling of 20% of the
data points in the indirect dimension, amounting to a time
requirement for acquisition of 2D 'H-'3C HSQC spectra
on post-reaction samples of 5 min per sample.

@ Springer

A 2D 'H-"3C HSQC spectrum without decoupling in
the *C dimension was acquired to probe the variation of
1JC,_, coupling constants at the C2-position of a-hydroxy
esters, showing a very narrow distribution of 'J, values
(146.0-146.8 Hz) with negligible influence on 2D NMR
response factors. A 2D 'H-'*C HSQC NMR spectrum with
an inter-scan delay of 15 s was recorded to show that 'H
T, relaxation had a predominant influence on differential
response factors for the C-2 positions of different a-hydroxy
esters.

4.3 Data Fitting

T, relaxation times were determined with the inversion-
recovery method for methyl lactate and DPM, representing
one of the smallest and one of the largest analytes in the
current analysis. Signal areas A(7) were recorded as a func-
tion of a relaxation delay 7 and '3C T| relaxation times at the
C-2 position of methyl lactate and DPM were determined as:

A(r) =A(0)[1 - 2((ﬁ)] @

where A(0) is the the signal area obtained from the Boltz-
mann magnetization at thermal equilibrium. Data were fit
using the program proFit 6.2.9 (QuantumSoft, Zurich, Swit-
zerland). T, relaxation times indicate that recycle delays in
the order of 30 s correspond to a delay longer than 5 T,
even for methyl lactate and hence permit the acquisition of
quantitative '*C NMR spectra (Supplementary Figure S2).

Acknowledgements This work was funded by the Innovation Fund
Denmark (Case Number 5150-00023B). 800 MHz NMR spectra were
recorded by using the spectrometer of the NMR center DTU supported
by the Villum foundation.

References

1. Cherubini F (2010) The biorefinery concept: Using biomass
instead of oil for producing energy and chemicals. Energy Con-
vers Manag 51(7):1412-1421

2. Kokossis AC, Yang A (2010) On the use of systems technologies
and a systematic approach for the synthesis and the design of
future biorefineries. Comput Chem Eng 34(9):1397-1405

3. Moreau C, Durand R, Razigade S, Duhamet J, Faugeras P, Rivalier
P, Ros P, Avignon G (1996) Dehydration of fructose to 5-hydroxy-
methylfurfural over H-mordenites. Appl Catal A 145(1):211-224

4. Dusselier M, Mascal M, Sels BF (2014) Top chemical opportuni-
ties from carbohydrate biomass: a chemis iew of the biore-
finery. In: Nicholas KM (ed) Selective catalysis for renewable
feedstocks and chemicals. Springer, Cham, pp 1-40

5. Antal MJ, Mok WSL, Richards GN (1990) Mechanism of for-
mation of 5-(hydroxymethyl)-2-furaldehyde from d-fructose and
sucrose. Carbohyd Res 199(1):91-109

6. Holm MS, Saravanamurugan S, Taarning E (2010) Conversion
of sugars to lactic acid derivatives using heterogeneous zeotype
catalysts. Science 328(5978):602-605




Topics in Catalysis

10.

20.

21.

22.

. Moliner M, Roman-Leshkov Y, Davis ME (2010) Tin-containing

zeolites are highly active catalysts for the isomerization of glucose
in water. Proc Natl Acad Sci USA 107(14):6164-6168

. Zhao H, Holladay JE, Brown H, Zhang ZC (2007) Metal chlorides

in ionic liquid solvents convert sugars to 5-hydroxymethylfurfural.
Science 316(5831):1597

. Choudhary V, Mushrif SH, Ho C, Anderko A, Nikolakis V,

Marinkovic NS, Frenkel AI, Sandler SI, Vlachos DG (2013)
Insights into the interplay of lewis and brgnsted acid cata-
lysts in glucose and fructose conversion to 5-(hydroxymethyl)
furfural and levulinic acid in aqueous media. ] Am Chem Soc
135(10):3997-4006

Tolborg S, Meier S, Sadaba I, Elliot SG, Kristensen SK, Sara-
vanamurugan S, Riisager A, Fristrup P, Skrydstrup T, Taarning
E (2016) Tin-containing silicates: identification of a glycolytic
pathway via 3-deoxyglucosone. Green Chem 18(11):3360-3369

. Markley JL, Briischweiler R, Edison AS, Eghbalnia HR, Pow-

ers R, Raftery D, Wishart DS (2017) The future of NMR-based
metabolomics. Curr Opin Biotechnol 43:34-40

. Hollis DP (1963) Quantitative analysis of aspirin, phenacetin, and

caffeine mixtures by nuclear magnetic resonance spectrometry.
Anal Chem 35(11):1682-1684

. Forseth RR, Schroeder FC (2011) NMR-spectroscopic analysis

of mixtures: from structure to function. Curr Opin Chem Biol
15(1):38-47

. Elliot SG, Tolborg S, Sddaba I, Taarning E, Meier S (2017) Quan-

titative NMR approach to optimize the formation of chemical
building blocks from abundant carbohydrates. ChemSusChem
10(14):2990-2996

. Kostidis S, Addie RD, Morreau H, Mayboroda OA, Giera M

(2017) Quantitative NMR analysis of intra- and extracellular
metabolism of mammalian cells: a tutorial. Anal Chim Acta
980:1-24

. Lerche MH, Yigit D, Frahm AB, Ardenkjaer-Larsen JH, Malinow-

ski RM, Jensen PR (2018) Stable isotope-resolved analysis with
quantitative dissolution dynamic nuclear polarization. Anal Chem
90(1):674-678

. Mutlib A, Espina R, Atherton J, Wang J, Talaat R, Scatina J,

Chandrasekaran A (2012) Alternate strategies to obtain mass
balance without the use of radiolabeled compounds: applica-
tion of quantitative fluorine (19F) nuclear magnetic resonance
(NMR) spectroscopy in metabolism studies. Chem Res Toxicol
25(3):572-583

. Simmler C, Napolitano JG, McAlpine JB, Chen SN, Pauli GF

(2014) Universal quantitative NMR analysis of complex natural
samples. Curr Opin Biotechnol 25:51-59

. Sette M, Wechselberger R, Crestini C (2011) Elucidation of lignin

structure by quantitative 2D NMR. Chemistry 17(34):9529-9535
Yan J, Kiemle D, Liu S (2015) Quantification of xylooligomers in
hot water wood extract by 'H-">C heteronuclear single quantum
coherence NMR. Carbohydr Polym 117:903-909

Bgjstrup M, Petersen BO, Beeren SR, Hindsgaul O, Meier S
(2013) Fast and accurate quantitation of glucans in complex mix-
tures by optimized heteronuclear NMR spectroscopy. Anal Chem
85(18):8802-8808

Li X, Hu K (2017) Chapter three—quantitative NMR stud-
ies of multiple compound mixtures. In: Webb GA (ed) Annual
reports on NMR spectroscopy, vol 90. Academic Press, London,
pp 85-143. https://doi.org/10.1016/bs.arnmr.2016.08.001

3. Do NM, Olivier MA, Salisbury JJ, Wager CB (2011) Applica-

tion of quantitative 19F and 1H NMR for reaction monitoring

24.

25.

26.

27.

28.

29.

30.

31

34.

3s.

36.

37.

and in situ yield determinations for an early stage pharmaceutical
candidate. Anal Chem 83(22):8766-8771

Rundlof T, Mathiasson M, Bekiroglu S, Hakkarainen B, Bowden
T, Arvidsson T (2010) Survey and qualification of internal stand-
ards for quantification by IH NMR spectroscopy. J Pharm Biomed
Anal 52(5):645-651

Rundlof T, McEwen I, Johansson M, Arvidsson T (2014) Use and
qualification of primary and secondary standards employed in
quantitative (1)H NMR spectroscopy of pharmaceuticals. J Pharm
Biomed Anal 93:111-117

Elliot SG, Taarning E, Madsen R, Meier S (2018) NMR spec-
troscopic isotope tracking reveals cascade steps in carbohydrate
conversion by tin-beta. ChemCatChem 10(6):1414-1419

Elliot SG, Tolborg S, Madsen R, Taarning E, Meier S (2018)
Effects of alkali-metal ions and counter ions in Sn-beta-catalyzed
carbohydrate conversion. ChemSusChem 11(7):1198-1203

Sar ugan S, Tosi [, R K, Jensen R, Taarning
E, Meier S, Riisager A (2017) Facile and benign conversion of
sucrose to fructose using zeolites with balanced Brgnsted and
Lewis acidity. Catal Sci Technol 7:2782-2788

Tosi I, Riisager A, Taarning E, Jensen P, Meier S (2018) Kinetic
analysis of hexose conversion to methyl lactate by Sn beta: effects
of substrate masking and of water. Catal Sci Technol 8:2137-2145
Cullen CH, Ray GJ, Szabo CM (2013) A comparison of quantita-
tive nuclear magnetic resonance methods: internal, external, and
electronic referencing. Magn Reson Chem MRC 51(11):705-713
Le Gresley A, Fardus F, Warren J (2015) Bias and uncertainty in
non-ideal gNMR analysis. Crit Rev Anal Chem 45(4):300-310

. Elliot SG, Andersen C, Tolborg S, Meier S, Sadaba I, Daugaard

AE, Taarning E (2017) Synthesis of a novel polyester build-
ing block from pentoses by tin-containing silicates. RSC Adv
7(2):985-996

. Webster GK, Marsden I, Pommerening CA, Tyrakowski CM,

Tobias B (2009) Determination of relative response factors for
chromatographic investigations using NMR spectrometry. ] Pharm
Biomed Anal 49(5):1261-1265

Petersen BO, Hindsgaul O, Meier S (2014) Profiling of carbohy-
drate mixtures at unprecedented resolution using high-precision
"H-3C chemical shift measurements and a reference library. Ana-
lyst 139(2):401-406

Malz F, Jancke H (2005) Validation of quantitative NMR. J Pharm
Biomed Anal 38(5):813-823

Vitorge B, Jeannerat D (2006) NMR diffusion measurements in
complex mixtures using constant-time-HSQC-IDOSY and com-
puter-optimized spectral aliasing for high resolution in the carbon
dimension. Anal Chem 78(15):5601-5606

Njock GB, Pegnyem DE, Bartholomeusz TA, Christen P, Vitorge
B, Nuzillard JM, Shivapurkar R, Foroozandeh M, Jeannerat D
(2010) Spectral aliasing: a super zoom for 2D-NMR spectra. Prin-
ciples and applications. Chimia 64(4):235-240

. Kazimierczuk K, Orekhov VY (2011) Accelerated NMR spec-

troscopy by using compressed sensing. Angew Chem Int Ed
50(24):5556-5559

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

179



Chapter A. Published Work

180

Response Factors Enable Rapid Quantitative 2D NMR Analysis of

Biomass Conversion to Renewable Chemicals

Samuel G. Elliot," Irene Tosi,'® Anders Riisager,'c Esben Taarning,? and Sebastian Meier'"

Table S1. Solubility/miscibility and chemical shifts of potential standards.

Name B.P. Purity Solubility/Miscability

[°C] H20 MeOH CHCls DMSO

1 Mesitylene 164  98.0% x v v

2 1,4-dioxane 101 99.8 % v

3 Dimethyl sulfoxide 189  99.8 % v v v

4 Dimethyl sulfone 1072 99.96% >1M 420mM 850 mM >1M

5 Glycerol 290 99 % v v

6 Xylitol 942 99 % >IM  <50mM  <50mM 250 mM

Melting Point.

Table S2. Performance comparison of different NMR methods.

Acquisition time 1 LOD? LOQ®
Method h:min] SINO™ 1m) ™ [moloel*  [mm] [molog]*
8C NMR 426 362 24 060 73 18
THEC HSQC 0:23 3507 025 0062 075 019
THEC HSQC 0:05 3179 027 0068 083 021

*Signal to noise ratio compared to a 131 mM DMSO standard. 2Limit of detection, determined as 3
times the signal to noise ratio. *Limit of quantification, determined as 10x the signal to noise ratio.
“Compared to a 0.4 M xylose reaction solution.

NMR signals

13C lH
137.2,126.4,19.9 6.76,2.24
66.7 3.67
39.0 2.66
411 3.01
726,632 3.67, 3.60,3.54

N.A. N.A.
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Figure S1. *C NMR spectrum over internal standards 1 to 5 from Table 1 and S1.
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Abstract

Innovative processes for converting carbohydrates to materials and fuels form the basis for profitable bio-based economies
of the future. For such innovation, approaches that provide detailed structural information would be desirable to detect
uncharted chemistries of carbohydrate conversion. Among the most important value-added products accessible though
conversion of biomass is 5-hydroxymethylfurfural (HMF), whose market values strongly depends on the quality of the
product. Here, we use high-field in situ NMR spectroscopy to shed light on obscure competing reactions of CrCl,-catalyzed
carbohydrate conversion to HMF in water. High-field NMR spectroscopy has enormous prowess in distinguishing isomeric
and dehydrated products formed from glucose. Previously unidentified compounds were identified with this approach and
include anhydrosugars and a variety of branched and linear mono- and disaccharides. Other identified compounds leverage
the understanding of the active catalyst species. In addition to providing mechanistic insight, the approaches and findings

described herein help to measure and manage carbon balances and product quality in HMF production.

Keywords 2D NMR - Cascade reactions - Catalysis - Chromium trichloride - HMF - Sugars

1 Introduction

A change towards sustainable production of materials and
fuels is increasingly imminent. Sustainable production using
rapidly renewable resources involves both challenges and
opportunities for developing novel catalytic approaches
towards the use of resources such as carbohydrates and
lignin [1, 2]. The high oxygen content in these substrates as
compared to fossil compounds is accompanied by high func-
tionality present in biomass [3]. Such abundant functional-
ity in biomass raises the question, how novel processes can
selectively transform the substrate to a product with selected
functionality [3].
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The most important value-added products accessible from
carbohydrates include 5-hydroxymethylfurfural (HMF) [4,
5]. HMF is being investigated by several academic and
industrial groups as a promising precursor of polymers,
resins, pharmaceuticals, fuel additives and solvents [2].
Depending on its quality, market values in the range of
(2-300 USD/kg) have been described [6, 7]. Hence, a pro-
duction of highly pure compound is desirable for profitabil-
ity. Processes of production have included transformations
of carbohydrates using Lewis acidic salts and water as an
obvious green solvent [6]. In addition, water is a more prom-
ising option for HMF purification than high-boiling organic
solvents or ionic liquids [8-10].

While glucose is the cheaper and hence economically
more attractive substrate than fructose, HMF yields from
glucose in water have left room for improvement. Such
improvement should be based on reliable carbon balances,
but reported carbon yields often imply a significant amount
of unidentified compounds in the reaction mixtures. The
quantity of these compounds would help close the carbon
balance of the processes, while their identity would be indic-
ative of reaction mechanisms that are accessible under the
given reaction conditions. The nature of byproducts in the
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reaction mixture also affects purification strategies in order
to obtain high quality, high value product [6].

Lewis acidic salts coordinate to the aldehyde group of
glucose and thus permit an intramolecular 1,2 hydride trans-
fer that leads to reversible glucose to fructose isomerization.
The reversible reaction also leads to the formation of man-
nose [11-13]. In addition, CrCl; in water can catalyze 1,5
hydride transfers that convert p-glucose to L-sorbose. Only
certain species are suggested to be active for catalysis, most
notably [Cr(HZO)SOH]2+ [10]. Nevertheless, the catalytic
reaction remains incompletely understood, as witnessed by
poor carbon balances in the conversion and by the detection
of unidentifiable carbohydrate byproducts in the conversion
[14]. These shortcomings indicate that better understanding
of homogeneous Lewis acid catalysis may pave the way to
improving both homogeneous and heterogeneous Lewis acid
catalysts in carbohydrate conversion [14].

In the current study, we aimed at gaining a comprehensive
overview of hitherto unidentified pathways in the conver-
sion of sugars, specifically those that are accessible in the
CrCl;-catalyzed conversion of glucose in aqueous solution.
Using in situ spectroscopy on the unpurified reaction mix-
ture, we identify various compounds that shed light on the
conversions of glucose in aqueous solutions of Lewis-acidic
salts (Scheme 1).

2 Results and Discussion

We employed NMR spectroscopy to sense uncharted
chemistries in CrClj-catalyzed glucose conversion.
NMR spectroscopy is non-selective and thus permits an

Scheme 1 Reactions of
CrCls-catalyzed glucose
conversion in aqueous solution
discussed herein

OH HO

Anhydroglucofuranose

Anhydroglucopyranose
Nv
2,4-Pentadienal

Glc-Glc disaccharides

unbiased assessment of post-reaction mixture composition.
Approaches that are more widely used in metabolic research
were adapted, including the use of authentic reference stand-
ards, database and literature mining as well as the ability
to determine chemical structures in complex samples from
high-field NMR data without the knowledge of the analyte
sum formula. Two-dimensional assignment spectra were
used to identify structural motifs and their arrangement to
NMR spin systems in the molecules of the reaction mixture.
To this end, multiplicity-edited variants of 'H-'*C HSQC
and '"H-'C HMBC spectra, as well as 'H-'"H TOCSY and
'H-'H COSY spectra were recorded. These approaches
identified a variety of unexpected compounds—and hence
reaction pathways—in the well-studied reaction. The identi-
fication of novel byproducts should aid the measurement and
management both of carbon balances and of product quality
in Lewis acid catalyzed carbohydrate conversions.

2.1 Detection and Identification of Anhydrosugars
in Aqueous Reaction Medium

For structural studies on unpurified reaction mixtures, NMR
spectroscopy at high magnetic field (18.7 T magnetic field,
800 MHz 'H Larmor frequency) was employed. The reaction
mixture was produced by conversion of 10% (w/v) glucose
in the presence of 17 mM CrCl;-6H,0 at 140 °C for 1 h.
NMR assignment spectra allowed us to identify the spin
systems with chemical shifts shown in Fig. 1. We assigned
these spin systems to 1,6-anhydroglucofuranose (AGF) and
1,6-anhydroglucopyranose (AGP). Notably, the intramo-
lecular dehydration products AGF and AGP were formed
by reaction in aqueous solvent. Structural assignments to the
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4.21/3.80
67.1

4.07/3.74

Fig.1 Structure and chemical shift assignments of 1,6-anhydrogluco-
furanose (AGF, left) and 1,6-anhydroglucopyranose (AGP, right)

anhydroglucoses were verified by comparison to published
values for the purified, non-commercial AGF [15], while the
pyranose form was identified by comparison to the spectra
of authentic commercial levoglucosan standard. The peak
resolving capacity of high-field 2D 'H-'3C NMR is above
two million signals [16], hence the pattern of CH group sig-
nals permits analyte identification with excellent reliability.

The spin system of AGF was identical to a previously
reported, unidentified compound (but suspected hexose)
from CrCl;-catalyzed glucose conversion in water under
identical conditions. The bicyclic structure of the anhydro-
sugar explains the absence of other tautomers in this com-
pound fractionated from product solutions of the reaction
[14]. Anhydroglucoses have previously been reported as
potentially reactive byproducts in reaction pathways con-
verting glucose to HMF in non-aqueous media [17-19].
The formation of these compounds as byproducts in aque-
ous solution on the other hand was less anticipated from
computational predictions that suggested formation of these
compounds in DMSO but not water [17]. In our experi-
ments, AGF and AGP were detected at similar levels, albeit
the substrate for AGP formation (the -pyranose tautomer of
glucose) is much more abundant than the substrate for AGF
formation (the p-furanose tautomer of glucose) in aqueous
solution. This finding indicates a kinetic preference for the
formation of the intramolecular furanoside as compared to
the formation of the pyranoside.

We repeated the reaction in DMSO instead of aqueous
solvent to verify the higher propensity for formation of
anhydroglucose under these conditions. Figure 2a shows a
time series of in situ 1D '*C NMR spectra visualizing the
faster formation of AGF than of AGP at 110 °C. Subse-
quently, we added 17% (v/v) water to the product mixture
derived in DMSO from the experiment shown in Fig. 2a
and followed the hydrolysis of anhydroglucose by in situ
NMR spectroscopy at ambient pressure and 95 °C tem-
perature (Fig. 2b). The resultant time courses of AGF and
AGP concentrations indicate that AGP was more resilient to

s
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0 25 5.0 75 10
Time (hours)

Fig.2 In situ NMR spectroscopy of AGF and AGP formation in
DMSO (a) and of AGP and AGF hydrolysis upon addition of 17%
(v/v) HyO (b). Lines in (b) are a guide to the eye. Reaction condi-
tions: 10% (w/v) glucose at 110 °C, 17 mM CrCl;-6H,0; reaction at
110 °C (a) subsequent hydrolysis in 17% H,0, 83% DMSO, 95 °C
(b) for the indicated time

hydrolysis than AGF. AGF and especially AGP levels have
been found to decrease in post-reaction mixtures upon addi-
tion of 17% water to the CrCl;-catalyzed glucose conversion
in DMSO. The resilience of AGP to hydrolysis under these
conditions indicates that levels are decreased because AGP
is hardly formed (rather than being hydrolyzed) in the pres-
ence of water [19]. In DMSO without addition of water,
AGP and AGF can amount to significant byproducts of HMF
(~40% of HMF; see Fig. 1S in the Electronic Supplementary
Materials).

2.2 Formation of Intermolecular Acetals

An overview of hemiacetals and acetals that were present in
the CrCl;-catalyzed conversion in aqueous solution and in
DMSO, respectively, is provided in Fig. 3. Beyond AGF and
AGP, the formation of disaccharides could be observed both
in aqueous solution and—to a higher degree—in DMSO.
Disaccharide formation is the result of intermolecular acetal
formation of glucose, while AGF and AGP formation results
from intramolecular acetal formation.
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Fig.3 Surface plot of 'H-'C HSQC spectra on post-reaction
samples of glucose conversion in aqueous solution (top) or in
DMSO (bottom). Reaction conditions: 10% (w/v) glucose, 17 mM
CrCl;-6H,0, 6 mL 90% H,0/10% D,O (top) or 99% d6-DMSO/1%
DMSO (bottom), 140 °C for 1 h in water and or 30 min in DMSO

Cellobiose has previously attracted some interest as
a byproduct in the CrCl;-catalyzed glucose conversion
in DMSO [18, 19]. However, cellobiose was here found
to be only one of the glucopyranosyl-glucopyranosides
formed. The 1-4 linked cellobiose and maltose (4-O-f-p-
glucopyranosyl-p-glucose and 4-O-a-p-glucopyranosyl-p-
glucose, respectively) were formed in lower amounts than
for instance the 1-6 linked disaccharides gentiobiose and
isomaltose (6-O-p-p-glucopyranosyl-p-glucose and 6-O-a-
p-glucopyranosyl-p-glucose, respectively). Integration of
respective signals in the 'H-'>C HSQC spectra of Fig. 3
indicated that gentiobiose and isomaltose are formed at
levels that are sixfold higher than those of cellobiose and
maltose. Furthermore, all other glucopyranosyl-glucopyra-
nosides that can be formed from reaction between two glu-
coses (trehaloses, kojibiose, sophorose, nigerose and lami-
naribiose) were detectable. In analogy to the formation of
AGF and AGP in aqueous solution, disaccharide formation
could also be detected in aqueous medium, albeit at lower
levels than in DMSO (Fig. 3). All disaccharide signals
were identified by comparison to high-resolution 'H-'3C
HSQC spectra of authentic standards [20].

@ Springer

2.3 Branched C6-Carbohydrates

Previous mechanistic studies had speculated on the possi-
ble presence of branched carbohydrates in aqueous glucose
conversion catalyzed by CrCl;-6H,0. In fact, the suspected
C6-sugar identified herein as AGF had been assumed to be
a branched chain hexose [14].

The signals of the branched chain hexose hamamelose
(2-C-(hydroxymethyl)-p-ribose) were herein detected in the
post-reaction mixture of glucose conversion by CrCl;-6H,0
in water as indicated in Fig. 3 (top). In solution, hamamelose
occurs as an equilibrium of a- and B-furanose and pyra-
nose forms with comparable populations. Hence, hama-
melose could be identified by comparison of the 'H-'3C
HSQC signals to the pattern of tautomer signals from an
authentic standard (Fig. 4). In addition to hamamelose,
2-C-(hydroxymethyl)-L-lyxose could be detected in the
aqueous reaction mixture, albeit at smaller amounts and pre-
dominantly from its pyranose form (Scheme 2). Signals were
identical to the 2-C-(hydroxymethyl)-L-lyxose 'H-3C HSQC
signals after reacting sorbose with 0.2% (w/v) ammonium
heptamolybdate tetrahydrate.

Maneeyr Manrorm
(- o Hame"
r Y P
HamPeyr £
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9
=
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@® Ham 5
- =
5]
2
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. . =
reaction mixture o
autﬂentlc hmannose|
afur
@Ham authentic hamamelose 102

53 5.2 5.1 5.0 4.9 4.8
Chemical Shift ('H, ppm)

Fig.4 Spectral region from the 'H-">C HSQC of the reaction mix-
ture displayed in Fig. 3 top. The reaction mixture is displayed in blue,
authentic standards of hamamelose and mannose are displayed in red
and light grey, respectively. Reaction conditions: 10% (w/v) glucose,
17 mM CrCl;-6H,0, 6 mL 90% H,0, 10% D,0, 140 °C for 1 h
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Scheme 2 Branched chain sugars detected upon conversion of glu-
cose with CrCly
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Scheme 3 Plausible mechanism for the conversion of ketoses into
branched carbohydrates with a migration of the ketose C1 carbon to
2-hydroxymethyl groups

Hamamelose and 2-C-(hydroxymethyl)-L-lyxose can be
formed by Bilik-type carbon shifts from fructose and sor-
bose, respectively. The Bilik-type carbon shift has been
widely described for the direct conversion of glucose to
mannose by concurrent C2—-C3 bond cleavage and C1-C3
bond formation resulting in an intramolecular C1-C2 car-
bon shift [21-24]. For ketoses, the concurrent C2-C3 bond
cleavage and C2—-C4 bond formation leads to the formation
of the branched chain ketoses (Scheme 3).

Formation of the branched C6-carbohydrates by a mecha-
nism akin to Scheme 3 was corroborated by using p-[1-*C]
glucose as substrate. The '>C label was preferentially incor-
porated into the 2-hydroxymethyl groups of hamamelose,
as expected from the displayed mechanism (see Fig. 2S in
the Electronic Supplementary Materials). Alternatively,
branched C6-carbohydrates could have been formed by
aldol condensation of smaller linear sugars. Branched sug-
ars have thus been discussed as prospective value-added
compounds or precursors to value-added chemicals formed
from smaller sugars [25]. Due to the reversibility of the Bilik
reaction, and the likely irreversibility of fructose dehydra-
tion to HMF [17], branched sugars presumably interconvert
with their respective ketose forms and serve as off-pathway
intermediates for the formation of HMF. Consistent with
this interpretation, hamamelose accumulated less in DMSO
than in aqueous reaction medium (see e.g., Fig. 3), probably
due to the faster competing conversion of fructose to HMF
in DMSO. This interpretation agrees with previous reports
showing that less fructose exists freely in the reaction system
of DMSO as compared to aqueous solutions, as the high
dehydration potential of DMSO favors subsequent reaction
of fructose to HMF [18].

Both in aqueous solution and in DMSO, the combined
amount of carbon that is detected in carbohydrates different
from glucose, mannose and fructose is comparable to the
level of HMF in the experiments of Fig. 3. Hence, the less

canonical pathways of carbohydrate conversion described
herein can impact strongly on the carbon balance of the cata-
lyzed reaction.

2.4 Formation of a Variety of C6-Carbohydrates
Through Cleavage/Condensation

Ketoses are absent in the hemiacetal spectral region
(Fig. 3), but can be conveniently detected in the primary
alcohol region of 2D 'H-'*C HSQC spectra. Figure 5 dis-
plays the primary alcohol spectral region including signals
from ketoses and aldoses formed in aqueous solution. As
expected, fructose and sorbose were among the ketoses
detected in the reaction. Less expected was the presence of
smaller amounts of tagatose, the keto-isomer of galactose. In
parallel to tagatose, galactose could be detected both from its
Cl1 signal (Fig. 3) and from its C6 signal (Fig. 5) in 'H-13C
HSQC spectra. Other C6 sugars such as altrose, idose and
allose could be detected by comparison to authentic stand-
ards, albeit at low amounts (see Fig. 3S in the Electronic
Supplementary Materials). These findings are consistent
with the presence of C3 sugars (especially dihydroxyace-
tone) in the reaction mixture as a possible precursor for the
variety of C6 sugars and a likely intermediate in subsequent
cleavage/condensation reactions of glucose.

Diverse hexose reaction products have previously been
reported when using dedicated retro-aldol and 1,2 carbon
shift catalysts for the conversion of aldohexoses [23]. Over-
all, CrCl;-catalyzed conversion of glucose induces the for-
mation of a diverse ensemble of mono- and disaccharides,
branched carbohydrates and anhydrosugars, even though the

Glucose- ¥ 61
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Sorbost B [62
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1,6 Anhydroglucofuranose (C5) &

Y — fTagatose

Chemical Shift ("*C, ppm)

1,6 Anhydroglucopyranose L
s -

T T T T T
4.0 3.8 3.6

Chemical Shift ('H, ppm)

Fig.5 Spectral region of primary alcohol groups in 'H-"*C HSQC,
showing ketose signals for fructose, sorbose and tagatose at decreas-
ing amounts, in addition to aldose and anhydrosugars as indicated
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formation of these products was not optimized by any means
in the current study.

2.5 Dehydration Reactions Different from HMF
Formation

Signals outside the spectral region of carbohydrates were
evident in NMR spectra of post-reaction mixtures. Such sig-
nals included the expected signals from HMF and levulinic
acid (see Figs. 4S and 58 in the Electronic Supplementary
Materials). The presence of unexpected compounds was evi-
dent through the presence of various olefinic, aldehyde or
aliphatic hydrogen NMR signals. Figure 6 displays the spin
system of byproduct (2E)-2,4-pentadienal in the aqueous
reaction mixture. The 'H NMR signals are displayed through
their correlations in a "H-"H TOCSY spectrum. The chemi-
cal structure can be determined unambiguously against the
reaction mixture background through sequential assignments
of a characteristic aldehyde group and four olefinic groups
including a terminal CH, group. LC-MS analysis confirmed
the presence of a compound with the molecular weight of
pentadienal in the reaction mixture (see Fig. 6S in the Elec-
tronic Supplementary Materials). The chemical identity of
the compound was additionally verified through comparison
to published chemical shift values [26]. Like anhydrosugars,
unsaturated compounds including (2E)-2,4-pentadienal are
early intermediates in the pyrolysis of biomass [27]. The
formation of such products thus appears accelerated in the
presence of catalytic amounts of CrCl; at 140 °C in aqueous
solution.

The presence of unexpected byproducts can hint at
the structure of the active catalyst species. In the case of
CrCl; catalysis in water, [Cr(HZO)SOH]“ was suggested
as the most active Cr(III) species acting as a bifunctional
Lewis acid-Brgnsted base site [10]. Our aqueous reaction
mixture contained a compound most likely representing

’,E! (
T ‘v'
.
o~ W
l'. o
6.69 '6.26
135.9 132.2
/\No
5.89/5.74 7.41 9.46|
, 1309 158.2 200
9 8 7 6

Chemical Shift ("H, ppm)

Fig.6 '"H-'H TOCSY showing the spin system of (2E)-2,4-pentadie-
nal. The assignment of the compound in water is displayed
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2-C-methyl-ribonolactone. A plausible pathway for the
formation of this compound is depicted in Scheme 4. The
compound is the result of a Lewis acid catalyzed aldose-
to-ketose isomerization and subsequent Brgnsted base cata-
lyzed benzilic acid rearrangement [28]. Hence, the presence
of this compound is consistent with the previously suggested
activity of a bifunctional Lewis acid-Brgnsted base site. The
compound was identified through multiplicity edited 'H-'3C
HSQC and 'H-"*C HMBC spectra identifying a lactone and
tertiary alcohol carbon, as well as a secondary alcohol in
the vicinity of a methyl group (Fig. 7). Chemical shifts of
the compound are strongly indicative of a five-membered
ring and are consistent with assignments of the previously
characterized purified compound [28].

2.6 Implications for Monitoring Pathways, Carbon
Balances and Product Quality

Use of in situ NMR spectroscopy on unpurified reaction
mixtures provides a means of detecting and identifying
uncharted chemistries in CrCl;-catalyzed glucose con-
version. Formation of anhydrosugars and other reactions
occurring early in glucose pyrolysis were accelerated in
the CrCl;-catalyzed reaction in water at 140 °C. Likewise,
branched carbohydrates, disaccharides and carbohydrates
formed from subsequent cleavage-condensation reactions

e} HO, HO,
p OH
HO: o: Ho—( o o
OH OH OH o oH
HO: —Ho—{ — " Ho—~{ — " HO ~ Ho HHD/\&EO
“OH “OH “OH 1OH “OH L
HO  ©OH
OH OH OH OH oH

Scheme 4 Plausible pathway towards 2-C-methyl-ribonolactone
through isomerization, dehydration and base catalyzed rearrangement
(28]

80
HO 0 fe)
H 100

Hd‘. @ 3 160

multiplicity-edited
'H-*C HMBC c1 180

1.40 1.35
H

Fig.7 Structure of 2-C-methyl-ribonolactone and multiplicity edited
'H-'3C HMBC showing the connectivities from the methyl protons to
quaternary carbons of tertiary alcohol and lactone (red sub-spectrum)
and to the CH group of the secondary alcohol C3 (blue sub-spectrum)
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could be identified. In addition, a reaction product that
could be indicative of the concerted action of Lewis
acidic isomerization and Brgnsted base catalyzed rear-
rangement supports the notion that these sites may play a
concerted catalytic role. LC-MS was used as a comple-
mentary method to validate the presence of compounds
with the mass of pentadienal, dehydration products and
disaccharides, in addition to HMF (see Fig. 6S in the
Electronic Supplementary Materials).

Several pathways and compounds contribute to the car-
bon balance of the CrCl;-catalyzed reaction in water at
140 °C (Fig. 5S in the Electronic Supplementary Materi-
als, with yields for 15 main compounds and compound
classes listed in the figure caption). Unsurprisingly, prod-
uct distributions are vastly altered when conducting the
reaction in DMSO (Figs. 3 and 1S). DMSO stabilizes the
acyclic and five-membered furanose structure of fructose
relative to the pyranose form [29-31], facilitates dehydra-
tion of fructofuranose to HMF and prevents the formation
of levulinic acid, while favoring intra- and intermolecular
acetal formation of glucose to anhydroglucose and disac-
charides, respectively.

Beyond its impact on the carbon balance, the quantita-
tive identification of byproducts has an important role in
product purification and hence product quality. Byproduct
yields were determined with a lower limit of quantifica-
tion of ~0.2%, when using 10% (w/v) glucose substrate.
As purity and price correlate, validating the purification
of highly pure biomass derived compounds is highly
desirable for the profitability of future bioeconomies.

3 Conclusion

In conclusion, the methodology and findings described
herein identify byproducts without the need for purify-
ing them. Use of high field in situ NMR spectroscopy in
conjunction with reference compounds, literature min-
ing and the use of two-dimensional assignment spectra
emerges as an attractive approach to identify new reac-
tions in biomass conversion [32, 33]. This approach is
particularly promising for identifying hitherto unknown
compounds due to the ability to distinguish isomeric
compounds, even in the absence of authentic reference
standards. Reactivities described herein benefit the under-
standing of mass balances in HMF formation by providing
insight into new classes of byproducts. In addition, the
improved mapping of accessible reaction pathways will
expedite future identification of impurities and will aid
the development of purification strategies towards high-
value HMF production from carbohydrates.

4 Experimental Section
4.1 Chemicals

D,0 (99.9 atom % D), d6-DMSO (99.9 atom % D), p-man-
nose (>99%), sorbose, tagatose, p-[1-13C] glucose (99
atom % '°C), 1,6-anhydro-B-p-glucopyranose (99%) and
ammonium heptamolybdate tetrahydrate (99.98%) were
obtained from Sigma—Aldrich. CrCl;-6H,0 (> 96%) was
obtained from Merck. Hamamelose was obtained from
Carbosynth. In order to detect 2-C-(hydroxymethyl) lyxose
signals, sorbose was reacted with 0.2% (w/v) ammonium
heptamolybdate tetrahydrate for 2 h at 80 °C and observed
NMR signals of 2-C-(hydroxymethyl)-L-lyxose signals
were identified in the resultant mixture using previously
assigned chemicals shifts for the purified compound [34].

4.2 General Procedure for Catalytic Experiments

Glucose was dissolved to 10% (w/v) in 6 mL of H,O or
DMSO. CrCl;-6H,0 was added to a final concentration of
17 mM. Catalytic experiments were carried out in 15 mL
Ace pressure tubes under magnetic stirring at 140 °C for
up to 6 h and samples of 500 ul volume were collected
after 10, 30, 60, 120, 240 and 360 min. D,0 was added
to the aqueous reactions to a final concentration of 10%
(v/v). For tracking the fate of p-[1-3C) glucose in aque-
ous solution, 500 pl of a mixture with standard concentra-
tions (10% p-[1-3C] glucose and 17 mM catalyst) were
transferred to a 5 mm NMR sample tube and reaction was
tracked in situ at 95 °C overnight in a 600 MHz Bruker
Avance III NMR spectrometer equipped with a BBO
SmartProbe.

4.3 Assignment NMR Spectra

Assignment spectra of reaction mixtures were recorded
at 25 °C on a Bruker Avance III 800 MHz spectrometer
equipped with a TCI cryoprobe. NMR spectra included
standard and multiplicity edited 'H-'*C HSQC, 'H-"*C
HMBC spectra as well as 'H-'H COSY and 'H-'"H TOCSY
spectra. Cr(IlI) lead to some line broadening especially in
the 'H dimension. Authentic reference compounds were dis-
solved to concentrations of 50 mM in D,O or in d6-DMSO
prior to the acquisition of 'H-'>C HSQC spectra. All
spectra were processed with extensive zero filling in both
spectral dimensions using a shifted sine-bell apodization
function and analyzed in Bruker Topspin 3.5 pl7. Chemi-
cal shifts were referenced relative to the anomeric signal of
a-glucopyranose at 5.230 ('H) and 92.990 ('*C) ppm [20].
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4.4 Data Fitting

13C T, relaxation times were measured on reaction mix-
tures using the inversion-recovery method with recovery
delays of 0.1, 1, 5, and 60 s and an inter-scan relaxation
delay of 300 s. Spectra were acquired on a Bruker Avance
111 800 MHz spectrometer equipped with a TCI cryoprobe.
Signal areas were integrated in Bruker Topspin 3.5 pl7 and
fitted using proFit 6.2.9 (QuantumSoft, Zurich) as

Ar) = A(O)[l - 2(3‘73 )]

where A(0) is the signal area derived for the relaxed
(Boltzmann equilibrium) spin polarization, t is the recov-
ery delay and 7', is the spin-lattice relaxation time. Cr(III)
shortened relaxation times to below 1 s for most substrate,
solvent and product '*C spins (see Fig. 5S in the Elec-
tronic Supplementary Materials). Hence, quantitative 1*C
spectra, for instance in reaction tracking (Fig. 2), could
be acquired with short recycle delays and high sensitivity.

4.5 LC-Ms

LC-MS experiments were conducted using a Waters
Acquity UPLC system connected to a Waters SQD2 mass
spectrometer. The UPLC system contained a quaternary
pump, an autosampler, a Waters HILIC column, a temper-
ature-controlled column oven, and a diode array detector.
Phase A was 0.1% formic acid (aq) and phase B was ace-
tonitrile/water (95/5, v/v) with 0.1% formic acid. Positive
and negative ESI modes were used. Data were acquired,
processed and analyzed using the MassLynx version 4.1
software package.
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