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“We have a long way to go, and there is time ahead for thought.

1t is something to have started.”

- J.R.R. Tolkien
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Abstract

Conventional chemistry in the 20" and 21 centuries is hinged on the extraction and
manipulation of non-renewable, fossil-derived chemical feedstocks. This thesis details new
efforts to pivot towards the valorisation of sustainable biomass-derived platform molecules as
a source of commodity chemicals. Primarily, the work involves the utilisation of
levoglucosenone, a compound available in the kiloton scale from the pyrolysis of acid-treated
cellulosic waste. In Chapter 2, the landscape of sustainable platform molecules is described,
as well as the existing work performed on levoglucosenone, giving context to the experimental
work reported herein. Chapter 3 is an experimentally based article which provides a novel
synthesis of iso-levoglucosenone, the pseudo-enantiomer of levoglucosenone, formed through
a new and synthetically concise 1,3-carbonyl transposition. This approach was also compared
to an alternate synthesis from p-glucose. This material was then hydrogenated to form a novel
potential solvent (iso-Cyrene), the properties of which were compared to the levoglucosenone-
derived solvent Cyrene®. Chapter 4 provides novel transformations of levoglucosenone and
iso-levoglucosenone-derived Diels-Alder adducts using several dienes, including the biomass-
derived a-terpinene. The products of these cycloadditions were then subjected to reduction of
the carbonyl to afford diastereomeric alcohols, which could then be transformed using Wagner-
Meerwein rearrangements and intramolecular bromoetherifications. These fully characterised
products give novel and distinct chemical structures. Finally, Chapter S describes the most
direct polymerisation of levoglucosenone reported to date, facilitated using a catalytic amount
of nucleophilic base. This polymer was obtained in quantitative yields and with relatively high
molecular weights. Further, the material was functionalised using a green Baeyer-Villiger

oxidation to give an extremely hydrophilic and freely water-soluble polymer.
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Chapter One - Introduction

The landscape of modern chemistry is underpinned by the once seemingly miraculous font of
fossil fuels and their commodity chemical products. These fossil fuels, namely petroleum,
natural gas, and coal, have been the primary geopolitical factor determining national prosperity
in the 20" and now 21% century. As of 2022, approximately 93% of fossil fuel usage is
combustion for energy production.! The balance of this fossil fuel consumption is the
production of commodity chemicals: materials, solvents, lubricants, pharmaceuticals, and fine
chemicals. Fossil fuels, a non-renewable source of hydrocarbons, have enabled for the logistics

and considerable energy requirements critical to the expansion of modern society.

Despite their utility, fossil-derived hydrocarbons have fallen into common view as a major
cause of concern for the wellbeing of the environment. The combustion of fossil fuels for
energy production has resulted in rapid and alarming changes to the Earth’s temperature and
atmospheric composition in well-known phenomena referred to as the greenhouse effect, and,

by extension, climate change (Figure 1).

a) Carbon dioxide emissions by source since 1880 b) Global temperature in the Common Era
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Figure 1: a) Carbon dioxide emissions emissions reported by emission source for the period 1880 —
2020, adapted from Friedlingstein et al.? b) global temperature as a function of time, with direct

measurements reported after 1880, adapted from Neukom ef al.?



Chapter One

This global climate change phenomenon has broad consequences including the increased
incidence (and severity) of natural disasters, food and water shortages, as well as the forced
displacement of peoples. Beyond this, the extraction and processing of coal, gas and oil has a
significant impact on local ecosystems.*® The availability and price of fossil-derived
hydrocarbons is also massively subject to geopolitics,’ the reverberations of which have

tangible impacts on consumers and the wider economy.

Aside from energy production, the use of fossil-derived hydrocarbons as commodity chemicals
is critical to modern chemistry, and, as a result, modern society. The uses of these commodity
chemicals include: materials (viz. polymers derived from monomers), solvents, as well as fine

and specialty chemicals such as pharmaceuticals, dyes, pesticides, and detergents.

Materials, namely polymers and plastics, comprise 80% of the chemical industry output,® with
the largest volumes being ascribed to polyethylene (in its various forms), polyvinyl chloride,

polypropylene and polystyrene.’

Such plastics are affordable, tough, lightweight, largely corrosion resistant and highly
insulating, which has led to their widespread adoption and use globally. Since World War II,
these polymers have been the primary instrument enabling the storage and transportation
logistics required to feed the growing human population, as well as finding use in countless

industrial and consumer applications.

Polymers are manufactured at a scale of over 400 Mt per year, and, unfortunately, around 80%
of all plastic ever generated is accumulating in either landfill or the natural environment.’
Further accentuating the bleak ultimate destination of plastics is the fact that none of the
conventionally used plastics are biodegradable. Indeed, bio-based and biodegradable plastics

represent around only 1% of their total annual production.!”
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Another significant proportion of the fossil-derived hydrocarbon industry output is solvents,
which are themselves plagued with environmental and occupational health issues. Solvents are
of great utility and find use in a swathe of major applications, inter alia, coatings (in paints and
varnishes), in chemical production (as a reaction medium and for purification), in solvent
extraction, cleaning, and in formulation (such as in lubricants, surfactants, dispersants and
adhesives). In Europe, paints, coatings and the pharmaceutical industry represent over half of
overall solvent usage, with the lion’s share allotted to the former two.!! Historically, solvents
such as benzene, carbon disulfide and carbon tetrachloride (and, more recently under scrutiny,
dichloromethane),'? which are fossil-derived, have been associated with severe adverse health
effects as well as issues with ozone depletion.!® Other extremely common solvents such as
tetrahydrofuran, N,N-dimethylformamide, 1,4-dioxane, hexanes, toluene and N-methyl-2-

pyrrolidone bear their own health risks and their use is the subject of increasing debate.'*

Developing less toxic and, ideally, bio-based sustainable solvents remains a research topic of
considerable focus in modern chemistry. Water, the ideal green solvent, lends itself poorly to
many applications given its polarity and protic nature, as well as high heat of vaporisation. Bio-
derived ethanol and methanol also represent excellent solvents but bear limitations like those
described for water. Numerous alternative green solvents have been described, most of which
are oxohydrocarbons: alcohols and ketones, esters, carbonates and ethers, as well as some

hydrocarbons and heteroatomic compounds.
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A promising alternative to the environmentally and biologically problematic fossil-derived
hydrocarbons is the valorisation of sustainable biopolymers and their degradation products,
described as biomass-derived platform molecules (BMDPMs). The most abundant
biopolymers, namely cellulose, hemicellulose, lignin and chitin, are produced at a staggering
scale of 170 billion metric tons per annum." These materials are synthesised through the
process of photosynthesis, which fixes carbon dioxide and water into carbohydrates with the
energy provided by sunlight, releasing oxygen in the process.'® The functionalisation of these

carbohydrates through biosynthetic pathways thereby provide all known forms of biomass.

A literature review published during the preparation of this thesis is presented in Chapter 2
which covers the broad range of BMDPMs available to the early 21 century chemist, each of
which may very well merit a thesis of study on their own. Chapter 2 also describes prior work
performed on the BMDPM levoglucosenone (1), which lays the foundation for the work
described herein. This thesis focusses on the efforts of myself and collaborators in expanding
upon and uncovering novel utilities for 1 as a promising BMDPM and is compiled from three
research chapters presented in the form of articles, out of which one has been published, one

has been accepted for publication, and the third has been submitted for publication.

Levoglucosenone (1), the central molecule in this work, is a BMDPM derived from the
pyrolysis of acid-treated cellulose waste, with its preparation first reported in the early 1970’s.
Levoglucosenone is a homochiral, bicyclic derivative of glucose, and is a liquid at room
temperature. The distinct chemical functionalities present in 1 enable its functionalisation and
modification. The most significant of these are the reactive Michael acceptor as well as the 1,6-
anhydro bridge which offers defined stereochemistry (Scheme 1). The production of 1 has been

refined in recent history to the point where the Circa Group™ are able to produce LGO at the
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kiloton scale from wood pulp treated with acidic conditions under temperatures 170 — 350 °C

with ca. 40% yield.!”

OH HO
OH o) 0
H
H OH o °
— —Jn
Cellulose Levoglu%osenone Cyrene”

Scheme 1: Production of levoglucosenone (1) through the pyrolysis of acid-treated cellulose,

conducted sustainably using waste streams of cellulose.

Given its scale of production and renewable origin, this homochiral compound has since been
explored as a biomass-derived commodity chemical in a variety of applications. Perhaps the
most direct of these, to date, is its use as a solvent. The reduction of levoglucosenone gives
dihydro-levoglucosenone (2), which is marketed as Cyrene®, a solvent proffered as a safer and
greener substitute for the widely used and petrochemically derived N-methylpyrrolidine
(NMP).'8 Approximately 250,000 tons of NMP are produced annually'® and the solvent finds
applications in petrochemical processing, polymer chemistry, surface treatments and paint
strippers, as well as in the pharmaceutical industry.?’ Despite its utility, NMP shows marked
reproductive toxicity,?! whereas the sustainable alternative Cyrene® has been assessed to be
negative in mutagenicity testing and is also almost completely non-ecotoxic (LDso > 2000

mg/ L).zz’23

In Chapter 3, our efforts to expand upon the scope of solvents derived from 1 are presented.
Cyrene® is a homochiral solvent, a property which, to date, has not been effectively yoked (in,
for example, fractional crystallisation). There exists the pseudo-enantiomer of 1 referred to as

iso-levoglucosenone (3), the reduced product of which (referred to as iso-Cyrene) had been
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previously prepared by two approaches.?*?° However, these preparations were both limited to
the sub-gram quantity, and so the properties of iso-Cyrene as a solvent were not assessed. Given
the distinct homochirality of these two species, it was our expectation that iso-Cyrene could
potentially act complementary to Cyrene® to serve as a chiral auxiliary and perhaps facilitate
or enhance enantioselectivity. Further, the reactivity of iso-Cyrene was expected to be markedly
different from Cyrene®, particularly with respect to the ability of the latter to form hydrates, as
well its stability in the presence of base, characteristics well documented for Cyrene®.227 In
this work, we report a facile and concise synthesis for the 1,3-carbonyl transposition of 1 to iso-
levoglucosenone (3) alongside a comparison to a previously reported and scalable preparation
of iso-levoglucosenone from p-glucose.?® Further, through characterisation, we determined that
iso-Cyrene did, in fact, exhibit markedly different stabilities, and in many situations, superior

chemical stability when compared to Cyrene®.

Aside from solvents, 1 has also been extensively explored as a precursor to monomers for the
preparation of polymeric materials.?*-*” Within the Australian National University Research
School of Chemistry, previous work published dealt with the Diels-Alder adducts formed by
the reaction of LGO (1) and iso-LGO (3) with 1,3-cyclopentadiene (Scheme 2). The products
of these, as well as some of their products formed through reduction of the ketone to
corresponding diastereomeric alcohols, were then subjected to ring-opening metathesis

polymerisation (ROMP) so as to generate polymers:*®
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+

OH H 1,3-carbonyl
o0 HO OH pyrolysis O transposition o
HO o} > 1000 kg N o -
H scale o
OH n
1 3

[4+2] cycloddition @

S

S 4
| = |
@ o)

ring-opening
metathesis

polymerization
(ROMP)

A

Scheme 2: Functionalisation of LGO (1) and iso-LGO (3) to Diels-Alder adducts, and, then, their

resulting polymers obtained through ring opening metathesis polymerisation.*

The defined stereochemistry of 1 has led to its use in total synthesis, and in synthetic
manipulations, including the complex structure tetrodotoxin, inter alia.’® In Chapter 4 of this
thesis, an article accepted for publication is presented which details efforts to further
functionalise these Diels-Alder adducts and explore their diverse chemistries. Beyond finding
use as monomers, these materials provide novel caged and heterocyclic scaffolds through their

Wagner-Meerwein type transformations and rearrangements.

An obvious drawback of using the Diels-Alder adducts presented in Chapter 4 for polymer

synthesis is the requirement for incorporating fossil-derived dienes. While we address this using
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the sustainable diene of a-terpinene (itself prepared through the acid-catalysed rearrangement
of a-pinene), the direct utilisation of 1 as a monomer without additional synthetic steps was a

highly desirable research target.

In Chapter 5, we report for the first time, a method for the direct use of levoglucosenone as a
monomer through the harnessing of its reactive Michael acceptor in a Rauhut-Currier style
polymerisation using the nucleophilic base 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). We
further report a green functionalisation of this material into a hydrophilic and highly water-
soluble polymer derivative. To date, this represents the most atom efficient and direct route to
the preparation of high molecular weight polymers from 1 directly and provides a novel

scaffold for functional polymer synthesis.

Levoglucosenone is but one of a great number of BMDPMs which are accessible on a practical
scale and which also possess avenues for valorisation. The expansion, development and further
valorisation of BMDPMs is, in the author’s opinion, one of the most practical solutions to
producing essential commodity chemicals while mitigating the environmental impact their
production causes. This thesis presents efforts to further this field of study and to valorise the

use of one of many promising BMDPMs for real world applications.



Introduction

References

10.

11.
12.

13.

See https://www.eia.gov/todayinenergy/detail.php?id=35672 (accessed 3/8/2023).
Friedlingstein, P.; O'Sullivan, M.; Jones, M. W.; Andrew, R. M.; Gregor, L.; Hauck, J.; Le
Quéré, C.; Luijkx, I. T.; Olsen, A.; Peters, G. P.; et al. Global Carbon Budget 2022. Earth
System Science Data 2022, 14(11), 4811-4900. License:
https://creativecommons.org/licenses/by/4.0/

Neukom, R.; Barboza, L. A.; Erb, M. P.; Shi, F.; Emile-Geay, J.; Evans, M. N.; Franke, J.;
Kaufman, D. S.; Liicke, L.; Rehfeld, K.; et al. Consistent multi-decadal variability in global
temperature reconstructions and simulations over the Common Era. Nature Geoscience 2019,
12(8), 643-649.

Harfoot, M. B. J.; Tittensor, D. P.; Knight, S.; Arnell, A. P.; Blyth, S.; Brooks, S.; Butchart, S.
H. M.; Hutton, J.; Jones, M. L.; Kapos, V.; et al. Present and future biodiversity risks from fossil
fuel exploitation. Conservation Letters 2018, 11(4), e12448.

Shamoon, A.; Haleem, A.; Bahl, S.; Javaid, M.; Bala Garg, S.; Chandmal Sharma, R.; Garg, J.
Environmental impact of energy production and extraction of materials - a review. Materials
Today: Proceedings, 2022, 57, 936-941.

Alam, M. M.; Aktar, M. A.; Idris, N. D. M.; Al-Amin, A. Q. World energy economics and
geopolitics amid COVID-19 and post-COVID-19 policy direction. World Development
Sustainability, 2023, 2, 100048.

Bricout, A.; Slade, R.; Staffell, I.; Halttunen, K. From the geopolitics of oil and gas to the
geopolitics of the energy transition: Is there a role for European supermajors? Energy Research
& Social Science 2022, 88, 102634,

Singh, K. Chemistry in Daily Life; Pretence Hall of India, 2012.

Geyer, R.; Jambeck, J. R.; Law, K. L. Production, use, and fate of all plastics ever made. Science
Advances 2017, 3(7), e1700782.

Dohler, N.; Wellenreuther, C.; Wolf, A. Market dynamics of biodegradable bio-based plastics:
Projections and linkages to European policies. EFB Bioeconomy Journal 2022, 2, 100028.

See https://www.esig.org/ (accessed 4/8/2023).

Jordan, A.; Stoy, P.; Sneddon, H. F. Chlorinated Solvents: Their Advantages, Disadvantages,
and Alternatives in Organic and Medicinal Chemistry. Chemical Reviews 2021, 121(3), 1582-
1622.

Winterton, N. The green solvent: a critical perspective. Clean Technologies and Environmental

Policy 2021, 23(9), 2499-2522.



Chapter One

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

10

Alder, C. M.; Hayler, J. D.; Henderson, R. K.; Redman, A. M.; Shukla, L.; Shuster, L. E.;
Sneddon, H. F. Updating and further expanding GSK's solvent sustainability guide. Green
Chemistry, 2016, 18 (13), 3879-3890.

Banwell, M. G.; Pollard, B.; Liu, X.; Connal, L. A. Exploiting Nature's Most Abundant
Polymers: Developing New Pathways for the Conversion of Cellulose, Hemicellulose, Lignin
and Chitin into Platform Molecules (and Beyond). Chemistry: An Asian Journal, 2021, 16(6),
604-620.

Singhal, G. S., Renger, G., Sopory, S.K., Irrgang, K.-D., Govindjee. Concepts in Photobiology.
Photosynthesis and Photomorphogenesis; Kluwer Academic Publishers, 1999.

See https://www.circagroup.com.au/the-company (accessed 2/8/2023).

Sherwood, J.; De bruyn, M.; Constantinou, A.; Moity, L.; McElroy, C. R.; Farmer, T. J.;
Duncan, T.; Raverty, W.; Hunt, A. J.; Clark, J. H. Dihydrolevoglucosenone (Cyrene) as a bio-
based alternative for dipolar aprotic solvents. Chemical Communications, 2014, 50(68), 9650-
9652.

Harreus, A. L.; Backes, R.; Eichler, J. O.; Feuerhake, R.; Jikel, C.; Mahn, U.; Pinkos, R.;
Vogelsang, R. 2-Pyrrolidone, Ullmann's Encyclopedia of Industrial Chemistry, 2011.

Hunt, A.; Dale, N. Economic valuation in 1-Methyl-2-pyrrolidone (NMP) regulation. 2018.
DOI: 10.1787/ef67fa08-en.

Sitarek, K.; Stetkiewicz, J. Assessment of reproductive toxicity and gonadotoxic potential of
N-methyl-2-pyrrolidone in male rats. International Journal of Occupational Medicine and
Environmental Health, 2008, 21(1), 73-80.

Camp, J. E.; Nyamini, S. B.; Scott, F. J. Cyrene™ is a green alternative to DMSO as a solvent
for antibacterial drug discovery against ESKAPE pathogens. RSC Medicinal Chemistry, 2020,
11(1), 111-117.

Jordan, A.; Hall, C. G. J.; Thorp, L. R.; Sneddon, H. F. Replacement of Less-Preferred Dipolar
Aprotic and FEthereal Solvents in Synthetic Organic Chemistry with More Sustainable
Alternatives. Chemical Reviews, 2022, 122(6), 6749-6794.

Ledingham, E. T.; Greatrex, B. W. Diastereoselective Weitz-Scheffer epoxidation of
levoglucosenone for the synthesis of isolevoglucosenone and derivatives. Tetrahedron, 2018,
74(42), 6107-6115.

J. Pecka, . S., jr and M. Cerny. Preparation and the properties of 2,3-, 2,4-, and 3,4-dideoxy
derivatives of 1,6-anhydro-f-D-glycero-hexopyranosuloses and corresponding alcohols.
Collection of Czechoslovak Chemical Communications, 1974, 39(5), 1192-12009.

De bruyn, M.; Budarin, V. L.; Misefari, A.; Shimizu, S.; Fish, H.; Cockett, M.; Hunt, A. J.;
Hofstetter, H.; Weckhuysen, B. M.; Clark, J. H.; et al. Geminal Diol of
Dihydrolevoglucosenone as a Switchable Hydrotrope: A Continuum of Green Nanostructured

Solvents. ACS Sustainable Chemistry & Engineering, 2019, 7(8), 7878-7883.


https://www.circagroup.com.au/the-company
https://doi.org/10.1787/ef67fa08-en

Introduction

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hughes, L.; McElroy, C. R.; Whitwood, A. C.; Hunt, A. J. Development of pharmaceutically
relevant bio-based intermediates though aldol condensation and Claisen—Schmidt reactions of
dihydrolevoglucosenone (Cyrene®). Green Chemistry, 2018, 20(19), 4423-44277.

Horton, D.; Roski, J. P.; Norris, P. Cycloaddition of Cyclopentadiene to 3-Deoxy-1,2:5,6-di-
O-isopropylidene-a-d-erythro-hex-3-enofuranose. Synthesis and Representative Chemistry of
1,6-Anhydro-2,3-dideoxy-p-d-glycero-hex-2-enopyran-4-ulose (“Isolevoglucosenone™). The
Journal of Organic Chemistry, 1996, 61(11), 3783-3793.

Diot-Néant, F.; Mouterde, L.; Fadlallah, S.; Miller, S. A.; Allais, F. Sustainable Synthesis and
Polycondensation of Levoglucosenone-Cyrene-Based Bicyclic Diol Monomer: Access to
Renewable Polyesters. Chemistry Sustainable Chemistry, 2020, 13(10), 2613-2620.

Fadlallah, S.; Peru, A. A. M.; Flourat, A.; Allais, F. A straightforward access to functionalizable
polymers through ring-opening metathesis polymerization of levoglucosenone-derived
monomers. European Polymer Journal, 2020, 138, 109980.

Diot-Néant, F.; Mouterde, L. M. M.; Couvreur, J.; Brunois, F.; Miller, S. A.; Allais, F. Green
synthesis of 2-deoxy-D-ribonolactone from cellulose-derived levoglucosenone (LGO): A
promising monomer for novel bio-based polyesters. European Polymer Journal, 2021, 159,
110745.

Kayishaer, A.; Fadlallah, S.; Mouterde, L. M. M.; Peru, A. A. M.; Werghi, Y.; Brunois, F.;
Carboué, Q.; Lopez, M.; Allais, F. Unprecedented Biodegradable Cellulose-Derived Polyesters
with Pendant Citronellol Moieties: From Monomer Synthesis to Enzymatic Degradation,
Molecules, 2021, 26.

Fadlallah, S.; Flourat, A. L.; Mouterde, L. M. M.; Annatelli, M.; Peru, A. A. M.; Gallos, A.;
Arico, F.; Allais, F. Sustainable Hyperbranched Functional Materials via Green Polymerization
of Readily Accessible Levoglucosenone-Derived Monomers. Macromolecular Rapid
Communications, 2021, 42 (19), €2100284.

Debsharma, T.; Schmidt, B.; Laschewsky, A.; Schlaad, H. Ring-Opening Metathesis
Polymerization of Unsaturated Carbohydrate Derivatives: Levoglucosenyl Alkyl Ethers.
Macromolecules, 2021, 54(6), 2720-2728.

Fadlallah, S.; Kayishaer, A.; Annatelli, M.; Mouterde, L. M. M.; Peru, A. A. M.; Arico, F.;
Allais, F. Fully renewable photocrosslinkable polycarbonates from cellulose-derived
monomers. Green Chemistry, 2022, 24(7), 2871-2881.

Fadlallah, S.; Carboué, Q.; Mouterde, L. M. M.; Kayishaer, A.; Werghi, Y.; Peru, A. A. M.;
Lopez, M.; Allais, F. Synthesis and Enzymatic Degradation of Sustainable Levoglucosenone-
Derived Copolyesters with Renewable Citronellol Side Chains, Polymers, 2022, 14.

Warne, C. M.; Fadlallah, S.; Whitwood, A. C.; Sherwood, J.; Mouterde, L. M. M.; Allais, F.;
Guebitz, G. M.; McElroy, C. R.; Pellis, A. Levoglucosenone-derived synthesis of bio-based
solvents and polyesters. Green Chemistry Letters and Reviews, 2023, 16(1), 2154573.

11



12

Chapter One

38.

39.

Banwell, M. G.; Liu, X.; Connal, L. A.; Gardiner, M. G. Synthesis of Functionally and
Stereochemically Diverse Polymers via Ring-Opening Metathesis Polymerization of
Derivatives of the Biomass-Derived Platform Molecule Levoglucosenone Produced at
Industrial Scale. Macromolecules, 2020, 53(13), 5308-5314.

Camp, J. E.; Greatrex, B. W. Levoglucosenone: Bio-Based Platform for Drug Discovery.
Frontiers in Chemistry, 2022, 10.



Chapter Two — Literature Review

Foreword

This review, published in Chemistry: An Asian Journal, provides a comprehensive overview
of the use of biopolymers and their degradation products as biomass-derived platform
molecules in chemistry and industry. This review was written during the first six months of my
candidature, during which time laboratory access was rendered impossible due to the global
pandemic. Fortunately, it provided a significant opportunity for reviewing the available
literature and preparing a manuscript of considerable utility throughout the course of my
studies, particularly with respect to understanding the landscape of biomass-derived platform

molecules and their valorisation.
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Chapter Two

Introduction

Weaning the world off its unsustainable dependence on petrochemicals is a global concern! that
is driven by both environmental and economic considerations.> While extreme dependence only
emerged in the 19" century, the earliest conspicuous exploitation of petrochemicals dates back
to (at least) the ancient Babylonians, Chinese and Egyptians, the last of whom who used
bitumen (pitch) for embalming and even in the construction of the pyramids.> However, the
first examples of chemicals being derived from fossil hydrocarbons at industrial scale is much
more recent and probably includes the production of carbon black. This started in the 1870’s
and involved the partial combustion of natural gas and so allowing for the generation of
synthetic rubber.* Some fifty years later the Standard Oil Company in the US began producing
propylene both for use as a fuel and as a raw material in the petrochemical supply chain.
Nowadays, about 7% of the world’s fossil-derived hydrocarbons are used in the production of
commodity petrochemicals with the balance being consumed, in large part, for energy
production.” The unfortunate environmental impacts of this situation are clear and have
prompted major drives towards the development of more sustainable and benign methods for,
inter alia, the production of commodity chemicals. Many such efforts involve the valorisation
of various forms of biomass,*3° particularly the most abundant ones, these being the
biopolymers cellulose, hemicellulose, lignan and chitin. This article attempts to provide an
overview of such efforts that revolve around the development of biorefineries.?’*°

Exemplifications of some of these activities are provided through descriptions of research

currently underway in the authors’ laboratories.
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In focusing on the title biopolymers it should be noted that other forms of biomass, such as
proteins and lipids (notably triglycerides and terpenes),”*!-* have also been exploited as
sustainably available raw materials for the production of both commodity and fine chemicals
as well as, in certain cases, fuels. However, the scales at which these are available do not match,
at least at the present time, those derivable from the title biopolymers. Of course other activities

34-36

such as approaching sustainability through enhanced recycling, especially by applying the

t,37

closed loop supply chain (CLSC) concept,”’ are also being embraced but details of such

extensive efforts are beyond the scope of this article.

In considering the broad spectrum of biomass that might be exploited in biorefineries it must
be remembered that all of these materials have a common and fundamental origin, namely their
generation through photosynthesis (Scheme 1) and wherein carbon dioxide and water are
converted, in the presence of sunlight and natural sensitisers (e.g. chlorophyll), into Cs- and Cs-
carbohydates (mostly xylose and glucose, respectively) together with oxygen.*® Downstream
processes, including polymerisation, the shikimic acid pathway and the incorporation of

ammonia derived from nitrogen fixation, then provide all known forms of biomass.

As a consequence of such biosynthetic events, 170 billion metric tons of biomass are produced
each year, 75% of which can be classified as carbohydrate-based, but only a small fraction
(<5%) of such material is used for either food or non-food purposes.®!* Global biomass
production appears roughly evenly split between the terrestrial and marine environments.
Lignocellulose, the most abundant form of biomass, is a robust, non-edible material that
provides, inter alia, structural integrity to plants. As the name suggests, lignocellulose is a
composite material with 10-20 (dry) wt % of it being lignin, 20-40 wt % hemicellulose and 30-

50 wt % cellulose. The precise proportions of these components vary considerably between
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species. In the marine environment, cellulose is also one of the basic structural units of algae,

tunicates (sea squirts) and certain bacteria.

56 CO, + b5/6H,0 Photosynthesis o o6 c.H,05 + 560,

Scheme 1: Photosynthesis: the fountain-head for all biomass production.

The delignification (fractionation) of lignocellulose so as to deliver the constituent polymers is
normally achieved using chemical and mechanical methods (or combinations thereof) with
common sources of the raw material including corn stover and cobs, various crop straws, saw
dusts, sugarcane bagasse, rice hulls, certain fruit peels and the shells of various nuts.5193% 40
The conversion of such materials into a pulp consisting of almost pure cellulose fibres, as
required, for example, in the production of paper, is normally achieved by the kraft process
(kraft being the German word for strength) and wherein the substrate is first subject to high
temperature treatment with caustic soda and sodium sulfide. Various steps involving phase
separations and other processes then follow and these eventually provide cellulose and lignin
(the hemicellulose associated with the substrate is degraded into low-molecular weight and
water soluble components). The process has been optimised for the economical delivery of high
purity cellulose and this is achieved, in the kraft variant, through selective degradation and
condensation reactions of the lignins present in the lignocellulose. This and other drawbacks to
this still dominant mode of cellulose production have prompted the search for more
16,10

environmentally benign processes, including enzymatic and microbiological ones.

However, detailed discussions of such important efforts are not provided herein.

The exploitation of the four title polymers in establishing bio-based chemical supply chains is
now detailed on a more-or-less individual basis although the reader must bear in mind that the

first three are all key components of lignocellulose. As such they cannot be discussed in
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completely compartmentalised ways and so where a commentary on their interconnectedness

is required we have attempted to provide this.

Cellulose and its Uses as an Intact Polymer

Cellulose (1) (Figure 1) is a linear polymer comprising between several hundred to ten-
thousand B-1,4-linked D-glucopyranose units that each adopt a *C; conformation in which all
of the associated ring substituents are in equatorial orientations and thus contributing to the
rigidity/strength of the polymer backbone. The isomeric and more flexible polysaccharide
amylose (2), a key component of starch, is comprised of a-1,4-linked D-glucopyranose
residues. Commercially available cellulose may contain small amounts (usually less that 1%)

of arabinoxylans arising from the hemicellulose contained within the precursor lignocellulose.*!

OH
OH )
i
HO 10%\ HO 15 ﬁ
HO 0
OH HO o
o
n
1 - 2 -n

Figure 1: The structures of cellulose (1) and amylose (2)

Cellulosic fibres have been used for producing textiles and cordage (ropes) for thousands of
years and, in more industrial times, for producing cellophane films (after mercerisation of
cotton, for example, using caustic soda), explosives, hygiene and absorbent products as well as
dietary supplements. It is also used in cement, automotive bodies and automotive interiors.
Emerging uses include those involved with water and air filtration, with various medical
products, in materials science, in electronics and in a range of catalytic processes.*>* In

nanocrystalline form, cellulose is finding applications in an increasingly wide range of settings

including as functional paper, as an anti-bacterial coating, in tissue scaffolds, in drug delivery
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(as a excipient) and in electrochemically controlled separation.***” Perhaps the earliest reported
method for the chemical manipulation of cellulose involved its nitration using nitric acid in
conjunction with (typically) sulfuric acid. This conversion was first reported in 1865 and the
nitrocellulose thus formed, and commonly known as gun cotton, is a mild explosive used in
propellants as well as leather finishing. Celluloids are produced by mixing nitrocellulose with
the terpene camphor and represent the first synthetic plastic materials, serving as substitutes for
ivory, tortoiseshell and horn in the production of toiletry items (e.g. combs), billiard balls and
fountain pen casings. Famously, of course, it was used in the making of movie film although
its highly combustible nature (as projectionists of the time will testify!) meant that it fell into
disfavour after some decades. As a result, today the primary use of celluloids is in the
production of table tennis (ping pong) balls where it is considered to be a material without
equal. Readily produced cellulose acetate, on the other hand, continues to be a high-volume
commodity material now used in making photographic films, tapes, labels, textiles and apparel
as well as in producing cigarette filters.* Xanthates obtained by treating cellulose with carbon
disulfide in the presence of sodium hydroxide afford a highly processible material which, after
removal of the xanthate groups, provides the widely utilised polymer known as viscose or
Rayon®. This was the first man-made (semi-synthetic) fibre and serves as a substitute for silk
(and is thus sometimes called imitation silk or wood silk). It continues to be used extensively,
notably in sportswear, because of its breathability although its decomposition into toxic small
molecules has been cited as a source of concern.* Interestingly, certain xanthate esters derived
from cellulose have been used in aminolysis reactions to immobilise proteins.* Cellulose fatty
acid esters are hydrophobic materials that continue to be investigated as biopolymers that might

serve as completely processable substitutes for petroleum-derived polymer films. While the
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cost-effective manufacture of such esters remains a challenge they are considered particularly
attractive candidates for use in food packaging.’!>* The etherification of cellulose by various
means has produced a plethora of derivatives that have been exploited as, inter alia,
thermoplastics, water binders, flow-control agents, and film formers. Such products are also
used in food, cosmetics, pharmaceuticals, oil recovery, ceramics, and textiles. The proto-typical
ether is methyl cellulose and this is used, for example, as an emulsifier and thickener in foods,

as a bulk-forming laxative as well as in cosmetic products.>

Cellulose Breakdown Products (Platform Molecules)

The most important and obvious small-molecule breakdown product derived from cellulose is
glucose and this conversion (saccharification) can be achieved using either chemical or
enzymatic methods, the most common involving acid hydrolysis. Typically, this is a process
requiring high temperatures and pressures. Apart from its applications in the food industry, the
glucose so formed is also converted through fermentation using, for example, baker’s yeast into
ethanol (Scheme 2) that is itself employed as a fuel additive/biofuel.>1%%>7 The original modes
of generation of ethanol by such means (path a), and from sucrose in particular, lead to the so-
called “fuel vs food debate® and has resulted in new generation biofuel production processes
that exploit non-edible forms of biomass and rely on the production and transformation of
syngas (producer gas), this being comprised primarily of hydrogen and carbon monoxide
together with some carbon dioxide. The Fischer-Tropsch (FT) process is employed in the

960,155 Bjgbutanol is also

closing stages of the biomass — syngas — ethanol sequence.
produced by related biocatalytic pathways and given its superior calorific content and physical

properties it seems poised to assume a significant role as a renewable form of liquid fuel.2® ©!

Bacteria that
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exploit the Wood—Ljungdahl biochemical pathway have also been used to convert syngas into

bio-alcohols for use as fuels (path b).?

OH OH
4 OH .
O HO hydrolysis o
O o HO
Ho&&o g — 2n x H&ﬂ,
HO ™ (enzymatic HO "OH
OH or chemical)
1 n path a 3
+
fermentation | path a
other biomass
gasification ‘ path b f ~SOH
ferment- 4
ation
H, + CO + CO, _— < +
(syn gas) or FT
chemistry T N"0H
path b 5

Scheme 2: The cellulose (1) to glucose (3) to ethanol (4) production stream (path a) and a more
modern variant (path b) that also provides butanol (5)

The dehydration of bioethanol and biobutanol to produce ethene and butenes, respectively,
provide downstream products that also have considerable value but from a fine chemical
perspective, essentially all of the functional and structural value of the precursor glucose is lost
in such conversions. Accordingly, there is a considerable interest in both biocatalytic and
chemical pathways that convert glucose into still functionally-rich products (platform
molecules or PMs). In the former category, the most notable (fermentation) products are
(Figure 2) lactic acid (6), succinic acid (7), 3-hydroxypropinoic acid (8), itaconic acid (9) and
glutamic acid (10). However, a key challenge associated with forming such glucose metabolites
at scale is establishing an economically-viable means of isolating the pure material. For
example, it is estimated that 50% of the cost of lactic acid production is associated with its

isolation from the fermentation broth.5°
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Figure 2: Key products, 6-10, obtained through the biotransformation of glucose (3)
Each of the biotransformation products 6-10 can be manipulated by various means to give what
might be termed secondary or second-order platform molecules/compounds (2°-PMs).?* So, for
example, reduction of lactic acid (6) affords 1,2-propanediol (11) (Figure 3), oxidation delivers
pyruvic acid (12), dehydration gives acrylic acid (13), cyclodehydration affords lactide (14)
and esterification gives products such as ethyl lactate (15).63%* Of course, each of the
remaining metabolites 7-10 has a corresponding set of simple derivatives that further expands

O a number of which serve as

the suite of available biomass-derived small molecules,’
precursors to various important polymers. For example, poly(lactic acid) is a high-volume and

biodegradable plastic derived from compound 6.5
OH 0
_A_oH )H(OH %\H/OH
0 0
12

1" 13

o. .0 OH

I I )\n/o\/
(0] (0] 0
14 15

Figure 3: Second-order platform molecules, 11-15, obtained from conventional chemical

transformations of lactic acid (6)
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Other valuable and initial/primary platform molecules (1°-PMs) are derived from the chemical
manipulation of hexoses, especially glucose. So, for example, hydrogenation of glucose over
various metal catalysts produces sorbitol (16) (Figure 4), an important precursor to ascorbic
acid (vitamin C), at quantities approaching one million tons per year. Depending on the precise
conditions involved, catalytic oxidation of glucose using air or hydrogen peroxide in aqueous
solution and in the presence of metal species such as Pt-Bi/C affords gluconic acid (17), glucaric
acid (18) and/or 2-ketogluconic acid (19).5!° However, the equivalent biological oxidation
reactions remain the primary modes of production of the last three compounds. Telescoped
processes that allow for the “one-pot” conversion of cellulose, via glucose, into final products
16-19 have been investigated in recent times.%*° Once again, each of the 1°-PMs 16-19 can be
manipulated by a wide variety of chemical or biochemical means and so affording an

impressive collection of 2°-PMs.53°

OH OH O OH OH
H ‘_OH
HO OH 1o
OH OH OH OH
16 17
O OH OH O OH OH
H H H
HO OH 1o ©
OH OH O O OH
18 19

Figure 4: 1°-PMs 16-19 arising from the catalytic reduction (with H») or oxidation (with O or H>O;)
of glucose (3).

Some of the earliest reported and in many ways most useful biomass-derived 1°-PMs are
generated through treatment of glucose with mineral and other acids. In particular, 5-

hydroxymethylfurfural or HMF (20) and levulinic acid or LA (21) (Figure 5) are produced by
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by such means and attempts to optimise the formation of these compounds by using, for
example, novel Lewis acids for their formation continue to be investigated as do the mechanistic
pathways by which they are formed. In the last respect, it is clear the HMF is a precursor to LA,
the latter often being isolated by steam distillation.%¢*8 5-Chloromethylfurfural (structure not
shown) is readily produced through microwave heating of various sugars and polysaccharides

in the presence of concentrated aqueous hydrochloric acid.*

HO o
O(_cHo OH
\ /)
o)
20 21

Figure 5: The 1°-PMs HMF (20) and LA (21) arising from the mineral acid-catalysed

dehydration of glucose (3)

HMF (20), a solid, has found extensive use both as a precursor to monomers that are themselves
subject to polymerisation and as a starting material in the synthesis of pharmaceuticals,
insecticides, flavour enhancers, crown ethers and possible biofuels.®*® LA (21), also a solid,
has attracted attention as a potential anti-freeze agent and as a precursor to biofuels. It is used
industrially in the manufacture of resins, plasticisers, textiles and animal feed. Furan-2,5-
dicarboxylic acid, another HMF derivative that is also obtained through oxidative dehydration
of glucose, is being pursued as a renewably generated source of and substitute for terephthalic
acid (TPA) in the production of polyesters and related systems incorporating aromatic

residues.”?7?

In the early 1970’s pyrolysis of acid-treated and carbohydrate-containing biomass was shown
to produce levoglucosenone (LGO) (22) (Figure 6), a homochiral compound that was identified
as such at that time. Various refinements of this process in the interim have culminated in Circa

Group’s thermal method (conducted in the temperature range 170 to 350 °C) for treating wood
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pulp under acid conditions and so affording LGO in ca. 40% at multi-kilogram scales.”>"’® A

recent DFT-based theoretical study of the LGO-forming process suggests a dioxyallyl cation
intermediate is likely to be involved’” while other research has demonstrated that by controlling
the water content of the “reaction mixture” then LGO formation can be favoured over HMF

(20) and furfural co-production.”

o 0
(0] O

22 23

(0] (@)
IS IS

0= 0
24 25

Figure 6: The 1°-PM LGO (22) and its derivatives Cyrene® (23),
iso-LGO (24) and iso-Cyrene (25)
Catalytic hydrogenation of LGO leads to its dihydro-analogue 23 that is now marketed under
the tradename Cyrene®, by Circa Group, as an industrial replacement for the dipolar aprotic
and “environmentally suspect” solvents N-methyl-2-pyrrolidone (NMP) and DMF.>* Tt is
interesting to note that while Cyrene® is finding a number of important applications, its
homochiral features do not appear to have been exploited thus far. In an effort to redress this
matter we have sought to use this new solvent as a means of resolving racemates through

fractional crystallisation but with no success to date.

Another aspect of LGO chemistry that we have pursued involves its conversion, through the
application of 1,3-carbonyl transposition protocols, into the pseudo-enantiomeric iso-

levoglucosenone (iso-LGO) (24) (Figure 6). Various means for effecting this conversion have
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been realised’® 7 and the most efficient that we have found to date involves a three-step process
that starts with the facile addition of water to LGO in a hetero-Michael fashion and thus
allowing for the formation of compound 24 in multi-gram quantities. The reduction of iso-LGO
to iso-Cyrene (25) is readily achieved under conventional conditions and so facilitating our

ongoing investigation of the physico-chemical properties of the latter.”"

The ready availability of both LGO (22) and pseudo-enantiomer 24 have prompted us to pursue
various ways in which they might be exploited. In one such effort (Scheme 3), concerned with
the identification of new scaffolds for drug discovery,’® we converted each of these into the
corresponding a-iodinated enones 26 and 27, respectively, using a simple protocol originally
developed by Johnson and co-workers. These halogenated products could be cross-coupled,
using a palladium-catalysed Ullmann reaction, with brominated nitropyridines such as 28 and
29 to afford the a-pyridinylated enones 30 and 31, respectively, and each of these was subjected
to reductive cyclisation using molecular hydrogen in the presence of a suitable catalyst. By such
means the corresponding azaindoles such as 32 and 33 were formed. While azaindoles more
generally are considered privileged structures in medicinal chemistry, congeners such as 32 and
33 proved inactive in a range of microbiological and cytotoxicity screens conducted by
colleagues at the University of Queensland.®® In contrast, on subjecting various of the precursor
a-pyridinylated enones, notably 30 and 31, to the same assays these were shown to be active at

sub-micro-molar levels (Scheme 3).
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Scheme 3: Investigating LGO (22) and iso-LGO (24) as scaffolds for drug development.

The possibility that compounds such as 30 and 31 might exert these effects by conjugating with
nucleophilic sites on the amino acid residues of target proteins is supported by the observation
that S-cysteine (34) (Scheme 4) engages in hetero-Michael addition reactions with compound

35 to give a mixture of the diastereoisomeric adducts 36 and 37.%
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NH,

34 35 36 37
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Scheme 4: The conjugate addition of S-cysteine (34) to the a-pyridinylated enone 35 and leading to
adducts 36 and 37.

In a quite distinct synthetic application of LGO (22) and iso-LGO (24), these were each reacted
(Scheme 5) with cyclopentadiene (CPD) to give the known Diels-Alder adducts 38 and 39,
respectively, and these, in turn, subjected to a ring-opening metathesis polymerisation (ROMP)
using the Grubbs’ III catalyst to give polymers 40 and 41. Co-polymers and block co-polymers

such as 42 could also be formed by analogous means.3!82
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Scheme 5: The synthesis of polymers and block copolymers from LGO (22) and iso-LGO (24)
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Sodium borohydride-mediated reduction of the ketone carbonyl residue within the Diels-Alder
adduct 22 provides the corresponding and epimeric alcohols 43 and 44 (Figure 7) that can be
functionalised in various simple ways to give a significant suite of derivatives, e.g. 45-52. All
of these norborene-containing monomers also engage in ROMP reactions with the Grubbs’ III
catalyst to give the corresponding polymers. It can reasonably be assumed that an equivalent
set of manipulations of adduct 39 would deliver the corresponding and pseudo-enantiomeric

monomers and that these too would form, via ROMP, the corresponding polymers.

0 0 0 0
D OH Q "OH D OCH,CO,Et b

‘OCH,CO,Et
a4 45 a6
0 0 0
OCH,COH b "OCH,COH Q OCH,CH,0H Q “OCH,CH,0H
47 49 50
Q
o Lo
OCH,CH,F D “OCH,CH,F
51 52

Figure 7: The stereochemically and functionally diverse monomers for ring-opening metathesis

polymerisation (ROMP) obtained from Diels-Alder adduct 38

The polymers we have obtained thus far from all of the above-mentioned norbornene-
containing monomers show low dispersities and have a range of interesting properties
including, in certain instances, particularly good thermal stabilities. As such and given the wide
range of other monomers likely to be available through related manipulations of LGO and iso-

LGO, as well as the possibility of deploying these in both homo- and co-polymerisations, a very
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large library of new polymers should now be available for development. Of course, it remains to be seen
if the functional and structural diversity available by the pathways described here can provide a means
for “dialling up” polymers with the required/necessary properties. Using combinatorial protocols for
exploring this new part of chemical space could provide the most effective approach for establishing if
this is indeed the case. Another critical feature of polymers such as 41-42 that needs to be examined is
how environmentally persistent or otherwise they might be. Certainly, the presence of an internal acetal
residue within all of them should facilitate biodegradation processes but the incorporation of additional

functionalities is likely to be important in this regard.®!

While the LGO- or iso-LGO-derived portion of the monomers described above are sustainably derived
molecular fragments, the corresponding CPD-derived portion is not (CPD is a petroleum product). As
such, none of the polymers we have produced thus far can legitimately be described as “full-blooded”
biopolymers, these being systems of great interest at the present time. Other groups have recently
reported® producing LGO-derived polymers that have entirely sustainable pedigrees and we are
attempting to identify modifications to the chemistry shown in Scheme 5 such that the products so

formed can be similarly described.

Regardless of precisely how the chemistries shown in Schemes 3 and 5 might evolve it seems reasonable
to state, as we have done previously, that "this work further highlights the extraordinary utility of LGO
as an abundant chemical building block.” Its deceptively simple structure belies the remarkable range
of chemical transformations that it can participate in. Of particular note, from our point of view, is the
ease with which it can now be converted into its pseudo-enantiomer, iso-levoglucosenone and so

providing another suite of fascinating derivatives.*
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Hemicellulose and its Uses as an Intact Polymer

Unlike the situation with cellulose, the precise composition of hemicellulose is highly variable
and depends on the sources from which it is extracted. O-Acetyl-4-O-methylglucoronoxylan is
the predominant form of hemicellulose found in hardwoods and the backbone, 53, of this is
comprised of 1,4-B-linked p-xylose residues (Figure 8). As such it is analogous to cellulose but
with p-xylopyranose units (54) replacing p-glucose. This backbone incorporates 4-O-methyl-
p-glucuronic acid and/or acetate side-chain residues at particular positions of the monomeric
subunit. In broad terms, about one in ten of the backbone xylose units bears a glucoronic residue
at C-2 while seven in ten are acetylated at C-2 or C-3 and these appendages impart a strength
to the biopolymer that creates significant challenges in its valorisation. The major hemicellulose
component in switchgrass (Panicum virgatum) is known as arabinoxylan and is named as such
because the backbone unit 53 now incorporates a-(1 — 2)- and a-(1 — 3)-linked arabinose

side-chain units.34-8¢

4 OH
0 HO
o) o 0
Ho/mgow MO,
OH ! OH "OH
n
53 54

Figure 8: The structure, 53, of the backbone of the hemicelluloses found in hardwoods and switch

grass and the corresponding monomer xylose (54)

In contrast, hemicellulose derived from softwoods often incorporates, within the backbone,
randomly distributed p-glucose and p-mannose repeating units together with branching p-
galactose residues (attached at either backbone hexose residue). Furthermore, up to one in five
of the hydroxyl groups associated with the p-mannose units is acetylated. This biopolymer is

named O-acetylgalactoglucomannan (AcGGM). Hemicelluloses can also be obtained from the
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soft tissues of certain sugar beet and fruit pulps. These include mannan, arabinan, galactan,

arabinogalactan and rhamnogalactan.?+%

Hemicelluloses have found a significant number of industrial applications, including as
components of hydrogels, as additives in papermaking, in cosmetics and in pharmaceuticals.
Like with cellulose, chemical modifications of hemicelluloses, through derivatisation of the
associated hydroxyl residues, have been investigated extensively and as a means for rendering
them more hydrophobic and, thereby, potentially more useful. Films made from acetylated
hemicellulose have been used as near oxygen-impervious and biodegradable food packaging.
As is the case with cellulose, esterification of hemicellulose using fatty acids provides materials
suitable for coating paper/board. Various etherification processes also provide hemicellulose
derivatives that offer utility as coatings and/or packaging materials. Hemicellulose analogues
of Rayon® have been examined as wound dressings, especially in burns units, on the basis that,
like Rayon®, these provide a suitable microenvironment for the regeneration of skin. Since
xylan can be degraded by microflora in the human gut, appropriately constituted hemicelluloses

have also been investigated as drug delivery agents, including in the form of capsules.’*%¢

Hemicellulose Breakdown Products (Platform Molecules)

Hemicellulose has been investigated as a source of both biofuels and platform molecules in
much the same way that has been described above for cellulose. From a chemical point-of-
view, the most notable difference between these two forms of biopolymer is that the former
frequently embodies five-carbon sugars and so the suite of breakdown products that can be
obtained from hemicellulose is a distinctive one. From a biofuels perspective, there is less

difference between these two forms of biomass and so the following discussion is confined to
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descriptions of the production of platform molecules from various forms of hemicellulose.
Recent reports indicate that furfural (55) (Figure 9) is generated from hemicellulosic-derived
biomass at the rate of about 300,000 tons/year.'>® This involves the hydrolysis, normally
effected with mineral acid, of the relevant xylan into the constituent pentoses (xylose and
arabinose) that upon further acid treatment (and now involving dehydration) affords furfural.
Chemical manipulations of this 1°-PM lead, through reductive and related processes, to the 2°-
PMs including furfuryl alcohol (56), 2-methylfuran (57), 2-methyltetrahydrofuran (58) and
tetrahydrofuran (59) itself.3”:!1>3 Oxidation, on the other hand, affords furoic (60) and succinic

acids (61), the latter also being available from p-glucose.?’

OH
0 o o
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s L/ -
55 56 57
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58 59
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r W
60 61

Figure 9: The 1°-PM furfural (55) obtained from acid-treated, biomass-derived pentoses and the
derived 2°-PMs 56-61.

The reduction of D-xylose (54) obtained from hardwood hemicellulose hydrolysate is
accomplished at industrial scale using a nickel catalyst at elevated temperatures and pressures
to provide xylitol (62) (Figure 10),!! a naturally occurring polyol that is 20% sweeter than
sucrose but has a 60% lower calorific content. Furthermore, mammalian metabolism of xylitol
does not require insulin and so it is considered an important sugar substitute for diabetics.!> A
number of efforts to improve the production of xylitol from biomass have focused on either

direct conversion using acid in combination with ruthenium catalysed reductions or enzymatic
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cleavage of xylans to afford xylose under milder and more efficient conditions. The reduction
of L-arabinose, another pentose available in quantity from certain hemicelluloses, affords L-
arabinitol (a.k.a. L-arabitol or L-lyxitol) (63), a compound of interest as a food additive that

reduces fat deposits in the human intestine and that is also used as a drug excipient.>!?

OH OH
HO OH HO/Y\/\OH
OH OH OH (:JH
62 63
6 OH O OH O
HO OH HO OH
OH OH OH OH
64 65
O (0]

HOJ\/\/U\OH

66

Figure 10: 1°-PMs 62-66 available through the chemical manipulation of biomass-based pentoses

The oxidation of D-xylose (54) so as to form the 1°-PM xylonic acid (64) (Figure 10) and, in
some instances, the two-fold oxidation product xylaric acid (65), has not been well studied but
can be accomplished by various chemical and biological methods.®!? It has been suggested that
compound 65 may serve, through three-fold deoxygenation, as a precursor to glutaric acid (66)

for which there is great demand industrially as a precursor to various polymers.®%%

A particularly intriguing recent development is the single-step conversion of various non-food
forms of biomass into isoprene (67) (the product has been named Bioisopropene®) (Figure 11)

using microbial fermentation techniques. The company behind this process is Genencor and it
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has partnered with the Goodyear Tire and Rubber Company so as to produce tyres using this
sustainably produced monomer for rubber production. This metabolite may also serve as a
precursor to various biofuels.¥%°%155 While it is not entirely clear if this material is being
produced from five- and/or six-carbon sugars, from an atom-economical point-of-view the
former source would be the preferable one. The sesquiterpene farnesene (structure not shown)

can be produced at volume by related means.3®

A

67

Figure 11: The structure of isopropene (67) that can now be produced through microbial

fermentation of biomass
Lignin

Among the three components of lignocellulosic biomass, the aromatic biopolymer lignin is the
structurally most complex and, as a consequence, also the most intractable in terms of its
valorisation.”’"!'* As testimony to this situation, the lignin waste deriving from pulp and paper
manufacture is frequently used as a low grade-fuel for powering the production plant although
its exploitation in the production of syngas is now receiving increasing attention. Nevertheless,
there is intense current interest in obtaining higher value products from lignin and a multitude
of means for doing so is being developed and informed by an increasingly sophisticated

knowledge of the various lignin structures.”! !4

The precise composition of lignin is highly variable and a function of the species of producing
plant as well as the environmental and seasonal conditions it is or has been exposed to.
Softwoods tend to contain the highest proportions of lignin (21-29 wt %) with hardwoods

coming next (18-25 wt %) and followed by herbaceous plants (15-24 wt %).”1-114
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In broad terms, lignin is comprised of cross-linked phenolic polymers with the key monomeric
precursors (monolignols) involved in the so-called phenylpropanoid biosynthetic pathway
being the cinnamyl alcohols 68, 69 and 70 (Figure 12). These are themselves biosynthesised
from phenylalanine and/or tyrosine. There is also emerging evidence that certain flavonoids,
hydroxystilbenes and hydroxycinnamic amides can serve as monomers and become fully
embedded in the lignin polymer.'® The polymerisation processes involved are undoubtedly

free-radical in nature and likely initiated by enzymes such as laccases and peroxidases.

OMe
68 69 70

Figure 12: The primary monolignols 68-69 involved in the formation of lignin

Some of the key ways in which such phenylpropanoid residues are incorporated into the
polymeric lignin framework are shown in Figure 13. A knowledge of these has informed
studies of model compounds undertaken in efforts to define conditions for the controlled
depolymerisation of lignins.!?®!'>11 So for example, Hartwig and co-workers have devised
hydrogenolytic methods for the cleavage of biaryl ethers (see 73), and so affording the

H6.118 while Ford et al have reported!!> related

corresponding mixtures of aryls and phenols,
means for cleaving dihydrobenzofurans (see 74). On the other hand, the Bolm Group has

investigated the base-catalysed cleavage of models for the B-O-4 linkage (see 71).!"”
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Figure 13: Key linkages, 71-77, associated the incorporation phenylpropanoid residues within lignin

polymers

In terms of the manipulation (valorisation) of lignin, which can, as highlighted above, take
many structural forms, a wide range of techniques has been investigated. Since conventional
deligninification processes that deliver cellulose significantly degrade the lignin and so
potentially devaluing it, a so-called “lignin-first” approach to deriving useful chemicals from it
has attracted attention.!”® This can take various forms including “organosolv” fractionation
wherein organic solvents such as methanol, ethanol, butanol, acetone, formic acid, acetic acid
or even ionic liquids are used.’**%10L102112 Qych fractionations are often conducted in
conjunction with hydrogenolytic techniques, selective precipitations and/or membrane
separations, and so providing low molecular weight aromatics that are free of sulfur-based
contaminants (as encountered in materials arising from the kraft process). Catalytic oxidative
and pyrolytic depolymerisation processes have also attracted attention, as have various

enzymatic techniques.

38



Literature Review

The so-called reductive catalytic fractionation or RCF/lignin-first approach,!®!?° which takes
various forms, can exploit formic acid as a source of hydrogen as well as simple alcohols as
capping agents to shutdown (re)polymerisation processes which introduce “second order”
complexity, is considered to have particular promise. It is thought likely to contribute to second
and perhaps even third generation biorefineries. Electrocatalytic, photocatalytic and microwave

techniques for processing lignin are also garnering attention,”-10%114

The lignins derived from existing industrial processes are described as technical forms and
include kraft lignins, soda lignin, organosolv lignin and lignosulfonates with the last types, in
particular, finding applications as binding agents and emulsifiers, as a rheology modifier, and
in polymer formulations. This last application often entails the conversation of the hydroxyl
groups associated with the lignin into “macromonomer”-derived polymers incorporating, for
example, ester, urethane and epoxide residues.”>?>191:122 Composite materials involving lignin

as one component are also attracting increasing attention.”!!!4

The plethora of techniques available for the depolymerisation of lignin coupled with the
structural complexities of this biopolymer has provided a correspondingly large suite of
aromatic-containing 1°-PMs including compounds 78-88 (Figure 14).°"!!* Vanillin (84) is a
particularly notable such product that can be obtained in good yield and at significant volume
through the oxidation, under alkaline conditions, of kraft lignin. As a consequence vanillin-
derived polymers are now attracting increasing attention.”? Despite such successes it remains
the case that lignin valorisation is less well developed than the equivalent processes associated
with the exploitation of cellulose and hemicellulose. That said, the emerging

concepts/techniques of biocatalytic and chemocatalytic funnelling appear to offer some

39



Chapter Two

prospects for the reliable/predictable generation of useful building blocks from complex lignin

precursors.

95,108
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Figure 14: Some representative examples, 78-88, of aromatic compounds derived from the

valorisation of lignin

Lignans, norlignans and neolignans are low molecular weight phytochemicals (conventional

natural products) and biogenetically related to lignins because they too are derived from

precursors such as the monolignols 68-69.'?! The resulting phenolic dimers take different forms

depending upon the manner in which the phenylpropyl subunits are linked to one another.

Prominent examples of such compounds are steganone (89) and podophylotoxin (90) (Figure

15) that have attracted attention because they display significant cytotoxic effects against

certain cancer cell lines. While the traditional focus on lignans and their congeners has been

examining their potential as leads for drug discovery purposes,'??'%5 they also have

considerable potential as neutraceuticals/functional foods. This is because certain edible plants

or parts of plants are prolific producers of some lignans. So, for example, the bis-glycosylated
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lignan 91, known as secoisolariciresinaol diglucoside (SDG), together with matairesinol (92)
are notable components of oil seeds such flaxseed (linseed).!?® 1°-PM 91, which is an anti-
oxidant phytoestrogen, can be extracted from, for example, flaxseed hulls using microwave

128,129

techniques at up to 40 mg/g.'*” Such compounds can be manipulated in various ways SO

to generate a range of 2°-PMs.
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Figure 15: The lignans steganone (89), podophylotoxin (90), SDG (91)
and matairesinol (92)
Given the foregoing, it would appear that the development of lignans as a source of what might
be described as boutique platform (aromatic) molecules would appear to be a promising area

of research.

Chitin

Chitin (93) (Figure 16) is a polymer comprised of -1,4-linked N-acetyl-D-glucosamine (NAG,
94) residues and found in the exoskeleta (shells) of shrimps, crabs, crayfish and insects as well
as in the cell walls of both brown and green algae. Shrimp and crab shells are high-volume and
distinctly underutilised by-products of the food processing industry. Chitin is a major source of
biologically fixed nitrogen and thus quite distinct from lignocellulosic biomass.'*%13 Indeed,

it has been estimated that chitin is produced at an annual rate of 10! tonnes through a multistep
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biosynthetic pathway, a key component of which is the action of chitin synthase (CS) on uridine

diphosphate (UDP)-N-acetyl-D-glucosamine and so resulting in polymer chain assembly.!3?
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Figure 16: The structure of the nitrogen-containing biopolymer chitin (93) and the associated

monomer N-acetyl-D-glucosamine (94).

The extraction of chitin, which occurs as crystalline microfibrils in nature, from the source
material (e.g. shrimp and crab shells) is time consuming and involves treatments with
hydrochloric acid and sodium hydroxide so as to remove calcium carbonate and protein,
respectively. Vigorous treatment with sodium hydroxide (at 120 °C for 1-3 h) effects cleavage
of the acetyl groups and so forming the polymer chitosan incorporating free 1°-amine
residues.!** Deacetylation can also be accomplished enzymatically.'*>> Chitin-based materials,
which are considered biocompatible and can be fabricated in various ways, have been employed
in a multitude of medical and other settings. For example, they have been used in tissue
engineering, wound healing, drug delivery, surgical dressings, as anti-bacterial agents, in anti-
aging cosmetics, as adjuvants in vaccines, as anti-cancer agents and for the production of ionic

liquids.130-132

In contrast to the rather extensive studies of the production of 1°-PMs from the components of
lignocellulosic biomass, much less work has been directed toward the analogous conversion
(depolymerisation) of chitin. That said, the treatment of chitin with concentrated hydrochloric
acid affords, after both depolymerisation and deacetylation, glucosamine, a compound seeing

increasing use for the treatment and prevention of osteoarthritis.!>* Chitinases, amongst other
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enzymes, have been used for the degradation of the polymer and so producing, as the major
product, the dimer of N-acetyl-D-glucosamine (94), viz. (GIcNAc)», although oligomers up to
(GIcNAc)s are also observed.!*®> Mechanochemical means can be used to effect, in a catalytic
manner, the depolymerisation of chitin with retention of the N-acetyl group.!*® Recently, the
conversion of pre-treated chitin, using metabolically engineered E. coli, into tyrosine and L-

DOPA has been reported.'*’

The pyrolysis of chitin has been reported under various conditions although many such studies,
particularly earlier ones, have been confined to GC/MS analyses of the products so formed.

138139 and others!*'* have been focused on studying the formation of

More recently, we
isolable and fully characterisable pyrolysis products (viz. 1°-PMs) derived from this
biopolymer, an activity that has been described as creating a shell biorefinery.'**!*> In our
investigation of such matters we were inspired by the large scale, pyrolytic conversion of acid-

treated cellulose into levoglucosenone (LGO) as described above and wondered what would

happen if chitin was subjected to an analogous depolymerisation process.

To such ends, commercially available chitin or N-acetyl-D-glucosamine was pre-treated under
a range of different conditions with various mineral or organic acids then dried and subjected
to pyrolysis at temperatures ranging between 150 and 350 °C. In order to ensure at least some
measure of effective heat transfer the treated substrate was intimately mixed with
chromatography grade sand and this mixture then pyrolysed, at reduced pressure and under
nitrogen, in a simple home-built apparatus. As a result products 95-108 (Figure 17),'*%13° that
include hetero- and carbo-cyclic ones, were obtained in various combinations and the structures
of the majority of these established by single-crystal X-ray analysis. Acetamide (95) was
invariably obtained under all conditions investigated and often in ca. 90% yield. In contrast,

the remaining products were obtained at <1% yield.
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Figure 17: The structures of the small molecule products, 95-108, obtained through pyrolysis of acid-

treated chitin or N-acetyl-D-glucosamine.

Mechanisms for the formation of all of products 96-108 have been proposed and, in certain
cases, supported by high-level computational studies.!*®!** As shown in Scheme 6, for
example, it is assumed that cleavage of the chitin polymer in the presence of acid delivers the
cyclic oxonium ion 109 that is intercepted by the proximate acetamide residue to give the

isomeric species 110 that can itself be captured by water and rearrange to give the open-chain
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oxonium ion 111. A 5-endo-trig cyclisation reaction then follows with the resulting bicyclic

product 112 undergoing a 1,4-hydride shift with accompanying loss of water to give diol 113.

This, in turn, could undergo a cyclo-dehydration reaction and so providing the cyclic ether 114,

fragmentation of which provides the unsaturated lactone 115. Dehydration of this last species

and subsequent migration of the terminal alkene so-formed would then deliver the observed

and isomeric products 98 and 99.
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Scheme 6: A possible mechanism for the formation of compounds 98 and 99 from chitin under

pyrolytic conditions (300 °C, 1 h).

1°-PMs 107 and 108 are notable in that the first is the only one we have obtained so far that

contains two nitrogens while the second retains stereochemical features of the source
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biopolymer. Several of the other pyrolysis products, including lactones 98 and 99, can be
characterised as dehydro-a-amino acid derivatives, a class of compound that holds considerable

interest in a range of settings.'#¢

The utility of certain of products 95-108 has already been demonstrated. So, for example,

compound 101, which has been reported previously by others!40-143

and recently shown to be
available in good yield by treating NAG (94) with AICl326H,0 in DMF at 120 °C,'*” has been
exploited as a starting material in the laboratory-scale chemical synthesis of several simple

natural products.'*®

Multiple additional opportunities exist for exploiting the various 1°-PMs obtained through the
shell biorefinery. So, for example, the Diels-Alder adduct presumably available through
reaction of the potential dienophile 97 with CPD could be engaged in ROMPs to give nitrogen-
containing polymers. Similarly, the s-cissoid dienes 96, 101, 103 and 106 might be able to
participate in Diels-Alder reactions with LGO and so-forming functionally intriguing adducts,

the entire atom-componentry of which is bio-mass derived.

The fundamental challenge associated with realising possibilities such as those mentioned
immediately above is the need to generate such pyrolysis products in a selective and higher-
yielding manner and at multi-kilogram to tonne scale. This will require an extensive and multi-
faceted research program involving both chemical and chemical engineering techniques. Since
NAG (94) is a 1°-PM derived from chitin, an interim approach could be the exploration of the
solution-phase modifications of this monomeric system in the hope that selective
transformations (involving successive dehydration reactions) of it could be realised. The recent
work of Fukuoka demonstrates the potential of this approach.'*” In another pathway to nitrogen-

containing compounds (NCCs), Nan and co-workers have recently reported a catalytic protocol
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whereby furfural (55) can be converted into pyrrole (116) (Figure 18) although ammonia is
required for this purpose.'* Nevertheless, this work provides a connection between
lignocellulosic biomass and nitrogen heterocycles which are of great value in both chemical
synthesis and medicinal chemistry. In the same report,'# the conversion of pyrrole into (+)-
proline (117) is described and so representing the reverse of one industrial route to the former
compound and wherein proline-rich keratins (as encountered, for example, in sheep’s wool) are
treated with barium hydroxide.!*® The Nan group has also reported!>! the direct production of

pyrrole and acetic acid from chitin and waste shrimp shells.

CO,H
~ NH
=~ NH

116 17

Figure 18: The structures of pyrrole (116) and (+)-proline (117)

Future Prospects

Over the last 150 years fossil hydrocarbons have been a dominant source of compounds
[platform molecules (PMs)] for use as starting materials in chemical synthesis. However, with
the inevitable depletion of the reserves of these petrochemicals and the rapidly increasing
awareness of the impact that their use has on the environment, there is now a profound need to
develop sustainable means and processes for producing PMs. The sheer volume of research
published over the last two decades or so detailing efforts to implement this pivotal switch (as

152 and societal' postures on the subject) suggests that a positive

well as changing corporate
tipping point is approaching. Many opportunities would appear to be emerging as a result. The

broad distribution and ready accessibility of biomass means that biorefineries can be set up
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almost anywhere, at relatively modest expense and close to the user/customer. This situation
stands in stark contrast to the enormous expenses associated with locating and tapping
petrochemical deposits as well as the transport costs (and attendant risks) associated with
moving the raw and refined materials across often vast distances. The creation of biorefineries
should also democratise the commodity chemicals and fuel supply chains and so reducing the

geopolitical tensions that seem to attend the exploitation of petrochemicals.

The burgeoning push to establish biorefineries, especially integrated ones,'? is likely to create
exciting opportunities in chemical synthesis. Customised processes for the conversion of
biomass into new PMs, which may be enzymatic and/or chemically-based, will continue to add

Y153 154 small molecules

to the repertoire of sustainably accessible (and logically accessed
available to the chemist and so creating new starting points for chemical synthesis.”” This, in
turn, is likely to create new products including, for example, bio-derived polymers, with a
multitude of potential applications. In considering such possibilities, one rather prominent
“gap” in the suite of biomass-derived 1°-PMs currently available is the very limited number of
these that preserve the chirality inherent in the starting materials, viz. the cellulose,
hemicellulose, lignin or chitin. Levoglucosenone (22) is a notable exception and the enthusiasm
73-75

with which this compound has been explored as a starting point for chemical synthesis

suggests a likely high demand for new homochiral and biomass-derived PMs.
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iso-Cyrene

Foreword

The focus of this thesis is the valorisation of biomass-derived platform molecules, principally,
levoglucosenone (1). In this chapter, I focus on expanding the utility of levoglucosenone
derivatives as renewable, non-toxic solvents. Levoglucosenone, which is the precursor to the
green solvent Cyrene® (2), has been converted, at multi-gram scale, into its pseudo-enantiomer
(iso-LGO, 3) and then reduced to iso-Cyrene (4). A less effective synthesis of this last
compound from p-glucose is also described. Various physicochemical as well as certain
toxicological properties of compound 4 are reported and compared to those established for the
now commercially available Cyrene® (2). Such studies reveal that there are significant enough
differences in the properties of the sustainably-derived Cyrene® (2) and isomer 4 (iso-Cyrene)
to suggest they will exert complementary effects as solvents in a range of settings. This chapter
was published in the July 2022 edition of the Australian Journal of Chemistry, of which I am
equal first author. My contribution to the manuscript includes the design of synthetic protocols,
purifications, characterisation of resulting materials, data analysis, as well as preparing and
revising the manuscript and figures (overall 50%). The published version of the manuscript is
presented here. Xin Liu contributed to the synthesis and characterisation of materials, Martin
G. Banwell contributed to the synthetic protocol design, data analysis and project design, as
well as preparing and revising the manuscript and figures. Li-Juan Yu and Michelle L. Coote
performed computational studies and data analysis. Michael G. Gardiner contributed through
spectroscopic analysis. Barbara M. A. van Vugt-Lussenburg and Bart van der Burg contributed
biological testing. James Sherwood, Fergal P. Byrne and Thomas J. Farmer further contributed

to characterisation of the product.
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Introduction

Organic solvents represent a major proportion of the chemicals currently derived from the
petroleum industry. In order to achieve more sustainable manufacturing regimes, there is an
increasing interest in identifying and establishing routes to bio-derived solvents.! Arguably, the
most recent and notable development in this area has been the high- volume, pyrolytic
conversion of acid-treated cellulose into the small molecule levoglucosenone (1) (Fig. 1) and
its reduction to dihydro-derivative 2.>* The latter compound is now marketed as Cyrene®,’ a
bio-derived solvent that displays a range of useful properties and such that it is touted as a
replacement for the widely-deployed and petroleum- derived N-methylpyrrolidine (NMP). This
is because, inter alia, NMP displays reproductive toxicity? while Cyrene® has tested negative

for such properties as well as mutagenicities and is, additionally, almost completely non-

ecotoxic (LD50 > 2000 mg/L).6

Our ongoing interest in exploring and expanding the chemical utility of LGO (1),”® which can
now be regarded as an abundant fine chemical, promoted us to refine our earlier route from this
compound to its pseudo-enantiomer iso-LGO (3) so as to produce the latter compound on a
multi-gram scale and then reduce this to form iso-Cyrene (4). Such an outcome would allow
for the evaluation of the solvent properties of ketone 4, a compound that has received little
attention experimentally. Indeed, it only appears to have been prepared on two previous
occasions, > the first being in the 1970s°® and whereby a 8,D-arabino-hexopyranose derivative
was converted into compound 4 over multiple steps. The second synthesis was reported!’ in
2018 and involved the reduction of iso-LGO (3) that had been generated by a protocol closely
related to the one we described® in 2018. In each case iso-Cyrene was obtained in sub-gram

quantities.
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While, in various respects, the solvent properties of Cyrene® and iso-Cyrene are expected to be
similar,® the pseudo-enantiomeric relationship between them might ultimately be the most
significant difference that allows their complementary use in facilitating/enhancing
enantioselection in certain organic transformations or in the fractional crystallisation
(resolution) of racemic compounds. In a related vein, it could also serve as a chiral auxiliary
and (perhaps) act in a complementary fashion to Cyrene®.!! The presence of the internal and
inductively electron-withdrawing acetal residue adjacent to the ketone carbonyl within Cyrene®
as well as possibilities for intramolecular hydrogen bonding®® creates a capacity to form the

9312 3 feature that has been used to ‘tune’ its solvent properties.'? Given

corresponding hydrate,
the more remote relationship between the equivalent residues within iso-Cyrene (4), hydrate
formation should be a less significant process in this case,’ a feature that may prove

advantageous in some instances. Such considerations provided the motivation for the study

detailed herein.

(0] o

1 Cyrene® 3 iso-Cyrene
(2 4

Figure 1: The structures of the bio-derived platform molecule levoglucosenone (1), its dihydro-

derivative Cyrene® (2) and their isomeric congeners 3 and 4.

Results and Discussions

Synthetic Studies

The synthetic sequence used to accumulate iso-Cyrene at a 10 g scale from LGO (1) is shown
in Scheme 1 and was informed by our earlier studies. In particular, the necessary 1,3-carbonyl

transposition still exploited the operationally simple and triethylamine-catalysed conjugate
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addition of water to LGO and thereby forming the previously reported®!'*!# hydroxyketone 5,
which was obtained in 72% yield as a clear, colourless oil. The high a-face diastereoselectivity
of this process is as expected and largely determined by the steric demands of the 1,6-anhydro-
type bridge occupying the B-face of 2H-pyran-3(6H)-one core of the substrate. Accompanying
product 5 were small amounts (0.5%) of the chromatographically separable and previously
reported!® dimeric compound 6, the structure of which was confirmed by single crystal X-ray
analysis (see the Experimental and Supplementary Material for details). Compound 6 is
presumed to arise through the participation of the starting enone 1 in a triethylamine-catalysed
intermolecular Rauhut—Currier or vinylogous Morita—Baylis—Hillman reaction.!® Reductive
amination of ketone 5 was accomplished using dimethylamine and hydrogen in the presence of
10% Pd on C and afforded a 1:3 mixture of the epimeric forms of amine 7. A range of reagents
was explored for the purposes of converting the hydroxyl group in this last compound into the
B-amino-ketone 8 but the only effective oxidant, among dozens tested, proved to be the Swern
reagent.!” As a consequence, when the relevant conditions were employed, a mixture of the
target ketone 8, the oxidation/elimination product iso-LGO (3) and the sulfide 9 was obtained.
We assume that the last product, which could be isolated in pure form and 13% yield by
conventional chromatographic techniques, arises through initial (and diastereofacially

selective) conjugate addition of dimethyl sulfide (the by-product of the Swern oxidation)!”
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Scheme 1: Synthetic sequence leading from LGO (1) to iso-Cyrene (4).

to iso-LGO (3) with the resulting trialklylsulfonium ion then undergoing demethylation,
perhaps through nucleophilic attack by triethylamine,'® to give the compound 9. The conversion
of product 7 into iso-LGO (3) was best achieved by treating the crude mixture from the
oxidation reaction with methyl iodide and potassium carbonate in THF at ambient temperatures

and so affording, after flash chromatography, the latter in 49% yield (albeit still containing
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traces of sulfide 9). The conversion of iso-LGO into its dihydro- congener was first attempted
by using the same conditions as employed in the conversion 1 — 2,'* viz. by using hydrogen in
the presence 10% Pd on C. However, this reduction proved sluggish at ambient temperatures
with complete conversion requiring many days. This situation may be attributed to catalyst
poisoning by sulfur residues present in the substrate. In contrast, when Raney nickel (W2) was
employed in the presence of hydrogen at 22°C then iso-Cyrene was obtained in 74% yield after
24 h. GC/MS analysis of this material indicated that it still contained ca. 5% of compound 9

and this is despite the capacity of Raney nickel to effect desulfurisation reactions.

In order to accumulate the ca. 10 g sample of iso-Cyrene (4) deemed necessary for a meaningful
evaluation of its physical and biological properties, it was most convenient to repeat the reaction
sequence shown above (and detailed in the Experimental) multiple times. This approach
highlights the most obviously restrictive feature associated with the approach, namely the need
to apply Swern oxidation conditions to amino-alcohol 7 and thus affording a mixture of amino-

ketone 8, is0-LGO (3) and sulfide 9.

Given the difficulties just described, we also examined the route from p-glucose (10) to iso-
LGO (3) reported by Horton and co-workers in 1996'° (Scheme 2). In this approach the starting
hexose 10 was converted into the bis-acetonide 11 (74%) with the most effective catalyst system
for this purpose being a combination of phosphoric acid (H3PO4) and zinc chloride (ZnClz) —
using either sulfuric acid or this in combination with CuSOg4 led to the co-production of tar-like
by-products. The structure of compound 11 was confirmed by single-crystal X-ray analysis (see
Experimental and Supplementary Material for details) and the associated free 2°-alcohol was
esterified using p-toluenesulfonyl chloride in pyridine to afford the crystalline sulfonate 12

(83%) and the structure of this also confirmed by single-crystal X-ray analysis (See
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Experimental and Supplementary Material for details).?® Reaction of ester 12 with potassium
tert-butoxide in THF at 0°C for 2 h effected the anticipated elimination reaction in a regio-
selective manner to afford the dihydrofuran 13 albeit in quite variable yield because it
sometimes proved difficult to drive the reaction to completion and, exacerbating matters, to
separate the product from the starting material. Treatment of enol ether 13 with aluminium
chloride (AICI3) under the rather specific conditions defined by Horton'!” resulted in cleavage
of the associated acetonide residues and thereby affording iso-LGO (3) albeit in highly variable
and normally low yield (ca. 30% at best in our hands). A plausible mechanistic pathway for this
last (and crucial) step has been proposed by Horton.!” All the spectral data acquired on the
samples of compound 3 prepared by this route matched those reported' as well as those derived
from the material generated using the protocols shown in Scheme 1. Raney-nickel catalysed
hydrogenation of iso-LGO (3) generated by the route shown in Scheme 2 proceeded as before

and thus affording iso-Cyrene (4) in 74% yield.
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Scheme 2: The synthesis of iso-Cyrene (4) from D-glucose (10)

While the samples of compound 4 produced by this second route were uncontaminated by thio-
ether 9, the reaction sequence was less attractive than the first in a number of respects. In
particular, it lacked many of the atom-economical features of the first route, it was operationally
more tedious to prosecute the third and fourth steps, viz. the sequence 12 — 13 — 3, proved
capricious and low-yielding, at least in our hands. On balance, then, at the present time we
favour the route shown in Scheme 1 for the purposes of generating serviceable quantities of
iso-LGO (3) and, thence, iso-Cyrene (4). The multi-gram accumulation of iso-Cyrene (4) by
the route shown in Scheme 1 allowed for evaluations of various of its spectroscopic, physical,

chemical and biological properties. Details are presented in the following sections.
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Spectroscopic Studies

A comparison of the 'TH NMR spectroscopic data recorded on Cyrene® (2) with those acquired
for iso-Cyrene (4) is provided in Table 1. This reveals that the dioxymethine proton associated
with the former compound resonates at significantly higher field (8u 5.01) than its counterpart
(0n 5.73) in isomer 4. This difference can be attributed to the acetal proton of the former
compound sitting within the shielding zone of the adjacent ketone carbonyl residue and so
serving to emphasise the proximity and, therefore, the interactions between these two residues.
The chemical shift differences between the resonances due to the remaining protons are much

less pronounced.

Table 1: The '"H NMR spectral data recorded for compounds 2 and 4°

Compound On, proton count, multiplicity, couplings

Cyrene® 5.01,1H | 4.64,1H | 398,1H | 3.88,1H | 2.58, 1H | 2.35-2.16 | 1.96 1H

d,
2) s ] m m 2H, cm® m

J7.7°

iso-Cyrene | 5.73,1H, | 4.50,1H, | 3.97,1H, | 3.87,1H, | 2.47,2H | 2.21-2.11 | 2.04 1H

4 dd
“@ broad s d,J5.6 d,J8.0 J7.6 1H, cm® m

J8.0,6.0

& Spectra recorded in CDCl; at 400 MHz; bcoupling constants presented in Hz; © cm = complex multiplet

An analogous comparison of the chemical shifts of the resonances due to the constituent carbons
observed in the 3C NMR spectrum of compound 4 with those recorded for congeners 1-3 is
presented in Table 2 and reveals that it (iso-Cyrene) shows the most deshielded signal for the

associated ketone carbonyl resonance.
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Table 2: The 3*C NMR chemical shift data recorded for

compounds 1-4*

Compound dc

LGO (1) 188.9 | 148.4 | 126.6 | 101.5 | 71.3 | 66.5

iso-LGO (3) | 194.5| 1473 | 127.1 | 96.1 | 79.6 | 62.7

Cyrene®(2) |200.4 | 101.4 | 73.1 | 68.1 | 30.8 | 29.8

iso-Cyrene (4) | 205.6 | 100.9 | 79.3 | 67.2 | 31.5 | 30.7

2 All spectra recorded in CDClsat 100 MHz

In the infra-red spectrum of Cyrene® two carbonyl absorption bands are observed at 1724 and
1741 cm™! while a single one (at 1733 cm™!) is observed in the corresponding spectrum of iso-
Cyrene. This difference reinforces the distinct relationship between the ketone carbonyl groups
in each compound and the proximate (in the case of Cyrene®) or remote (in the case of iso-
Cyrene) internal acetal. Specifically, the ‘splitting” of the carbonyl absorption band in Cyrene®
can be attributed to the distinct dipole-dipole interactions between the ketone carbonyl and the
conformationally locked, axially- and equatorially-oriented C—O bonds of the adjacent internal
acetal moiety.?! The specific rotation {[a]p} reported®® for compound 2% is —246 (c = 0.4,
CHCI3) while that recorded, during the course of this work, for congener 4 is of the same sign

but significantly smaller in magnitude [-79.1 (¢ = 0.91, CHCl3)].

The 70 eV electron-impact mass spectrum of iso-Cyrene (4) revealed a weak molecular ion
(10% of base peak) at m/z 128 and a cluster of major fragment ions at m/z 86 (81%), 85 (base
peak) and 84 (80%). The formation of the latter species probably arises through the
fragmentation pathway shown in Scheme 3 and wherein the molecular ion 14 (m/z = 128)

undergoes heterolytic fission of the C1-C2 bond with the resulting radical cation losing the
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elements of ketene (MW = 42) to afford the 1,3-dioxole 15 (m/z = 86) that itself losses a
hydrogen atom and so producing the 2-methylene-1,3-dioxolane cation 16 (m/z = 85).
Finally,loss of a second hydrogen would deliver the 2-methylene-1,3-dioxole radical cation 17
(m/z = 84).

Scheme 3: Possible fragmentation pathways operating during the El-induced mass spectral analysis of

iso-Cyrene (4).

+ _ _
1 O_| .(\O
—_—
o o cicz |®og ©
2

bond
14 cleavage
m/z128

® [Z>—. — O=C=CH, o0

15 S

m/z 86

4o
0 m o |
E/E — [/E
®>~0 o
16 17
m/z 85 m/z 84

Key Physical Properties of iso-Cyrene

The experimentally determined density of iso-Cyrene at 22 °C was 1.29 g/mL (+ ca. 3%), a
value that compares with 1.25 g/mL reported® for Cyrene®. Attempts to establish the boiling
point of iso-Cyrene were conducted at ca. 743 mm Hg (Canberra altitude is ca. 600 m) using
DSC techniques. This led to the identification, as shown in Figure S4 of the SI, of a transition
point at ca. 117 °C that we take to signify the onset of a decomposition event, the details of
which remain to be established. In keeping with such observations, prolonged heating of

solutions of the compound in (CD3)2SO led to the formation of a dark-yellow coloration while

73



Chapter Three

analogous heating of neat material resulted in it developing a distinct brown colour. More
specifically, while heating a (CD3)>SO solution of compound 4 at 120 °C for 1 h did not lead
to any noticeable change in the "TH NMR spectrum of the material, after 18 h no resonances due
to iso-Cyrene could be detected. An experimentally determined boiling point of 220 °C
(presumably recorded at 760 mm Hg) has been reported for Cyrene® while the theoretically

predicted (ex. CAS) boiling point for iso-Cyrene (4) is 227.3 (£ 25 °C) at 760 mm Hg.

In keeping with expectations, iso-Cyrene proved to be entirely miscible, at 22 °C, with equal
volumes of cyclohexane, diethyl ether, THF, dichloromethane, ethyl acetate, DMSO, DMF,
Cyrene® and NMP. In contrast, it did not mix with water and '"H NMR titration experiments
indicated that, unlike its isomer 2,'?® iso-Cyrene (4) does not form a hydrate even when diluted

ina 1:10 v/v ratio and allowed to stand at ambient temperatures for > 72 h.

Preliminary Studies on the Chemical Reactivity of iso-Cyrene

The differences between the chemical behaviours of the LGO (1)/Cyrene® (2) pair and their
isomeric counterparts 3 and 4, respectively, are quite conspicuous. For example, unlike LGO
(1), iso-LGO (3) does not undergo ready conjugate addition of the elements of water (cf.
conversion 1 — 5 in Scheme 1) and nor does it readily form dimers (cf. conversion 1 — 6 in
Scheme 1). Similarly, unlike Cyrene® (2),2? isomer 4 does not undergo ready self- or trans-
aldol-type reactions in the presence of, for example, the base K3PO4. In terms of its acid-
stability, it has been stated” that Cyrene® can be “heated with trifluoracetic acid at 60 °C for 18
h without apparent change”. Likewise, when iso-Cyrene (4) is treated under the same
conditions, no chemical change, as assessed by 'H NMR spectroscopic analysis, is observed.
In contrast, treatment of compound 4 with 2 M aqueous HCI at ambient temperatures for several

hours resulted in notable decomposition and the appearance, in the 'H NMR spectrum of the
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product mixture, of a resonance attributable to an aldehyde. Analogous treatment of congener
2 only appeared to effect addition of water to the carbonyl moiety and so delivering the
corresponding and previously reported'?® geminal diol (see SI for relevant 'H NMR

spectroscopic analyses).

Computational Studies

In an effort to quantify the difference in polarity between congeners 2 and 4, the dipole moment
of each was calculated using density functional theory (see Experimental and SI for details).
The outcomes of these calculations, together with those obtained on the unsaturated precursors
1 and 3, are shown in Table 3. Thus, Cyrene® (2) has a significantly higher dipole moment than
iso-Cyrene (4) but both are lower than those of their corresponding unsaturated counterparts.
These variations seem intuitively reasonable and consistent with the aligned (in the case of 2)
or opposing (in the case of 4) acetal and ketone carbonyl residues in these systems. Of course,
the introduction of the conjugated C-C double bond into these systems, as manifest in
compounds 1 and 3, increases the dipole moment of each. This increase in polarity is also clear
in the electrostatic potential surfaces of compounds 1-4, as determined in the gas phase at the

MO06-2X/6-31+G(d,p) level of theory, which are shown in Figure 2.

75



Chapter Three

Table 3: The Calculated Dipole Moments of Compounds 1-4

Compound # 1 2 3 4

Structure?®

Dipole Moment 4.69 4.40 2.09 1.79

(Debye)®

2 Structures shown were produced using GaussView 6

Figure 2: Electrostatic potential surfaces (ESPs) of compounds 1-4, as calculated at the M062X/6-
31+G(d,p) level of theory (in the gas phase).

COSMO-RS calculations®® were also used to understand the solvation properties of Cyrene®
and iso-Cyrene (and compared to NMP for reference). The molecular size and surface charges
of iso-Cyrene are very similar to Cyrene® (as determined with COSMO-RS at the B88-VWN-
PB86/TZVP level of theory, see SI, Figure S5). This suggests iso-Cyrene could take the place
of Cyrene® in solvent substitutions despite its smaller dipole moment, which is particularly
useful where miscibility and reactivity with water is undesirable. iso-Cyrene and Cyrene® are
calculated not to interact as strongly with positive charges as NMP and other conventional

dipolar aprotic solvents. This may limit applications requiring the stabilisation of charges or the

solubility of salts.
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Biological Properties

In vitro toxicological profiling

Cyrene® (2) is widely reported to offer reduced toxicity in comparison to common N-containing
polar aprotic solvents such as NMP, N N-dimethylformamide (DMF) and N,N-
dimethylacetamide (DMAc).>® Toxicological evaluations of emerging new solvents that
conform to regulatory guidelines and involve conventional animal tests remain a challenge
since large quantities of ultra-pure sample are required. They are also time-consuming and
costly. As such, the rapid in vitro assessment of neoteric solvents is an ideal alternative for
initial assessments of toxicity and thus reducing the risk of “regrettable substitutions”.?*
Accordingly, iso-Cyrene (4) was analysed using a panel of eleven CALUX® in vitro reporter
gene assays, covering different toxicological endpoints. These CALUX assays specifically
detect the ability of a test compound to modulate a certain nuclear receptor (ERa, AR, TR},
PPARy, PXR and AhR CALUX) or a cell signaling pathway (AP-1, ESRE, Nrf2 and p53
CALUX). The assays have been used successfully in several large screening programs, such as
the EU Framework program (FP) projects ReProTect, ChemScreen and EU-ToxRisk.?>"!
Additionally, they have been applied to safety assessments of bio-based solvents®? and bio-
based plasticisers.”> The assays selected for the present study cover a broad range of
toxicological endpoints, including endocrine activity (ERa, AR, TR), xenobiotic sensing

(PXR, AhR), oxidative stress (Nrf2), protein unfolding (ESRE) and DNA damage/genotoxicity

(AP-1, p53).
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The lowest effective concentrations (LOECs) in LogM observed for Cyrene® (2) and iso-
Cyrene (4) in all eleven in vitro assays are shown in Table 4. Both compounds have remarkably
similar profiles, indicating that these regioisomers differ little in their in vitro activity. Cyrene®
(2) has previously been shown to be non-mutagenic and non-ecotoxic.® The present study
reveals that Cyrene® (2) shows slight cytotoxicity and activates two cellular stress pathways
(AP-1: cell cycle control and Nrf2: oxidative stress) but such activation takes place at
concentrations 2-6 orders of magnitude higher than the LOECs of the assays’ reference
compounds (top row) and indicating a low potency. Since the in vitro profile of iso-Cyrene (4)

on the eleven CALUX assays was virtually identical, there is no indication that it has a less

favourable toxicological profile.

Table 4: In vitro CALUX reporter gene assay results for Cyrene® (2) and iso-Cyrene (4)*

w = E -
2 g iy 2 i
< ) —
Compound 2 x|z o o < & e 0 I~ o -
S8 |8 = JE |& |2 |2 |2 |8 |z |%
Assay references —6.6 -12.2 =7.7 -6.9 | -7.7 | -7.1 | =123 | 9.5 —7.5 5.4 =
Cyrene™ (2) -3.2 > > > > > > -3.3 > -3.5
iso-Cyrene (4) -3.1 > > > > > > -2.0 > -3.5

In vitro results are presented as lowest observed effect concentrations (LOECs) in LogM; “>’: no activity
detected up to the highest tested concentration. “N/A’: not analysed; Top row: LOECs of each assay’s positive
control reference compound. Cells are color-coded based on the LOECs: green = LOEC > [max analysed]; light

orange = LOEC >-4; orange = LOEC <-5;

Gas chromatographic-olfactometry (GC-O) analysis

Pure Cyrene® (2) was evaluated by perfumers and flavorists and described as having bacon,
smoked and vanilla notes. In contrast, olfactory evaluation of iso-Cyrene (4) performed by
trained panelists revealed only sulfury and unpleasant olfactive notes and these are attributed
to the introduction of contaminants during the Swern oxidation step associated with the

synthetic sequence outlined in Scheme 1. Accordingly, gas chromatographic-olfactometry
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(GC-0) analysis** (Figure 3) was then performed to specifically assess the odour of the

compounds (Table 5). By such means, Cyrene® (2) eluting between 5.54 and 5.80 min proved

to smell exactly as expected with a better appreciation of the vanilla note on the GC-O. On the

other hand, no odour was detected between 4.95 and 5.10 min of retention time which

correspond to the elution of the peak of the iso-Cyrene (4). Sulfury notes were detected on

compounds barely responsive to FID.

Figure 3: GC-O analysis of Cyrene® (2) (top) and iso-Cyrene (4) (bottom). Markers were placed

during the analysis when an odor was detected. The earlier eluting and major peak in each

chromatogram is due to the diluting solvent, this being either methyl tert-butyl ether (top) or ethyl

acetate (bottom).
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Table 5: Retention time and odour description obtained during GC-O

analysis of a sample of Cyrene® (2) and of iso-Cyrene (4).

Retention time

Sample Odor Intensity
(min)
methyl tert-butyl ether
2.54-2.60 Weak
Cyrene® (dilution solvent)
5.54-5.80 bacon, smoked, vanilla Medium
ethyl acetate
2.65-2.69 Weak
(dilution solvent)
2.81-2.85 sulfury Weak
iso-Cyrene
4.39-4.42 sulfury Weak
4.90-4.92 garlic Weak
5.68-5.73 vanilla Weak
Conclusions

These studies reported here reveal that there are significant enough differences in the properties
of the sustainably-derived Cyrene® (2) and isomer 4 (iso-Cyrene) to suggest they will exert
complementary effects as solvents in a range of settings. These differences are due, in large
part, to the relative positioning of the ketone and acetal residues within the associated bicyclic
frameworks. In compound 2 the adjacent location of these functionalities increases the
electrophilicity of the carbonyl moiety and the acidity of the hydrogens associated with the a-

methylene unit. Likewise, the acid-stability of the acetal group is increased by the presence of
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the neighbouring and electron-withdrawing ketone residue. In compound 4 there is significantly
less interaction between the equivalent residues and such that they behave much like “normal”
(isolated) ketone and acetal groups. As a consequence, Cyrene® (2) is likely to be somewhat
less acid sensitive than isomer 4 (iso-Cyrene) while the latter is less base sensitive. These same
structural differences also dictate (and explain) the differing miscibilities of the compounds
with water. As detailed above, in vitro testing suggests compounds 2 and 4 have similar and
favourable toxicological properties. That said, the lack of an odour associated with iso-Cyrene
(4) may confer some advantages in terms of its exploitation as solvent although doing so would
require the development of superior means of preparing it. Regardless of how this might be
achieved, this work reinforces the significant value of LGO (1) as a bio-derived platform

molecule.?

Experimental

General Experimental Procedures

Unless otherwise specified, proton (!H) and carbon (}*C) NMR spectra were recorded at 18 °C
in base-filtered CDCl; on a Varian spectrometer operating at 400 MHz for proton and 100 MHz
for carbon nuclei. For '"H NMR spectra, signals arising from the residual protio-forms of the
solvent were used as the internal standards. 'H NMR data are recorded as follows: chemical
shift (6 multiplicity, coupling constant(s) J (Hz), relative integral] where multiplicity is defined
as: s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet or combinations of the above.
The signal due to residual CHCI3 appearing at ou 7.26 and the central resonance of the CDCl3
“triplet” appearing at 8¢ 77.2 were used to reference 'H and '*C NMR spectra, respectively.
Infrared spectra (Omax) Were recorded on a Perkin-Elmer 1800 Series FTIR Spectrometer.

Samples were analysed as thin films on KBr plates. Low-resolution ESI mass spectra were
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recorded on a Micromass LC-ZMD single quadrupole liquid chromatograph-mass spectrometer
while high-resolution measurements were conducted on an LCT Premier time-of-flight
instrument. Low- and high-resolution EI mass spectra were recorded on an Autospec Premier
Micromass magnetic-sector machine. Optical rotations were recorded in CHCI3 at 20 °C on a
Perkin Elmer Model 343 Polarimeter. Melting points were measured on an Optimelt automated
melting point system and are uncorrected. Analytical thin layer chromatography (TLC) was
performed on aluminium-backed 0.2 mm thick silica gel 60 F2s4 plates as supplied by Merck.
Eluted plates were visualised using a 254 nm UV lamp and/or by treatment with a suitable dip
followed by heating. These dips included phosphomolybdic acid : ceric sulfate : sulfuric acid
(conc.) : water (37.5 g : 7.5 g : 37.5 g : 720 mL) or potassium permanganate : potassium
carbonate : 5% sodium hydroxide aqueous solution : water (3 g : 20 g: 5 mL : 300 mL). Flash
chromatographic separations were carried out following protocols defined by Still et al.*® with
silica gel 60 (40-63 um) as the stationary phase and using the AR- or HPLC-grade solvents
indicated. Starting materials and reagents were generally available from the Sigma-Aldrich,
Merck, TCI, Strem or Lancaster Chemical Companies and were used as supplied. Drying agents
and other inorganic salts were purchased from the AJAX, BDH or Unilab Chemical Companies.
Tetrahydrofuran (THF), methanol and dichloromethane were dried using a Glass Contour
solvent purification system that is based upon a technology originally described by Grubbs et

al.>” Where necessary, reactions were performed under an inert atmosphere.

Specific Synthetic Transformations

(1R,28,5R)-2-Hydroxy-6,8-dioxabicyclo[3.2.1]octan-4-one (5) and Dimer 6. A magnetically
stirred solution of levoglucosenone (1) (5.94 g, 47.1 mmol) in water (470 mL) maintained at
22 °C was treated with triethylamine (4.70 mL, 3.72 mmol). After 1 h the reaction mixture was

concentrated under reduced pressure and the ensuing residue subjected to flash chromatography
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(silica, 1:10 v/v ethyl acetate/40-60 petroleum ether — ethyl acetate gradient elution) and so

affording two fractions, A and B.

Concentration of fraction A (Rr= 0.3) gave a solid that on recrystallisation (CH2Cly)
afforded dimer 6 (64 mg, 0.5%) as white, crystalline solid, m.p. = 163-165 °C (lit.!"* m.p. =
170-172 °C), [a]p =—444 (c 0.49, acetone) {lit."** [a]p =—482 (c 0.3, acetone)}. 'H NMR (400
MHz, CDCI3) 6 7.11 (d, J=6.0 Hz, 1H), 5.43 (s, 1H), 5.14 (s, 1H), 5.09 (m, 1H), 4.55 (m, 1H),
4.18 (d, J = 8.4 Hz, 1H), 4.06 (m, 1H), 3.91 (m, 1H), 3.73 (d, /= 6.8 Hz, 1H), 3.46 (d, J=8.4
Hz, 1H), 3.00 (dd, J = 17.6 and 8.4 Hz, 1H), 2.25 (d, J = 17.6 Hz, 1H); 3C{'H} NMR (100
MHz, CDCI3) 6 200.2, 188.3, 143.9, 137.2, 101.8, 101.1, 75.1, 72.4, 68.3, 66.5, 38.6, 35.1; IR
vmax 2971, 2902, 1729, 1686, 1120, 1097, 981, 968, 906, 896, 867, 844, 819, 670 cm'; MS (EI,
70 eV) m/z 252 (M™, <1%), 224 (<1), 149 (78), 105 (100), 91 (77), 79 (60); HRMS (EI, 70 eV)

caled for C12H1206 (M™) 252.0628, found 253.0623.

Concentration of fraction B (Ry= 0.2) gave compound 5° (4.88 g, 72%) as a clear, light-

yellow oil that was identical, in all respects, with material obtained earlier.®

(1R,25,4S,5R)-4-(Dimethylamino)-6,8-dioxabicyclo[3.2.1]octan-2-0l (4S-7) and (1R,2S,
4R,5R)-4-(Dimethylamino)-6,8-dioxabicyclo[3.2.1]octan-2-o0l (4R-7). A magnetically stirred
solution of compound 5 (4.00 g, 27.8 mmol), prepared as described immediately above, and
dimethylamine (10 mL of a 40% aqueous solution, 83.0 mmol) in methanol (140 mL)
maintained at 22 °C was treated with 10% palladium on carbon (200 mg). The resulting mixture
was placed under a balloon of hydrogen and after 24 h the reaction mixture was filtered through
a pad of diatomaceous earth and the filtrate concentrated under reduced pressure. The resulting
oil was dissolved into dichloromethane (200 mL) then dried (Na>SO4) and filtered before being

concentrated under reduced pressure to give compound 7 (4.40 g, 92%) as a clear, yellow oil
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and ca. 3:1 mixture of epimers. 'H NMR (400 MHz, CDCls) § 5.61 (s, 0.75H), 5.57 (s, 0.25H),
4.48 (broad s, 1H), 3.92-3.76 (complex m, 3H), 2.75 (m, 1H), 2.38 (s, 6H), 1.98 (m, 1H), 1.98-
1.90 (complex m, 1H), 1.87-1.80 (complex m, 1H); '*C NMR (100 MHz, CDCls) § 101.0
(major isomer), 100.7 (minor isomer), 78.4, 67.8, 67.3, 66.6, 66.4, 63.7, 61.4, 44.1, 42.0, 27.5,
25.8; IR vmax 3368, 2953, 2892, 2827, 2783, 1458, 1131, 1037, 1002, 901, 861, 781, 688, 483
cm '; MS (ESI, +ve) m/z 222 (100%), 174 [(M+H)", 90]; HRMS calcd for CsH16NO3 [(M+H)"]

174.1130, found 174.1127.

(1R,5R)-6,8-Dioxabicyclo[3.2.1]oct-3-en-2-one (3), (1R,5R)-4-(Dimethylamino)-6,8-dioxa-
bicyclo[3.2.1]octan-2-one (8) and (1R, 4R,5R)-4-(Methylthio)-6,8-dioxabicyclo[3.2.1]-
octan-2-one (9). A solution of DMSO (1.88 g, 24 mmol) in dichloromethane (20 mL) was
added, dropwise via syringe, to a magnetically stirred solution of oxalyl chloride (1.52 g, 12
mmol) in dichloromethane (30 mL) maintained at —70 °C. The ensuing mixture was allowed
warm to —58 °C then re-cooled to —70 °C over a 0.25 h period. Thereafter, a solution of amino-
alcohol 7 (1.73 g, 10 mmol) in dichloromethane (30 mL) was added to the reaction mixture
over 10 min. After a further 0.75 h, triethylamine (5.58 mL, 40 mmol) was added to the reaction
mixture over 5 min. After this time, the reaction mixture was allowed to slowly warm to —5 °C
and then filtered through a pad of diatomaceous earth contained in a sintered glass funnel. The
filtrate was concentrated under reduced pressure to afford a malodorous, light-yellow oil

comprised of a mixture of compounds 3, 8 and 9.

In order to obtain a sample of the last compound for the purposes of spectroscopic
characterisation, this oil was subjected to flash chromatography (silica, 1:10 v/v ethyl

acetate/petroleum ether elution) and so affording, after concentration of the relevant fractions
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(Rf=0.2), compound 9 (226 mg, 13%) as a foul-smelling, yellow oil, [a]p = —-23.6 (c = 0.06,
CHCl3). 'H NMR (400 MHz, CDCl3) & 5.69 (s, 1H), 4.54 (d, J = 5.4 Hz, 1H), 3.96 (d, J = 8.1
Hz, 1H), 3.86 (dd, J= 8.1 and 5.4 Hz, 1H), 3.02 (m, 1H), 2.85 (m, 1H), 2.52 (dd, J = 17.5 and
4.8 Hz, 1H), 2.18 (s, 3H); *C NMR (100 MHz, CDCl3) § 204.7, 103.8, 79.2, 67.1, 45.4, 39.0,
13.9; IR vmax 2963, 2896, 1732, 1668, 1406, 1173, 1114, 1010, 894, 793, 754 cm™!; MS (ESI,
+ve) 229 [(M+MeOH+Na)", 100%]; MS (EL +ve) m/z 174 (M™, 50%), 74 (100); HRMS calcd

for C7H1003S (M™) 174.0351, found 174.0347.

The high polarity of the presumed primary oxidation product 8 as well as its seeming propensity
to engage in (possibly) Schiff-base-type condensation and other reactions thwarted efforts to

obtain it in pure form.

Conversion of Amino-ketone 8 into iso-LGO (3). A magnetically stirred solution of the crude
product obtained, as described immediately above, from the Swern oxidation of amine 7 in THF
(50 mL) and maintained at 22 °C was treated with methyl iodide (1.2 mL, 20 mmol) and
potassium carbonate (2.70 g, 20 mmol). After 18 h the reaction mixture was filtered through a
pad of diatomaceous earth and the filtrate concentrated under reduced pressure. The residue so
obtained was subjected to flash chromatography (silica, 1:10 v/v ethyl acetate/petroleum ether
elution) and concentration of the relevant fractions (R¢=0.2) gave compound 3% (617 mg, 49%)

as a clear, yellow oil. This material was identical, in all respects, with that obtained earlier.®?

(1R,5R)-6,8-Dioxabicyclo[3.2.1]octan-2-one (iso-Cyrene, 4). A magnetically stirred mixture
of'iso-LGO (3) (2.56 g, 20 mmol) and W2 Raney Ni (ca. 200 mg) in THF (100 mL) maintained
at 22 °C was placed under a balloon of hydrogen. After 24 h an externally applied magnet was

used to retain the solid catalyst within the reaction flask while the supernatant liquid was
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decanted into another vessel. The retained solids were washed with ethyl acetate (2 x 30 mL)
(CAUTION: the washed solid should be treated with water so as to prevent combustion). The
combined organic phases were concentrated under reduced pressure to give a clear, colourless
oil that was subjected to flash column chromatography (silica, 1:10 v/v ethyl acetate/ petroleum
ether elution). Concentration of the relevant fractions (Rf= 0.1) gave an oil that was subject to
distillation at reduced pressure and thus affording iso-Cyrene (4)*!° (1.89 g, 74%) as a clear,
colourless oil of undefined boiling point, [a.]o =-79.1 (¢ = 0.91, CHCI:) {lit.”* [a]p = —83 (c =
0.8, CHCI3)}. '"H NMR (400 MHz, CDCls) & see Table 1; *C NMR (100 MHz, CDCls) § see
Table 2; IR vmax 2963, 1733, 1118, 1008, 1017, 995, 871 cm™'; MS (EIL +ve) m/z 128 (M™,

10%), 86 (81), 85 (100), 84 (80); HRMS caled for CsHsO3 (M™) 128.0473, found 128.0473.

(3aR,5S,6S5,6aR)-5-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro|2,3-
d][1,3]dioxol-6-0l (11): Phosphoric acid (1.0 mL of an 85% solution in water) was added,
dropwise, to magnetically stirred, anhydrous acetone (300 mL) and the resulting solution was
treated with a well-dried and finely powdered mixture of p-glucose (10) (30.0 g) and anhydrous
zinc chloride (26.0 g). Stirring was continued for 30 h at 22 °C before the reaction mixture was
cooled in an ice-bath then basified (to pH 8) through the portion-wise addition of sodium
hydroxide (1 M aqueous solution) while ensuring the temperature of the reaction mixture did
not exceed 15 °C. The precipitated mass, comprising sodium sulfate, zinc chloride and
unreacted p-glucose (10), was removed by filtration and the solids thus retained washed with
acetone. The combined filtrates were concentrated under reduced pressure and the solid residue
recrystallised (n-hexane) to give, after hot filtration then cooling, bis-acetonide 11® (32.0 g,
74%) as a white, crystalline solid, m.p. = 104-105 °C (1it.>® m.p. = 111-112 °C), [o]p = —5.88

(c 0.17, acetone). 'H NMR (400 MHz, CDCl3) 8 5.95 (d, J = 3.6 Hz, 1H), 4.54 (d, J = 3.6 Hz,
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1H), 4.38-4.30 (complex m, 2H), 4.17 (dd, J = 8.8 and 6.4 Hz, 1H), 4.07 (dd, J= 7.6 and 2.8
Hz, 1H), 3.97 (dd, J=8.8 and 5.2 Hz, 1H), 1.50 (s, 3H), 1.44 (s, 3H), 1.36 (s, 3H), 1.32 (s, 3H);

3C NMR (100 MHz, CDCl3) 8 111.8, 109.7, 85.1, 81.1, 75.3, 73.5, 67.7, 26.9, 26.8, 26.2, 25.1.

(3aR,5R,6S,6aR)-5-((R)-2,2-Dimethyl-1,3- dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d]- [1,3]dioxol-6-yl 4-methylbenzenesulfonate (12) A solution of compound 11 (11.8 g, 45.3
mmol) and p-toluenesulfonyl chloride (17.3 g, 90.7 mmol) in pyridine (20 mL) was allowed to
stand at 22°C for 24 h, then poured with stirring into ice-water (150 mL) and the resulting solid
filtered off, washed several times with water, and then dried and recrystallised (methanol) to
give compound 12°° (16.2 g, 86%) as a white crystalline solid, m.p. = 119-120°C (1it.*°* m.p.
=119-120°C), [a]D =—=51.7 (c. 0.2, acetone). IH NMR (400 MHz, CDCI3) ¢ 7.84 (d, J = 8.4
Hz,2H), 7.33 (d, J = 8.4 Hz, 2H), 5.92 (d, /= 3.6 Hz, 1H), 4.83 (d, /= 3.6 Hz, 1H), 4.79 (broad
s, 1H), 4.08-3.95 (complex m, 3H), 3.90 (m, 1H), 2.45 (s, 3H), 1.48 (s, 3H), 1.31 (s, 3H), 1.20
(s, 3H), 1.15 (s, 3H); 13C NMR (100 MHz, CDCI3) ¢ 145.2, 132.8, 129.8, 128.6, 112.7, 109.2,

105.3, 83.5, 82.2, 80.0, 71.9, 67.3, 26.8, 26.4, 25.1, 21.8.

(3aR,6aR)-5-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyl-3a,6a-dihydrofuro[2,3-d]

-[1,3]dioxole (13): The conditions reported by Horton!® and by Norris*’ for forming alkene 13
from tosylate 12 (7.3 g, 17.6 mmol) (by treating the latter with #~-BuOK in THF) were employed
on multiple occasions in the present study and in each instance a waxy-yellow solid was
obtained after work-up. NMR spectroscopic analysis of this material suggested it contained

varying mixtures of the starting ester (12) and the target alkene 13'*4°

alongside other,
unidentified components. All attempts to purify product 13 by chromatographic means failed.

Accordingly, the waxy-solid obtained after work-up was subjected to treatment with aluminium

chloride as detailed immediately below.
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iso-LGO (3). Following the procedure of Horton,'” anhydrous aluminium chloride (390 mg,
2.95 mmol) was added to a vigorously stirred mixture of dry diethyl ether (30 mL) and pentane
(22 mL) that had been cooled to 0 °C under an argon atmosphere. A solution of the waxy-solid
(1.43 g, 5.90 mmol) obtained from the preceding step (see immediately above) in diethyl ether
(6 mL) was then added dropwise over a 2 min. period and the resulting mixture was stirred for
an additional 7 min at 0 °C and then quickly transferred to a flash chromatography column (25
mm i.d.) containing a 4 cm deep pad of silica gel. The reaction mixture was rapidly forced
through the apparatus using compressed air and the pad was then washed with diethyl
ether/pentane (1:1 v/v mixture) until no more UV-active material could be detected (by TLC)
in the column eluent (ca. 300 mL required). The combined filtrates were concentrated under
reduced pressure to afford a brown syrup that was subjected to flash chromatography (silica,
5:1 v/v pentane/diethyl ether elution) to give, after concentration of the relevant fractions (Rf =
0.2), compound 3% (60 mg, 8%) as a pale-yellow syrup. 'H and '*C NMR spectroscopic

analyses of this material revealed that it was contaminated with a tosyl-containing species.

Crystallographic Studies

Crystallographic Data

Compound 6. C1oH1206, M = 252.22, T = 150 K, monoclinic, space group P21, Z =4, a =
6.60390(10) A, b =18.9253(2) A, ¢ =9.27500(10) A; B = 107.663(2); V = 1104.55(3) A3, D,
=1.517 Mg m, 4431 unique data (20max = 147.642°), R = 0.0579 [for 4385 reflections with /

>2.00(1)]; Rw = 0.0237 (all data), S = 1.055.

Compound 11. C12H2006, M = 260.28, T = 150 K, monoclinic, space group C2, Z =8, a =

20.7196(6) A, b= 5.5609(2) A, ¢ = 24.6708(8) A; B = 110.883(4); V = 2655.83(16) A, D, =
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1.302 Mg m™, 4465 unique data (26max = 133.172°), R = 0.0465 [for 4224 reflections with />

2.06(D)]; Rw = 0.1218 (all data), S = 1.076.

Compound 12. C19H2608S, M = 414.46, T = 150 K, orthorhombic, space group P212121, Z=4,
a=9.79882(18) A, h=10.1911(3) A, c =21.2482(5) A; V' =2121.86(9) A*>, D,=1.297 Mg m™
3, 3883 unique data (26max = 136.494°), R = 0.0325 [for 3539 reflections with /> 2.05(])]; Rw

=0.0833 (all data), S = 1.040.2°
Structure Determinations

Data for compounds 6, 11 and 12 were collected on a Rigaku Super Nova X-ray diffractometer
employing CuKa radiation and a graphite monochromator (A = 1.54184 A). Using OLEX2,*!
the structures were solved by direct methods with the ShelXT*? program and refined, using
least squares minimisation, with the ShelXL* package. Atomic coordinates, bond lengths and
angles, and displacement parameters have been deposited at the Cambridge Crystallographic
Data Centre (CCDC nos. 2079098 and 2092948). These data can be obtained free-of-charge
via www.ccdc.cam.ac.uk/data request/cif, by emailing data request@ccdc. cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2

1EZ, UK; fax: +44 1223 336033.

Determination of Certain Physical Properties of iso-Cyrene

Miscibility and Degree of Hydration

For miscibility studies, equivalent volumes (ca. 5-10 uL) of iso-Cyrene and the relevant “co-
solvent” were loaded into melting point tubes via micropipette. The loaded tubes were quickly
inverted several times and then allowed to stand at 22 °C for 0.5 h. After this time the tubes

were loaded into a melting point apparatus incorporating a magnifying aperture and the contents
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of the tube inspected for the presence or absence of an interface between phases. Only in the

case of the water/iso-Cyrene mixture was such an interface observed.

For the degree of hydration study, and following protocols used by Camp et al,'*® an aliquot of
iso-Cyrene was allowed to stand as a mixture with ten v/ equivalents of D>O at ambient
temperatures prior to analysis, at regular intervals up to 72 h, by 'H NMR spectroscopy. No
evidence for the formation of a hydrate analogous to that observed for Cyrene® was observed

at any stage.

Density

Using micro-pipetting techniques, a defined volume (~20 pL) of iso-Cyrene was placed in a
tared melting point tube and its weight determined, at 22 °C, using a micro-balance. Triplicate
experiments gave an average density of 1.29 g/mL (£3%). This compares with a value of 1.25

g/mL reported® for Cyrene® at 20 °C.

Attempted boiling point determination

Attempts to determine the boiling point of iso-Cyrene (4) at ca. 743 mm Hg were undertaken
using a TA Instruments Q20 DSC apparatus. A representative trace arising from this type of
analysis is shown in Supplementary Fig. S4. The inflection point observed at ~117 °C is
attributed to decomposition rather than to the boiling of the sample. A boiling point of 116—

116.5 °C (at ~7.5 mm Hg) has been reported® for Cyrene®.

Chemical reactivity studies

To assess the stability of iso-Cyrene in the presence of base, an equivalent mass of tribasic

potassium phosphate was intimately mixed with iso-Cyrene at ca. 22 °C, before being allowed
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to stand for 18 h. The liquid was then decanted, dissolved in deuterated chloroform and analysed
by proton NMR spectroscopy. This revealed that iso-Cyrene remained unaffected after

exposure to such conditions.

To assess the stability of iso-Cyrene in the presence of acid, equal volumes (ca. 10 pL) of each
of trifluoroacetic acid, DO and iso-Cyrene were intimately mixed then heated at 60 °C (oil
bath) for 18 h. The resulting mixture was dissolved in CDCl; and analysed by 'H NMR
spectroscopy. This revealed that iso-Cyrene had not reacted under these conditions. In contrast,
treatment of iso-Cyrene with a two-fold excess (v/v) of 2 M aqueous HCI at 60 °C for 1 h
resulted in significant discoloration. Accordingly, the cooled reaction mixture was diluted with
(CD5)2S0 and the '"H NMR spectrum of the resulting solution was recorded (see below). This
revealed significant decomposition had taken place. An analogous experiment involving
Cyrene® did not result in any discoloration and analysis of the corresponding 'H NMR spectrum

(see below) suggested only formation of Cyrene® hydrate had occurred.

Theoretical studies

All calculations were performed at the M062X/6-31+G(d,p) level of theory using Gaussian
G16c01.** Dipole moments and electrostatic potential maps were calculated in the gas phase,
while SMD solvent corrections in cyclohexane were used to generate the van der Waals and
solvent accessible surfaces. Electrostatic potential maps were generated with the Multiwfn
program,* while GaussView 6* was used to plot the dipole moments and solute—solvent
cavities. Molecular conformations of molecules were calculated with COSMOconfX (version
4.0; COSMOlogic GmbH & Co. KG, Leverkusen, Germany, 2015) while COSMOthermX

(version C30 1705; COSMOlogic GmbH & Co. KG, 2017, TZVP basis set level) was used to
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provide molecular surface charges, o-profiles, and o-potentials. COSMO-RS calculations are

courtesy of, and authorised for the purposes of, Circa Group Pty Ltd.

Biological studies

CALUX reporter gene assay methodology

The in vitro assessment consisted of the analysis of the solvents against a panel of eleven
CALUX® in vitro reporter gene assays, covering different toxicological endpoints [agonism on
the estrogen (ERa), peroxisome proliferator activated (PPARY), pregnane-X (PXR) and aryl
hydrocarbon (AhR) receptors, antagonism on the androgen (AR) and thyroid (TRp) receptors,
activation of oxidative stress (Nrf2), unfolded protein response (ESRE), DNA damage (p53)
and cell cycle control (AP-1) pathways, and cytotoxicity]. The assays are based on the human
osteosarcoma cell line U-2 OS (ATCC HTB-96). Each cell line is stably transfected with a
reporter gene plasmid containing luciferase under control of the responsive elements of a
specific receptor (e.g. estrogen receptor) or cell signalling pathway (e.g. Nrf2). Activation of
the transfected pathway or receptor by a test chemical results in luciferase production, which
can be measured as light production by adding the substrate luciferin. Since most nuclear
hormone receptors are not endogenously expressed in U-2 OS cells, these receptors were co-
transfected when applicable (ERa, AR, TR, PXR, AhR, PPARY). CALUX cells were routinely
subcultured every 3—4 days in a growth medium consisting of DMEM (Gibco) supplemented
with 7.5% fetal calf serum, 1x non-essential amino acids (Gibco) and 10 U mL ! penicillin and
10 ug mL™! streptomycin. Cells were maintained at 37°C under a 5% CO» atmosphere. All
CALUX assays were performed as described in detail in the publicly available DBALM
protocol 197.*7 The assay medium used consisted of DMEM without phenol-red indicator

(Gibco) supplemented with 5% DCC- stripped fetal calf serum, 1x non-essential amino acids
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(Gibco) and 10 U mL! penicillin and 10 ug mL ™! streptomycin. For seeding, a cell suspension
in assay medium was made of 1 x 105 cells mL™!, and the white 384-well plates were seeded
with 30 puL per well cell suspension. After 24 h, cells were exposed to a dilution series of the
test compound in DMSO (1% v/v) using a liquid handling robot (ex. Hamilton) coupled to an
incubator (Cytomat). The final concentrations of the substances in the wells were 1 x 1072 to 3
x 1078 M in 0.5 log unit increments. All samples were tested in triplicate. After 24 h exposure
the medium was removed and 10 pL per well Triton-lysis buffer was added. The luciferase
signal was then measured in a luminometer (Infinite Pro reader coupled to a Connect stacker,
both ex. TECAN Group Ltd). Molecular conformations of molecules were calculated with
COSMOcontX (version 4.0; COSMOlogic GmbH & Co. KG, Leverkusen, Germany, 2015)
while COSMOthermX (version C30 1705; COSMOlogic GmbH & Co. KG, 2017, TZVP basis
set level) was used to provide molecular surface charges, o-profiles, and 6-potentials. COSMO-

RS calculations are courtesy of, and authorised for the purposes of, Circa Group Pty Ltd.

GC-O studies: The GC-Olfaction (GC-O) analyses was performed twice by two trained
panelists using a Shimadzu GC-2010 Plus instrument equipped with a DB-1MS column (30 m
% 0.32 mm x 0.25 um), a FID detector and a Phaser sniffing port (ex. GL Sciences) and so
allowing simultaneous olfactive evaluation and FID peak observation. The split ratio was 4:1
and an AOC-20i auto injector was used. The injection volume was 0.5 puL. Data analysis
software including an olfactory voicegram interface kit (ex. GL Sciences) was used. A sample
of Cyrene® (2) (18 mg, 0.14 mmol) was diluted in MTBE (0.72 g) and injected into the GC-O
instrument. The odor of the Cyrene® peak corresponded to the odor of the pure liquid which is
described as ‘bacon, smoked, vanilla’. The vanilla note is more appreciable on the GC-O. A
sample of iso-Cyrene (4) (36 mg, 0.28 mmol) was diluted in ethyl acetate (1.27 g) and injected

into GC-O system. No odour was detected for the iso-Cyrene peak.
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Plots derived from the single-crystal X-ray analyses of compounds 6, 11 and 12

Figure S1: Molecular structure of compound 6 (CCDC 2079098) and showing the relative

orientations of the molecules within the unit cell. Atomic displacement parameters shown at 50%

probability level (crystal grown from dichloromethane).
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Figure S2: Molecular structure of compound 11 (CCDC 2112086). Atomic displacement parameters
shown at 50% probability level (crystal obtained by recrystallisation from hexane).
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c3

Figure S3: Molecular structure of compound 12 (CCDC 2092948) and showing the relative
orientations of the molecules within the unit cell. Atomic displacement parameters shown at 50%

probability level (crystal obtained by recrystallisation from ethanol).
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Trace arising from the DSC analysis of iso-Cyrene (4)

Sample: BLP iso-cyrene DSC File: C:...\Connal\Brett P\BLP iso-cyrene.00'1
Size: 7.6000 mg Operator: Brett P

Method: Ramp Run Date: 29-Apr-2021 14:11

Comment: Boiling Point Determination Instrument: DSC Q20 V2411 Build 124

24

224

2.0+

Heat Flow (W/g)

T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500
Exo Down Temperature (DC) Universal V4 5A TA Instruments

Figure S4: Trace arising from the DSC analysis of iso-Cyrene (4).
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Computationally-derived xyz co-ordinates for compounds 1-4 in the gas

phase

Table S1: M06-2X/6-31+G(d,p) optimised xyz coordinates for compounds 14 in gas phase

98
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0.920723
1.361668
0.211048
-0.369020
-1.324322
-1.687538
-2.185613
1.666468
-0.757993
-1.800339
-2.585906
2.502437
-0.556716
-0.643469
0.570008

0.834926
1.354235
0.235433
-0.434512
-1.328598
-1.673696
-2.204642
1.635649
-0.155078
-1.732158
-2.601490
2.523307
-0.581543
-0.580284
0.625270
-0.988644
0.602529

1. xyz
1.340026
-0.050955
-0.983650
1.651526
0.592883
-0.384445
1.007376
2.048613
2.640227
0.095298
-0.955903
-0.439605
-1.250494
-0.299694
-1.909580

2. xyz

1.227279
-0.094863
-1.071716

1.683592

0.490749
-0.371828

0.787471

1.967774

2.164631

0.206959
-0.932690
-0.373637
-1.290912
-0.439307
-2.013167

2.417025

1.053569

-0.278075
0.000679
0.403648

-0.096049
0.399841

-0.737350
0.923628

-0.623453

-0.325068

-1.711866

-0.484242

-0.115035

-0.764742
1.281092
0.854316

-0.590226
-0.052585
0.328953
0.158969
0.492991
-0.729635
1.072350
-0.544908
1.101468
-1.657078
-0.586308
0.063851
-0.806333
1.283835
0.718393
-0.436345
-1.649187
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Table S1 (contd):

-0.930377
0.370503
1.335919

-1.364550

-0.221960
0.658167

-0.599701

-1.683986
0.101652
1.130839
1.675727
0.692259
2.249446
0.767138

-2.499436

-1.048717
0.420586
1.347272

-1.315478

-0.170291
0.658429

-0.537282

-1.267402
0.052648
1.296010
1.455139
0.781396
2.346994
0.556788

-2.329911

-1.760756
0.709198

3. xyz

1.340121
1.638436
0.579022
-0.041387
-0.956663
-1.305925
-1.817796
2.037160
-1.268623
-2.283801
-0.305180
-0.223295
0.992273
2.604368
-0.444675

4. xyz

1.371580
1.691146
0.572341
-0.117604
-0.932090
-1.553146
-1.637210
1.762593
-1.908017
-2.358227
-0.446786
-0.052356
0.925013
1.793144
-0.654099
1.817941
2.637319

-0.280979
-0.176795
0.330736
0.047690
0.480483
-0.748992
1.030587
-0.632986
-1.690468
-0.633385
-0.726812
1.287187
0.757691
-0.476079
-0.093902

-0.016713
-0.369500
0.121192
0.065375
0.670596
-0.456317
1.417231
0.984665
-1.292826
-0.077069
-0.870172
1.256674
0.381895
-1.448989
-0.316048
-0.712418
0.096085
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van der Waals surfaces of compounds 2 and 4

2 4
Cavity surface area: 528.712 A2 527.591 A2
Cavity volume : 1104.326 A3 1101.616 A3

Figure S5: (Top) Van der Waals surfaces of compound 2 and 4 representing the solute-solvent
boundary in cyclohexane, as calculated with SMD/M062X/6-31+G(d,p), based on gas-phase
optimised M062X/6-31+G(d,p) geometries; (Bottom) Solvent accessible surfaces of compound 2 and
4 representing the solute-solvent boundary in cyclohexane, as calculated with SMD/M062X/6-
31+G(d,p) and based on gas-phase optimised M062X/6-31+G(d,p) geometries.

100



iso-Cyrene

o-Potential curves of NMP, Cyrene® and iso-Cyrene

Chemical potential (kcal/mol A2)

0.5 1

-0.5 A

-10 A

= = = Cyrene

Isocyrene
NMP

——— T !
10 0000 0010 0020 0.030

Charge (e/A2)

Figure S6: o-Potential curves of NMP, Cyrene™, and iso-Cyrene derived from COSMO calculations.
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176 MHz BC{'H} NMR Spectrum of Compound 3 (ex. Swern oxidation) (recorded in CDCl5)
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400 MHz '"H NMR Spectrum of Compound 3 (ex. the Horton route) (recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 3 (ex. the Horton route) (recorded in CDCls)
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400 MHz 'H NMR Spectrum of Compound 4 (recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 4 (recorded in CDCl;)
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400 MHz '"H NMR Spectrum of Compound 5 (recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 5 (recorded in CDCl;)
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400 MHz 'H NMR Spectrum of Compound 6 (recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 6 (recorded in CDCl;)

< o o o) N O
LN n O © n o MmN W0 S o ©
o — N () © o — o T D © N
S o) ™ N — - N =M ¥
o [59) < ™ o o + N W 0 <
o — — — — NN OO Mm ™M
I I Y4 VN [
O ~o
CDCl;
(@)
|
} J J
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

111



400 MHz 'H NMR Spectrum of Compound 7 (recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 7 (recorded in CDCl;)
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400 MHz 'H NMR Spectrum of Compound 9 (recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 9 (recorded in CDCl;)
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400 MHz '"H NMR Spectrum of Compound 11 (recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 11 (recorded in CDCl;)
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400 MHz '"H NMR Spectrum of Compound 12 (recorded in CDCl5)
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"H NMR spectrum of the product mixture obtained after treating Cyrene® (2) with 2 M aq. HCI (recorded in DMSO-de)
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"H NMR spectrum of the product mixture obtained after treating iso-Cyrene (4) with 2 M aq. HCI (recorded in DMSO-ds)
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Diels-Alder Adducts of Levoglucosenone and iso-Levoglucosenone

Foreword

This chapter focuses on novel synthetic transformations of levoglucosenone, expanding on its
valorisation in the realm of fine chemistry. Diels-Alder cycloaddition reactions between the
biomass-derived platform molecule levoglucosenone and various cyclic dienes such as o-
terpinene have produced a range of adducts. Transformations of these include intramolecular
bromoetherifications and DAST-mediated Wagner-Meerwein rearrangements. The work
presented in this chapter describes our manipulations of these functionalities and a suite of
novel analogues with complex chemical structures, which have been extensively characterised
(including X-ray diffraction). This chapter, of which I am first author, was accepted in August
2023 for publication in of the Australian Journal of Chemistry. My contribution to the
manuscript includes the design of synthetic protocols, purifications, characterisation of the
resulting materials, data analysis, as well as preparing and revising the manuscript and figures
(overall 70%). The published version of the manuscript is presented here. Xin Liu contributed
to the synthesis and characterisation of materials. Luke A. Connal contributed to revising the
manuscript. Martin G. Banwell contributed to experimental design, project design, data analysis
as well as preparing and revising the manuscript and figures. Michael G. Gardiner contributed

through spectroscopic analysis.
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Introduction

The pyrolytic conversion of acid-treated cellulose (1) (Figure 1) into levoglucosenone (LGO,
2) is a transformation that has been known for decades and one that is currently being applied
at the tonne scale to various forms of cellulosic waste including sawdust.! As a result,
compound 2 is now considered a sustainably-generated platform molecule and it is attracting
increasing attention as a starting point for the production of a remarkable array of end-products
that include biologically active compounds and new materials.!> During the course of our own
studies on the formation and chemical manipulation of sustainably-derived platform
molecules,’ including LGO,* we devised simple methods for its conversion into the pseudo-
enantiomeric iso-levoglucosenone (iso-LGO, 3)* and recently established*® that the Diels-
Alder adducts 4 and 5 derived from their reactions with cyclopentadiene engaged in ring-
opening metathesis polymerisations (ROMPs) to give polymers of the general forms 6 and 7,
respectively.® As part of these studies we established that the alcohols obtained on reduction of
compounds 4 and 5 could be converted into a range of ethers that also engaged in ROMPs and
so providing materials with properties distinct from those displayed by congeners 6 and 7. The
purpose of the work reported here was to undertake further manipulations of the Diels-Alder
adducts, 4 and 5, of compounds 2 and 3 as well as to study related systems so as to identify new
monomeric systems that might eventually be engaged in useful polymerisation processes. The

outcomes of such efforts are now reported.
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Figure 1: The Synthesis of the Diels-Alder Adducts, 4 and 5, Arising from the Reaction of LGO and
iso-LGO (2 and 3, respectively) with Cyclopentadiene and Their Engagement in ROMPs Leading to
Polymers 6 and 7.

Results and Discussion

(i)  Further Manipulations of Diels-Alder Adducts 4 and 5.

In seeking to generate monomeric systems incorporating fluorine for use in ROMPs, the
previously reported*® epimeric alcohols 8 and 9 (Scheme 1) obtained from the sodium
borohydride-mediated reduction of the ketone carbonyl residue within LGO adducts were each
treated with diethylaminosulfur trifluoride (DAST).® In the case of alcohol 9 the fluorination

process involved a rearrangement reaction such that the associated acetal was transformed, via
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initial ionisation of the free hydroxyl group, into a 1,4-dioxane-based oxonium ion that was
then stereoselectively captured by fluoride ion to deliver compound 10 (64%).” All the spectral
data derived from this material were in complete accord with the illustrated structure. Most
notably, in the '"H NMR spectrum a one-proton doublet (Jur = 54.3 Hz) was observed at 8u 5.09
and this resonance is assigned to the hydrogen on the fluorine-bearing carbon. In the
corresponding '*C{'H} NMR spectrum one-, two- and three-bond C-F couplings are observed
for those resonances appearing at dc 105.2, 76.6 and 76.2, respectively, and which are assigned
to the oxygenated sp>-hybridised carbons closest to the fluorine. That due to the analogous
oxygenated sp>-hybridised carbon remote from the halogen appears as a singlet at 3¢ 67.6. Final
confirmation of the structure of compound 10 came from a single-crystal X-ray analysis, details
of which are provided in the Experimental and the Supplementary Material (SM). In the case
of the epimeric alcohol 8, when this was treated with DAST then a fluorinated compound
lacking a carbon-carbon double bond was formed and this is tentatively assigned as the caged
system 11 (28%) based on both mechanistic and spectroscopic considerations. So, in this
conversion it is presumed that DAST-promoted ionisation of the free-hydroxyl group is
accompanied by migration of the anti-disposed and vicinally related oxygen and that the
oxonium ion so-formed then adds to the proximate olefin with the resulting carbocation then
captured, in an exo-face addition reaction, by fluoride ion (or an equivalent thereof). The initial
steps of such a pathway are supported by our observations of the operation of the related process
for a homologue of compound 8 (see below). The '"H NMR spectrum of product 11 displayed
no resonances due to olefinic protons but, inter alia, a one-proton doublet (Jur = 52.6 Hz)
observed at 8y 5.27 is assigned to the hydrogen on the fluorine-bearing sp*-hybridised carbon
with the lower field than expected chemical shift for this resonance being attributed to the

deshielding effects of the proximate and “peri”’-disposed oxygen. In the corresponding
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BC{'H}NMR spectrum the fluorinated carbon appears as a doublet ('Jcr = 180 Hz) while a
two-bond coupling (3Jcr = 24 Hz) to one of the adjacent methine carbons as well as to the
methine carbons either side of the proximate oxygen (Jcr = ca. 30 and 10 Hz) are observed. The
last two couplings presumably derive, to some extent at least, from through-space rather than
through-bond interactions between the fluorine and relevant carbon nuclei.® Smaller couplings
between the fluorine and two other, non-oxygenated sp>-hybridised carbons are also observed

(see Experimental for details).

When substrate 8 was reacted with N-bromosuccinimide rather than DAST then a smooth
bromo-etherification reaction took place to deliver the pentacyclic and crystalline bromide 12
in 95% yield and upon which a single-crystal X-ray analysis was carried out (see Experimental
and SM for details). On the other hand, treatment of substrate 8 with BF3*Et2O in
dichloromethane at 22 °C afforded the previously reported’ rearrangement product 13 (63%)
that it has been suggested’ results from initial cleavage of the acetal residue and with the ensuing
oxonoium ion being attacked by the pendant olefin and the carbocation so formed being

captured by the original secondary alcohol moiety.
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Scheme 1: Formation and Manipulation of the Alcohols 8 and 9 Derived from the Diels-Alder

Adduct, 4, of Levoglucosenone (2) and Cyclopentadiene.

o NaBH,/KOH 0]
0 EtOH/water (e}
_—
+
o 60 °C, 0.33 h oOH
4 8 (47%) 9 (45%)
| DAST [-78t022°C
BF,-Et,0 |22°C, 18 h NBS |22 °C, 18 h DAST | 0to22°C CH,Cl, | 5h,70%
CH2C|2 63% CC|4 95% CHQC'Q ca. 2 h, 28%
0]
6} -

An analogous series of experiments involving the previously reported!? Diels-Alder adduct, 5

(Scheme 2), derived from iso-levoglucosenone and cyclopentadiene was also carried out.

Specifically, sodium borohydride-mediated reduction of adduct 5 gave a ca. 1:4 mixture of the

chromatographically separable, known'® and crystalline alcohols 14 (15%) and 15 (69%) and

the structures of each of these was confirmed by single-crystal X-ray analysis!! (see

Experimental and SM for details). A comparison of the *C{'H} NMR spectral data reported

for compounds 14 and 15 with the analogous and previously reported data sets'® (see the SM

for tabular comparisons) were consistent with the assignments defined earlier.

When compound 15 was treated with DAST then fluorination with retention of configuration

took place to afford the crystalline product 16 in 69% yield and the structure of which was

confirmed by single-crystal X-ray analysis.
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Scheme 2: Formation and Manipulation of the Alcohols 14 and 15 Derived from the Diels-Alder

Adduct, 5, of iso-Levoglucosenone (3) and Cyclopentadiene.
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Analogous treatment of the epimeric alcohol with DAST did not, however, proceed cleanly and
only an unstable tar was obtained — no evidence for the formation of, for example, fluoride 17
or any related product could be obtained. In contrast, on reacting substrate 14 with NBS then
the anticipated bromo-etherification reaction took place to afford product 18 in 94% yield and
the structure of which was again confirmed by single-crystal X-ray analysis. However,
treatment of alcohol 14 with BF3¢Et,O under the same conditions as employed in the conversion

8 — 13 only led to complex mixtures.

(ii) Manipulations of Diels-Alder Adducts Derived from LGO (2) and iso-
LGO (3) with Cyclohexa-1,3-diene.

In an extension of the foregoing studies, LGO (2) was reacted with cyclohexa-1,3-diene

(Scheme 3) under microwave irradiation conditions to give the anticipated and previously

reported'? and endo-configured adduct 19 (80%) and the structure of which was confirmed by

single-crystal X-ray analysis (see Experimental and SM for details).
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Scheme 3: Formation of the Diels-Alder Adduct, 19, of Levoglucosenone (2) and Cyclohexa-1,3-

diene and Its Conversion into Derivatives 20-23.
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In keeping with the outcomes detailed above, on treating the tetracyclic ketone 19 with sodium
borohydride then a non-stereoselective reduction took place to afford a ca. 2:3 mixture of the
epimeric and chromatographically separable alcohols 20 (19%) and 21 (34%) and the structure
of the first of these was confirmed by single-crystal X-ray analysis. The spectral data recorded
on compounds 20 and 21 matched those reported previously’ - see the SM for a tabular
comparison of the relevant *C {'"H} NMR spectral data sets. On treating the latter alcohol with

DAST under the same conditions as used earlier then a clean reaction took place to give
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compound 22 in 75% yield. This product, the structure of which was confirmed by single-
crystal X-ray analysis, is analogous to that formed from the lower homologue of the starting
material, viz. the cyclopentadiene/LGO adduct 10. Interestingly, treatment of the epimeric
alcohol 20 with DAST under the same conditions afforded compound 23 (40%) and the
structure of which was also confirmed by single-crystal X-ray analysis. This outcome contrasts
with that observed for lower homologue 8 in that no product(s) arising from reaction(s)
involving the carbon-carbon double-bond of substrate 20 is/are observed. This difference may
be attributed to the varying geometries of the homologues and wherein, as judged by
examination of molecular models, the acetal and alcohol residues of compound 8 are in closer
proximity to the associated double bond. Consistent with such arguments, compound 20 could
not be engaged in a bromo-etherification reaction using NBS - the substrate simply failed to
react under a range of conditions. Similarly, attempts to effect a BF3*Et;O-induced
rearrangement of alcohol 21 were also unsuccessful in that only highly unstable materials were

formed.

iso-Levoglucosenone (3) also engaged in a Diel-Alder cycloaddition reaction with cyclohexa-
1,3-diene (Scheme 4) and under microwave irradiation conditions a single, crystalline adduct
24 was obtained in 91% yield. All the spectral data acquired on this product were fully
consistent with the assigned, endo-configured structure but final confirmation of this followed
from a single-crystal X-ray analysis, details of which are provided in the Experimental and the
SM. Rather surprisingly, the sodium-borohydride-mediated reduction of the ketone moiety
within compound 24 was highly selective in that only the B-configured alcohol 25 (91%) could
be isolated from the reaction mixture. The structure of this product was also confirmed by
single-crystal X-ray analysis (see Experimental and SM for details). On treating this last

compound with DAST under our now standard conditions then the starting material was rapidly
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consumed. While, by analogy with conversion 15 — 16 (Scheme 2), the formation of fluoride
26 might have been anticipated under such conditions, no clear evidence for the formation of
this product could be obtained and this being despite extensive chromatographic manipulations

of the crude reaction mixture.

Scheme 4: Formation of the Diels-Alder Adduct, 24, of iso-Levoglucosenone (3) and Cyclohexa-1,3-

diene and Its Conversion into Alcohol 25

O~

Q CH,Cly (o}
o ———> 0
(6] — 170 °C, uwave
4h,91%
3 24

NaBH4KOH | 0°C, 1 h
EtOH/water 91%

o DAST o)
o CH,Cl, o
F% 0°C.2h HO%
26 25
(iili) The Diels-Alder Adducts Derived from Reaction of LGO (2) and iso-

LGO (3) with a-Terpinene.

In an effort to generate monomeric systems for ROMP that are entirely sustainably-derived in
their constitution, the reaction of LGO (2) with a-terpinene (1-isopropyl-4-methylcyclohexa-
1,3-diene), an abundant and commercially available monoterpene, was examined (Scheme 5).
While attempts to effect a strictly thermally-induced cycloaddition reaction between this
dienophile and diene failed, on using tin(IV) chloride as catalyst then a reaction did take place
and so affording what is presumed to be a mixture of the two possible regio-isomeric endo-
adducts 27 and 28 that could be separated chromtographically and then obtained in yields of

ca. 2% and 30%, respectively.
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Scheme 5: Formation of the Diels-Alder Adducts, 27 and 28, of Levoglucosenone (2) and a-
Terpinene and the Conversion of the Latter into Alcohol 29 and Fluoride 30

0 0
o) o)
0
(6] _— (0] e}
N SnCl, *
o CH,Cly

0to22°C,18h
2 7 (2%) 8 (30%)

NaBH4/KOH | 22 °C, 18 h
EtOH/water 60%
DAST
CH,Cl,
47
2h 62%

The spectral data obtained on each of these products were in accord with the illustrated

30

structures but differentiating between them was less clear cut. Fortunately, upon subjecting the
major adduct to reaction with sodium borohydride then a single epimeric alcohol 29 (60%) was
obtained and the structure of this confirmed by single-crystal X-ray analysis. Of course, the
structure assigned to precursor 28 follows from this (analysis) and, by inference, also serves to
substantiate that assigned to regio-isomer 27. Interestingly, the data recorded on the major
Diels-Alder adduct 28 matches that reported'® by Galimova et al (see the SM for a tabulated
comparison of the *C{'H} NMR spectral data sets) who prepared this adduct (in 37% yield)
by reacting LGO with (+)-a-terpineol acetate in toluene at 100 °C and at a pressure of 10,000
atmospheres. These same workers suggested that this adduct arose through an exo-type [4+2]-
cycloaddition reaction between LGO and in situ generated a-terpinene. Given the X-ray data

just described, adduct 28 is clearly formed via an endo- rather than an exo-type process.

On treating compound 29 with DAST it underwent a smooth fluorination reaction analogous to

those seen earlier (¢f 21 — 22) and thus providing the rearranged fluoride 30 in 62% yield and
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which was obtained as a crystalline solid suitable for single-crystal X-ray analysis. Details of

this analysis are presented in the Experimental Section and SM.

As was the case detailed above for enone 2, isomer 3 also engages in a Diels-Alder
cycloaddition reaction with a-terpinene (Scheme 6), although now a Lewis acid catalysed one,
and so leading to the formation, as determined by 'H NMR spectroscopic analysis of the crude
reaction mixture, of a ca. >5:1 mixture of what is presume to be the regio-isomeric exo-adducts
31 and 32. Only the latter adduct could be obtained in pure form (and 24% yield) with the
structure of this being confirmed by single-crystal X-ray analysis (see Experimental and SM
for details). The selective formation of exo-adduct 32 contrasts the outcome shown in Scheme
5 and the origins of these seemingly differing preferences are unclear at the present time, not
least because the relatively poor mass balances in each of the cycloaddition reactions is
something of a confounding factor (as are the different modes used in effecting the processes —
microwave irradiation vs SnClys catalysis). The modest amounts of compounds 31 and 32
available using this Diels-Alder process has, at the present time, precluded any further
investigations of their chemistries (for example the reactions of the derived alcohols with

DAST) although the major one (viz. 32) may itself serve as a monomer in ROMP processes.
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Scheme 6: Formation of the exo-Configured Diels-Alder Adducts, 31 and 32, of iso-Levoglucosenone

(3) and a-Terpinene

0 W 0
o -,
o@ 0

o
+
SnCl, @
CH,Cl,
0to22°C,1.5h
3 31 (trace) 32 (24%)

In efforts to generate new polymeric materials, the application of ROMP techniques to the
Diels-Alder adducts 19, 24, 27, 28 and 32 as well as to the corresponding NaBHs-derived
reduction products 20, 21, 25 and 29 and to the related or derived fluoroalkenes 10, 16, 22, 23

and 30 will be the subject of future publications.

(iv) The Dihydroxylation of Diels-Alder Adduct 19

It is also conceiveable that the above-mentioned alkenes could be dihydroxylated and the
resulting diols then engaged in alternative modes of polymerisation, including ones leading to
poly-esters.’®¢ Accordingly, we concluded the present study by examining how readily or
otherwise the representative Diels-Alder adduct 19 could participate in Upjohn-type
dihydroxylation reactions. In the event, and as shown in Scheme 7, on treating this substrate
under standard conditions and using osmium tetroxide as the catalytic oxidant then a single,
crystalline diol 33 was formed (as the monohydrate), albeit in just 38% yield after
chromatographic purification and recrystallisation. A single-crystal X-ray analysis of this
material (see Experimental and SM) not only confirmed the anticipated cis-relationship
between the vicinally-related hydroxy groups but that these were introduced, as expected,

though oxidation at the less hindered exo-face of the precursor olefin. This outcome is in
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keeping with that observed!* when the LGO/cyclopentadiene adduct 4 is subjected to

essentially the same conditions.

Another fraction arising from the chromatographic isolation of compound 33 led to the
formation of crystalline material shown by X-ray analysis to be a non-hydrated form of
compound 33 that incorporated the corresponding acyloin 34 as a co-crystallised impurity
(18% refined occupancy). This is most likely formed through ketohydroxylation of substrate
19. Certainly, catalytic combinations of osmium tetroxide and Ni(mac), have been reported'?

to produce acyloins from olefins and in the present setting a possible source of the latter metal
is the spatula used to dispense the reagents and reactant into the reaction vessel. Interestingly,
the product resulting from dihydroxylation the LGO/cyclopentadiene adduct 4 undergoes a 1,4-
hydride shift to afford an acyloin (of different regio-chemistry to that seen in compound 34)
and with the ketone carbonyl group derived from LGO being reduced stereoselectively during

this isomerisation process.'*

Scheme 7: The Dihydroxylation of Diels-Alder Adduct 19 Leading to the Formation of Diol 33 and

Acyloin 34.
o) o)
Q 0s0, (cat.) o o
o NMO
LS +
o acetone/tBuOH HO 0 e} o
water HO
22°C, 48 h HO

19 33 (38%) 34 (trace)

Conclusions

The present study demonstrates that various Diels-Alder adducts obtained from the biomass-
derived platform molecule levoglucosenone (2) and its readily prepared isomer 3 can be
converted into fluorinated derivatives through successive treatment with sodium borohydride
then DAST. The fluorination step often involves rearrangement reactions. Such outcomes

further emphasise the diverse chemistries displayed by the now abundantly available
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levoglucosenone (2) and its derivatives and the potential that clearly exists to convert this
compound into a wide-range of biomass-derived monomers for ROMP and other

polymerisation processes.

Experimental

General Experimental Protocols.

Unless otherwise specified, proton ('H) and proton-decoupled carbon ('*C{!H}) NMR spectra
were recorded at 18 °C in CDCl3 on a spectrometer operating at 400 MHz for proton and 100
MHz for carbon nuclei. "H NMR data are recorded as follows: chemical shift (8§) [multiplicity,
coupling constant(s) J (Hz), relative integral], where multiplicity is defined as s = singlet; d =
doublet; t = triplet; q = quartet; m = multiplet, or combinations of the above. In relevant cases,
the signal due to residual CHCIl3 appearing at o 7.26 and the central resonance of the CDCl3
“triplet” appearing at dc 77.0 were used to reference 'H and "*C{'H} NMR spectra,
respectively. Samples were analysed by FT infrared spectroscopy (Vmax) as thin films on KBr
plates or as neat material resting on the sampling port. Low-resolution EI mass analyses were
carried out on an Agilent HP 5973 gas chromatograph/mass spectrometer with a 7683 series
injector fitted with an Agilent HP-5MS column (15 m length x 0.25 mm internal diameter X
0.25 um film thickness) using EI+ ionisation mode at 70 eV. The data were analysed using
MSDChem software. High-resolution EI analyses were carried out on Waters AutoSpec
Premier mass spectrometer operating at 70 eV. Samples were injected by direct infusion with
PFK as a reference standard and the data were analysed by MassLynx v4.1 software. HR EI
experiments were also performed using an Agilent 7250 GC/Q-TOF mass spectrometer, fitted
with an Agilent VF-5MS column (30 m length x 0.25 mm internal diameter x 0.25 um film
thickness) using EI+ ionisation mode at 70 eV. Gerstel autosampler was used to deliver the

sample. The data were analysed using MassHunter Qualitative Analysis 10.0 software. Low-
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resolution ESI were analyses were carried out on Agilent 6120 Quadrupole LC/MS instrument
connected to an Agilent 1200 series LC unit. An isocratic elution mode was used to deliver the
sample into MS. Capillary voltage was set at 5000v and desolvation temperature was set at 300
degrees, using API (+) ionisation. MSDChem software was used for data analyses. High
resolution electrospray ionisation (ESI) analyses were performed on a Waters Synapt G2-Si
HDMS qTOF mass spectrometer connected to a Waters Acquity UPLC I Class plus LC unit.
An isocratic elution mode was used to deliver the sample into MS without chromatographic
separation using methanol as the eluent at a flow rate of 0.2 mL/min. The mass spectrometer
was operated in positive, full MS, resolution and TOF modes. Capillary voltage and cone
voltage were set at 2kV and 30V respectively. Source temperature was set at 120 degrees and
desolvation temperature was set at 200 degrees. Leucine Enkephalin was used as the Lockspray
reference compound. Elemental composition reports were produced within 3 ppm error.
Masslynx v4.1 software was used to process data. HR ESI experiments were also performed
using an Orbitrap Elite mass spectrometer equipped with a HESI-II electrospray ionisation
source coupled to an Ulti-Mate 3000 UHPLC (Thermo Scientific). Samples were introduced
by direct infusion without chromatographic separation. Scans were performed on the orbitrap
FTMS mass analyser at a resolution of 120 000 (m/z 200-2000). The spray voltage was set at
4.3kV, and the source heater temp at 300 Degrees. The data were analysed using Thermo
Freestyle software. Melting points are uncorrected. Optical rotations were recorded in the
indicated solvent at 20 °C on a Perkin Elmer Model 343 Polarimeter. Analytical thin layer
chromatography (TLC) was performed on aluminum-backed 0.2 mm thick silica gel 60 F254
plates. Eluted plates were visualised using a 254 nm UV lamp and/or by treatment with a
suitable dip, followed by heating. These dips included potassium permanganate/potassium
carbonate/5% sodium hydroxide aqueous solution/water (3 g:20 g:5mL:300 mL), and p-

anisaldehyde or vanillin/sulfuric acid (conc.)/ethanol (15 g:2.5 mL:250 mL). Flash
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chromatographic separations were carried out following protocols defined by Still et al.'® silica
gel 60 (40—63 um) as the stationary phase and using the AR- or HPLC-grade solvents indicated.
The melting points of solids purified by such means were normally recorded directly (viz. after
they had crystallised from the concentrated chromatographic fractions). A CEM Explorer
system was employed for microwave-promoted reactions and these were undertaken using 10
mL vials fitted with polytetrafluoroethylene (PTFE) caps. An internal infrared probe was used

to monitor and control reaction temperature.

Starting materials, reagents, drying agents, and other inorganic salts were generally
commercially available and were used as supplied. Levoglucosenone was kindly supplied by
Circa™ and was purified by vacuum distillation, collecting the distillate obtained at 95 °C. iso-
Levoglucosenone was prepared by the method of Ma et al.** Tetrahydrofuran (THF), methanol,
petroleum ether (40 to 60 °C fraction) and dichloromethane were dried using a solvent
purification system that is based upon a technology originally described by Grubbs et al.!’

Where necessary, reactions were performed under a nitrogen atmosphere.

(1R,2R,58,5a8,6R,95,9aR)-2-Fluoro-1,2,4,5,52,6,9,9a-octahydro-1,5-epoxy-6,9-

methanobenzo[d]oxepine (10)

A magnetically stirred and deoxygenated solution of compound 9'® (194 mg, 1.00 mmol) in dry
dichloromethane (5.0 mL) was cooled to —78 °C (acetone/dry-ice bath) then treated, via syringe,
with diethylaminosulfur trifluoride (DAST) (163 mg, 1.01 mmol, 1 equiv.). After 5 h the
reaction mixture was slowly warmed to 22 °C before being treated with flash chromatography-
grade silica gel (200 mg). The ensuing mixture was concentrated under reduced pressure and
the resulting free-flowing solid subjected to flash chromatography (silica gel, 1:1 v/v diethyl
ether/hexane elution) to afford, after concentration of the appropriate fractions (Rr = 0.4),

compound 10 (138 mg, 70%) as an off-white, crystalline solid, m.p. =49-50 °C, [a]p= +12.14
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(¢ = 0.14, methanol). 'H NMR (400 MHz, CDCl3) & 6.07 (s, 2H), 5.08 (d, Jur = 54.3 Hz, 1H),
4.10 (d, J=10.8 Hz, 1H), 3.80 (s, 2H), 3.38 (d, J= 10.8 Hz, 1H), 2.97 (broadened s, 1H), 2.92
(broadened s, 1H), 2.83 (m, 1H), 2.75 (m, 1H), 1.44 (ABq, J = 8.4 Hz, 2H); *C{'H} NMR
(100 MHz, CDCls) & 134.2, 134.0, 105.2 (d, 'Jcr = 230 Hz), 76.6 (d, Jcr = ca. 21 Hz), 76.2 (d,
3Jce = ca. 1 Hz), 67.6, 52.4, 46.9, 46.8, 45.6, 45.3; IR (KBr) vimax 3388, 3058, 2955, 2869, 1453,
1352, 1332, 1253, 1223, 1114, 1076, 1032, 996, 975, 897, 852, 797, 738 cm™'; HRMS (EL 70

eV) m/z M™ calcd for C11H3FO2 196.0894; found 196.0895.

(35.4aR,4bR,55,6S5,7aR,8R,8aS,9R)-5-Fluorodecahydro-3,6,8-(epimethanetriyl)pent-

aleno-[1,2-b][1,4]dioxine (11)

A deoxygenated and magnetically stirred solution of compound 8% (358 mg, 1.84 mmol) in dry
dichloromethane (10.0 mL) maintained under nitrogen at 0 °C was treated, via syringe, with
DAST (344 mg, 2.14 mmol, 1.2 equiv). After 1.5 h the reaction mixture allowed to warm to 22
°C then exposed to air before being treated with flash chromatography-grade silica gel (500
mg). The ensuing mixture was concentrated under reduced pressure and the resulting free-
flowing solid subjected to flash chromatography (silica gel, 1:4 v/v diethyl ether/hexane elution)
to afford, after concentration of the appropriate fractions (Rr = 0.2), compound 11 (100 mg,
28%) as a cloudy, orange-white oil, [a]p=10.50 (¢ = 1.0, MeOH). '"H NMR (400 MHz, CDCl;)
05.27 (d, Jur = 52.6 Hz, 1H), 4.45-4.36 (complex m, 2H), 4.15 (d, J=11.9, 1H), 4.07 (m, 1H),
3.72 (d,J=11.9, 1H), 2.82 (broad s, 1H), 2.67 (broad s, 1H), 2.51 (m, 1H), 2.32 (m, 1H), 2.17
(m, 1H), 1.72 (d,J=11.3 Hz, 1H), 1.53 (d, J=11.3 Hz, 1H); *C{'H} NMR (100 MHz, CDCls)
5 101.1 (d, Jer = 180 Hz), 82.9 (d, Jor = 30 Hz), 81.9 (d, Jcr = 10 Hz), 75.1, 63.9, 50.0 (d, Jcr

=24 Hz), 48.5, 43.5 (d, Jcr = ca. 1 Hz), 40.0 (d, Jcr = ca. 5 Hz), 38.1, 30.0;

144



Diels-Alder Adducts of Levoglucosenone and iso-Levoglucosenone

IR (KBr) vmax 2927, 2871, 1576, 1077, 1007, 871, 834, 801 cm™'; HRMS (EI, 70 eV) m/z M**

calcd for C11H13FO2 196.0894; found 196.0891.

(2S,2aR,2a'R 4S,4aR,55,8R,8aR,10S)-10-Bromodecahydro-1,7,9-trioxa-2,4:5,8-

dimethanocyclopenta|cd]azulene (12)

A magnetically stirred solution of compound 8 (97 mg, 0.50 mmol) in carbon tetrachloride (2.5
mL) maintained at 22 °C was treated, in one portion, with N-bromosuccinimide (NBS) (89 mg,
0.50 mmol, 1.0 equiv.). After 18 h the reaction mixture was concentrated under reduced
pressure and the resulting brown solid subjected to flash chromatography (silica gel, 1:1 v/v
diethyl ether/hexane elution) to afford, after concentration of the appropriate fractions (Rr =
0.1), compound 12 (129 mg, 95%) as a colourless, needles, m.p. = 93-94 °C, [a]p= +60.0 (c =
1.0, methanol); '"H NMR (400 MHz, CDCl3) § 5.38 (d, J = 2.4 Hz, 1H), 4.83 (d, J = 2.4 Hz,
1H), 4.65 (m, 2H), 3.89-3.84 (complex m, 2H), 3.79 (d, J = 7.0 Hz, 1H), 2.83 (m, 1H), 2.55-
2.51 (complex m, 2H), 2.21 (d, J = 11.1 Hz, 1H), 1.85 (m, 1H) (one signal obscured or
overlapping); *C{'H} NMR (100 MHz, CDCl3) § 99.5, 90.2, 77.0, 73.9 69.2, 55.1, 48.5, 47.1,
42.5,35.5, 34.1; IR (KBr) vmax 2954, 2926, 2898, 1464, 1330, 1319, 1284, 1216, 1142, 1133,
1056, 994, 974, 936, 924, 859, 833, 700, 648 cm™'; HRMS (EL 70 eV) m/z M"* caled for

C11H13”BrOs 272.0048; found 272.0048.

((2R,2a8,2a'S,4R,4aR,6S,7S,7aS,8R)-Octahydro-1H-3,5-dioxa-2,4,7-(epimethane-

triyl)cyclopenta|cd]inden-6-yl)methanol (13) A magnetically stirred solution of compound 8
(97 mg, 0.48 mmol) in dichloromethane (5.0 mL) maintained at 22 °C was treated with
BF;+OEt; (177 mg, 1.25 mmol). After 18 h the reaction mixture was treated with flash
chromatography-grade silica gel (150 mg) and the ensuing mixture concentrated under reduced

pressure. The resulting free-flowing solid was subjected to subjected to flash chromatography
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(silica 1:4 v/v diethyl ether/hexane elution) to afford, after concentration of the appropriate
fractions (Rr= 0.3 in 1:1 v/v diethyl ether/hexane), compound 13° (61 mg, 63%) as an off-white,
oily solid, m.p. = 34-35 °C, [a]p=—120.00 (c = 0.25, methanol) {lit.’ [¢]p=+143.3 (¢ = 1.03,
CHCl3)}. '"H NMR (400 MHz, CDCl;3) § 4.64 (broadened s, 1H), 4.34 (broadened s, 1H), 4.02
(m, 1H), 3.76 (m, 1H), 3.61 (dd, J=11.3 and 8.2 Hz, 1H), 3.53 (dd, J=11.3 and 4.4 Hz, 1H),
2.57 (s, 1H), 2.33 (m, 1H), 2.23-2.16 (complex m, 2H), 1.87 (broadened s, 2H), 1.74 (m, 1H),
1.38 (m, 1H); *C{'H} NMR (100 MHz, CDCl3) § 87.2, 76.7, 74.6, 72.1, 66.1, 49.3, 39.8, 39.5,
36.8, 36.2, 32.1; IR (KBr) vmax 3411, 2956, 2876, 1369, 1321, 1310, 1141, 1117, 1052, 1018,
955, 911, 834 cm™'; HRMS (TOF ESI, +ve) m/z (M+Na)" calcd for C11H1403Na 217.0841;

found 217.0851.

(1R,4R,55,5a8,6R,95,9aR)-1,3,4,5,52,6,9,9a-octahydro-1,4-epoxy-6,9-methanoben-

zo[c]oxepin-5-0l (14) and (1R4R,5R,5aS,6R,95,9aR)-1,3,4,5,5a,6,9,9a-Octahydro-1,4-
epoxy-6,9-methanobenzo|c]oxepin-5-ol (15) A magnetically stirred solution of compound 5
(268 mg, 1.39 mmol) in methanol (10 mL) maintained at 22 °C was treated with sodium
borohydride (53 mg, 1.39 mmol). After 1 h the reaction mixture was treated with flash
chromatography-grade silica gel (300 mg) and then concentrated under reduced pressure. The
resulting free-flowing solid was subjected to subjected to flash chromatography (silica, 1:3 v/v

ethyl acetate/petroleum ether) to afford two fractions, A and B.

Concentration of fraction A (Rf = 0.25) afforded compound 14'° (40 mg, 15%) as a
colourless, crystalline solid, m.p. = 87-89 °C (lit.!° m.p. = 90-92 °C), [a]p = —5.8 (¢ = 0.5,
methanol) {lit." [a]p=—-61.1 (c = 1.2, CHCI3)}. '"H NMR (400 MHz, CDCl3) § 6.39 (dd, J =
5.6 and 2.8 Hz, 1H), 6.17 (dd, J = 5.6 and 3.2 Hz, 1H), 5.32 (s, 1H), 4.21 (dd, J = 6.8 and 2.8
Hz, 1H), 3.88 (m, 2H), 3.58 (dd, J = 8.0 and 2.4 Hz, 1H), 3.08 (broad s, 1H), 2.91 (broad s,

1H), 2.77 (m, 1H), 2.24 (dd, J= 10.0 and 3.6 Hz, 1H), 1.42 (d, J = 8.0 Hz, 1H), 1.28 (d, /= 8.0
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Hz, 1H) (signal due to OH group proton not observed); *C{'H} NMR (100 MHz, CDCIl;) &
137.5, 133.2, 102.7, 76.6, 69.5, 64.5, 50.9, 47.0, 46.3, 44.5, 40.5; IR (KBr) vmax 3356, 2962,
1357, 1341, 1114, 1015, 912, 881, 754, 631 cm™'; HRMS (EI, 70 eV) m/z M* calcd for

C11H1403 194.0943; found 194.0944.

Concentration of fraction B (Rf = 0.2), afforded compound 15'° (186 mg, 69%) as a
colourless, crystalline solid, m.p. = 100-103 °C (lit.!® m.p. = 111-113 °C), [a]p=+21.8 (¢ =0.7,
methanol) {lit."° [a]p=+18.8 (¢ = 1.4, CHCl3)}. 'H NMR (400 MHz, CDCls) § 6.22 (m, 1H),
5.32 (s, 1H), 4.21 (m, 1H), 3.94 (dd, /= 8.0 and 2.0 Hz, 1H), 3.67-3.61 (complex m, 2H), 3.07
(broad s, 1H), 2.87 (broad s, 1H), 2.39 (dd, J=10.0 and 3.6 Hz, 1H), 2.28 (m, 1H), 1.46 (dd, J
= 8.3 and 1.8 Hz, 1H), 1.44 (d, J = 8.4 Hz, 1H), 1.31 (d, J = 8.4 Hz, 1H) (signal due to OH
group proton not observed); *C{'H} NMR (100 MHz, CDCls) § 136.1, 135.7, 101.8, 73.3,
68.6,61.6, 50.8, 48.6,46.2,46.0, 44.1; IR (KBr) vinax 3479, 2969, 1340, 1236, 1124, 1059, 957,
881, 736 cm™'; HRMS (TOF ESI, +ve) m/z (2M + Na)* calcd for C22H2sNaOg 411.1784; found

411.1801.

(1R, 4R,5R,5a8,6R,9S5,9aR)-5-Fluoro-1,3,4,5,5a,6,9,9a-octahydro-1,4-epoxy-6,9-

methanobenzo[c]oxepine (16)

A deoxygenated and magnetically stirred solution of compound 15 (97 mg, 0.50 mmol) in dry
dichloromethane (5.0 mL), maintained at 0 °C under nitrogen was treated with DAST (122 mg,
0.76 mmol, 1.5 equiv.). After 1.5 h the reaction mixture was exposed to air then treated with
flash chromatography-grade silica gel (150 mg) and then concentrated under reduced pressure.
The resulting free-flowing solid was subjected to subjected to flash chromatography (silica gel,
1:4 v/v diethyl ether/hexane) to afford, after concentration of the appropriate fractions (Rr=0.4)
a colourless, crystalline solid. Recrystallisation (hexane) of this material gave compound 16 (68

mg, 69%) as colourless needles, m.p. = 46-47 °C, [a]p= 10.5 (¢ = 0.2, methanol). 'H
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NMR (400 MHz, CDCls) 6 6.22 (s, 2H), 5.34 (d, J = 6.8 Hz, 1H), 4.49 (partially obscured dt,
Jur = 52 Hz and Juu = 5.2 Hz, 1H), 4.37 (partially obscured m, 1H), 3.93 (dd, /= 8.4 and 2.4
Hz, 1H), 3.68 (m, 1H), 3.11 (broad s, 1H), 2.89 (broad s, 1H), 2.57 (m, 1H), 2.48 (m, 1H), 1.47
(d,J=8.4 Hz, 1H), 1.32 (d, J= 8.4 Hz, 1H); *C {'H} NMR (100 MHz, CDCl3) § 136.1, 135.7,
101.8, 88.5 (1Jcr = 180 Hz), 70.7 (*Jcr = 20 Hz), 62.0, 50.7, 49.5, 46.0, 41.4, 41.2; IR (KBr)
Vmax 2967, 1353, 1338, 1118, 1003, 914, 906, 737, 652 cm™'; HRMS (EI, 70 eV) m/z M"* caled

for C11H13FO2 196.0900; found 196.0901.

(2R,2aS,2a'R, 4R 4aR,5R,8R,82a5,10R)-10-Bromodecahydro-1,6,9-trioxa-2,4:5,8-

dimethanocyclopenta|cd]azulene (18)

A magnetically stirred solution of compound 14 (63 mg, 0.33 mmol) in carbon tetrachloride
(3.0 mL) maintained at 22 °C was treated with NBS (120 mg, 0.66 mmol). After 18 h the
reaction mixture was concentrated under reduced pressure and the brown solid so-formed
subjected to flash chromatography (1:1 v/v diethyl ether/hexane) to afford, after concentration
of the appropriate fractions (Rr=0.1), compound 18 (83 mg, 94%) as a yellow, crystalline solid,
m.p. = 113-115 °C, [a]p=—7.2 (¢ = 1.0, methanol); "H NMR (400 MHz, CDCl5) & 5.55 (s, 1H),
4.70 (d, J=2.1 Hz, 1H), 4.65 (d, J = 5.0 Hz, 1H), 4.52 (m, 1H), 3.95 (dd, J = 5.6 and 2.4 Hz,
1H), 3.75-3.73 (complex m, 2H), 2.81 (t,J=4.8 Hz, 1H), 2.54 (m, 1H), 2.42 (broadened s, 1H),
221 (d, J=11.0 Hz, 1H), 1.98 (broadened d, J =11.2 Hz, 1H), 1.55 (d, J = 11.2 Hz, 1H);
BC{'H} NMR (100 MHz, CDCl5) § 101.4, 89.8, 77.9, 73.9, 64.6, 54.7, 48.4, 44.6, 43.9, 36.0,
34.2; IR (KBr) vmax 3151, 1371, 1291, 1185, 837, 818, 638 cm™'; HRMS (EI, 70 eV) m/z (M-

Bre)" caled for Ci1H ;1303 193.0859; found 193.0852.

(1S,4R,5aR,65,9R,9a5)-1,2,52,6,9,9a-Hexahydro-1,4-epoxy-6,9-ethanobenzo|d]oxe-pin-

5(4H)-one (19)
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A magnetically stirred solution of levoglucosenone (2) (1.49 g, 11.8 mmol) and 1,3-
cyclohexadiene (2.37 g, 29.54 mmol, 2.5 equiv.) in dry dichloromethane (1.0 mL) was
deoxygenated then placed under nitrogen before being subjected to microwave irradiation at
170 °C for 4 h. The cooled reaction mixture was treated with flash chromatography-grade silica
gel (2.00 g) and the ensuing mixture concentrated under reduced pressure. The resulting free-
flowing solid was subjected to flash chromatography (silica gel, 3:2 v/v diethyl ether/hexane)
to afford, after concentration of the appropriate fractions (R = 0.5), compound 19'? (1.92 g,
79%) as a colourless, crystalline solid, m.p. = 59-61 °C (lit.!?* m.p. = 44-45 °C), [a]p-—150.5
(c = 1.0, methanol) {1it."*® [a]p=—178.8 (c = 1.07, CHCl3)}. '"H NMR (400 MHz, CDCl3) §
6.40 (t, J= 7.3 Hz, 1H), 6.10 (t, J= 7.3 Hz, 1H), 4.87 (s, 1H), 4.54 (broadened s, 1H), 3.82 (s,
2H), 3.23 (broadened s, 1H), 2.74 (dd, J = 9.4 and 3.5 Hz, 1H), 2.65 (m, 1H), 2.10 (d, /= 9.4
Hz, 1H), 1.64 (m, 1H), 1.52 (m, 1H), 1.39 (m, 1H), 1.27 (m, 1H); *C{'H} NMR (100 MHz,
CDCI3) 6 200.7, 134.1, 132.3, 99.7, 78.0, 69.5, 46.9, 43.3, 35.7, 32.9, 27.5, 22.2; IR (KBT) Vinax
2954, 2867, 1722, 1119, 995, 902, 870, 677 cm™'; HRMS (EIL, 70 eV) m/z M" calcd for

C12H1403 206.0937; found 206.0929.

(1S,4R,5R,5aR,65,9R,9a5)-1,2,4,5,52,6,9,9a-Octahydro-1,4-epoxy-6,9-ethanobenzo|d] -
oxepin-5-ol (20) and (1S5,4R,55,5aR,65,9R,9aS5)-1,2,4,5,5a,6,9,9a-Octahydro-1,4-epoxy-

6,9-ethanobenzo|d]oxepin-5-o0l (21)

A magnetically stirred solution of compound 19 (250 mg, 1.21 mmol) in ethanol (100 mL)
maintained at ca. 0 °C (ice-bath) was treated with potassium hydroxide (two drops of a 40%
w/v aqueous solution) then, in portions, with a solution of sodium borohydride (50 mg, 1.21
mmol, 1.0 equiv.) in water (413 pL). The ensuing mixture was allowed to warm to ambient
temperatures and, after 18 h, filtered through a pad of diatomaceous earth contained in a
sintered-glass funnel and the filtrate then dried (Na>SO4) and filtered again. The solution thus

obtained was adsorbed onto flash chromatography-grade silica gel (300 mg) and the ensuing
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mixture concentrated under reduced pressure. The free-flowing solid thus obtained was
subjected to flash chromatography (silica gel, 1:1 v/v diethyl ether/hexane) to afford two

fractions, A and B.

Concentration of fraction A (Rf = 0.3) afforded compound 20° (47 mg, 19%) as a
colourless, crystalline solid, m.p. = 110-112 °C (lit.° m.p. = 112-113 °C), [a]p=+4.60 (c = 5.0,
methanol) {lit.” [a]p=+29.8 (¢ = 0.97, CHCl3)}. "H NMR (400 MHz, CDCl3) § 6.42 (t, J=17.3
Hz, 1H), 6.33 (t, /= 7.3 Hz, 1H), 5.14 (s, 1H), 4.31 (d, /= 4.3 Hz, 1H), 3.74 (d, J/ = 6.8 Hz,
1H), 3.68 (dd, /= 6.8 and 4.5 Hz, 1H), 3.62 (dd, /= 12.8 and 8.4 Hz, 1H), 2.81 (broadened s,
1H), 2.54-2.49 (complex m, 2H), 1.84 (d, J = 12.8 Hz, 1H), 1.79 (d, J = 10.4 Hz, 1H), 1.61-
1.48 (complex m, 2H), 1.37 (m, 1H), 1.20 (m, 1H); *C{'H} NMR (100 MHz, CDCls) & 134.6,
133.4, 102.5, 77.0, 71.7, 68.6, 44.5, 39.7, 36.7, 33.2, 29.1, 23.4; IR (KBr) vmax 2934, 1133,
1026, 931, 843, 721, 642, 592, 570, 537 cm™'; HRMS (EL, 70 eV) m/z M"* calcd for C12H1603

208.1099; found 208.1096.

Concentration of fraction B (Rr=0.1) gave compound 21 (85 mg, 34%) as a voluminous
white solid, m.p. = 155-157 °C (lit.” m.p. = 157-158 °C), [a]p=-81.8 (¢ = 5.0, methanol) {lit.”
[a]p=—106.0 (c = 0.99, CHCI3)}. '"H NMR (400 MHz, CDCl3) § 6.44 (t,J= 7.3 Hz, 1H), 6.16
(t,J=7.3 Hz, 1H), 5.18 (d, /= 3.1 Hz, 1H), 4.37 (d, /= 5.0 Hz, 1H), 3.76 (dd, /= 7.0 and 5.0
Hz, 1H), 3.70 (d, /= 7.0 Hz, 1H), 3.33 (m, 1H), 2.88 (broadened s, 1H), 2.49 (m, 1H), 1.94 (m,
1H), 1.83 (d, /= 10.0 Hz, 1H), 1.75 (d, J = 11.0 Hz, 1H), 1.59-1.52 (complex m, 1H), 1.50-
1.33 (complex m, 2H), 1.16 (m, 1H); *C{'H} NMR (100 MHz, CDCls) § 135.3, 132.4, 100.9,
77.2,71.2,70.2,46.3,45.4,36.2,34.0, 28.7, 22.4; IR (KBr) vmax 2971, 2945, 2874, 1143, 1050,
1043, 965, 907, 862, 707 cm™'; HRMS (EI, 70 eV) m/z M** caled for C12H1603 208.1099; found

208.1100.
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(1R,2R,58,5a8,6R,95,9aR)-2-Fluoro-1,2,4,5,52,6,9,9a-octahydro-1,5-epoxy-6,9-

ethanobenzo|[d]oxepine (22)

A deoxygenated and magnetically stirred solution of compound 21 (61 mg, 0.29 mmol) in dry
dichloromethane (5.0 mL), maintained at 0 °C under nitrogen was treated with DAST (43 mg,
0.27 mmol, 1.0 equiv.). After 2 h the reaction mixture was exposed to air then treated with flash
chromatography-grade silica gel (100 mg) then concentrated under reduced pressure. The
resulting free-flowing solid was subjected to flash chromatography (silica gel, 1:1 v/v diethyl
ether/hexane elution) to afford, after concentration of the appropriate fractions (R = 0.4), an
off-white, crystalline solid. Recrystallisation (dichloromethane) of this material gave
compound 22 (46 mg, 75%) as a yellow, crystalline solid, m.p. = 99-102 °C, [a]p = +15.00 (¢
= 1.0, methanol). 'H NMR (400 MHz, CDCl3) § 6.22-6.16 (complex m, 2H), 5.07 (d, Jur =
54.4 Hz, 1H), 4.13 (d, J=10.8 Hz, 1H), 3.87 (s, 2H), 3.39 (d, /= 10.8 Hz, 1H), 2.71 (m, 2H),
2.45(d, J=2.8 Hz, 1H), 2.43 (d, J = 2.8 Hz, 1H), 1.55 (m, 2H), 1.24 (m, 2H); 3C{'H} NMR
(100 MHz, CDCl3) & 132.4, 132.1, 105.2 (d, 'Jcr = 229 Hz), 80.1 (d, “Jcr = 21 Hz), 68.0, 45.3
(d, Jcr = ca. 1 Hz), 45.1(0), 45.0(6), 33.6, 33.4, 24.6, 24.4; IR (KBr) vmax 2943, 1151, 1084,
1060, 973, 866, 851, 842, 838, 706, 570 cm™'; HRMS (EI, 70 eV) m/z M** calcd for C12H;sFO;

210.1056; found 210.1060.

(18,35,45,4aR,55,8R,8aS5)-3-Fluoro-3,4,4a,5,8,8a-hexahydro-1H-4,1-(epoxymethano) -

5,8-ethanoisochromene (23)

A deoxygenated and magnetically stirred solution of compound 20 (63 mg, 0.30 mmol) in dry
dichloromethane (3.0 mL) maintained under nitrogen at 0 °C was treated with DAST (54 mg,

0.33 mmol, 1.1 equiv.). After 3 h the reaction mixture was exposed to air then treated calcium
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carbonate (33 mg, 0.33 mmol, 1.1 equiv.). The resulting mixture was subjected to subjected to
flash chromatography (silica gel, 1:1 v/ diethyl ether/hexane elution) to afford, after
concentration of the appropriate fractions (Rr = 0.5), a clear, yellow oil. Crystallisation
(dichloromethane) of this material gave compound 23 (19 mg, 40%) as a colourless, crystalline
solid, m.p. = 90-92 °C, [a]p=+2.3 (¢ = 1.3, methanol). '"H NMR (400MHz, CDCls) § 6.25 (t,
J=17.3Hz, 1H), 6.01 (t, J= 7.3 Hz, 1H), 5.40 (d, Jur = 66.4 Hz, 1H), 4.21 (dd, J=9.3 and 2.1
Hz, 1H), 3.90 (s, 1H), 3.79 (d, /= 9.3 Hz, 1H), 3.66 (broadened s, 1H), 2.62 (m, 1H), 2.58-2.49
(complex m, 2H), 2.04 (m, 1H), 1.63 (m, 2H), 1.43-1.20 (complex m, 2H); *C{'H} NMR (100
MHz, CDCl3) § 134.3, 127.7, 107.1 (d, 'Jcr = 220 Hz), 70.0, 69.2, 67.8 (d, 2Jcr = 18 Hz), 43.3,
40.7, 33.2, 30.5, 26.0 (one signal obscured or overlapping); IR (KBr) vmax 2934, 2907, 2864,
1172, 1121, 1114, 1087, 1076, 982, 878, 858, 837, 726, 718, 617, 599 cm™'; MS (EL 70 eV)
m/z 210 [(M+)*, 100%]; HRMS (EI, 70 €V) m/z M™ caled for Ci2H;sFO, 210.1056; found

210.1058.

(1R,4R,5a8,6R,95,9aR)-3,4,52,6,9,9a-Hexahydro-1,4-epoxy-6,9-ethanobenzo[c]oxe-pin-

5(1H)-one (24)

A magnetically stirred solution of iso-levoglucosenone (3) (200 mg, 1.59 mmol) and 1,3-
cyclohexadiene (640 mg, 7.99 mmol, 5.0 equiv.) and dry dichloromethane (1.0 mL) maintained
under nitrogen was subjected to microwave irradiation at 170 °C for 4 h. Thereafter, the cooled
reaction mixture was treated with flash chromatography-grade silica gel (250 mg) and the
ensuing mixture concentrated under reduced pressure. The resulting free-flowing solid was
subjected to flash chromatography (silica gel, 1:1 v/v diethyl ether/hexane elution) to afford,
after concentration of the appropriate fractions (R = 0.5) compound 24'° (300 mg, 91%) as a
colourless, crystalline solid, m.p. = 54-56 °C. (lit.'"® m.p. = 78-79 °C), [a]p=+43.6 (c = 0.1,
acetonitrile) {lit.'"° [a]p=+67.2 (¢ = 0.5, CHCl3)}. '"H NMR (400 MHz, CDCl3) § 6.31 (t, J =

7.4 Hz, 1H), 6.13 (t, J = 7.4 Hz, 1H), 5.45 (s, 1H), 4.25 (t, J = 3.6 Hz, 1H), 3.81 (d, J=3.6 Hz,
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2H), 3.20 (broadened s, 1H), 2.64 (m, 2H), 2.24 (d, J = 9.2 Hz, 1H), 1.62-1.47 (complex m,
2H), 1.34 (m, 1H), 1.23 (m, 1H); C{'H} NMR (100 MHz, CDCls) § 206.6, 134.1, 131.8,
104.9, 77.9, 66.7, 48.5, 44.6, 33.3, 32.7, 26.8, 23.1; IR (KBr) vmax 2937, 2865, 1721, 1224,
1126, 1007, 911, 853, 704, 471 cm™'; HRMS (EL, 70 eV) m/z M** calcd for C12H 1403 206.0943;

found 206.0949.

(1R, 4R,5R,5a8,6R,95,9aR)-1,3,4,5,5a,6,9,9a-Octahydro-1,4-epoxy-6,9-ethanobenzo-

[c]oxepin-5-0l (25)

A magnetically stirred solution of compound 24 (300 mg, 1.45 mmol) in ethanol (10.0 mL)
maintained at ca. 0 °C was treated with potassium hydroxide (2 drops of a 40% w/v aqueous
solution) then with sodium borohydride (55 mg, 1.46 mmol). After 1 h the reaction mixture was
treated with flash chromatography-grade silica gel (500 mg) then concentrated under reduced
pressure. The resulting free-flowing solid was subjected to flash chromatography (silica, 1:1
v/v diethyl ether/hexane elution) to afford, after concentration of the appropriate fractions (R¢=
0.2), compound 25 (277 mg, 91%) as a crystalline solid, m.p. = 74-76 °C, [a]p=1+6.5 (c = 0.4,
acetone). 'H NMR (400 MHz, CDCls) § 6.37 (m, 1H), 6.16 (t, J = 7.3 Hz, 1H), 5.28 (s, 1H),
4.28-4.23 (complex m, 1H), 3.91 (d, /= 8.9 Hz, 1H), 3.81 (m, 1H), 3.58-3.54 (complex m, 1H),
2.81 (broadened s, 1H), 2.48-2.40 (complex m, 1H), 2.00-1.85 (complex m, 1H), 1.58-1.32
(complex m, 2H), 1.46 (m, 1H), 1.35 (m, 1H), 1.15 (m, 1H) (signal due to OH group proton not
observed); 3C{'H} NMR (100 MHz, CDCl3) § 135.0, 132.6, 104.1,73.7,69.4, 61.2,47.5, 44.3,
33.6,33.3, 28.5,22.5; IR (KBr) vmax 3429, 2936, 2865, 1342, 1119, 1062, 1002, 979, 958, 870,
851, 709, 643, 527 cm™!; HRMS (EI, 70 eV) m/z M™ caled for C12Hi603 208.1099; found

208.1091.
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(185,4R,5a5,65,95,9aR)-9-Isopropyl-6-methyl-1,2,5a,6,9,9a-hexahydro-1,4-epoxy-6,9-
ethanobenzo|[d]oxepin-5(4H)-one (27) and (15,4R,5a8,6R,9R,9aR)-6-Isopropyl-9-methyl-

1,2,5a,6,9,9a-hexahydro-1,4-epoxy-6,9-ethanobenzo|d]oxepin-5(4H)-one (28)

A magnetically stirred and deoxygenated solution of levoglucosenone (2) (2.40 g, 19.0 mmol)
and a-terpinene (2.85 g, 20.9 mmol) in dichloromethane (50 mL), maintained at ca. 0 °C (ice-
bath) was treated with tin(IV) chloride (300 mL of a 1.0 M solution in dichloromethane, 1.6
mole %). The ensuing mixture was allowed to warm to ambient temperatures and after 18 h
treated with flash chromatography-grade silica gel (3.00 g) then concentrated under reduced
pressure. The free-flowing solid thus obtained was subjected to flash chromatography (silica,

hexane — 1:1 v/v diethyl ether/hexane gradient elution) to afford two fractions, A and B.

Concentration of fraction A [Rf=0.6(2) in 1:1 v/v diethyl ether/hexane] gave compound
27 (99 mg, 2%) as a clear, yellow oil, [a]p=—-8.19 (¢ = 0.6, methanol); '"H NMR (400 MHz,
CDCl3) 6 6.03 (d, J=8.4 Hz, 1H), 5.92 (d, /= 8.4 Hz, 1H), 4.77 (m, 1H), 3.87 (t, J=7.2 Hz,
1H), 3.76 (dd, J=7.2 and 1.2 Hz, 1H), 3.00 (p, J= 6.8 Hz, 1H), 2.89 (d, J = 8.4 Hz, 1H), 1.86,
(d, J= 8.8 Hz, 1H), 1.35-0.80 (complex m, 14H); 1*C{'H} NMR (100 MHz, CDCls) § 201.0,
138.4, 135.7, 100.8, 73.3, 68.5, 49.5, 48.8, 45.1, 38.3, 35.8, 30.1, 22.9, 21.0, 18.8, 16.9; IR
(KBr) vimax 2959, 2872, 1722, 1464, 1371, 1118, 991, 913, 882, 674 cm™'; HRMS (EI, 70 eV)

m/z M** caled for C16H2203 262.1563; found 262.1554.

Concentration of fraction B [Rf=0.6(0) in 1:1 v/v diethyl ether/hexane] gave compound
28 (1.49 g, 30%) as a clear, yellow oil, [a]p=—86.3 (c = 6.0, methanol) {lit."*[a]p=—-167.2 (c
= 1.0, CHCl3)}. "H NMR (400 MHz, CDCl3) § 6.03 (d, J = 8.3 Hz, 1H), 5.93 (d, J = 8.3 Hz,
1H), 4.79-4.76 (complex m, 2H), 3.88 (dd, J = 7.2 and 5.8 Hz, 1H), 3.75 (dd, J= 7.2 and 1.1
Hz, 1H), 2.98 (m, 1H), 2.90 (d, J = 8.6 Hz, 1H), 1.86 (d, J = 8.6 Hz, 1H), 1.44-1.32 (complex

m, 3H), 1.29 (s, 3H), 1.14-1.03 (complex m, 3H), 0.94 (d, J= 6.8 Hz, 3H), 0.93 (d, /= 6.8 Hz,
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3H); *C{'H}NMR (100 MHz, CDCls) & 200.9, 138.2, 135.5, 100.6, 73.1, 68.3, 49.3, 48.6,
45.0, 38.1,35.6,30.0, 22.8, 20.8, 18.7, 16.8; IR (KBr) vmax 2959, 2931, 1724, 1464, 1371, 1117,
991, 913, 882, 674 cm™!; HRMS (EI, 70 eV) m/z M"* calcd for Ci16H2203 262.1563; found

262.1560.

(15,4R,55,5a8,6 R,9R,9aR)-6-Isopropyl-9-methyl-1,2,4,5,5a,6,9,9a-octahydro-1,4-epoxy-

6,9-ethanobenzo|d]oxepin-5-o0l (29)

A magnetically stirred solution of compound 28 (600 mg, 2.29 mmol) in ethanol (45 mL)
maintained at ambient temperatures was treated with potassium hydroxide (3 drops of a 40%
w/v aqueous solution) then, in portions, with a solution of sodium borohydride (86 mg, 2.29
mmol, 1.0 equiv.) in water (780 uL). After 18 h the reaction mixture was filtered through a
short pad of diatomaceous earth contained in a sintered glass funnel. The filtrate was then dried
(Na2S0sy), filtered and the filtrate treated with flash chromatography-grade silica gel (750 mg)
then concentrated under reduced pressure. The free-flowing solid thus obtained was subjected
to flash chromatography (silica, 1:1 v/v diethyl ether/hexane elution) to afford, after
concentration of the appropriate fractions (Rr= 0.3), compound 29 (360 mg, 60%) as a yellow,
crystalline solid, m.p. = 146-149 °C, [a]p = —96.7 (¢ = 1.0, methanol). 'H NMR (400 MHz,
CDCl3) 6 6.09 (d, J=8.4 Hz, 1H), 5.96 (d, J=8.4 Hz, 1H), 5.15 (d, /= 3.3 Hz, 1H), 4.61 (d,
J=15.6 Hz, 1H), 3.82 (t, J = 6.8 Hz, 1H), 3.65 (d, /= 7.0 Hz, 1H), 3.33 (m, 1H), 2.22 (p, J =
6.8 Hz, 1H), 2.07 (dd, J=9.1 and 6.5 Hz, 1H), 1.74 (d, /= 11.3 Hz, 1H), 1.59 (d, J=9.3 Hz,
1H), 1.40-1.26 (complex m, 3H), 1.20 (s, 3H), 1.05 (m, 1H), 0.97 (d, /= 6.8 Hz, 3H), 0.96 (d,
J=6.8 Hz, 3H); *C{'H} NMR (100 MHz, CDCl3) 6 139.4, 135.0, 101.3, 72.6, 69.4, 69.1, 51.8,
47.1,45.1,39.0, 35.8, 30.1, 22.8, 21.1, 18.6, 17.0; IR (KBr) vmax 3462, 2958, 2946, 1465, 1340,
1066, 1058, 919, 697, 676, 508 cm™'; HRMS (EI, 70 eV) m/z M** calcd for C16H2403 264.1720;

found 264.1719.
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(1R,2R,58,5aR,6R IR ,9aS)-2-Fluoro-9-isopropyl-6-methyl-1,2,4,5,5a,6,9,9a-octahyd-ro-

1,5-epoxy-6,9-ethanobenzo|d]oxepine (30)

A deoxygenated and magnetically stirred solution of compound 29 (73 mg, 0.28 mmol) in dry
dichloromethane (5.0 mL) maintained at 0 °C under nitrogen was treated with DAST (50 mg,
0.31 mmol, 1.1 equiv.). After 2 h the reaction mixture was exposed to air then treated with
calcium carbonate (31 mg, 0.31 mmol, 1.1 equiv.). The resulting mixture was subjected to flash
chromatography (silica gel, 1:1 v/v diethyl ether/hexane) to afford, after concentration of the
appropriate fractions (Rr = 0.6), a yellow solid. Recrystallisation (methanol/dichloromethane)
of this material gave compound 30 (46 mg, 62%) as yellow crystals, m.p. = 91-93 °C, [a]p =
+3.7 (¢ = 1.0, MeOH). '"H NMR (400 MHz, CDCl3) 6 5.96 (d, J= 8.5 Hz, 1H), 5.87 (d,J=8.5
Hz, 1H), 5.05 (d, Jur = 54.1 Hz, 1H), 4.16 (d, /= 12.3 Hz, 1H), 4.01 (m, 2H), 3.33 (d, /J=10.8
Hz, 1H), 2.44 (d, J= 8.3 Hz, 1H), 2.22 (d, J = 8.3 Hz, 1H), 2.04 (m, 1H), 1.47-1.39 (complex
m, 2H), 1.20 (s, 3H), 1.19-1.14 (complex m, 2H), 0.99 (d, /= 6.8 Hz, 3H), 0.86 (d, /= 7.0 Hz,
3H); *C{'H} NMR (100 MHz, CDCls) & 135.8(6), 135.7(6), 105.4 (d, 'Jcr = 230 Hz), 76.3 (d,
2Jcr = 22 Hz), 68.4, 52.9, 48.4(2), 48.3(8), 41.6, 35.4, 34.2, 31.3, 24.0, 23.8, 19.0, 16.8; IR
(KBr) vmax 2956, 2932, 1463, 1375, 1151, 977, 901, 842, 693, 679, 609 cm™'; HRMS (EI, 70

eV) m/z M™ calcd for Ci16H23FO2 266.1682; found 266.1685.

(1R,4R,5a5,6S5,95,9aR)-6-Isopropyl-9-methyl-3,4,5a,6,9,9a-hexahydro-1,4-epoxy-6,9-

ethanobenzo|c]oxepin-5(1H)-one (32)

A magnetically stirred and deoxygenated solution of iso-levoglucosenone (135 mg, 1.07 mmol)
and a-terpinene (160 mg, 1.17 mmol) in dichloromethane (5 mL), maintained at ca. 0 °C (ice-
bath) was treated with tin(IV) chloride (2 pL). The ensuing mixture was allowed to warm to
ambient temperatures and after a further 1.5 h it treated with flash chromatography-grade silica

gel (150 mg). The ensuing mixture was concentrated under reduced pressure and the resulting

156



Diels-Alder Adducts of Levoglucosenone and iso-Levoglucosenone

free-flowing solid subjected to flash chromatography (silica, hexane — 1:5 v/v diethyl
ether/hexane gradient elution) to afford, after concentration of the appropriate fractions (Rf =
0.5), compound 32 (67 mg, 24%) as colourless, needle-like crystals, m.p. = 64-67 °C, [a]p =
+8.2 (¢ = 0.1, methanol). "H NMR (400 MHz, CDCl3) § 6.02 (d, J = 8.4 Hz, 1H), 5.91 (d, J =
8.4 Hz, 1H), 5.65 (s, 1H), 4.18 (d, /= 5.2 Hz, 1H), 3.79 (d, /= 7.8 Hz, 1H), 3.70 (dd, /= 7.8
and 5.2 Hz, 1H), 2.77 (d, J= 8.6 Hz, 1H), 2.63 (m, 1H), 2.02 (d, /= 8.6 Hz, 1H), 1.45 (m, 1H),
1.33 (d, J=12.8 Hz, 1H), 1.28 (s, 3H), 1.12-1.00 (complex m, 2H), 0.98 (d, J = 6.8 Hz, 3H),
0.93 (d, J= 6.9 Hz, 3H); *C{'H} NMR (100 MHz, CDCls) § 207.6, 138.6, 134.5, 102.3, 79.2,
68.4,51.5,49.4,45.4,37.2,35.2,30.3,22.8,22.4, 18.8, 17.1; IR (KBr) vmax 2958, 2925, 2872,
1713, 1472, 1472, 1369, 1173, 1120, 905, 897, 865, 671 cm™'; HRMS (EI, 70 eV) m/z M** calcd

for C16H2203 262.1569; found 262.1568.

(1S,4R,5aR,6R,7R,8S5,95,9a5)-7,8-Dihydroxyoctahydro-1,4-epoxy-6,9-ethanobenzo-

[d]oxepin-5(4H)-one (33)

A magnetically stirred solution of compound 19 (107 mg, 0.52 mmol) in acetone/water/--BuOH
(18 mL of a 1:1:1 v/A»/v mixture) maintained at ambient temperatures was treated with N-
methylmorpholine N-oxide (82 mg, 0.70 mmol) then osmium tetroxide (8.0 mg, 0.03 mmol).
After 48 h the reaction mixture was treated with sodium sulfite (7.5 mL of a 0.15 M aqueous
solution) then flash chromatography-grade silica gel (200 mg). The ensuing mixture was
concentrated under reduced pressure and the resulting free-flowing solid subjected to flash
chromatography (silica, 95:5 vA dichloromethane/methanol elution) to afford, after
concentration of the appropriate fractions (Rr= 0.4), compound 33 (47 mg, 38%) as a colourless
crystalline monohydrate, m.p. = 169-171 °C, [a]p= —5.0 (¢ = 1.2, methanol). 'H NMR (400
MHz, CDCl) 6 5.08 (s, 1H), 4.68 (m, 1H), 4.47 (dd, J= 5.4 Hz, 1H), 3.91 (m, 1H), 3.84 (dd, J
= 8.4 and 3.6 Hz, 1H), 2.72 (dd, /= 11.2 and 4.0 Hz, 1H), 2.45 (m, 1H), 2.23 (d, J=11.0 Hz,

1H), 2.11-1.95 (complex m, 3H), 1.92 (m, 1H), 1.33 (m, 2H), 0.85 (m, 2H); '3C{'H} NMR (100
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MHz, CDCl3) 6 201.5, 100.3, 77.4, 70.0, 64.3, 64.0,42.1,41.6,37.7, 35.0, 18.5, 17.7; IR (KBr)
Vmax 3426, 2928, 1721, 1119, 1066, 1023, 1000, 941 cm™'; HRMS (TOF ESI, +ve) m/z (M+Na)"

calcd for C12H160s5Na 263.0895; found 263.0905.

Crystallographic Studies

Crystallographic Data for Compound 10

CiiH13FO2, M =196.21, T = 150 K, monoclinic, space group P21, Z =4, a = 9.6766(2), b =
6.1686(2), c=15.2100(2) A; B=96.633(2)%; V' =901.82(4) A®, D, =1.445 g cm™, 3240 unique
data (2 @max = 147.696°), R = 0.0336 [for 3106 reflections with I/ > 2.05(/)]; Rw = 0.0852 (all

data), S = 1.040.
Crystallographic Data for Compound 12

CiH13BrOs, M = 273.12, T = 150 K, orthorhombic, space group P212121, Z = 12, a =
6.13730(10), b = 13.3744(2), ¢ = 37.1971(5) A; V = 3053.24(8) A®, D, = 1.782 g cm™, 6146
unique data (2 Omax = 147.768°), R=0.0372 [for 5929 reflections with />2.0c (/)]; Rw=0.0781

(all data), S =1.053.
Crystallographic Data for Compound 14

Ci11H1403, M = 194.22, T = 150 K, monoclinic, space group C2, Z = 8, a = 22.8328(5), b =
7.6093(2), c = 10.8801(2) A; B = 100.254(2)°; V = 1860.13(7) A®, D, = 1.387 g cm, 3716
unique data (2 Omax = 147.598°), R =0.0300 [for 3577 reflections with />2.0c (I)]; Rw=10.0799

(all data), S = 1.046.

Crystallographic Data for Compound 15
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C1iH1403, M =192.22, T= 150 K, orthorhombic, space group P212121, Z=4,a=6.323113), b=
10.4166(3), ¢ = 13.8634(5) A; V' =913.12(6) A®, D, = 1.413 g cm™, 1819 unique data (2 Omax =

147.674°), R = 0.0329 [for 1781 reflections with /> 2.0c (/)]; Rw = 0.0841 (all data), S = 1.088.

Crystallographic Data for Compound 16

Ci1iH13FO2, M=196.21, T= 150 K, orthorhombic, space group P212121, Z=18,a=28.01597(4),
b =11.19036(5), c = 20.45824(9) A; V' = 1835.136(15) A3, D, = 1.420 g cm™, 3700 unique
data (2@max = 147.57°), R = 0.0278 [for 3646 reflections with /> 2.0c (/)]; Rw = 0.0736 (all

data), S =1.049.
Crystallographic Data for Compound 18

C1iHi13BrO3, M=273.12, T=150 K, orthorhombic, space group P212121,Z=4,a=6.51262(3),
b=10.13334(5), c = 15.30877(7) A; V' =1010.296(8) A3, D, = 1.796 g cm, 2036 unique data
(2Ohmax = 147.666°), R = 0.0152 [for 2035 reflections with /> 2.0c (/)]; Rw = 0.0395 (all data),

§=1.064.
Crystallographic Data for Compound 19

Ci12H1403, M =206.23, T= 150 K, orthorhombic, space group P212:121, Z=4, a = 6.79360(10),
b =8.81770(10), c = 16.7440(2) A; ¥V = 1003.03(2) A, D, = 1.366 g cm™, 2023 unique data
(2Bhmax = 147.392°), R = 0.0272 [for 1988 reflections with /> 2.0 (/)]; Rw = 0.0696 (all data),

§=1.067.
Crystallographic Data for Compound 20

Ci2H1603, M = 208.25, T= 150 K, orthorhombic, space group P212:121, Z=4, a = 6.64130(10),

b=9.23670(10), c = 16.4248(2) A; V = 1007.56(2) A3, Dy = 1.373 g cm™, 2034 unique data
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(26Onmax = 147.354°), R = 0.0245 [for 2026 reflections with /> 2.0c (/)]; Rw = 0.0629 (all data),

§=1.073.
Crystallographic Data for Compound 22

Ci2Hi15sFO2, M = 210.24, T = 150 K, monoclinic, space group P21, Z=2, a =6.31320(10), b =
9.05670(10), ¢ = 8.62950(10) A; B = 92.4200(10) °; ¥ = 492.967(11) A3, D, = 1.416 g cm™,
1995 unique data (2 @max = 147.576°), R =0.0261 [for 1969 reflections with /> 2.0c (I)]; Rw =

0.0675 (all data), S = 1.055.
Crystallographic Data for Compound 23

C12H15FO2, M=210.24, T= 150 K, orthorhombic, space group P212121,Z=4,a=6.17990(10),
b = 8.86940(10), c = 17.8628(2) A; V' =979.10(2) A3, D = 1.426 g cm™, 1974 unique data
(2Ohmax = 147.55°), R = 0.0308 [for 1952 reflections with / > 2.0c (/)]; Rw = 0.0825 (all data),

§=1.074.
Crystallographic Data for Compound 24

Ci2H140, M = 206.23, T = 150 K, monoclinic, space group P21, Z =2, a = 8.3349(3), b =
7.04620(10), ¢ = 9.4300(3) A; B = 116.220(4)°; V = 496.83(3) A®, D, = 1.379 g cm, 2015
unique data (2 Omax = 147.500°), R = 0.0249 [for 1990 reflections with />2.0c (/)]; Rw=0.0639

(all data), S =1.052.
Crystallographic Data for Compound 25

C12H1603, M =208.25, T = 150 K, orthorhombic, space group P212121, Z=4, a = 16.4965(6),

b=9.6802(3), c = 6.4328(4) A; V"= 1027.25(8) A3, D, = 1.347 g cm>, 2488 unique data (2 Omax
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= 57.678°), R = 0.0718 [for 1936 reflections with / > 2.0c (/)]; Rw = 0.1908 (all data), S =

1.085.
Crystallographic Data for Compound 29

Ci6H2403, M = 264.35, T = 150 K, monoclinic, space group P21, Z =2, a = 9.37870(10), b =
5.99750(10), ¢ = 12.60630(10) A; @ = 105.3830(10) °; V = 683.685(15) A*>, D, =2 g cm™,
2508 unique data (2 Onax = 147.724°), R = 0.0290 [for 2473 reflections with /> 2.0c (I)]; Rw =

0.0768 (all data), S = 1.079.
Crystallographic Data for Compound 30

CisH23FO2, M = 266.34, T = 150 K, monoclinic, space group P21, Z =2, a = 8.1256(5), b =
6.6884(3), c = 13.2704(7) A; B = 105.386(6) °; V = 695.36(7) A>, Dy = 1.272 g cm™, 3869
unique data (2 @nax = 59.148°), R = 0.0514 [for 3448 reflections with /> 2.0c (/)]; Rw=0.1156

(all data), S =1.037.
Crystallographic Data for Compound 32

CisH2203, M = 262.33, T = 150 K, monoclinic, space group P21, Z =2, a = 10.3300(9), b =
5.8129(4), c = 11.94370(10) A; B = 105.337(9) °; ¥ = 691.64(10) A>, D, =1.260 g cm>, 3058
unique data (2 @nax = 57.18°), R = 0.0578 [for 2493 reflections with /> 2.0c (/)]; Rw = 0.1202

(all data), S =1.067.
Crystallographic Data for Compound 33 (monohydrated form)

Ci12H180s, M = 258.26, T = 150 K, monoclinic, space group P21, Z = 2, a = 9.0086(9), b =
6.8556(7), ¢ = 9.6657(11) A; B =97.622(11) °; V = 591.67(11) A®, D, = 1.450 g cm, 2009
unique data (2 @max = 140.136°), R =0.0459 [for 1853 reflections with />2.0c (/)]; Rw=0.1213

(all data), S =1.036.
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Crystallographic Data for Compound 34

Ci2H15.63905, M = 239.88, T'= 150 K, monoclinic, space group P21, Z=2, a = 8.4848(3), b =
6.58213(18), ¢ = 9.5820(3) A; B = 90.171(3) °; V = 535.14(3) A®, Dy = 1.489 g cm™, 1859
unique data (2 @max = 133.200°), R =0.0295 [for 1751 reflections with />2.0c (/)]; Rw=0.0710
(all data), S = 1.042. Difference electron density maps towards the end of the refinement
revealed unaccounted for features in the refinement model for compound 33 that were handled
by the incorporation of compound 34 as a cocrystallised impurity (refined occupancy of 18%)
after discussion with co-authors over the spectroscopic data of the bulk sample. This model
yielded an improved refinement relative to that of the diol as a diastereomeric mixture that was

also investigated.
Structure Determinations

Data for compounds 10, 12, 14, 15, 16, 18, 19, 20, 22, 23, 24, 29, 33 and the 33/34 cocrystallised
mixture were measured on an Agilent SuperNova X-ray diffractometer (CuKa, graphite
monochromator, A = 1.54184 A, except for 25, 30 and 32 that used MoKa, graphite
monochromator, A = 0.71073 A). Using OLEX2,! structures were solved by dual-space
methods with the ShelXT?° program and refined, using least squares minimisation, with the
ShelXL?! package. Atomic coordinates, bond lengths and angles, and displacement parameters
have been deposited at the Cambridge Crystallographic Data Centre (CCDC numbers 2268350-
2268366). These data can be obtained free-of-charge via
www.ccdc.cam.ac.uk/data_request/cif, by emailing data request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2

1EZ, UK fax: +44 1223 336033.
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Plots derived from the single-crystal X-ray analyses of compounds 10, 12, 14,
15,16, 18,19, 20, 22, 23, 24, 25, 29, 30, 32, 33 and the aggregate of compounds

33 and 34

Figure S1: Molecular structure of compound 10 (CCDC 2268350) showing both crystallographically
independent molecules in the asymmetric unit. Atomic displacement parameters shown at 50%

probability level (crystal grown from hexane).
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Figure S2: Molecular structure of compound 12 (CCDC 2268351) and showing the three
crystallographically independent molecules in the asymmetric unit. Atomic displacement parameters

shown at 50% probability level (crystal grown from methanol/dichloromethane).
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Figure S3: Molecular structure of compound 14 (CCDC 2268353) and showing both

crystallographically independent molecules in the asymmetric unit (hydrogen bonding is not shown
and the extended structure arising from hydrogen bonding is also not shown). Atomic displacement

parameters shown at 50% probability level (crystal grown from diethyl ether/petroleum ether).
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Figure S4: Molecular structure of compound 15 (CCDC 2268352). The extended structure arising
from hydrogen bonding is not shown. Atomic displacement parameters shown at 50% probability

level (crystal grown from ethyl acetate/petroleum ether).
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Figure S5: Molecular structure of compound 16 (CCDC 2268354) showing both crystallographically
independent molecules in the asymmetric unit. Atomic displacement parameters shown at 50%

probability level (crystal grown from hexane).
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Figure S6: Molecular structure of compound 18 (CCDC 2268355). Atomic displacement parameters

shown at 50% probability level (crystal grown from ethyl acetate/hexane/methanol).
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Figure S7: Molecular structure of compound 19 (CCDC 2268356). Atomic displacement parameters
shown at 50% probability level (crystal grown from diethyl ether/hexane).
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Figure S8: Molecular structure of compound 20 (CCDC 2268357). The extended structure arising

from hydrogen bonding is not shown. Atomic displacement parameters shown at 50% probability

level (crystal grown from diethyl ether/hexane).

170



Diels-Alder Adducts of Levoglucosenone and iso-Levoglucosenone

A ctt ____..
B Y
=
C10
b @
e 02 01
A

()
G

Figure S9: Molecular structure of compound 22 (CCDC 2268358). Atomic displacement parameters

shown at 50% probability level (crystal grown from dichloromethane).
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Figure S10: Molecular structure of compound 23 (CCDC 2268359). Atomic displacement parameters

shown at 50% probability level (crystal grown from dichloromethane/methanol).
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Figure S11: Molecular structure of compound 24 (CCDC 2268360). Atomic displacement parameters
shown at 50% probability level (crystal grown from diethyl ether/hexane).
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Figure S12: Molecular structure of compound 25 (CCDC 2268361). The extended structure arising
from hydrogen bonding is not shown. Atomic displacement parameters shown at 50% probability

level (crystal grown from dichloromethane).
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Figure S13: Molecular structure of compound 29 (CCDC 2268362). The extended structure arising
from hydrogen bonding is not shown. Atomic displacement parameters shown at 50% probability

level (crystal grown from dichloromethane/methanol).
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Figure S14: Molecular structure of compound 30 (CCDC 2268363). Atomic displacement parameters

shown at 50% probability level (crystal grown from dichloromethane/methanol).
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Figure S15: Molecular structure of compound 32 (CCDC 2268364). Atomic displacement parameters
shown at 50% probability level (crystal grown from diethyl ether/hexane).
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Figure S16: Molecular structure of compound 33 (CCDC 2268365) showing the water molecule in
the asymmetric unit for the monohydrate (hydrogen bonding is not shown and the extended structure
arising from the hydrogen bonding is also not shown). Atomic displacement parameters shown at 50%

probability level (crystal grown from dichloromethane).
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Figure S17: Molecular structure of compounds 33 and 34 CCDC 2268366) present in the non-
hydrated form of compoound 33 that was found to contain a minor co-crystallised impurity of
compound 34. The extended structure arising from hydrogen bonding is not shown for compound 33.

Atomic displacement parameters shown at 50% probability level (crystal grown from chloroform)
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Tabular comparisons of the *C{'H} NMR spectral data recorded on
compounds 14 and 15 with those reported by Horton et al.

Table S1: Comparison of the C{'HYNMR spectral data reported by Horton et al for the
chromatographically more mobile alcohol derived from reduction of the Diels-Alder adduct of LGO and

cyclopentadiene (compound 14) with those derived from compound 15 prepared during the course of

the present study.
Compound 14 reported by Compound 15¢
Horton et al*® P d
N AS
Oc
135.8 136.1 0.3
135.5 135.7 o
101.7 101.8 0
732 733 +0.1
68.4 68.6 +0.2
61.4 61.6 0.2
50.6 508 +0.2
48.6 48.6 0
46.5 462 —0.3
45.8 46.0 02
43.9 44.1 +02

2 Data obtained from Horton ef al. J. Org. Chem. 1996, 61, 3783; *Data recorded in CDCl; at 125 MHz; *Data
recorded in CDCl; at 100 MHz; ‘Calculated by subtracting the 8c values in the first column from those in the

second.
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Table S2: Comparison of the “C{'H}NMR spectral data reported by Horton et al for the
chromatographically less mobile alcohol derived from reduction of the Diels-Alder adduct of LGO and
cyclopentadiene (compound 15) with those derived from compound 14 prepared during the course of

the present study.

Compound 15 reported by Compound 14¢
Horton et al*® P
5 AS?
Oc

1374 137.5 +0.1
133.0 1332 +0.2
076 102.7 +0.1
76.4 76.6 02
69.4 695 0.1
e 645 +0.2
507 509 my)
46.8 47.0 02
6 463 +0.2
443 44.5 02
403 405 +0.2

2 Data obtained from Horton ef al. J. Org. Chem. 1996, 61, 3783; *Data recorded in CDCl; at 125 MHz; *Data
recorded in CDCl; at 100 MHz; ‘Calculated by subtracting the 8c values in the first column from those in the

second.
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Tabular comparisons of the *C{'H} NMR spectral data recorded on
compounds 20 and 21 with those reported by Zurita et al

Table S3: Comparison of the *C {'H}NMR spectral data reported by Zurita et a/ for the major alcohol
derived from reduction of the Diels-Alder adduct of LGO and cyclohexadiene (compound 10) with those

derived from compound 20 prepared during the course of the present study.

Compound 10 reported by Compound 20°
Zurita et al*P P
dc A%’
dc

134.5 134.6 0l
1333 1334 0.1
102.5 102.5 0
77.0 77.0 0
717 717 0
68.6 68.6 0
445 4.5 0
397 397 0
36.7 36.7 0
332 332 ’
29.1 29.1 0
233 234 0.1

2 Data obtained from Zurita et al. Carbohydr. Res. 2015, 401, 67; "Data recorded in CDCl; at 75 MHz; ‘Data
recorded in CDCl; at 100 MHz; ‘Calculated by subtracting the 8c values in the first column from those in the

second.
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Table S4: Comparison of the *C{'H}NMR spectral data reported by Zurita et al for the minor alcohol
derived from reduction of the Diels-Alder adduct of LGO and cyclohexadiene (compound 17) with those

derived from compound 21 prepared during the course of the present study.

Compounq 17 reported by Compound 21°
Zurita et al*
Sc AS?
dc

135.3 135.3 0
132.4 132.4 0
100.9 100.9 0
77.2 77.2 0
71.2 71.2 0
70.2 70.2 0
46.3 46.3 0
453 454 +0.1
36.1 36.2 +0.1
33.9 34.0 +0.1
28.7 28.7 0
223 22.4 +0.1

3Data obtained from Zurita et al. Carbohydr. Res. 2015, 401, 67; "Data recorded in CDCl; at 75 MHz; ‘Data

recorded in CDCl; at 100 MHz; ‘Calculated by subtracting the 8c values in the first column from those in the

second.
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Tabular comparisons of the *C{'H} NMR spectral data recorded on
compounds 27 and 28 with those reported by Galimova et al

Table S5: Comparison of the *C{'H}NMR spectral data reported by Galimova et al for the Diels-Alder

adduct of LGO and in situ-generated o-terpinene (Compound V) with those derived from compound 27

prepared during the course of the present study.

Cornpoupd V reported by Compound 27¢
Galimova et al*®
5 AS?
dc

200.96 201.0 0
138.26 138.4 +0.1
135.53 135.7 +0.2
100.61 100.8 +0.2
73.12 73.3 +0.2
68.29 68.5 +0.2
49.29 49.5 +0.2
48.58 48.8 +0.2
44.98 45.1 +0.1
38.13 383 +0.2
35.59 35.8 +0.2
29.97 30.1 +0.1
22.76 229 +0.1
20.80 21.0 +0.2
18.70 18.8 +0.1
16.76 16.9 +0.1

2 Data obtained from Galimova et al. Russ. J. Org. Chem. 2014, 50, 1848; *Data recorded in CDCl; at 75.47 MHz;
°Data recorded in CDCl; at 100 MHz; 9Calculated by rounding the 8¢ values for compound V to the first decimal

place and then subtracting these from the corresponding value for compound 27.
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Table S6: Comparison of the *C{'H}NMR spectral data reported by Galimova et al for the Diels-Alder
adduct of LGO and in situ-generated o-terpinene (Compound V) with those derived from compound 28

prepared during the course of the present study

Compoqnd V reported by Compound 28°
Galimova et al*®
Oc A%°
Oc

200.96 200.9 0.1
138.26 138.2 0.1
135.53 135.5 0
100.61 100.6 0
73.12 73.1 0
68.29 68.3 0
49.29 49.3 0
48.58 48.6 0
44.98 45.0 0
38.13 38.1 0
35.59 35.6 0
29.97 30.0 0
22.76 228 0
20.80 20.8 0
18.70 18.7 0
16.76 16.8 0

2 Data obtained from Galimova et al. Russ. J. Org. Chem. 2014, 50, 1848; ®Data recorded in CDCl; at 75.47 MHz;
°Data recorded in CDCl; at 100 MHz; Calculated by rounding the 8¢ values for compound V to the first decimal

place and then subtracting these from the corresponding value for compound 27.
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400 MHz 'H NMR Spectrum of Compound 10 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 10 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 11 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 11 (Recorded in CDCl5)

e ano® - o = o n Q9 Q
o O M AN =~ n ™M o O 0 ™M o O o
— - 0 0 0 0 ~N O n < < < < < ™M o™
[ ~\ N/ I/
CDCl;
(@]
O
\
F
| | | | !
1 Il
ok L | L1 l
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 C
f1 (ppm)

189



400 MHz 'H NMR Spectrum of Compound 12 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 12 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 13 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 13 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 14 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 14 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 15 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 15 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 16 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 16 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 18 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 18 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 19 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 19 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 20 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 20 (Recorded in CDCl5)

©o < N
V) N N ~No© n NN A <
M ™M o N — o < [ ECEv ) I
— - — ~N N O < MmoMnmaA [a\]
\/ \ I \ — 7N
Acetone

N

l.| " Avabv il " " A PR
L L) Wy L ' \

-~ . -~ T T r - rr -~ 1r T 1 T 1T T T 7 T T T T T T T T T T T T T T T T T T
140 135 130 125 120 115 110 105 100 95 90 8 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
f1 (ppm)

205



400 MHz 'H NMR Spectrum of Compound 21 (Recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 21 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 22 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 22 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 23 (Recorded in CDCls)
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101 MHz BC{'H} NMR Spectrum of Compound 23 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 24 (Recorded in CDCl5)
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101 MHz BC{'H} NMR Spectrum of Compound 24 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 25 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 25 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 27 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 27 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 28 (Recorded in CDCl5)
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101 MHz BC{'H} NMR of Compound 28 (Recorded in CDCl5)
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400 MHz 'H NMR of Compound 29 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 29 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 30 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 30 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 32 (Recorded in CDCl;)
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101 MHz BC{'H} NMR Spectrum of Compound 32 (Recorded in CDCl5)
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400 MHz 'H NMR Spectrum of Compound 33 (Recorded in CDCl;)

01'¢
11°¢
| Y4
| Yaxr4
€C'C
vae
e
Sb'c
TL°¢C
e
vLC
SL'C
€8°¢
¥8'€
S8°¢]
98°¢]
16°¢|
16°¢|
Sty ]
ad
aad
Sad
99t
L9Y]
89t
80°S”

f1 (ppm)
Water
[

2.12 2.10 2.08 2.06 2.04 2.02 2.00 1.98 1.96

CHCl;

HO

HI.:.m
ﬂuvo.ﬂ "

€0'e

4%

W¢H”ﬁ

4%

J/8TT

For'1 |

226

0.0

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

7.0

7.5

8.0




101 MHz BC{'H} NMR Spectrum of Compound 33 (Recorded in CDCl5)
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Chapter Five

Foreword

Given the scale and utility of polymeric materials, the efficient formation of a polymer from a
BMDPM is arguably the most impactful valorisation of renewable biomass in the sphere of
commodity chemicals. As detailed in Chapters 1 and 3, levoglucosenone has been manipulated
to form various derivatives which provide scope for polymerisation. However, as of the
preparation of this thesis, the use of unmodified levoglucosenone as a monomer for the
synthesis of polymers remains unreported. This chapter outlines our discovery and
characterisation of a polymer prepared directly from levoglucosenone which we have described
as “poly-Cyrene”. Herein we report the direct (one-step) and operationally simple
polymerisation of LGO that provides a highly sustainable method for polymer synthesis.
Specifically, the ability of LGO to act as an electrophile has been harnessed so as to deliver
high molecular weight polymers (M, = 235,500 g/mol, D = 2.41) possessing excellent thermal
stabilities (Tps» = 249 °C). Furthermore, there is a significant capacity for the effective
chemical manipulation of these polymers as exemplified by treatment of them under Baeyer-
Villiger conditions, creating a simple and green route to hydrophilic polymers. These one- and
two-step transformations provide the most direct route to new, LGO-derived polymer scaffolds

yet reported. E-factors of ca. 0.012 and atom economies of up to 99% have been realised.

This chapter was submitted to ChemSusChem in August 2023, and I am its first and
corresponding author. My contribution to the manuscript includes the project design, design of
synthetic protocols, purifications, characterisation of resulting materials, data analysis, as well
as preparing and revising the manuscript and figures (overall 80%). The unpublished, submitted

manuscript is presented here. Luke A. Connal contributed to the project design, design of
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“poly-Cyrene” from Levoglucosenone

synthetic protocols, data analysis and revising of the manuscript and figures. Martin G. Banwell

contributed to the project design, data analysis, as well as revising the manuscript and figures.

Introduction

Consumer societies depend upon polymeric materials in essentially all facets of contemporary
life. For the most part, the production of these materials relies on non-renewable,
petrochemically-derived monomers. While such monomers are relatively cheap, their
polymeric derivatives are environmentally persistent, often toxic and lacking any viable end-
of-life utility. Furthermore, given the finite availability of petrochemical feedstocks, the costs

of such polymers are likely to increase, possibly significantly, over time.

Such challenges could be addressed by using, as chemical feedstocks, renewable platform
molecules such as naturally-occurring polymers and their degradation products.!
Levoglucosenone (LGO, 1) (Figure 1), a lower molecular weight compound formed by the
pyrolysis of cellulose waste, is one such platform molecule and is currently produced in >5,000
tonne quantities annually? It has been explored extensively as a chiral auxiliary® and chemical
building block*® while its hydrogenation product dihydrolevoglucosenone (a.k.a. Cyrene™) is

now a commercially available solvent.®

Levoglucosenone (1) is known to undergo intermolecular self-addition on treatment with
aqueous base (typically triethylamine or potassium carbonate) to form the dimer 2 as well as
two structurally distinct trimers 3 and 4 (Figure 1).” During our previous work concerned with
effecting a 1,3-carbonyl transposition within LGO (1) so as to generate the pseudo-enantiomer
iso-levoglucosenone (5),® we observed that when the former compound was treated, at ambient

temperatures, with 0.1 equivalents of triethylamine in water then the desired hydration product
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6 was accompanied by the dimeric side-product 2 (ca. 0.5% yield). Interestingly, Diot-Néant et
al. have optimised the synthesis of this dimer and exploited it, through functional group

manipulations then cross-linking using diacyl chlorides, in the formation of new polymers.!°

Figure 1: The structures of levoglucosenone (LGO, 1), the derived dimer 2 and trimers 3 and 4 as
well as iso-levoglucosenone (iso-LGO, 5) and that of the product, 6, arising from conjugate addition

of water to LGO in the presence of triethylamine. The structures of compounds 2, 3 and 4 have been

confirmed by single-crystal X-ray analysis.®"#

The dimerisation process leading to compound 2 involves a vinylogous Morita-Baylis-Hillman
(MBH) or Rauhut-Currier (RC) reaction.!' Such reactions are known for their high atom-
efficiencies and excellent rates of conversion when they are effected (catalysed) using
organophosphines such as tributylphosphine. On the other hand, MBH reactions are most often
effected using 1,4-diazabicyclo[2.2.2]octane (DABCO) as a catalyst.!> Accordingly, we
anticipated that treating the monomer LGO with either of these catalysts, rather than
triethylamine, under solvent-free conditions or in a suitable polar, aprotic solvent, could
promote sequential RC processes and so afford, for the first time, and in a direct and atom-
economic fashion, oligo- or poly-meric products. The realisation and extension of such
outcomes are reported below and thus provide a new and exceptionally efficient means for the
sustainable formation of novel polymers from an abundant and bio-mass derived platform

molecule.
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Results and Discussion

Screening Suitable Bases for the Polymerisation of LGO (1)

Treating neat LGO with DABCO, the “traditional” MBH catalyst, only led to the formation of
the previously observed dimer (4) and two trimers (compounds 5 and 6) — viz. no polymerisation
was observed. Since 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) has been described as the
“optimum catalyst” for the MBH reaction'® the use of this was investigated. In the event, on
adding, at ambient temperatures, DBU (a liquid) to neat LGO (also a liquid) then an exothermic
reaction took place and this was accompanied by rapid solidification (within 30 seconds) and
so leading to the formation of an amber and semi-crystalline material that could contain “poly-
Cyrene” (7) (Upper Section, Figure 2). This material was soluble in N,N-dimethylacetamide
(DMACc) and the resulting solution was subjected to gel-permeation chromatographic (GPC)

analysis. Polymer formation was evident although with high dispersity (b = 30).
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Figure 2: Upper Section: Proposed structure of “poly-Cyrene” (7) derived from treating LGO (1) with
catalytic quantities of DBU at ca. 22 °C for 30 s; Lower Section: Gel permeation chromatogram
recorded on the crude reaction mixture (N, N-dimethylacetamide used as eluting solvent); Insets: (a)

photograph of the starting levoglucosenone and, (b), photograph of the crude polymerisation product.

The use of tributylphosphine (BusP), regarded as the premier RC catalyst, was also investigated
as an agent for promoting the polymerisation of LGO and at loadings as low as 2 mol% a violent
and highly exothermic reaction took place with accompanying solidification. However, 'H
NMR spectroscopic analysis of the resulting material revealed that very little polymer
formation had occurred (<5%). Given this result, the increased toxicity, air-sensitivity and
malodour associated with BuzP as well as its expense (BusP costs roughly twice as much as

DBU) we abandoned further studies of its use in the present setting.
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“poly-Cyrene” from Levoglucosenone

In order to gain insights into how the above-described polymerisation process might be
proceeding, a series of 'H NMR spectroscopic experiments was conducted using a 4.5 M
solution of LGO in (CD3)2SO that had been treated, at ca. 22 °C, with DBU (8 mole %). Spectra
were recorded att =0, 1, 20, 40, 60, 80, 100 and 340 min. Over time, the two distinct resonances
associated with the alkenic protons in substrate 1 [Ha: 6 7.51 (dd, J =10.0, 4.7 Hz, 1H), Hg: o
6.09 (d, J = 10.0 Hz, 1H] began to broaden as chain propagation commenced and then these
signals eventually disappeared (Figure 3). Attending this process was the gradual emergence,
at 6 7.00 ppm (s), of a distinct resonance that could be attributed to the olefinic proton Hg of
the new alkene residue associated with the initiating groups of the “poly-Cyrene” chains and
that is formed when the -located and catalysing DBU is eventually eliminated. This signal is
reminiscent of that due to the alkene-associated proton present in dimer 4.° Significantly, other
signals characteristic of this dimer were not observed in the reaction mixture and so reinforcing
the notion that oligomers and polymers are the major products being formed in this DBU-

catalysed process.
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Figure 3: Stacked 'H NMR spectra, recorded at regular intervals, of the reaction mixture obtained on treating, at

22 °C, a 4.5 M solution of LGO in (CD3)>SO with 8 mol% DBU.

It is worth noting, at this point, that the pseudo-enantiomer of LGO, namely iso-
levoglucosenone (5),” failed to undergo polymerisation under any of the conditions
investigated. Such outcomes are consistent with previous observations’ that the latter

compound does not undergo conjugate hydration or form dimers upon treatment with base, a
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feature attributed to the significantly lower dipole moment of this compound compared to that
of levoglucosenone (2.09 and 4.69 Debye, respectively). This results in a markedly different

reactivity profile including it being a weaker Michael-acceptor.’
Identifying a Suitable Solvent for Polymerisation of LGO (1)

One possible mechanism by which DBU catalyses the polymerisation of LGO (1) is shown in
Scheme 1. Thus, this adds as a nucleophile and in a conjugate manner to the substrate 1 with
the ensuing enolate anion 8 adding in a second Michael addition process to another molecule
of LGO and this taking place at the o-face (viz. that face opposite to the anhydro-bridge).” The
ensuing adduct 9 may, in an overall sense, either eliminate the elements of DBU to form the
LGO-Cyrene dimer 2, or, under the conditions defined above, continue to add, presumably with
high degrees of stereoselectivity, to further molecules of LGO and so eventually delivering
oligomers and polymers of the general form 7 and of (presumably) well-defined configuration
(Scheme 1). Chain-termination would involve enolate protonation while the initially introduced
DBU residue could also be removed in an E1cb process that re-establishes the C-C double bond
at the “starting- or initiating-end” of the polymer chain. Regardless of the detail, with DBU
having been identified as a particularly effective catalyst, optimising the reaction conditions for
the polymerisation of LGO was pursued. In particular, the identification of a solvent that would

facilitate mixing and so improve the dispersity of the product polymer was prioritised.
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Scheme 1: A Rauhut-Currier type pathway for the conversion of LGO (1) into “poly-Cyrene” (7)
Based on the proposed mechanism of polymerisation (Scheme 1), it was expected that a polar,
aprotic solvent would best facilitate polymerisation by suppressing chain-termination through
protonation. A seemingly obvious solvent choice was the levoglucosenone-derived Cyrene®, a

t'4 that embodies the same heterocyclic framework

“green”, polar and notionally aprotic solven
as levoglucosenone (1) but lacking the alkene residue. However, attempts to effect such a
conversion with a 9.5 M solution of compound 1 in Cyrene® at 90 °C and using DBU (8 mol%)
failed to afford any polymer. Rather, the solvent appeared to undergo a self-aldol
condensation,'” generating an insoluble mixture of complex products, the components of which
were not characterised. Acetone, which is considered a non-toxic, affordable and “green”

t16

solvent, ® was next explored but under the conditions initially used (0.08 M LGO maintained

at 22 °C and containing 0.2 mol% DBU) no polymerisation took place (as determined by GPC).
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In contrast, upon increasing both the catalyst loading (to 8 mol%) and the concentration of LGO
(to 9.5 M)*!® as well as performing the reaction at elevated temperature and pressure (90 °C,
sealed tube) then an immediate reaction was observed. After 21 h a product mixture comprised
of a dark-brown solution and a tan precipitate was obtained. The product was precipitated in
chilled water (5 °C) and the tan powder thus obtained, after gravity filtration, in 76% overall
yield. The product showed sparing solubility but was able to be characterised via GPC after
being dissolved in DMAc. GPC analysis of this powder revealed multimodal peaks.
Considering these as a single distribution gave a M, of 30,400 Da and an improved but still
high dispersity (D = 8.54). However, on separating this distribution into distinct peaks, various
individual distributions were identified (i Mn = 1,208,600 Da, B = 1.49; ii M, = 26,900 Da, b
=3.56; and, iii M, = 3,600 Da, b = 1.05) (for a full range of GPC traces arising from the present

study see Figures S1-S12 in the Supporting Information).

While environmentally problematic, dichloromethane is a classic polar, aprotic solvent that was
expected to enhance the polymerisation of LGO over that seen in acetone. Indeed, in all
experiments, dichloromethane gave improved dispersities and, on average, higher molecular
weights when compared to the corresponding processes carried out in acetone. In test conditions
identical to those described above in dichloromethane (viz. 9.5 M LGO, 8 mol% DBU, sealed
tube, 90 °C, 21 h) resulted in quantitative polymer formation (M, = 277,900 Da) and, when
considering the multimodal distribution as a single peak, significantly improved dispersity (D
= 3.93). Given these results, the remaining experiments associated with the present study were
conducted in anhydrous dichloromethane. Notably, provided dry solvents were employed, it
was found that there was no measurable difference in product characteristics or yield when
these reactions were carried out either under an inert atmosphere (using nitrogen or argon) or

in the presence of air.
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Characterisation of the “Poly-Cyrene” Product

In addition to analysing the “poly-Cyrene’-type product 7 by 'H and '*C{'H}NMR
spectroscopies (see Figure 3 and Figures S13-S16), Fourier transform infrared (FT-IR)
techniques were also used. As shown in Figure 4a (also see Figure S19), the C=0 stretching
bands in monomer 1 (shown in black) appear at 1716 and 1694 cm™! while their counterparts
in “poly-Cyrene” (7) appear, as shown in blue, at 1734 and 1697 cm™'. These splittings of the
carbonyl absorptions are attributed to the distinct dipole-dipole interactions between the ketone
carbonyl moiety and the conformationally locked equatorially- and axially-oriented C-O bonds
of the adjacent, internal acetal. This increase in wavenumber is consistent with the loss, on
polymerisation of 1, of the a,B-alkene unit and matches our prior observations of the conversion

of LGO into dimer 4.°

Thermogravimetric analysis (TGA) of “poly-Cyrene” revealed it possesses excellent thermal
stability with a mere 5% weight loss (Tps) occurring at 249 °C and with the Tpsos value being
above 400 °C (Figure 4b). Differential scanning calorimetry (DSC) revealed an exotherm at
235 °C [this being the inflection point as determined by taking the first derivative of the
associated curve (Figure 4c¢)]. This closely matches the TGA result, as does the second
inflection point observed in the DSC study. “Poly-Cyrene” (7) did not appear to exhibit a glass
transition below the decomposition temperature. GPC analysis of the material obtained when
the polymerisation reaction was performed in dichloromethane at 90 °C for 30 h with an 8
mol% DBU loading reveals a multi-modal distribution (Figure 4d). When analysed as a single
peak, this gave a M, of 246,000 Da and a dispersity of 4.18 (Figure S4) Attempts to separate

the polymeric chains of individual distributions by fractional precipitation were unsuccessful.
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Figure 4: a) Superimposed FT-IR spectra of “poly-Cyrene” (7) (blue) and LGO (1) (black), b) TGA
curve recorded for “poly-Cyrene” showing a Tpse, of 249 °C, ¢) DSC curve obtained for “poly-
Cyrene”, d) Exemplar GPC trace for the precipitated poly-Cyrene sample obtained under the
following conditions: [LGO] = 9.5 M, CH,Cl,, 0.08 mol% DBU, 30 h, 90 °C. On interpretation as a
single peak this gives M, = 246 kDa, D = 4.18.

“Poly-Cyrene” (7) is freely soluble in dimethyl sulfoxide (DMSO) at room temperature (450
g/L, 22 °C) and when the resulting solutions are dried (at ca. 60 °C) then reflective/glassy but

brittle films are obtained (Figure 5). These proved too fragile for any meaningful mechanical

analyses.
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Figure 5: “Poly-Cyrene” films afforded by dissolving the material in DMSO then evaporating the resulting
solution at 60 °C: a) powdered “poly-Cyrene” obtained by precipitation, filtration and drying, b) a film of “poly-
Cyrene” showing the reflective surface, ¢), d) two distinct views of the same poly-Cyrene “film” — dimensions:
50 x 20 mm, mass =3.60 g.

Effect of Reaction Time and Catalyst Loading on the Polymerisation of LGO

While keeping all other reaction conditions constant (viz. using a ca. 9.5 M solution of LGO in
dichloromethane contained in a sealed tube, a DBU loading of 8 mol% and heating at 90 °C)
variations in reaction time were explored while all workups were conducted under the same
conditions as defined previously, namely precipitating the product using chilled, poor solvent
(in this case methanol) then collecting the solid product by filtration and thoroughly drying this.

The outcomes of the relevant series of experiments are shown in Table 1. After 4 h (Entry a) a
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lower conversion (85%) was observed and affording a lower molecular weight (M, = 61,600)
but higher dispersity (D =9.91) product (Figure S2) as compared to the outcome obtained after
21 h (Entry b) (100% conversion, M, = 277,900 Da, B = 3.93) (Figure S3). A longer reaction
time (30 h, Entry ¢) afforded higher molecular weight material (M, = 246,000 Da, B = 4.18) at
a similar (84%) conversion (Figure S4). On employing a reaction time of 69 h (Entry d) a
notable reduction in product recovery (73%) was observed, lower molecular weight material
(82,600 Da) was obtained and this was of significantly higher dispersity (b = 8.43) (Figure
S5).

Table 1: Impacts of reaction time and catalyst loading on average molecular weight (M,), dispersity

and yield of polymeric product.*

Catalyst

Entry l;:;(;tl((;ll; %:::) (11;2)g Recover);/(g)())nverswn M, (Da)® DlS([]);)l‘;lty
a 4 8 85 61,600 9.91
b 21 8 100 277,900 3.93
c 30 8 84 246,100 4.18
d 69 8 73 82,600 8.43
e 21 4 100 139,900 3.32
f 21 2 83 235,500 2.41
g 21 1 81 166,600 2.96

A All reactions were performed at 9.5 M concentration of LGO in dichloromethane in a sealed tube
heated to 90 °C; Baverage molecular weight (M,) and dispersity (D) were calculated using standard gel

permeation chromatographic techniques.

Contrary to expectations, it is clear that the quality of the polymeric product diminishes with
increased reaction time as evident by the sharp decrease in M, and elevated dispersity of the
product obtained after 69 h. Such an outcome could be due to the in situ precipitation of higher
molecular weight products, these proving to be extremely difficult to transfer and so reducing
the overall yield as well as preventing the higher molecular weight products being accessible

to GPC analysis.

It was anticipated that reducing the catalyst loading would result in fewer propagating chains

and so, theoretically, both increasing the molecular weight and decreasing the dispersity of the
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resulting polymer, albeit at the expense of a reduced rate of reaction. However, as the results
shown in latter parts of Table 1 reveal, there is no clear trend observed in either molecular
weight or dispersity over the catalyst loading range of 1 — 8 mol% (Entries b, e — g). The lowest
measured M, value derives from material generated using a 1 mol% catalyst loading (Entry g),
an outcome attributed to the generation of longer, ultimately insoluble chains that are excluded
(by filtration) from the GPC analysis (see Figure S8). This may influence the conversion rate
as well, which fell from 100% at 4 and 8 mol% loadings (Entries b, e) to 81 — 83% at 1 and 2

mol% loadings (f, g), respectively.

Manipulation of the “poly-Cyrene” Scaffold: Baeyer-Villiger Oxidation

To enhance the utility of the above-reported polymerisation process, the product “poly-Cyrene”
was oxidised under Baeyer-Villiger conditions similar to those described, as shown in Scheme

2, by Diot-Néant et al'” for the conversion of dimer 2 into 2H-HBO-HBO (10).
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this work

1
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Scheme 2: (a) The reported conversion of dimer 2 into 2H-HBO-HBO (10) under Baeyer-Villiger
conditions and, (b), the analogous conversion of “poly-Cyrene” (7) into poly-2H-HBO (11) (possible

capping groups not shown).

Despite “poly-Cyrene” being very hydrophobic and insoluble in water, when it was added to a
magnetically stirred solution of 12% v/v aqueous hydrogen peroxide solution that was then
heated at 50 °C, the initial suspension of the tan-coloured substrate was rapidly bleached prior
to its dissolution that delivered a clear, yellow solution (Figure 6a to 6c¢). After workup (see
Experimental Section for details), an off-white and porous product was formed and this proved
to be highly water soluble (ca. 850 mg/mL) but insoluble in methanol, acetone or ethyl acetate.
This product is believed, based on various studies of it as detailed below, to be a

hydroxymethylated polylactone or “poly-2H-HBO”, possibly of the form 11.
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Poly-2H-HBO
in water
(853 g/L)

Figure 6: The Baeyer-Villiger oxidation of “poly-Cyrene”: (a) the suspension of “poly-Cyrene” in
12% v/v aqueous hydrogen peroxide after heating at 50 °C for 0.5 h and showing the bleaching of
starting material; (b) the reaction mixture after 4 h and during which time with some gas evolution
was observed; (c¢) after 18 h at which time a clear, light-yellow solution was obtained; (d) the porous
product obtained after workup and drying, and; (e) a saturated solution of poly-2H-HBO comprising
1.80 g of this material in 2.11 mL of water.

FT-IR spectroscopic analysis of poly-2H-HBO revealed (Figure 7a and Figure S20) a strong
and broad —OH stretching band at 3357 cm™! while carbonyl stretching bands are now observed

at 1753 and 1711 (shoulder) cm™!, the former being indicative of a y-lactone.
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Figure 7: Characterisation of the poly-2H-HBO material 11 prepared by Baeyer-Villiger oxidation of
poly-Cyrene (9): (a) FT-IR spectrum of poly-2H-HBO; (b) TGA curve derived from the thermal
decomposition of poly-2H-HBO showing Tpsy, = 265 °C; (¢) DSC trace acquired on poly-2H-HBO

showing exotherms.

As was the case with the precursor “poly-Cyrene” (9), TGA studies conducted on the derived
poly-2H-HBO (Figure 7b) revealed that it, too, displayed good thermal stability. Indeed
polymer 11 was marginally better with a Tpsey value of 265 °C and a Tpso value again
exceeding 400 °C. DSC analysis (Figure 7c¢) revealed two exotherms, the first with an
inflection point at 114 °C and the second at 200 °C. As with “poly-Cyrene”, no distinctive glass
transition temperature was observed below the decomposition temperature, this being

consistent with the crystalline nature of the material. Attempts to analyse poly-2H-HBO using
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GPC techniques proved unsuccessful, an outcome attributed to the high degree of hydrogen
bonding present in the polymer and so significantly skewing the data and providing inconsistent

results.

The 400 MHz '"H NMR spectrum of poly-2H-HBO (11) (Figure S17) embodied a series of very
broad and overlapping resonances within the 5.50 — 3.00 ppm chemical shift range and so
making specific assignments challenging. Nevertheless, a comparison of these data with those
derived from the previously reported 2H-HBO-HBO dimer was informative.'® In particular,
and consistent with expectations and the literature, the intense signal centred at 6 3.51 is
assigned to those protons associated with the new linkages formed by the oxidation reaction
while the very weak one centred at 6 6.76 is attributed to the olefinic proton associated with an

end-group alkene moiety.

Conclusions

A novel, facile, one-step, atom-economic and high-yielding conversion of the biomass-derived
and homochiral levoglucosenone (1) into a high molecular weight and chemically modifiable
“poly-Cyrene” scaffold is described. Furthermore, this polymer, which displays excellent
thermal stability, is itself efficiently transformed into a poly-2H-HBO scaffold via a Baeyer-
Villiger oxidation conducted in water under catalyst-free conditions. This second polymer is,
unlike its precursor, water-soluble and offers the potential for further manipulation. Such highly
efficient polymerisations of sustainably-produced platform molecules offer excellent
substitutes or replacements for their petrochemically-derived counterparts and so providing

direct access to a family of new and distinctly “green” materials.
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Experimental Section

Chemicals and Reagents: Starting materials and reagents were generally available from Sigma-
Aldrich, Merck, TCI, Strem or Lancaster Chemical Companies and were used as supplied.
Drying agents and other inorganic salts were purchased from the AJAX, BDH, Chemsupply or
Unilab Chemical Companies. Methanol and dichloromethane were dried using a Glass Contour
solvent purification system that is based upon a technology originally described by Grubbs et
al.'® iso-Levoglucosenone (2) and the LGO-Cyrene dimer (4) were prepared as previously

reported. >** Where necessary, reactions were performed under an inert atmosphere.

Characterisation: Unless otherwise specified, proton (‘H) and carbon (}3C) NMR spectra were
recorded at 22 °C in (CD3)2SO on a Varian spectrometer operating at 400 MHz for proton and
100 MHz for carbon nuclei. For "TH NMR spectra, signals arising from the residual protio-forms
of the solvent were used as the internal standards. The signal due to residual DMSO appearing
at ou 2.50 and the central resonance of the DMSO ‘triplet’ appearing at dc 39.5 were used to
reference 'H and '* C NMR spectra, respectively. Infrared spectra (vmax) Were recorded on a
Perkin-Elmer 1800 Series FTIR Spectrometer. Samples were analysed as thin films on KBr
plates. The thermal stabilities of polymers were determined by performing thermogravimetric
analyses (TGA) using a Thermal Instruments Q500 machine operating under a nitrogen
atmosphere (flow rate of 40 mL/min) and at a heating rate of 3 °C/min. Gel permeation
chromatography (GPC) was conducted on an Agilent 1260 Infinity GPC System fitted with a
refractive index detector and a PLgel 5 pum MIXED-C 7.5 x 300 mm PL1110-6500 column
maintained at 30 °C. N,N-dimethylacetamide (DMAc) was employed as the eluting solvent at
a flow rate of 1.0 mL/min. The injection volume was 80 uL and molecular weight calibrations
were performed with polyethylene oxide/glycol EasiVials® (Agilent Technologies, U.K.)

standards that covered an average molecular mass range from 1,576,000 to 106 g/mol.
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Differential scanning calorimetry (DSC) was performed using a TA Instruments Q20 machine
operating at a heating rate of 3 °C/min. The sample (~8 mg) was pre-treated by being heated at
arapid rate to 120 °C so as to remove any solvent then slowly cooled to room temperature. The
data were recorded between —30 °C and 350 °C. Dichloromethane (5.0 mL) then LGO (1, 6.00
g, 47.6 mmol) were added to an ACE-glass 15 mL pressure tube [24.5 (0.d.) x 10.2 cm] fitted
with a magnetic stirrer bar. The vigorously stirred solution was then treated, dropwise at
ambient temperatures (ca. 22 °C), with DBU (580 mg, 3.8 mmol, 8 mol%) and thereafter the
reaction tube was tightly sealed (using a Teflon screwcap and associated rubber O-ring). The
tube and its contents were then immersed in an oil bath maintained at 90 °C (CAUTION: USE
BLAST SHIELD). After the relevant time (e.g. 21 h) the tube and its contents were removed
from the oil bath and cooled to ambient temperatures. Thereafter, the tube was opened and the
contents added, with vigorous stirring, to chilled (ca. 0 °C) methanol, ethanol or water (300
mL). The resulting tan precipitate was collected by gravity filtration then washed liberally with
further volumes of the precipitating medium before being air-dried at ca. 22 °C to afford “poly-
Cyrene” (7, 6.00 g, 100%) as a fine, tan powder. This material could be dissolved in DMSO
(ca. 450 mg/mL) and the resulting solution allowed to evaporate to dryness at 60 °C and so
forming homogenous films. The tan powder had no distinct melting point and was observed to
decompose above 250 °C. IR vmax 1716, 1694, 1605, 1474, 1378, 1299, 1255, 1103, 969, 888,

853, 828, 760, 706 cm™! (recorded on the tan powder).

Synthesis of poly-2H-HBO (11): A magnetically stirred suspension of “poly-Cyrene” (7, 4.20
g) in water (30 mL purified by reverse osmosis) and maintained at ambient temperatures was
treated with hydrogen peroxide (20 mL of a 30% aq. solution). The ensuing mixture was, while

left open to the atmosphere, heated at 50 °C (oil bath). Gradually, the tan solid began to dissolve
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with the accompanying formation of a clear, light-yellow solution. After 18 h the reaction

mixture was cooled, first to ambient temperatures and then to ca. 0 °C (ice-bath) before being

carefully treated, preferably at 0 °C, with either solid sodium sulfite (stoichiometric quantities)

or solid manganese dioxide (100 mg). The ensuing mixture was subjected to gravity filtration

and the filtrate then concentrated under reduced pressure (rotary evaporator) to afford poly-2H-

HBO (11) (2.15 g, 84%) as an off-white, porous solid. No distinct m.p., decomposition above

265 °C. '"H NMR [400 MHz, (CD3):SO] see Figure S17; IR vmax 3356, 2933, 1753, 1711, 1579,

1359, 1323, 1290, 1171, 1133, 1036, 908, 758 cm™".

Traces Derived from GPC Studies
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Figure S1: GPC Trace Derived from the Reaction Mixture Obtained on Treating Neat LGO (1) with
DBU (1 mol %) at 22 °C (N, N-dimethylacetamide used as eluting medium).
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Figure S2: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of
LGO in CH,Cl, with DBU (8 mol %) at 90 °C for 4 h (N, N-dimethylacetamide used as eluting

medium).
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Figure S3: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of
LGO in CH:Cl, with DBU (8 mol %) at 90 °C for 21 h (N, N-dimethylacetamide used as eluting

medium).
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Figure S4: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of

LGO in CH:Cl, with DBU (8 mol %) at 90 °C for 30 h (N, N-dimethylacetamide used as eluting
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Figure S5: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of

LGO in CH,Cl, with DBU (8 mol %) at 90 °C for 69 h (N, N-dimethylacetamide used as eluting

medium).
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Figure S6: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of

LGO in CH:Cl, with DBU (4 mol %) at 90 °C for 21 h (N, N-dimethylacetamide used as eluting

50,000
45,000
40,000
35,000
30,000
25,000

20,000

RI (nRIU)

15,000
10,000
5,000
Q
-5,000

10,000

*

medium).

le6

le5

le4

le3

le2

1eQ

0 2

12 14
Tima {minutes)

10 16

20

22 24

{1ow/B) MW 607

Detector
v — RI

Run Length: 24.93 mins

Molecular Weight Averages
Peak Mp (g/mol)
Peak 1 262577

PD
2.416

Mv (g/mol)
1059089

Mn (g/mol)
235501

Mw (g/mol)
568893

Mz (g/mol)
1141884

Mz+1 (g/mol)
1680426

Figure S7: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of
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Figure S8: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of

LGO in CH:Cl, with DBU (1 mol %) at 90 °C for 21 h (N, N-dimethylacetamide used as eluting
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Figure S9: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of
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Figure S11: GPC Trace Derived from the Reaction Mixture Obtained on Treating a 4.5 M Solution of
LGO in Acetone with DBU (8 mol %) at 90 °C for 72 h (V,N-dimethylacetamide used as eluting
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LGO in CH,Cl, with PBus (4 mol %) at 90 °C for 72 h (N, N-dimethylacetamide used as eluting

medium).

259



Chapter Five

"H and BC{'H}NMR Spectra

- o @ Mmoot AN O®o  ©won YO ORNNCN D
o 8 3 TMmEES §R 8RR R332 HB B8 RRKE
N N < W66 A FF FHm mman NN NN

WY PN VNI NCCONYNT Y

/// ////////

|
| A

8 8 R &
- S = s 3 3 d -
410 315 0 215 0 15 170 0’5 on

o' o' r\i
910 815 810 5 0 615 610 515

o 0.52

o

0
f1 (ppm)

Figure S13: 400 MHz '"H NMR Spectrum [recorded in (CD;),SO] of the “poly-Cyrene”-Forming
Reaction After 20 min [a 4.5 M solution of LGO in (CD3),SO maintained at 22 °C was treated with 8
mol% DBU].
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Figure S14:400 MHz '"H NMR Spectrum [recorded in (CD3),SO] of the “poly-Cyrene”-forming
Reaction After 340 min [a 4.5 M solution of LGO in (CD3),SO maintained at 22 °C was treated with 8
mol% DBU].
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Figure S15: 400 MHz '"H NMR Spectrum [recorded in (CD;3)2SO] of “poly-Cyrene” (7) (after

purification by precipitation).
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Figure S16: 100 MHz C{'H} NMR Spectrum [recorded in (CD;),SO] of “poly-Cyrene” (7) (after

purification by precipitation).
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Figure S17: 400 MHz '"H NMR Spectrum [recorded in (CD5),SO] of poly-2H-HBO (11) (after

isolation).
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Figure S18: 100 MHz *C{'H} NMR Spectrum [recorded in (CD5).SO] of poly-2H-HBO (11) (after

isolation).
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Figure S19: FT-IR Spectrum of “poly-Cyrene” (7) (after purification by precipitation).
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Figure S20: FT-IR Spectrum of poly-2H-HBO (11) (after isolation).

Formulae Used to Calculate E-Factors and Atom Economies

E-Factor
E — Factor — Mass of waste (g)(ignoring water, assuming catalyst not recovered)
actor = Mass of product (g)
E — Factor — 0.07 g
actor = o 7

E — Factor = 0.012
Atom Economy

Mass of atoms in desired product (g)
Atom Economy = x 100%
Mass of atoms of all products (g)

6.00 g

Atom Economy = X 1009
= X |
om Lconomy . 0

Atom Economy = 99%
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Conclusions & Future Work

Conclusions & Future Work

Developments in the use of biomass-derived platform molecules as substitutes for fossil-
derived feedstocks will be invaluable to the maintenance of the modern lifestyle and growing
human population. In Chapter Two, an overview of our current ‘toolbox’ for biomass-derived
platform molecules in chemistry was provided, including a background on levoglucosenone
chemistry performed at the Research School of Chemistry. Chapter Three described a more
efficient and simplified preparation of the quasi-enantiomer of levoglucosenone, iso-
levoglucosenone. This material was then hydrogenated to provide “iso-Cyrene”, a potential
solvent which was characterised and its properties compared to the existing solvent Cyrene®.
Further assessment of the role of iso-Cyrene as a solvent in specific transformations,

® is not amenable (for example, under basic conditions),

particularly those to which Cyrene
would be a relevant avenue for future study. In Chapter Four, novel manipulations of Diels-
Alder adducts prepared from levoglucosenone and iso-levoglucosenone revealed distinct
rearrangements and caged structures available for further manipulation. In the future, assessing
the ability for these novel structures to undergo polymerisation (and the properties of these
products) would prove the most salient direction for research. In Chapter Five, an extremely
efficient and atom economical synthesis of a novel polymer scaffold prepared from
levoglucosenone using DBU as a catalyst was reported, alongside a functional and hydrophilic
derivative arrived at through aqueous Baeyer-Villiger rearrangement. Further modification of
these polymer scaffolds offers an exciting scope for future work, with their efficient and green
synthesis offering a direct route to novel and functional materials. As a compilation, these
publications demonstrate the diverse utility of just one biomass-derived platform molecule. 1
believe that the ethical and sustainable valorisation of the chemical gifts which nature has

bestowed on us will be critical in transitioning away from our current unsustainable chemical

reservoirs, and I hope that many more chemists will help carry the torch to this goal.
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