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ABSTRACT

In recent years, biomass has been developed as a resource for production of biofuels
and renewable chemicals. 5-Hydroxymethylfurfural (5-HMF) is an important platform
compound for a variety of value-added chemicals. 5-HMF can be obtained from the
dehydration of lignocellulosic biomass such as fructose, glucose, sucrose and cellulose.
There have been numerous studies on the synthesis of 5-HMF, among which many were
focused on the mechanisms. The tools and approaches used for mechanistic studies on the
transformation of biomass to 5S-HMF were reviewed, showing that both lab techniques (e.g.
NMR spectroscopy, kinetic studies) and computational calculations can be used for
intermediate detection and mechanism investigation. It is proposed that the methods used
with this class of renewable feedstock will be valuable in studying the reactions of related

nitrogen-containing carbohydrates.

N-Acetyl-D-glucosamine (NAG) is an amino sugar and the monomer of chitin, which
occurs abundantly in the shells of crustaceans. The dehydration of NAG produces a
renewable amide, 3-acetamido-5-acetylfuran (3A5AF). When ionic liquids (ILs) were used
as solvents, the 3A5AF yield was influenced by the acidity of the ILs. The addition of boric
acid (B(OH)3) and sodium chloride (NaCl) improved the 3ASAF yield. Ethyl acetate
(EtOAc) was added for in situ extraction of 3A5AF during the reaction, and an optimum
yield of 55.6% was achieved. Kinetic studies were performed for the dehydration of NAG
and its two isomers (NAGal, NAMan) in the presence of B(OH)s. Chromogen I and III

were proposed as important intermediates in the mechanism, as their characteristic peaks
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were observed in the 'H NMR spectra of NAG dehydration. ''B NMR spectroscopy was
performed to study the role of B(OH)3 in the dehydration of NAG. The reusability of

[Bmim]Cl in the conversion of NAG to 3A5AF was studied.

The pKa of 3A5AF was determined through both computational calculations and
experimental measurements. The solubility of 3A5AF in supercritical carbon dioxide
(scCO2) was low, mainly due to the strong intermolecular forces between 3AS5AF
molecules. Dimerization energies of 3ASAF were calculated, and IR and NMR analyses
were performed to investigate the hydrogen bonding. The highest occupied molecular
orbital, lowest unoccupied molecular orbital, electrostatic potential and atomic charges of
3A5AF were determined through molecular orbital calculations. A reaction between
3ASAF and a methyl Grignard reagent was performed to study the reactivity of the two

carbonyl carbons towards a nucleophile.

Hydrolysis of 3A5AF was performed via sodium hydroxide (NaOH) catalysis and an
amino-substituted furan product was obtained. Reduction of the acetyl group in 3ASAF
was achieved using sodium borohydride (NaBH4) or -catalytically via transfer-
hydrogenation using an iridium (Ir) catalyst. 3A5AF and the hydrolysis product were tested
for CO2 capture, but no reaction was observed because of their inherent acidity.
Tautomerism of 3A5AF was observed in methanol-d4 (CD30D) as evidenced by H-D

exchange within the acetyl group.
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Chapter 1

Introduction and Overview



1.1 Green Chemistry and Renewable Feedstocks

Green chemistry is a philosophy of chemical research and engineering which
encourages minimal use and generation of hazardous substances during reactions and other
chemical processes.! The guiding principle of green chemistry, as Anastas said, is “the
design of environmentally benign products and processes”.! > The twelve principles of
green chemistry have been condensed into one twelve-character word, PRODUCTIVELY,
by Tang et al.,? as shown in Figure 1-1. Through the use of these principles, chemists can

play an important role in sustainable development.

P: Prevent wastes

R: Renewable materials

O: Omit derivatization steps

D: Degradable chemical products
U: Use safe synthetic methods

C: Catalytic reagents

T: Temperature, pressure ambient
I: In-process monitoring

V: Very few auxiliary substances

E: E-factor, maximize feed in product
L: Low toxicity of chemical products
Y: Yes, itis safe

Figure 1-1. Twelve condensed principles of green chemistry.

Among the twelve principles of green chemistry, there is one that encourages “the use

of renewable feedstocks”,> meaning that feedstocks or raw materials used should be

renewable instead of depleting if possible. Renewable feedstocks refer to resources that can



renew themselves after being used by humans for products and/or in the energy industry.*

These include sunlight, wind, and wood, the latter being a source of biomass.

Biomass is a general term used to describe biological material generated by a living
organism.’ Biomass can be obtained from agricultural waste, forest products, and aquatic
materials, and then converted to a variety of useful chemicals. The United States
Department of Energy (US DOE) has reviewed the field of renewable chemicals and
identified twelve molecules (platform chemicals) with significant potential for the synthesis

of other compounds (Figure 1-2).°

o]
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a 0 o] OH OH
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S IR, VRN SN
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™ o o i
e s ' HO ‘
HO \(/\Y OH HD./L\ o ,/J\ on Y\ﬂ/ OH
OH OH \_/ o CH,
Xylitol 2,5-Furan-dicarboxylic acid ltaconic acid

Figure 1-2. Top twelve platform chemicals identified by US DOE.



The use of biomass for fuels and chemicals is a significant research area, mainly
because of the potential crisis surrounding the depletion of fossil fuels in the coming
decades. In terms of biomass utilization, as a replacement for or supplement to petroleum,
the established conversion of corn or sugarcane to bioethanol via fermentation is far from
enough, and new processes using lignocellulosic biomass (cellulose, hemi-cellulose and
lignin) are needed.” Currently the whole world faces the serious problem of high CO:
emissions. The use of biomass may relieve this, since the CO2 produced during the
conversion of biomass to chemicals or materials can be balanced by the CO2 consumed in
the growth of biomass.® However, carbon neutrality is not guaranteed as growth, processing

and transport of biomass all use energy and so release COz into the environment.

Accounting for 71% of the earth’s surface, oceans are great resources of biomass such
as algae and waste from shellfish processing and other food industries.’ Figure 1-3 shows
the potential products obtained from oceanic biomass. The crustacean waste annually
generated worldwide from shrimp, squid, crabs and krill is estimated to be 1.15 million
tons.!? If not disposed appropriately, this waste will cause serious environmental and health
problems. The perishability of the waste will cause eutrophication in the sea, which will
consume a lot of oxygen; while on land it will lead to the growth of pathogens and other

bacteria.'!> 12
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Figure 1-3. Potential products obtained from oceanic biomass.” (F. M. Kerton, Y. Liu, K.

W. Omari and K. Hawboldt, Green Chem., 2013, 15, 860-871. Reproduced with permission

of the Royal Society of Chemistry. All rights reserved.)
1.2 N-Acetyl-D-glucosamine (NAG)

N-Acetyl-D-glucosamine (NAG) is the monomer of chitin (Scheme 1-1). The amino
polysaccharide chitin is the second most abundant biopolymer after cellulose on earth, and
the most abundant biopolymer in the ocean.'*> An important difference between chitin and
cellulose is that the former has an acetamido functional group while in the latter all groups
are hydroxyls. The average content of chitin in crustacean shell waste is 20% - 30%.'*
Chitin can be extracted using either chemical or biological methods. There are three
configurations of chitin based on the arrangement of the chains, and the one most often

seen in crustacean shells is o-chitin."
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Scheme 1-1. Conversion of chitin to NAG.
1.2.1 Production

A lot of studies have been performed on the production of NAG from chitin, among
which acid hydrolysis and enzymatic hydrolysis are the two main methods. Acid hydrolysis
of chitin was applied earlier, and is used commercially in industry. Hydrochloric acid (HCI)
is the acid used in this process most frequently. Under acidic conditions, the glycosidic
bonds of chitin are cleaved to give the monomer NAG. The reaction rate in this acid-
catalyzed process is related to the concentration of protons in the solution.'® The
Sukwattanasinitt group used microwave irradiation and ultrasound to promote the
hydrolysis of a-chitin in shrimp shells.!” It was found that thirty minutes of pre-sonication
increased the solubility of chitin in the HCI solution at a low temperature, thus improving
the selectivity of the hydrolysis to produce NAG. According to the analysis using an
electrospray ionization mass spectrometer (ESI-MS), higher reaction temperatures
produced NAG more quickly, but deacetylation to give D-glucosamine (GlcN) and acetic
acid also occurred more easily. In industry, high temperatures are commonly used.

Therefore, the NAG produced deacetylates to generate GlcN in situ, which is then isolated



and re-acetylated to form NAG.!® In addition to the unsatisfactory yields of NAG, this
method has some other “not green” issues as well. Usually highly concentrated acids and
high temperatures are needed, therefore the economic and energy costs are high and acidic
waste is generated.!” In recent years the production of NAG from chitin using enzymes has
been more studied. Chitinases refer to the hydrolytic enzymes that can degrade chitin.
During the reaction, the chitin polymer is degraded to chitin oligosaccharides first, which
then undergo further cleavage to yield NAG and other saccharides.”” 2! Many chitinases
can be found in natural sources, such as bacteria, fungi, plants and animals. For instance,
the Jadhav group used Penicillium ochrochloron to produce chitinase from agriculture
residue, and this chitinase was applied in chitin hydrolysis.?* Results from thin-layer
chromatography (TLC) and high-performance liquid chromatography (HPLC) indicated
that NAG was obtained as the main product within a reaction time of 3 h. In the studies by
Giuliano Garisto Donzelli et al. and Jamialahmadi et al. the yields of NAG approached 78%

-79%.21: 33
1.2.2 Application

To date, the use of NAG as a chemical reagent or a drug has not been widely studied.
It has the potential to be a useful material both in chemistry and pharmacy areas because of
the N-acetyl group. In 2012, Stallforth and co-workers synthesized sialic acid (Figure 1-4)
from NAG using the enzyme macrophomate synthase.?* Sialic acid plays an important role
in many biological processes, such as cell to cell communication. In 2013, Chen et al.

successfully synthesized the anti-influenza drugs, oseltamivir and tamiphosphor (Figure 1-



4), from NAG.?> NAG can be used for oral administration drugs because of its sweet taste.
The significant anti-tumor activity of NAG oligomers was discovered by Masuda et al. on
a mouse model.*® In addition, NAG can efficiently suppress Rheumatoid Arthritis
according to the study by the Osaki group on mouse models.2” These potential applications

show that NAG is a promising biomass feedstock from a commercial perspective.

/\]ﬂx /\(\ E’OH

0..,,_ CO,;CH,CH3 o, 'y
o o
AcHN AcHN

NH, NH,

Sialic acid Oseltamivir Tamiphosphor

Figure 1-4. Structures of sialic acid, oseltamivir and tamiphosphor in the study of Stallforth

and co-workers?* and Chen et al.>
1.3 Carbohydrates

In the ocean of biomass utilization research, a large portion focuses on biomass-
derived carbohydrates. A carbohydrate molecule is normally composed of C, H and O
atoms as Cm(H20)n. Some derivatives containing heteroatoms can also be considered as
carbohydrates, such as NAG (a derivative of glucose), which is the key feedstock in this
thesis. The other name of carbohydrates is “saccharide”. Typically there are four kinds of

saccharides: monosaccharides, disaccharides, oligosaccharides and polysaccharides.?



1.3.1 Monosaccharides

Monosaccharides are the simplest carbohydrates. The general formula for
monosaccharides is (CH20)n, where n is at least three. A typical monosaccharide is
composed of several hydroxyl groups and one carbonyl group (an aldehyde or ketone). The
simplest monosaccharides are dihydroxyacetone and glyceraldehyde when n is three
(Figure 1-5). Some monosaccharides are the units forming more complicated saccharides.

For example, starch consists of many glucose units.

0 OH
HO\)J\/OH HO\)\,;O
Dihydroxyacetone Glyceraldehyde

Figure 1-5. Structures of dihydroxyacetone and glyceraldehyde (the simplest

monosaccharides).

Among various monosaccharides, the most common ones are glucose and fructose.
They are two hexoses that are naturally derived from fruits, vegetables and plants. They
have both straight chain and cyclic forms, of which the latter have five-membered and six-
membered ring isomers (Scheme 1-2 and Scheme 1-3). These sugars are closely related to
human health and daily life. In particular, glucose is essential to provide energy to the
human brain and body. Fructose is widely used as a sweetener because of its cheap price

and very sweet taste.
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Scheme 1-2. Structures of glucose in straight-chain and cyclic forms.
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Scheme 1-3. Structures of fructose in straight-chain and cyclic forms.
1.3.2 Disaccharides

When two monosaccharides come together in a dehydration reaction, the carbohydrate
formed is a disaccharide. The bond formed by the hydroxyl groups through dehydration is

a glycosidic bond. As there are multiple possible combinations of hydroxyl groups from
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two monosaccharides that can form glycosidic bonds, a variety of disaccharides can be
generated. For example, two glucose units can form maltose, trehalose and cellobiose based
on different bond arrangements. Common disaccharides include sucrose, lactose and
maltose. Sucrose (Figure 1-6) is composed of glucose and fructose, and can be extracted

from sugar cane and beets. It is the main component of table sugar.

HO

HO,,

HO” ™ o

Ollu

H o oH

Sucrose

Figure 1-6. Structure of sucrose.
1.3.3 Oligosaccharides and Polysaccharides

The small polymer generated through dehydration of three to nine monosaccharides
is an oligosaccharide. If more monosaccharides are involved, the sugar is labelled a
polysaccharide. Oligosaccharides and polysaccharides are biological polymers that can be
widely found in nature. Fox example, oligofructose, which is composed of fructose units,
exists in many vegetables and fruits. Cellulose (Figure 1-7) is the most common
polysaccharide. It consists of hundreds to thousands of D-glucose units.?’ Cellulose is a

fundamental component of the cell wall in green plants, and is used in the paper industry.
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Figure 1-7. Structure of cellulose.
1.4 Useful Chemicals Converted from Renewable Feedstocks
1.4.1 5-Hydroxymethylfurfural (5-HMF)

In research on the conversion of biomass to chemicals and biofuels, reactions using
sugars as reactants form a large proportion of the studies to date. Among these, the
conversion of saccharides to 5S-HMF (Figure 1-8) via dehydration reactions has been

studied extensively.

OH o)
o_ |

\W/

5-HMF

Figure 1-8. Structure of 5-hydroxymethylfurfural (5-HMF).
1.4.1.1 Production

5-HMF seldom exists in fresh food, but it can be easily found in heated sugar-
containing foods, such as dried fruits. It is a product of the Maillard reaction that occurs
between amino acids and reducing sugars. The first synthesis of 5-HMF was conducted by
Dull in 1895 by heating inulin in oxalic acid solution under pressure.*® In the same year,
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Kiermayer also managed to obtain 5-HMF from sugar cane using a similar method.*! From
then on, studies related to 5-HMF began to develop, and are still quite popular today.
Reports on the dehydration of hexoses into 5-HMF are mainly focused on the conversion

of fructose, glucose, sucrose and cellulose.

As water is a perfectly green solvent (see 1.5.2), many researchers have tried to use it
in 5-HMF synthesis.*? For instance, Omari et al. performed the hydrolysis of chitosan in
water at 200 °C for 30 min under microwave irradiation.** Several Lewis acids were used
as catalysts, and tin(IV) chloride pentahydrate (SnCls:5H20) gave the best result with 10.0
wt% 5-HMF produced when dilute conditions (20 mL water) were applied. Under more
concentrated conditions (4 mL water) there was less S-HMF but a large amount of levulinic
acid (LA) (23.9 wt%) obtained. It is proposed that in more concentrated reaction
environment 5S-HMF tends to react to form LA. One effective way to suppress the formation
of LA and other side-products is the use of activated carbon as absorbent for 5S-HMF, as

Vinke et al. did in their research.?

A biphasic system is a reaction system composed of two immiscible solvents. Usually
the reactants and catalysts are soluble in one layer, while the products are extracted into the
other layer once generated. This approach encourages the reaction to proceed and prevents
side-reactions from occurring (Figure 1-9). 5-HMF dissolves well in many organic solvents,
so studies using aqueous media with organic solvents to form biphasic systems have been
reported.’® Roman-Leshkov et al. applied a water-methyl isobutyl ketone (MIBK) system

with HCl as the catalyst to synthesize S-HMF. Without any phase modifiers, the conversion
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of fructose could reach 91% but the selectivity of 5-HMF was only 60%.® When the
aqueous phase was modified with the addition of a polar aprotic solvent (dimethyl sulfoxide
or 1-methyl-2-pyrrolidinone) and a hydrophilic polymer (poly(1-vinyl-2-pyrrolidinone)),
and the organic phase was modified with 2-butanol, the fructose conversion reached 92%

with 5-HMF selectivity of 77%.

N
S

OH o
o, | Organic phase
./
5-HMF
OH o
Saccharides ——» Lo il
\ « e

By-products S-HMF

Figure 1-9. A biphasic system used in 5-HMF synthesis.

With the development of ionic liquids (ILs) in recent years, their use as solvents and/or
catalysts in 5S-HMF synthesis has also been extensively developed, and good results have
been achieved.?> 3”38 The first IL used in this area was pyridinium chloride by Fayet and
Gelas in 1983.3° The yield of 5-HMF from fructose conversion was as high as 70% at 120
°C for 30 min. Unfortunately, this good performance did not raise scientists’ strong interest
until 2003 when Lansalot-Matras and Moreau converted fructose to S-HMF using two ILs:

1-butyl-3-methyl imidazolium tetrafluoroborate ([Bmim][BF4]) and 1-butyl-3-methyl
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imidazolium hexafluorophosphate ([Bmim][PF¢]).** Their study used Amberlyst-15
sulfonic ion-exchange resin as the catalyst, with dimethyl sulfoxide (DMSO) as a co-
solvent since fructose did not dissolve well in the hydrophobic [Bmim][PF¢]. The best 5-
HMF yield was nearly 80% using [Bmim][PFs] at 80 °C after 24 h. When [Bmim][BF4]
was used, the highest yield was 87% at 80 °C after 32 h. In the work by Qi et al. on the
conversion of fructose, 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) was used
together with co-solvents (DMSO, EtOAc, scCO2, ethanol, etc.) and Amberlyst-15 acidic

ion-exchange resin was the catalyst.*!

The fructose was predissolved in the IL to form a
gel-like solution, and then the catalyst and co-solvent were added. The reaction could be
conducted at room temperature (25 °C) with conversions of fructose around 90% and yields

of 5-HMF around 80%. With longer reaction time, 5S-HMF underwent self-polymerization

or cross-polymerization with fructose to form humins, therefore the yield decreased.

As the dehydration process is acid-facilitated, a system with proper acidity would be
very helpful to stimulate the generation of 5-HMF. Therefore, many studies have been
focused on the use of acidic ILs. In a 2006 study by Moreau et al., 1-H-3-
methylimidazolium chloride ([Hmim]Cl), a Brensted acidic IL (see 1.5.4.4), was used as
the solvent as well as the catalyst for the dehydration of fructose and sucrose in a
microbatch reactor at 90 °C.*> The 5-HMF yield from the dehydration of fructose reached
92% after 45 min. It was proposed that sucrose was split to fructose and glucose first via
hydrolysis with crystallization water from the reagents. Then the fructose was converted to

5-HMF with a 100% yield while the glucose had negligible reaction (Scheme 1-4). After
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5-HMF extraction using diethyl ether (Et20), the IL was dried and subsequently reused. By

removing the water from the IL, 5-HMF yields had only slight fluctuations during five runs.

HO

HO,, o
" \)
e OH HO™ ™" "OH
“jJ o OH
HO = & Z.“"\OH Glucose

o |

OH HG  ‘oH OH H-ﬁé\N/@ 5
. OH
0. —/ Cl L o |
Sucrose N - = oy
HO™ \ OH N/
HO  OH
Fructose 5-HMF

Scheme 1-4. Cleavage of sucrose and conversion of fructose in [Hmim]C1.*?

Although water is one product in the dehydration reactions and its generation may
hinder yields, some studies have shown that an appropriate amount of water could increase
the yield of 5-HMF. In the work by Ding et al., 5-HMF was synthesized from
microcrystalline cellulose using a series of acidic ILs (Figure 1-10) as the catalysts in the
solvent 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]).** With 1-(4-sulfonic
acid)butyl-3-methylimidazolium hydrogen sulfate ([Bmim-SO3H][HSOa4]) as the acid
catalyst and copper(Il) chloride (CuCl2) as a co-catalyst, the maximum yield of 5-HMF
reached 62.6% in the conversion of 0.35 g cellulose when the dosage of water was 0.2 mL,
but more water led to the decomposition of 5-HMF to side-products. The main function of

water here is to hydrolyze the cellulose to glucose.
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Figure 1-10. ILs used in the work by Ding et al. of cellulose conversion to 5-HMF.*

According to Stahlberg et al., the addition of boric acid (B(OH)3) was effective in
improving 5-HMF yields in hexose dehydration without metal catalysts.** For glucose, a
maximum 5-HMF yield of 42% was obtained at 120 °C after 3 h in 1-ethyl-3-
methylimidazolium chloride ([Emim]Cl) as the solvent. Among other sugars tested, sucrose
was converted to 5-HMF with the yield as high as 66%. In related research, Caes et al.
applied a variety of ortho-carboxyl-substituted phenylboronic acids as organocatalysts in
glucose and cellulose conversion.*> A decent 5-HMF yield of 57% from glucose could be
achieved using 200 mol% 2-methoxycarbonylphenylboronic acid (Figure 1-11) and
magnesium chloride hexahydrate (MgCl2-6H20) in dimethylacetamide (DMA) at 120 °C
after 4 h. The dehydration of cellulose was conducted at 105 °C in [Emim]Cl and sulfuric
acid (H2SO4) using 120 mol% 2-methoxycarbonylphenylboronic acid and MgCl2-6H20 as
catalysts. After 1 h, the 5-HMF yield reached 41%. Although the loadings of the boronic
acid catalysts were high, the recovery of the catalysts was realized and the catalysts could

be reused for four reaction cycles.
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Figure 1-11. Structure of 2-methoxycarbonylphenylboronic acid used in the study by Caes

et al. of glucose/cellulose conversions to 5-HMF.*

Sodium chloride (NaCl) is another additive commonly used in 5-HMF studies.
According to Romén-Leshkov et al., when salts are added to a biphasic system the number
of 5-HMF molecules dissolved in the reaction layer will be decreased because of the
salting-out effect, and they will move to the extraction layer.*® However, the yield will not
be increased significantly in this way. The work by Hansen et al. suggested that salts
stabilized the intermediates formed in the B(OH)s-catalyzed reaction, thus the acidity of
the system was strengthened and the yield increased.*” Among all salts they tested, halide
salts gave better S-HMF yields than sulfates and nitrates, indicating that the anions in the

reaction system play an important role.

The dehydration of hexoses to 5-HMF is a process in which three water molecules are
lost. So far there have been a variety of mechanisms raised, but none of them have stood
out among the rest. In Chapter 2, a review is presented about the mechanistic studies on
the transformations of biomass to 5-HMF and the tools and approaches used for the

research.
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1.4.1.2 Applications of 5-HMF

o]
e o |
N/ N/
OBMF
Other products 0. |
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OH o 4 2,5-DFF

Levulinic acid o

Scheme 1-5. 5-HMF as a platform chemical in the synthesis of various useful products.

As “a sleeping giant”,*® 5-HMF is an important platform chemical accessible from
biomass. With several functionalities, it can be an intermediate for many useful products
and promising biofuels. Not only cyclic compounds, such as furan products, can be
obtained, but also acyclic chain chemicals such as LA. Reactions that can be used in its

conversion include hydrogenation, oxidation and hydrogenolysis (Scheme 1-5).°

5-HMF can react with hydrogen gas to produce 2,5-dimethylfuran (2,5-DMF).%% 3!
2,5-DMF is an alternative fuel for transportation because of its satisfactory properties in
ignition, emission and combustion compared with traditional gasoline.’? 5-HMF can also
be converted to 2,5-diformylfuran (2,5-DFF), which is widely used in the produce of furan-
urea resins,® furanic biopolymers,** fungicides® and pharmaceutical precursors.>® Another

important compound from 5-HMF transformation, 2,5-furandicarboxylic acid (FDCA), is
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listed as one of the twelve top platform chemicals from biomass (Figure 1-2) and can
replace terephthalic acid in the synthesis of polyesters, polyamides and polyurethanes.>’
Selective etherification of 5-HMF gives the product of 5,5’-oxy(bis-methylene)-2-
furaldehyde (OBMF), which is significant in the preparation of some imine-based polymers,

heterocyclic ligands and hepatitis antiviral precursors.”’ >3

1.4.2 3-Acetamido-5-acetylfuran (3A5AF)

\ /
NHCOCH;

3AS5AF

Figure 1-12. Structure of 3-acetamido-5-acetylfuran (3AS5AF).

As far as the Kerton group is aware, 3ASAF (Figure 1-12) is the first nitrogen-
containing product obtained from the dehydration of a hexose in solution, and it is hoped
to be a building block for amines and other chemicals. So far there are only a limited
number of studies on 3ASAF, mainly because it is not commercially available in large
quantities at a reasonable price. This may be due to the difficulty in achieving high 3A5AF

yields in its synthesis.
1.4.2.1 Production

In 1984, 3AS5AF was first obtained from NAG by Franich et al. using a pyrolysis
method.” A large-scale pyrolysis of 2 g NAG was conducted with products isolated

through a silica gel column, and a 2% molar yield of 3ASAF was obtained. In 1998, Ho et
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al. pyrolyzed a NAG/anhydrous sodium phosphate/quartz sand mixture at 200 °C for 30
min.®° The reaction mixture was extracted and concentrated for Gas Chromatography-Mass
Spectrometry (GC-MS) analysis. 3A5AF was obtained as the main product with a yield of
288 mg per kilogram NAG. The products were isolated using a preequilibrated silica gel

column, and the '"H NMR data of 3A5AF was given (acetone-ds as the solvent).

In recent research by Omari et al., the yield of 3A5AF was increased to 60%.°! DMA
was chosen as the best solvent because of its relatively mild physical properties (boiling
point, flash point and acute toxicity) and good performance in 3ASAF yield. Inductively
coupled plasma mass spectrometry (ICP-MS) analysis determined that boron and chlorine
contents in NAG from different commercial sources varied and that these two elements in
large quantities were useful in improving 3ASAF yields. An optimal 3AS5AF yield of 57.7%
was achieved with 1 equivalent of B(OH)3 and 2 equivalents of NaCl. Nevertheless, DMA
is still a high boiling organic solvent, which is not favored in green chemistry.®* ¢ In a
follow-up study by Drover et al., ionic liquids were tried as solvents in this conversion.**
Initially, a series of neutral ILs were tested without any additives and [Bmim]Cl gave the
highest 3ASAF yield of 25.5%. Subsequently, various acidic and basic additives were
added to the reaction system with [Bmim]Cl as the solvent, aiming to improve the yield.
When heated at 180 °C for 1 h, the system containing B(OH)s gave a yield of 3A5AF as

high as 60%. The addition of NaCl also increased the yield, but only to 38.3%. Other acidic

catalysts (e.g. HCI, CrCl2) did not increase the yield significantly.
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In 2014, the Yan group conducted the direct conversion of chitin to 3A5AF.* With 3
mL N-methyl-2-pyrrolidone as the solvent, a mixture of 100 mg chitin, 122 mg B(OH)3
and 58 mg NaCl was heated in an oil bath at 215 °C for 2 h and a 3A5AF yield of 7.5%
was obtained. The water content was controlled below 1% to prompt the hydrolysis of
chitin and avoid inhibiting the dehydration process. In 2015, the same group switched to
ionic liquids to conduct the same reaction.’® Cl-containing ILs were superior and gave
relatively higher 3A5SAF yields compared with other ILs. A series of additives were
screened, and the combination of B(OH)3 and HCI gave the best performance. The main
function of HCI was to improve the hydrolysis of chitin. After being heated at 180 °C for
1 h, a mixture of 1 g [Bmim]CIl, 80 mg chitin, 4 equivalents of B(OH)3 and 1 equivalent of
HCI gave a 3ASAF yield of 6.2%. A collaboration with this group focusing on the

conversion of NAG to 3A5AF was performed, which will be discussed in Chapter 3.

1.4.2.2 Mechanism
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Scheme 1-6. Proposed mechanism of NAG conversion into 3A5AF.>
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In the study by Franich et al., the generation of 3A5AF was proposed to result from
the thermal rearrangement and dehydration of an important intermediate: 2-acetamido-1,6-

anhydro-2-deoxy-B-D-glucopyranose (anhydro-sugar) (Scheme 1-6).%

In the thermal degradation study by Ho et al., they proposed both cyclic and acyclic

pathways to 3ASAF starting from the open chain aldose form of NAG (Scheme 1-7).%°
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Scheme 1-7. Proposed mechanism of NAG conversion into 3A5AF.%

In the study by Drover et al.,** acidic protons from the IL cations were proposed to
react with the hydroxyl oxygen in NAG to give the aldose form of NAG, which undergoes
intramolecular nucleophilic attack to form a five-membered ring product. Subsequent loss
of water and enolization was proposed to give the final product of 3A5AF (Scheme 1-8).
In the study on chitin conversion by Chen et al.,*®® a similar reaction pathway was proposed

starting from the hydrolysis of chitin to NAG (Scheme 1-8).
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1.4.2.3 Possible Applications of 3A5AF
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Scheme 1-9. Proposed applications of 3ASAF.

As a promising platform for many useful compounds (Scheme 1-9), the efficient

synthesis of 3A5AF should be studied further to make it cheap and widely available to
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chemists. To that effect, one goal of this research was to improve the efficiency of
producing 3A5SAF from NAG. Physical and chemical properties of 3A5AF were studied in
order to design better synthesis routes that give higher yields. Another part of the presented
research was to utilize 3A5AF in some simple applications, for example, as a CO2-capture

solvent.
1.5 Solvents

Solvents are frequently used in reaction systems. Functions of solvents include heat
and mass transfer, and separations and purifications. Some solvents are acidic or basic, so
they are able to adjust the acidities or basicities of the reaction systems and thus influence
the reaction rates and/or yields. Traditional solvents are often volatile organic compounds
(VOCs), which have serious detrimental environmental and health effects. VOCs can lead
to ozone depletion and smog formation. Most VOCs are flammable and toxic. Health
hazards range from headaches and eye irritation through to very serious concerns including
cancers. For instance, dichloromethane (DCM) is a good solvent widely used in both lab
research and industrial processes. However, it is a suspected human carcinogen.®’ Because
of these concerns, “safer solvents and auxiliaries” is listed as one of the twelve principles
of green chemistry. Ideal solvents should have low toxicity, low volatility and little
influence on the environment and human bodies. In recent years, scientists have been
devoting themselves to looking for alternative solvents to VOCs. Water, supercritical fluids

and ionic liquids have all been developed as greener choices for solvent use.®®
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1.5.1 Solvent-free Systems

The greenest solvent is “solvent-free”, which means no solvent is used.® In some
studies higher product yields and/or reaction rates can be obtained in solvent-free
conditions compared with those when solvents are used.”® ’! In some reactions, a reagent
or product is in its liquid phase, so it can act as the solvent to promote heat and mass
transfer.”> 73 In organic synthesis, a variety of reactions can be conducted in the solid-state
or vapor-state. For example, cerium(IV) oxide has been reported as an efficient solid
catalyst in the transformation of amines to amides, which was a solvent-free process with
high yields of N-alkyl amides obtained.”* Mechanochemistry, in which reagents are mixed
with ball mills and shaken at high speed, is a way to perform solvent-free reactions between
two or more solid reagents. It has already been successfully applied in industry.” 7 One
thing that needs to be realized is that in many cases, although the synthesis can be conducted
in the absence of a solvent, the subsequent extraction and purification of products may still
involve solvent use. However, the total need for solvents has been significantly decreased
compared with traditional routes, so these approaches are considered to be green and

favored.
1.5.2 Water

When solvents are inevitable, water is the greenest choice. Water is non-toxic and
non-flammable. It can be easily obtained from nature, thus being cheap and renewable.
Water has no color or odor, so the contamination will be easy to recognize when it happens.

The high polarity of water and the density of 1g/mL make its separation from many organic
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solvents realizable, and biphasic systems can be formed. Water has a high dielectric
constant (78.30), which makes ionic reactions favored in aqueous systems. In addition,
water has a high heat capacity, so exothermic reactions can be more safely controlled in
aqueous systems. Because of these merits, endeavours have been made to replace VOCs

with water for solvent use in both lab research and industry.

However, there are still some disadvantages of water. For example, the high heat
capacity of water may be a drawback since it will be time and energy consuming to heat or
cool the aqueous reaction system. Many organic reagents or products do not dissolve well
in water, so water cannot play an efficient role as a solvent. Furthermore, although biphasic
systems can be well formed between water and many organic solvents, most organic
solvents have a certain degree of solubility in water. This will cause the contamination of
the aqueous phase and thus subsequent treatment is needed to avoid its discharge into nature.
Some reagents and catalysts are moisture-sensitive or water-insoluble, so the aqueous
system will inhibit the reaction process. For instance, aluminum chloride, a frequently used

catalyst, is very hygroscopic, so it will be deactivated in the reaction system if water exists.

Despite these challenges, water is a very promising solvent. Scientists have tried to
optimize its use through status modifications. Superheated water, also known as subcritical
water or near-critical water (NCW), is water under pressure at high temperatures between
its boiling point (100 °C) and its critical temperature (374 °C). Being this status, some
properties of NCW are different from the normal water below 100 °C. It has lower polarity,

density, viscosity and surface tension. Many organic compounds are soluble in NCW, so it
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can be used as an alternative to organic solvents in some processes such as extraction. In

2014, Reddy et al. used NCW in the extraction of lipids from wet algae.”” Both

conventional-heated and microwave-assisted NCW extractions were tried. 100% lipid

extraction efficiency was achieved using microwave at 205 °C after 25 min. In this process,

the drying of the wet raw materials was eliminated compared with conventional organic

solvent extractions, so it is more energy efficient.

1.5.3 Supercritical Fluids (SCFs)
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Figure 1-13. A single-component phase diagram for a typical substance.’” (F. M. Kerton

and R. Marriott, Alternative Solvents for Green Chemistry, Royal Society of Chemistry,

Cambridge, UK, 2nd edn., 2013. Reproduced with permission of the Royal Society of

Chemistry. All rights reserved.)
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SCFs are substances which are at temperatures and pressures above their critical points
(Figure 1-13). Supercritical water (SCW) and supercritical carbon dioxide (scCOz) are
much more studied than others, mainly because of their easy access and environmentally
friendly properties. As a kind of solvent, SCFs have a number of advantages. Most gases
have high solubilities in SCFs, so reactions involving gaseous reagents are favored. The
solvation interactions between the solutes and the solvent are weaker in SCFs than in
conventional solvents. The cage effects in radical reactions are also lower in SCFs.
Therefore reaction rates can be highly promoted. However, exothermic reactions having
faster rates means more heat will be let out in a short time, and this can cause serious
problems because of the heat transfer limitations. In addition, pressure vessels are needed
in order to use SCFs. They are more expensive than glassware, and must be handled safely.
Based on the current situation, improvement in SCF technology is needed for better

application.

So far, scCOz is the most widely used SCF, even more than SCW. This mainly results
from its superior properties. CO2 is non-flammable and non-toxic. It is widely available, so
the cost to obtain it is low. There is no liquid waste using scCOz as the solvent. Products
can be simply isolated from the solvent by reducing the pressure to convert COz2 to a gas,
which is then collected for recycling. COz is inert to free-radicals and cannot be oxidized,
so radical reactions and oxidations can be safely performed in scCOz. Nevertheless, CO2
reacts with nucleophiles (such as Grignard reagents), which limits its use in this area. In

addition, CO:z is relatively non-polar, so the dissolution of polar compounds with high
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molecular weight will need modifications or co-solvents. A great number of reactions have
been studied in scCO2, including hydrogenations, hydroformylations, and
polymerizations.”® 7 Industrially, scCO: is extensively used in extraction, especially for
beverage, food and flavor, cosmetic and skin care products. The low temperature in the
extraction avoids the evaporation and degradation of volatile compounds, so high product

yields can be achieved.
1.5.4 lonic Liquids (ILs)
1.5.4.1 History

ILs are ionic compounds made of organic cations and inorganic or organic anions
(Figure 1-14). The “ILs” people usually refer to are room-temperature ILs with melting
points below 100 °C. The first room-temperature IL is ethylammonium nitrate
([EtNH3][NO3]), found by Paul Warden in 1914.%° However, in the following decades this
sort of compound did not inspire many scientists to study them in detail. Only
approximately 100 articles about ILs had been published by 1999.8! From then on, with the
publication of some reviews on ILs,*>®° the enthusiasm about ILs began to increase. A
variety of research has been performed about modified IL synthesis, their properties, and
their applications as electrolytes, catalysts and solvents. In 2002, Swatloski et al. found that
cellulose could be dissolved in some imidazolium ILs.®® Since then many studies on
solubilities of cellulose and other carbohydrates in ILs have been reported, thus broadening

the application of ILs in the field of biomass utilization.®”-*
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Figure 1-14. Some typical cations and anions of ionic liquids.
1.5.4.2 Synthesis

There are many methods to synthesize ILs, among which two basic reactions are
frequently involved as the last steps: Mentschukin reaction and Finkelstein reaction.”
Generally, the former is an alkylation between a precursor (e.g. 1-methylimidazole) and an
alkyl halide or alkyl methanesulfonate. The ILs generated via this route can be used as the
precursors for the second reaction, to synthesize some other types of ILs through the

metathesis of the halide or methanesulfonate anions (Scheme 1-10).

NN s PAVEA NN
—_— @
— ¢l — Cl
1-Methylimidazole Chlorobutane 1-Butyl-3-methylimidazolium chloride

®
OGN NaHSOL NN

- = o
\:/ H 804

Cl

1-Butyl-3-methylimidazolium bisulfate

Scheme 1-10. Frequent synthesis routes of ionic liquids. (Top: Mentschukin reaction;

bottom: Finkelstein reaction).
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1.5.4.3 Properties

ILs have advantages that make them potentially ideal solvents. Firstly, most ILs are
non-volatile and non-flammable, so they do not vaporize and have little risk of causing fire,
as opposed to VOCs. Based on this feature, separation of volatile products from ILs can be
realized through distillation. Secondly, ILs are thermally stable. Therefore, when ILs are
used as solvents the reactions can be performed at higher temperatures without worrying
about solvent decomposition. In the study by Kamimura et al., waste fiber-reinforced
plastics were depolymerized under microwave irradiation in ILs.”! The reaction
temperature could reach above 300 °C in N-methyl-N-propylpiperidinium
bis(trifluoromethylsulfonyl)imide ([PP13][NTf2]), and the best yield of the product

(phthalic anhydride) was 83%.

As the cations and anions of ILs can be adjusted, many properties of ILs are tunable.
For example, [Bmim][PFs] is hydrophobic, but the switch of the anion to [BF4]" makes the
new IL hydrophilic. This is a convenient way to adjust the reaction environment and

broaden the application of ILs.

Nevertheless, ILs also have some shortcomings. In general, they are more expensive
than common organic solvents, and have higher viscosities. The room temperature
viscosities for organic solvents are usually 0.2 to 10 cP (centipoise), while for ILs the range
is wider from 10 to 10° cP.?? The high viscosity of ILs increases the difficulties of handling
as well as the energy and economic cost for efficient mass transfer. Viscosity adjustments

can be made through the modification of cations and/or anions of the ILs, and the use of
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co-solvents. According to the study by Seddon et al., the viscosities of [Bmim][BF4] and

[Bmim][PFs] decreased as the amount of the mixed organic solvents and water increased.”

Despite their fast development, the toxicities of ILs are still a concern which people
pay much attention to. ILs may lead to aquatic and soil contamination because of their
miscibility with water and persistence in the environment. They can also have serious toxic
impacts on aquatic organisms.”* So far a general conclusion about the toxicities of the
common ILs (imidazolium, pyridinium and quaternary ammonium based ones) is that the
influence of cations is more significant than anions, and longer alkyl chain length in cations

can lead to increasing toxicity.”

If an IL has a good biodegradability, it can be converted to CO2 and non-toxic biomass
by active microorganisms, and thus its toxicity will be less of a problem. Biodegradation is
the breakdown of materials through biochemical methods. According to the standard of
Organization for Economic Cooperation and Development (OECD), if a chemical can
reach 60% theoretical CO2 removal in a 10-day window within a 28-day test period, it is
regarded as “readily biodegradable”.”® It should be noted that an IL is composed of two
parts: a cation and an anion. Therefore the degradation should be related with both
components. Perfluorinated anions, such as [PFs]” and [BF4], are recalcitrant to breakdown,
so ILs containing them are harder to biodegrade. The biodegradation of ILs with halide
anions is only based on the cations since halides are already mineralized. Many anions from
organic acids, sugar acids and amino acids show high levels of biodegradation when paired

with proper cations.”” Among various cations, a lot of studies indicated that most
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imidazolium-based ILs have poor biodegradabilities, except some with octyl sulfate
anions.”® *? The alkyl chain length in cations can also influence the biodegradabilities of
ILs (like it does to the toxicities of ILs as mentioned above), but the trend is opposite: ILs
with longer alkyl chains are more biodegradable than shorter ones.!” Modification of
cations or anions can make changes to this feature. For example, in the study by the
Gathergood group in 2012, the introduction of amide groups in the side chains of

imidazolium ILs increased their biodegradabilities to be above 60%.°!
1.5.4.4 Acidic ILs

Acidic ILs, an important branch of ILs, are often used in acid-facilitated reactions.
Acidic ILs obtain their acidities from cations or anions or both. They are divided into

Brensted acidic ILs, Lewis acidic ILs, and dual acidic ILs (Figure 1-15).!%?

Lewis acidic ILs Dual acidic ILs Brgnsted acidic ILs

Figure 1-15. Types of acidic ionic liquids.

Bronsted acidic ILs act as proton donors, and the acidity can be obtained from either
cations (e.g. [Bmim-SOsH]*, [Hmim]") or proton donor anions (e.g. [HSO4]", dihydrogen
phosphate [H2PO4]"). ILs with protonated acidic groups on cations or with protons on the
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quaternary N atoms of the cations are also called protic ILs, which are usually highly polar
solvents.!®® Lewis acidic ILs act as electron pair acceptors, such as I-butyl-3-
methylimidazolium  aluminum  chloride  ([Bmim]CIl-AlCls), and  1-ethyl-3-

methylimidazolium chromium(II') chloride ([Emim]CI-CrCl2). They are prepared by the

addition of an appropriate amount of Lewis acid to a neutral IL. The mole fraction of the
Lewis acid [y(MClx)] in a Lewis acidic IL is an important factor, and different fractions
may lead to differences in acidities, physical and chemical properties of the IL. Take
[Bmim]CI-AICl3 as an example, the system is Lewis basic when y(AICl3) is smaller than
0.5, neutral when y(AICIs) is equal to 0.5, and Lewis acidic when y(AICl3) is larger than
0.5.1% The viscosity of the system increases with the decrease of y(AICl3).'% Dual and
multi-functionalized acidic ILs are composed of cations from protic ILs and anions from

Lewis acidic ILs, and usually have both Brensted and Lewis acidic features.
1.5.4.5 Applications
15.4.5.1 Solvents and Extraction Media

So far a large part of the studies of carbohydrate solubilities in ILs are about cellulose.
The study by the Rogers group in 2002 gave several significant findings,*® which have been
further confirmed in their later researches.' %7 Anions of ILs have greater influence than
cations on cellulose solubilities in [Ls because they can break the inter- and intra-molecular
hydrogen bonding in cellulose and form new ones with the hydroxyl protons in the
polysaccharide. Chloride (CI°) is more effective than bromide (Br’), thiocyanate ([SCNY),

[PFs]” and [BF4]. When heated in a microwave oven for 3 - 5 s pulses at full power, up to
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25 wt% cellulose was dissolved in [Bmim]Cl. High-resolution '*C NMR spectra showed
that the structure of cellulose was disordered in the dissolution process.!? 3C and *37Cl
NMR analysis indicated that the CI" anion formed extensive hydrogen bonding with the
hydroxyl protons in a 1:1 stoichiometry.'?” The increase of alkyl chain length in cations led
to the decrease of cellulose solubility because of the drop of effective chloride
concentration in the system. In 2006, Fukaya et al. found that because of their stronger
hydrogen-bond basicities, 1,3-dialkylimidazolium formates performed better to dissolve
cellulose than 1-allyl-3-methylimidazolium chloride ([Amim]Cl) with lower temperatures
needed.'® For example, cellulose started to dissolve in [Amim][HCOO] at 60 °C and at 85
°C approximately 22 wt% cellulose was dissolved; while in [Amim]Cl the dissolution
started at 80 °C and only 2.5 wt% was dissolved at 85 °C. In 2014, the Esposito group
successfully synthesized a series of ILs through hydrothermal decarboxylation of amino
acid-derived imidazolium zwitterions,'® which were prepared in their previous work.!'”
The advantage of this study is that the starting materials from the beginning are amino acids,
water, hydrogen peroxide and acetic acid, which are all quite green. The solubility of
microcrystalline cellulose reached as high as 16.9 wt% at 100 °C by conventional heating

in 1,3-diethyl-4-methylimidazolium acetate.

ILs can also act as reaction and extraction media. As mentioned in many examples in
the 5-HMF application section (see 1.4.1.2), ILs have been widely used as powerful
solvents in the conversion of monosaccharides to 5-HMF, resulting in good yields.

Recently, Jiao et al. used a series of imidazolium-based ILs for indole extraction from wash
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oil."'" When the volume ratio of [Bmim][BF4] to model wash oil was 1 : 1, an indole
extraction efficiency of 91.52% and a distribution coefficient of 9.51 were obtained after
extraction at 40 °C for 60 min. The [Bmim][BF4] can be separated from indole using Et2O,

and was reused three times without significant decrease in extraction efficiency.
15452 Catalysts

ILs play an important role in catalysis, not only in lab reactions but also in industrial
processes.' 12113 In the transformations of biomass, especially cellulose, acidic ILs are quite
often used since acidic systems usually promote the reactions. Take the study by Xu et al.
as an example, a series of heteropolyanion-based ILs with sulfonic acid group (-SO3H)
functionalized cations and molybdovanadophosphoric acid anions (H4nPMo11VO4o")
were synthesized and used in the conversion of microcrystalline cellulose to formic acid
(FA).!"* At 180 °C under an oxygen pressure of 1.0 MPa, the IL with 1-(4-sulfonic acid)
propyl-3-methylimidazolium cation ([Pmim-SOsH]3[HPMo1:1VOu40]) gave the best FA
yield of 51.3%. It was proposed that the Brensted acidic cation was responsible for the
catalysis of cellulose hydrolysis to glucose, while the anion accelerated the conversion of
glucose to FA. The IL can be reused at least three times with little decrease in cellulose

conversion and FA yield.

Biodiesel was made via the transesterification of waste cooking oil with methanol by
the Lin group in 2013.!'5 An IL, 4-allyl-4-methylmorpholin-4-ium bromine ((MorMeA]Br)
was used together with sodium hydroxide (NaOH) as the catalysts. When the mass ratio of

the IL to NaOH was 1:0.75, the best biodiesel yield of 98.1% was achieved after the system
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(the molar ratio of methanol to waste oil was 9:1) was heated at 70 °C under microwave

irradiation for 6 min. The IL was reused seven times with biodiesel yields around 98%.

Besides these two main aspects, there are many other areas in which ILs are widely
used, such as in electrochemistry and transition metal catalysis. Due to their benign
properties, ILs have great potential and a promising future. However, during their
development, attention should be paid to their toxicities and environmental persistence, and
steps should be taken to decrease their harm to the environment. Only through this can ILs

become truly green solvents.
1.5.4.6 IL Recovery

Because of toxicity concerns, the treatment of [Ls after experiments is quite important.
As already seen in many cases discussed above, ILs are often recycled, aiming to make the
process as green as possible. Generally, the used ILs are recovered from the reaction
mixture first to make them pure enough for reuse. There are various methods for IL
recovery based on the properties of ILs.!!® Since ILs are low-volatile and thermally stable,
distillation is the first choice for their separation from volatile and thermally stable products.
However, when products are non-volatile or thermally sensitive, extra solvents are needed
for extraction. If the ILs are hydrophobic while products are hydrophilic, then water can be
properly used. Otherwise, organic solvents are usually applied in the separation. COz is
soluble in ILs, but ILs are not soluble in CO2.!'” In addition, many organic compounds have
good solubilities in scCO2. Therefore, scCO2 can be used to extract compounds from ILs.

If trace of scCO:z is left in the ILs, it is easy to remove through a temperature increase or
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pressure decrease, thus avoiding IL contamination. Scurto et al. performed a study of the
separation of [Bmim][PFs] and methanol by CO: addition.''® Without CO, the IL and
methanol were totally miscible. By adding CO2 gas to the pressure of its low critical
endpoint, a second liquid layer began to form, which was mainly methanol. With the
continuous increase of CO:z pressure to another critical point (K-point), the methanol layer
merged with the gas phase. In this scCO2/methanol layer no [Bmim][PFs] was detected by
ultraviolet-visible (UV-Vis) spectroscopy. An explanation was given that the addition of
COz decreased the solvent strength of methanol so it did not dissolve ionic species any
more. The two critical points were closely related to the initial IL concentration and
temperature. If the IL concentration was too high (49.3 mol%), the addition of CO2 would

not lead to a phase split.

A large number of ILs are very hydrophilic. They absorb water so easily and it is quite
energy intensive and time consuming to do a distillation to remove residual water.
Therefore, other methods have been investigated such as adsorption. Qi et al. prepared a
kind of functional carbon material (FCM) loaded with carboxylic groups through the
hydrothermal carbonization of cellulose.!!” The obtained FCM was used to adsorb
[Bmim]Cl from its aqueous solution with the adsorption capacity (0.171 mmol/g)
comparable to a commercial activated carbon (0.206 mmol/g). The absorbed [Bmim]CI can
be desorbed in acidic solutions with a maximum stripping rate of 76.8%. The regenerated
FCM absorbent can be reused for at least three runs without significant decreases in its

adsorption capacity.
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Although ILs are quite useful, not many of them have been commercialized for
industrial use. One main reason for this is their high cost and difficult subsequent treatment.
Therefore, efficient recycling and reuse of ILs will be crucial to more abundant and greener

applications of ILs.
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1.6 Summary

Due to the potential crisis surrounding the depletion of fossil fuels and the need to
reduce CO2 emissions, the transformation of biomass into chemicals and fuels has been
studied intensively over recent years. Current research is mainly focused on the conversion
of carbohydrates which can be obtained on land, such as fructose, glucose and cellulose.
Studies of oceanic biomass are limited despite its high abundancy. As an important
platform chemical converted from renewable feedstocks, 5S-HMF was discussed from two
aspects: production and applications. There have been a large number of mechanistic
studies on 5-HMF synthesis, which are presented in Chapter 2. NAG can be obtained from
chitin, which abundantly exists in shells of crustaceans. The transformation of NAG or
chitin to 3A5AF was presented from production methods and mechanistic features,
followed by the possible applications of 3A5SAF. Compared with 5-HMF, there is still
significant scope to study the chemistry of 3ASAF. Solvents play an important role in
chemical reactions. Different kinds of solvents including water, SCFs and ILs were
introduced, among which ILs were discussed in detail from synthesis, properties,

applications and recovery.
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1.7 Objectives of Thesis

The essential objective of this thesis was to investigate the transformation of
renewable feedstocks, develop efficient reaction routes for 3A5AF synthesis, and perform
property and application studies of 3A5AF. To this end in Chapters 2 to 5, the following
objectives were targeted: (1) A review and understanding of the tools and approaches used
to study the transformations of carbohydrates of relevance to the field of green chemistry.
(2) Further optimize the process for producing 3ASAF from NAG and develop an
understanding of the factors that influence this process especially in ionic liquids. (3)
Propose a mechanism for the conversion of NAG to 3A5AF based on experimental data.
(4) Determine key physical and chemical properties of 3A5SAF experimentally and
computationally in order to better target future applications and improved processes for its
production. (5) Develop and optimize the first reactions of 3A5SAF and characterize the

resulting products.

In Chapter 2, mechanistic studies on the transformation of biomass into 5-HMF were
reviewed, mainly focused on the tools and approaches used (NMR spectroscopy,
computational calculations, etc.). This review gives an insight into how certain instruments
and techniques were applied to detect reaction intermediates and explore potential
mechanisms. This detailed review was performed in order to place the mechanistic studies
described in Chapter 3 into context. In Chapter 3, studies of 3ASAF production from NAG
in ILs were discussed. 3A5AF yields were improved via the use of additives, in situ

extraction and multiple runs (repeated microwave heating and extraction cycles) of a single
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reaction mixture. Kinetic and mechanistic studies were performed to investigate the
reaction process. In Chapter 4, computational calculations and lab experiments were
combined to study the physical and chemical properties of 3A5AF. In Chapter 5,
hydrolysis and reduction reactions of 3A5AF were performed, which are the most detailed
reactivity studies on this molecule to date. The scientific data presented in Chapters 4 and

5 constitute the first descriptions of the chemical and physical properties of 3A5AF.
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2.1 Introduction

With the rapid development of industry in response to the dramatic increases in human
population, the world is currently experiencing a great demand for energy, which is leading
to a potential crisis surrounding fossil fuel depletion. In addition, the large emissions of
carbon dioxide and other flue-gases (nitrogen oxides and sulfur dioxide) from fossil fuel
combustion have caused environmental problems such as climate change and acid rain. The
use of biomass as an alternative resource for both fuels and chemicals has been regarded as
a promising and effective solution to the current situation. Some chemicals produced from
biomass can play the role of platforms for the synthesis of a series of other compounds.
Among biomass studies in recent decades, 5-hydroxymethylfurfural (5-HMF, Figure 2-1)
is a quite popular platform chemical which can be obtained from lignocellulosic biomass
transformations. In this tutorial review, we will provide an introduction to scientific efforts
to date that attempt to reveal the mechanism of 5-HMF synthesis from saccharides using a

range of tools.
HO

\ /

5-HMF

Figure 2-1. Structure of 5-hydroxymethylfurfural (5-HMF).

As “a sleeping giant”,! 5-HMTF is one of the important building block chemicals that
has become the focus of research during the past decade. Dehydration of sugars to S-HMF

is a significant reaction in the field of biomass conversion, and reported results have mainly
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focused on the conversion of fructose, glucose and cellulose.>* With both hydroxyl and
aldehyde functional groups, S-HMF can be an intermediate for a variety of value-added
products and promising biofuels. For example, 2,5-furandicarboxylic acid (FDCA) can be
obtained from the oxidation of 5-HMF. FDCA has been listed among the twelve top
platform chemicals from biomass by the US Department of Energy.’ It can replace
terephthalic acid in the synthesis of polyesters, polyamides and polyurethanes.® It can also
be an intermediate in the production of other polymers or pharmaceutical and photography
chemicals.” Moreover, the hydrogenation of 5-HMF can produce 2,5-dimethylfuran (2,5-
DMF), which is an alternative fuel for transportation because of its satisfactory

performance in ignition, emission and combustion compared with traditional gasoline.®

Because of its valuable applications, numerous efforts have been conducted on the
effective synthesis of 5S-HMF, and within these studies many chemists have explored the
reaction mechanisms. Mechanistic studies are quite helpful in revealing what happened
during the course of a multi-step reaction on a molecular level. Through such efforts,
chemists should be able to design more effective reaction pathways and higher product
yields could potentially be achieved. However, most mechanisms in this field have been
proposed based on chemical intuition and there are only a few that have been developed
based on computational calculations and experimental results. Herein we aim to present an
overview of the tools and approaches used in mechanistic studies of 5S-HMF synthesis from
biomass. Instead of focusing on reaction pathways, the main purpose of this review is to

give an insight into how certain instruments and techniques were applied to detect reaction
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intermediates and explore mechanisms. We hope this tutorial is a good starting point for

researchers who are interested in pursuing mechanistic studies of biomass transformations.

2.2 Fructose

Fructose is a simple hexose found in plants, fruits and vegetables. The fructose
normally used in the research efforts described herein is D-fructose. It has five isomers
including both straight chain and cyclic forms (Scheme 2-1). Besides its traditional use as
a sweetener in industry, the dehydration of fructose has been extensively studied because

of its cheap price, fast conversion and high 5-HMF yields.

o (o} OH
HO 7 OH HO
“OH — »—OH
OH OH / Ho"  “oH Ho"  “OH
HO : OH o-D-fructofuranose B-D-fructofuranose

OH O fo) OH OH
N LOE - O
HO™"

D-fructoketose -
HO" OH OH

C:JH 6|.|

a-D-fructopyranose B-D-fructopyranose

Scheme 2-1. Five isomers of D-fructose.

So far two reaction pathways have mainly been proposed for the dehydration of
fructose to S-HMF. It can proceed via a cyclic or acyclic (open-chain) route (Scheme 2-2).°
In 1910, Nef first came up with the cyclic route for 5S-HMF formation from fructose
involving a fructofuranosyl cationic intermediate.!® In the acyclic route, the key
intermediate was 3-deoxy-hexosulose, which was first introduced by Anet in 1960 in a

communication article about the importance of 3-deoxyhexosones as intermediates in sugar
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transformations.!!

In 1965, several 3-deoxyhexosones were detected during the
dehydration of fructose to 5S-HMF, supporting the assumption about their role in the
transformations of carbohydrates.!? Both mechanisms have been discussed in many studies
since they were raised. However, evidence from lab experiments and computational

calculations is still scarce, and neither of these two routes has stood out as the definitive

pathway, and of course either or both routes may occur dependent on the exact reaction

conditions.
4 = ; ¥ 0. -~
Ho N\ 0~ o -H0 Ho N\ TOH e HO \ o
3 "

\ OH \{ N p
< HO OH -2H0

e 7 no' oM HO OH ™~ 2

OH OH \\
HO H Fructofuranose Fructofuranosyl cation
OH HOH,C_ 0. CHO

(%.IH(): U

Fructose

S5-HMF
N\, ‘
Hﬂw -H;0 HOM HO \)D g "-‘ //-mzﬂ
OH OH OH OH OH O
1,2-Enediol 3-Deoxy-hexosulose

Scheme 2-2. Cyclic (top) and acyclic (bottom) pathways of fructose conversion to 5-

HMF.”’ 13-15
2.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a tool frequently used in mechanistic studies. It is quite useful
since it can offer a variety of information via both the commonly studied 'H and '*C NMR
spectroscopies. NMR spectra of some other elements can also be obtained by doing specific

NMR analyses such as 70O and !'B NMR spectroscopy. Isotopic labelling techniques are
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also often used as a powerful tool in gaining mechanistic insights. For example, if several
carbon atoms in fructose are '°C labelled (Figure 2-2), the '*C proportion of these carbon
atoms is higher than for the other carbon atoms. Consequently, these enriched carbon atoms
have much higher intensities than the others in '3C NMR spectra so their resonances are
easier to track. This can be used to trace the locations of these carbons in the products, and

to analyze the structures of compounds.

OH OH OH OH OH OH
/O “c 013 - J 0 /J
(‘on "OH “7%0H
Ho"  “oH HO" Yo Ho" oM
["*c-1] Hc-z [*c-3]
OH ?H OH OH OH OH
L{ (o) J Lﬂ 0 ) 13& 0o J
13 fOH qmcm \_fcm
HO"  “oH HO" YoM HO'  “oH
[*C-4] ['*c-5] [c-6]

Figure 2-2. Fructose molecules with different *C labelled carbon atoms.

Because of its useful properties (high boiling point, high decomposition temperature,
rare proton/deuterium exchange) and ability to dissolve many compounds, dimethyl
sulfoxide-de (DMSO-de) is a widely-used solvent in NMR-assisted mechanistic studies. In
a typical experiment, the starting materials (fructose and catalysts if applicable) are
dissolved in DMSO-ds. The solution is allowed to equilibrate at room temperature for a
certain time (at least 12 h) to stabilize, and 'H and '3C NMR spectra are then recorded. The
solution is subsequently heated to a desired temperature, and 'H and '*C NMR spectra are

taken periodically over the course of the reaction. In the studies by Amarasekara et al.'®
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and Zhang et al.,'” biphenyl was used as an internal standard for quantification purpose.
The Horvath group also used DMSO-ds or methylsulfonylmethane for quantitative

measurements as an alternative to biphenyl.'®

As shown in the studies by the groups of
Horvath,'® Zhang,'” ! and Kimura,?® '3C-labelled fructose has been used to evaluate the

tendencies of intermediates to form and identify their structures from a common

fructofuranose starting point through to the product 5S-HMF.
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Scheme 2-3. Reaction pathways of the dehydration of fructose to 5S-HMF proposed by

Horvath!® (red), Amarasekara'¢ (black), Kimura?® (blue) and Zhang (green)'”'°.
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Table 2-1. '"H and '3C NMR data of the intermediates in Scheme 2-3 and 5-HMF.

Compound Solvent Su (ppm) Sc (ppm) Ref
22 DMSO-ds _ 5.57 (d, HI), 4.11 (dd, H3), 118.9 (C1), 139.1 (C2), 752 18
3.74 (H4), 3.83 (H5), 3.55 (H6), 3.44  (C3), 76.3 (C4), 86.4 (C5),
(H6) 61.5 (C6)
23 DMSO-ds  9.47 (s, HI), 6.25 (d, H3), 4.81 (dd, 184.3 (Cl), 1564 (C2), 18
H4), 4.26 (td, H5), 3.46 (m, H6) 122.3 (C3), 73.6 (C4), 90.3
(C5), 61.3 (C6)
DMSO-ds  6.23 (d, H3), 9.46 (s) 184.9 (C1), 156.9, 122.8, 16
DMSO-ds - 186 (Cl), 157 (C2), 129 20
(C3), 85 (C4), 90 (C5), 62
(Co)
DMSO-ds  9.47 (s, HI), 6.25 (d, H3), 4.81 (dd, 184.0 (Cl), 1564 (C2), 17
H4), 4.26 (td, H5), 3.46 (m, H6) 122.5 (C3), 73.4 (C4), 90.1
(C5), 61.1 (C6),
25 DMSO-ds  3.59 (m, H1), 3.68 (dt, H3), 3.51 (d, 57.6 (C1), 1083 (C2), 81.2 18
H4), 4.38 (dd, H5), 3.53 (d, H6), 3.41  (C3), 78.3 (C4), 82.6 (C5),
(dd, H6") 65.9 (C6)
27 DMSO-ds - 57.4 (C1), 108.0 (C2), 78.1, 17
81.0, 82.4, 65.6 (C6),
2.8 DMSO-ds - 63 (C1), 109 (C2), 78 (C3), 20
78 (C4), 85 (C5), 66 (C6)
5-HMF DMSO-ds  9.52 (s, H1), 7.48 (d, H3), 6.59 (dt, 177.9 (Cl), 151.6 (C2), 18
H4), 4.49 (s, H6) 1245 (C3), 109.9 (C4),
162.0 (C5), 56.0 (C6)
DMSO-ds  6.57 (d), 7.46 (d), 9.51 (s) 178.7, 152.4, 125.0, 1104, 16
162.8, 58.6,
DMSO-ds  4.47 (s), 6.50 (d), 7.40 (d), 9.49 (s)  178.3 (Cl), 151.8 (C2), 17,19
110.0, 124.6, 162.0, 56.5
(Co),
D20 - 183.2 (Cl), 154.5, 113.7, 19

164.0, 58.2 (C6),
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Scheme 2-3 shows the putative reaction maps of fructose dehydration to 5S-HMF
discussed in 2.2.1. Table 2-1 lists the '"H and '*C NMR data of the main intermediates and
5-HMF. The 'H and C NMR spectra of fructose in DMSO-ds show that at room
temperature the five isomers have chemical shifts ranging from 3.0 - 4.5 ppm and 50 - 220
ppm.'° The NMR analysis of ['*C-2] fructose further revealed that the cyclic isomers have
resonances of their C2 atoms within 95 - 110 ppm and the open-chain fructose has its

carbonyl resonance at 215 ppm. '8 2

In 2008 Amarasekara et al. performed the dehydration of fructose at 150 °C in DMSO-
de.' 'H and '*C NMR data showed that after 6 min an intermediate (2.3) appeared. With
the increase of 5S-HMF signals, the intensity of 2.3 started to decrease from t = 24 min and
finally disappeared. In the mechanism proposed in this study, DMSO was proposed to act
as a Lewis base and interact with fructose to form some intermediates (2.1 and 2.2).
However, no NMR evidence was given to support their existence possibly because of their

fast conversions to 2.3 in the reaction process.

In 2012, the Horvath group mapped the dehydration of fructose catalyzed by sulfuric
acid (H2804) in different solvents through isotopic labelling experiments.'® After the
solution of the starting materials was equilibrated at room temperature for one week or
heated at 150 °C for 5 min, the five isomers of fructose were detected to be in equilibria by
13C NMR spectroscopy. A solution of ['3C-2] fructose in DMSO-ds was heated at 150 °C
for 4 h, and '3C NMR spectra were recorded during the reaction. From t = 2 min, three

peaks at 108.3 (2.5), 139.2 (2.2) and 156.5 ppm (2.3) started to increase. Peaks of 5S-HMF
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appeared at t = 4 min and kept increasing. By t = 25 min, resonances of 2.5 and 2.2 had
decreased to very low intensities, and by the end of the reaction all three intermediates
vanished. ['*C-1] to ['*C-6] fructose were respectively used to perform the reaction, and
13C NMR spectra were analyzed to identify the structures of 2.5, 2.2, and 2.3. In addition,
a certain amount of deuterium oxide (D20) was added to the starting materials. No
deuterium incorporation into 5S-HMF indicated that the three steps from 2.4 towards 5-HMF
were irreversible (otherwise 5-HMF-D1 would be produced). This means that 5S-HMF
formation catalyzed by H2SO4 is not via fructoketose (the open-chain form of fructose) i.e.
the acyclic pathway is not followed (otherwise S-HMF-D3 would be produced). A reaction
mechanism was proposed based on the analysis of their NMR results. 2.5 was believed to
be an intermediate in the equilibrium between two fructosyl oxocarbenium ions, 2.4 and
2.6, which were derived from the furanose and pyranose isomers respectively. 2.2 was
produced from the deprotonation of 2.4, and then dehydrated to form 2.3. Finally, 5S-HMF
was obtained by loss of one water molecule from 2.3. This study elegantly applied isotopic
labelling techniques to analyze the different reaction pathways from the fructose isomers
and the structures of possible intermediates. It is significant as it clearly showed for the first

time that the often proposed fructoketose pathway is not followed.

In 2012 Zhang et al. performed in situ '*C and "H NMR studies of fructose conversion
using different catalysts in both DMSO-ds and water (10 wt% deuterium oxide (D20)
added).!” The 'H and *C NMR results in DMSO-ds indicated that 5-HMF was the only

product from fructose transformation in all experiments. In the *C NMR spectra of the
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reaction catalyzed by Amberlyst 70 at 95 °C, the signals of three fructose cyclic isomers
(B-pyranose, o- and B-furanose) were detected at the beginning of the reaction, and
decreased in intensity with the increase of the S-HMF peaks over time. Correspondingly,

the 'H NMR spectra showed the same trend.

In the experiments with water as the solvent, when phosphate anion/niobic acid
catalyst was used, the intermediate 2.3, 5-HMF and furfural were clearly identified in the
3C NMR spectra by t = 40 min. When Amberlyst 70 was used as the catalyst, 5-HMF
signals were detected in the '*C and "H NMR spectra within 4 h, and started to decrease
afterwards because of the decomposition of 5S-HMF to levulinic acid (LA) and formic acid
(FA). When H2SO4 was used, 5-HMF was formed within 1 h and then started to convert to

LA and FA after this time.

Afterwards, ['*C-1] and ['3C-6] fructose were used as the reactants to track the
locations of the carbon atoms in the product. In DMSO-ds, with increasing reaction time,
the three signals of the 1*C-1 atoms in the fructose isomers (63.3, 64.0, 64.6 ppm) decreased
in intensity and a corresponding signal at 178.3 ppm increased, belonging to the C1 atom
of 5-HMF. Similarly, the peaks of C6 atoms in the fructose isomers (61.2, 63.0, 63.2 ppm)
decreased in intensity along with increasing signal strength for the C6 atom in 5-HMF (56.5
ppm) over time. These results revealed that the C1 and C6 in 5-HMF were derived from
CI1 and C6 in fructose. The same conclusion was obtained when water was used as the
solvent. Nevertheless, in this work the authors didn’t give detailed information about the

pathway of the transformation of fructose to 5-HMF. The *C-labelling study in this case
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was not used to identify intermediates and based on the positions of the labelled carbons in

the starting material and final product either pathway could have been followed.

In 2016, the same group presented their further study of fructose dehydration using
the same catalysts with a more specific mechanism determined.!” Firstly, two intermediates
(2.7 and 2.3) were identified in the '*C NMR spectra recorded during the reaction process.
Six signals from 2.7 appeared at t = 1 h, and increased in intensity during the following 4
h. Their intensities started to decrease with the increase in intensity of the 5-HMF peaks,
and finally disappeared after 24 h. Meanwhile, another set of six peaks (2.3) were detected
at t = 2 h, which kept increasing in intensity till t = 6 h and then decreased until hardly
visible at t = 12 h. Through intensity normalized *C NMR spectra, 2.3 was ensured to be
different from 2.7 because of their different appearance times and time dependences of their
signal amplitudes. Moreover, they showed via intensity-time plots for 2.7 compared with

2.3 that 2.7 was generated before 2.3 en route to S-HMF formation.

Next, the group identified the structures of the intermediates through the analysis of
distortionless enhancement by polarization transfer (DEPT) 135 '3C NMR spectra, '*C
NMR spectra of different 1*C labelled fructose and high resolution electrospray ionization
mass spectra (HR ESI-MS). Comparison of the DEPT 135 *C NMR spectra with the
normal 3C NMR result at t = 6 h indicated that 2.7 had two secondary carbons (same phase),
three tertiary carbons (opposite phase) and one quaternary carbon (undetectable). 2.3 had
one secondary carbon, four tertiary carbons and one quaternary carbon. Afterwards,

reactions of [1*C-1], ['3C-2] and ['3C-6] fructose were carried out and analyzed using '*C
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NMR spectroscopy. The analysis successfully located the signals of C1, C2 and C6 from
fructose in 2.7, 2.3 and 5S-HMF. HR ESI-MS analysis was performed for a reaction mixture
(80 °C, 6 h) and a control sample (fructose dissolved in DMSO at room temperature).
Comparison between the results revealed the existence of three intermediates in the reaction
mixture, corresponding to [Fructose-OH]" (m/z 163.0600), [Fructose-H2O+Na]* (m/z
185.0420) and [Fructose-2H20+H]" (m/z 145.0494) in the HR ESI-MS spectra. They were

assigned to 2.7, 2.2 (or 2.27) and 2.3 respectively.

Besides 'H and '3*C NMR analysis, 7O NMR spectroscopy was also applied for further
confirmation of the structure of 2.7. The fructose and the catalyst were dissolved in DMSO-
ds with 0.5% H2'70 (20.0% at '70) added. In situ 7O NMR spectra were recorded at room
temperature first. Then the solution was heated at 80 °C for 24 h, and analyzed by in situ
70 NMR spectroscopy periodically. From t = 2 h, two peaks appeared at 60 ppm and 580
ppm. The latter was assigned to the aldehyde oxygen in 5-HMF. Its appearance in '’O NMR
spectra resulted from the exchange with the 7O in H2!70, as the fructose used was not
labelled. The signal at 60 ppm decreased from t =2 h to t = 8 h with the increase of 5-HMF
peak, indicating that it was from an intermediate. Comparing its appearance and
disappearance time with '>*C NMR data this peak was assigned to 2.7. During the reaction,
the signal at 12.4 ppm from the naturally occurring !0 in DMSO-ds was found to increase,
indicating that '’O from H2'’0O was incorporated into DMSO-ds. A control experiment of
H2'70 (0.5%) in DMSO-ds under the same condition without fructose addition showed no

change in the peak intensity at 12.4 ppm. Hence DMSO was believed to participate in the
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reaction process and consequently caused the incorporation of !7O. This study is therefore
interesting as it further confirms the involvement of DMSO in the reaction mechanism, and

also suggests that water can act to influence mechanisms in this field too.

Based on all experimental work accomplished and previous findings by others,'® 1820

the group proposed a mechanism involving DMSO participation. This is the first study that
offered experimental evidence for DMSO interaction with the reaction species. It needs to
be noted that the intermediate during the conversion of 2.7 to 2.3 has two possible forms,
enol (2.2) or aldehyde (2.27), but this study was not able to detect either one experimentally,

probably because of its low concentration under the reaction conditions applied.

In the study by Kimura et al. in 2013,%° they found one new intermediate (2.8) in the
dehydration of fructose in DMSO-ds but the participation of DMSO was not seen in the
reaction mechanism. At t = 15 min, two new peaks appeared at 109 ppm and 157 ppm, and
were assigned to two intermediates (2.8 and 2.3). During the reaction progress, the signal
of 2.3 kept increasing till t =45 min, and then the signal of 5-HMF at 152 ppm appeared
and started to increase in intensity. At the end of the reaction (330 min), 5S-HMF was the
only product and both intermediates had disappeared. The plots of the reactant and product
concentrations versus time showed that 2.8 appeared slightly earlier than 2.3, and 5-HMF
concentration increased coupled with the decrease in concentrations of these two species,
which further indicated that they were the precursors for 5-HMF generation. NMR
chemical shift calculations of the two intermediates in polarizable continuum model (PCM)

of DMSO as the solvent were performed using the Gaussian 09 program at the B3LYP
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level of theory with the augmented cc-pVDZ (aug-cc-pVDZ) basis set. The experimental
values and calculation results were in acceptable agreement. The structures of the two
intermediates were identified using ['*C-1], ['*C-2], ['*C-5], ['*C-6] and ['*C-1, 2, 3, 4, 5,
6] fructose for reactions and analyzing the corresponding '3C NMR spectra obtained. 2.8
was assigned to 3,4-dihydroxy-2-dihydroxymethyl-5-hydroxymethyltetrahydrofuran. This
study claimed to be the first one that discovered the existence of this intermediate in the
fructose dehydration process. 2.8 is different from the DMSO-substituted (2.1) or the enol
intermediate (2.2) in the mechanism previously proposed by Amarasekara.'® Therefore a
different reaction pathway was proposed in this study. However, it should be noted that 2.8
was possibly formed before or after the generation of other intermediates (2.1 or 2.2) and

may be present in low (undetectable) concentrations in reactions studied by others.
2.2.2 Computational Studies

In recent years, computational chemistry has become increasingly important for
investigating reaction mechanisms. The advantages of computational calculations include
their convenience to operate and that they can be performed at the same time as lab work.
A variety of information can be obtained such as electrostatic potential of molecules and
Gibbs energies of activation for chemical reactions. More and more researchers prefer to
apply both experimental and computational work in their studies. The theoretical data can
provide predictions and explanations for the experimental results, while the lab results
provide factual support to the calculations. In the area of biomass transformations,

computational studies are normally used to calculate the activation energies of every single
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step of a putative reaction pathway, analyze their endo- or exo-thermic properties and

investigate the stabilities of proposed intermediates.

In order to do mechanistic studies through computational calculations, the first step is
to optimize the geometries of the models i.e. find the most stable atomic arrangements of
the molecules with the lowest energies. Afterwards a series of calculations can be
implemented including vibrational frequencies, molecular energy and NMR spectra
prediction. Since in actual lab experiments solvents are often used, the solvation effect
should be considered in calculations. In Density Functional Theory (DFT) modelling,
usually the Gibbs energies of the species in the gas phase are calculated first, and then the
implicit (continuum) solvent models are included for the calculation of solvation energies
via electronic structures. However, this approach neglects some factors that are significant
in real reaction circumstances such as solvent dynamic effects. Therefore, simulations
based on molecular dynamics (MD) methods using explicit solvent models have been
developed in some studies in order to get more accurate reaction pathways, which are closer
to the actual mechanisms. Nevertheless, DFT modelling is still a good starting point for
people interested in computational mechanistic studies because of its easy operation and
good accuracy. The engine used most widely in DFT calculations is Gaussian. B3LYP is
the most commonly used level of theory with several basis sets supported (e.g. 6-31G, 6-
311+G, cc-PVTZ ). For higher accuracy requirements, Gaussian-n methods (G1, G2,

G2MP2, G3, G3MP2, G3B3, G3MP2B3, G4, and G4MP2) are good to use.
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In the work by Zhang et al. in 2016 as discussed in 2.2.1, after experimental studies
they performed Gibbs energy calculations of the Bronsted acid-catalyzed dehydration of
fructose in the gas phase using Gaussian 09 software with G4MP2 level of theory.!” For
species in which DM SO was incorporated, the solvation energies were calculated using the
solvation model based on density (SMD) at the B3LYP/6-31G(2df,p) level of theory with
DMSO as the solvent. The authors believed that the entropic effects from association and
dissociation were less significant in the solution where DMSO had interaction with the
solutes than in the gas phase, therefore the entropies from gas-phase Gibbs energy
calculations were neglected in the calculations of the species involving DMSO participation.
The obtained Gibbs energy surface showed that the fructose molecule absorbed energy
(52.3 kJ/mol) during protonation at the tertiary hydroxyl site (O2H) first. Afterwards, the
calculation results indicated that the interaction between DMSO and the protonated fructose
was quite exergonic (-71.5 kJ/mol) and led to the formation of 2.7 (Scheme 2-3). Then 2.7
lost the DMSO molecule and one water molecule to produce 2.5, the intermediate found in
the study by the Horvath group. This resulted in the generation of 2.2. Two pathways from
2.2 to 2.3 were given. One was the protonation, dehydration and deprotonation of 2.2; while
the other one involved the acid-catalyzed tautomerization of 2.2 to 2.2’ first, and 2.2’
underwent protonation, dehydration and deprotonation. The process from 2.2 to 2.3 was
exergonic (-70.3 kJ/mol), which supported the fact that the stable species 2.3 was detected
in experimental work. Finally, the conversion of 2.3 to 5-HMF was also very exergonic (-

95.4 kJ/mol), so 5-HMF was favored as the final product.

75



Besides 2.7, the geometry of 2.7 with one water molecule added was also optimized.
It was found that this water molecule could provide hydrogen bonding and strengthen the
bond between C2 from fructose and O from DMSO (bond length decreased from 1.47 A to
1.46 A). This calculation supported the deduction about the incorporation of !’O atom into

DMSO-ds, which was postulated from the 7O NMR analyses.

In order to investigate the function of DMSO as a prominent solvent in the dehydration
of fructose, the Vlachos group?! performed MD simulations of fructose and 5-HMF under
ambient conditions. Water or a water-DMSO mixture was used as the solvent system and
the calculation results were compared to study the solvation effect of DMSO. In order to
detect the local organization of the solvent molecules and their interactions with fructose
and 5-HMF molecules, radial distribution functions (RDF) between solute-solvent atom
pairs and volumetric maps of the local three-dimensional structural arrangement of the
solvent around the solute were calculated. As shown in Table 2-2, in the first solvation shell,
the average RDF values of fructose carbon atoms with the oxygen atom from DMSO (C-
OS) were higher than with the water oxygen atom (C-OW), and the number of water
molecules per fructose carbon atom coordinates with (coordination number) was lower in
water-DMSO mixture than in pure water. In the volumetric maps of the solvated fructose,
the isosurfaces of the density of water oxygen and DMSO oxygen atoms around the
fructose molecule showed that the addition of DMSO broke the continuous solvation-ring

structure of water molecules around the fructose molecule.
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Table 2-2. The RDF values and coordination numbers calculated for fructose in water or a

water-DMSO mixture in the study by the Vlachos group.?!

Water + DMSO Water
C-0S 1.44 -
RDF at 3.6 A (R)
C-OW 1.07 0.99
3% Fructose
DMSO-fructose 0.73 -
Coordination number
Water-fructose 3.0 5.2
C-0S 1.46 -
RDF at 3.6 A (R)
C-OW 1.32 1.11
25% Fructose
DMSO-fructose 0.72 -
Coordination number
Water-fructose 4.0 5.2

All these results indicated that DMSO was more strongly coordinated with the fructose
than water. The coordination of fructose carbon atoms was explained to be related to the
hydrogen bonding between fructose and water or DMSO (Figure 2-3). As both a hydrogen
bond donor and acceptor, water molecules tended to stay around the oxygen atoms of the
hydroxyl groups of fructose to lower the threshold of acid-catalyzed dehydration of fructose
(the proton transfer from a hydronium ion to a hydroxyl group on C2, C3 or C4 of fructose).
By contrast, DMSO is only a hydrogen bond acceptor, so it competed with water to form
hydrogen bonds with the hydrogen atoms of fructose’s hydroxyl groups, especially around
C2, C3 and C4. This helped to eliminate side reactions during fructose dehydration such as
polymerization, by preventing the hydrogen atoms from removing the hydroxyl groups and
forming glycosidic linkages with other fructose molecules. Furthermore, DMSO also had

stronger coordination with 5-HMF carbon atoms than water, especially with C1, indicated
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by the simulation results of RDFs and the three-dimensional arrangement of water and
DMSO molecules around a 5-HMF molecule. This strong interaction between DMSO
molecules and C1 of 5-HMF inhibited the cleavage of the C1-C2 bond of 5-HMF which
leads to the hydration of 5-HMF to FA and LA. Therefore, this work provided further
evidence to support the use of hydrogen-bond acceptor solvents (especially DMSO) in the

transformations of fructose.

H H
\ \
.0 H/0 /
\ H : —~S
S_o‘ 0 ! __.‘0/ ~
/ “HO OH P
0!-\"'""0:8
HO OH “H-0 \
o S H
75// H H ?\
\ \
\ 0o 0 S
H H /

Figure 2-3. The hydrogen bonding between a fructose molecule and water (red, as a

hydrogen bond donor) and DMSO (blue, as a hydrogen bond acceptor) molecules.?!

During 2011 and 2012, four groups respectively published their achievements on the
computational calculations of the Brensted acid-catalyzed dehydration of fructose in
water.?>?® Caratzoulas and Vlachos performed their studies using the hybrid Quantum
Mechanics/Molecular Mechanics Molecular Dynamics (QM/MM MD) simulation and
established a first-principles-based microkinetic model of the acid-catalyzed dehydration
of fructose for a simulation accuracy test.>?* In the study by Assary et al. in 2011, Gaussian
03, Gaussian 09 and NWCHEM programs were used for the calculations.?* The B3LYP/6-

31G(2df)p) level of theory was applied first for geometry optimization and calculation of
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frequencies and zero-point energies. Then a more accurate method, Gaussian-4 level of
theory, was used to calculate molecular energies of fructose, 5S-HMF, the intermediates and
transition state models. In their subsequent study in 2012, the G4MP2 level of theory was
applied for all calculations using Gaussian 09 program.? The Pidko group performed the
calculations using the Gaussian 09 software and the B3LYP/6-311+G(d,p) level of theory
to study the production of 5-HMF from both fructose and glucose and its subsequent
transformation to LA.2® The solvation effect of water was considered in all studies. The
way to simulate the reaction proceeding with acid catalysis was to develop a protonated
fructose model as the reactant. In all these studies, the comparison between the calculation
results of all possible protonation sites indicated that protonation at the tertiary hydroxyl
group (O2H) was the thermodynamically optimum one because 1) this model had the
lowest gas-phase Gibbs energy; 2) the removal of the first water molecule had the lowest
activation Gibbs energy; 3) the reaction pathway would have led to ring opening or

fragmentation if the protonation happened on either of the other two hydroxyl groups.

The cyclic pathway of fructose conversion which involved fructofuranosyl
intermediates was supported by all these studies (Scheme 2-4) and the findings from the
NMR studies described in 2.2.1 were confirmed. In the simulation of fructose dehydration
in water at 90 °C performed by Caratzoulas and Vlachos in 2011,?? the Gibbs energy of
activation for the loss of the first water molecule was quite low (25.1 kJ/mol) and a C2
carbonium intermediate (2.4) was generated. The removal of the second water molecule

was more difficult (73.6 kJ/mol). Before the second dehydration, the proton transfer from

79



O1 to O3 occurred and produced an oxonium ion (2.11—2.12). The participation of one

water molecule was found to promote this proton transfer through decreasing the energy
barrier by 55.6 kJ/mol, but more water molecules led to an increase of the activation energy
back to high values. The C3 carbonium intermediate (2.13) obtained after the second
dehydration was not stable and a hydride transfer from C4 to C3 immediately happened
(2.14). Two possibilities for the required hydride transfer before the third dehydration were
calculated and the one from C5 to C4 was more favored, resulting in a furanic oxonium ion
(2.15), which subsequently had a proton transfer and the exothermic loss of the third water
molecule. The use of water as the solvent caused the higher energy barrier in hydride
transfer via the reorganization of the polar solvent environment and the consequent
solvation of the asymmetrical charge distribution. This group furthered their research and
announced more achievements in 2012.2* An improved Gibbs energy profile was given
with more reasonable estimates for the hydride transfer and the second dehydration. A
microkinetic model for the acid-catalyzed dehydration of fructose was established and the
accuracy of molecular simulations was tested. The hydride transfer from C1 to C2 (2.4 to
2.4’) was found to be the rate-limiting step. The results were claimed to be in good

agreement with experimental results.?’

At almost the same time as Caratzoulas and Vlachos performed their studies in 2011,
Assary et al. also conducted their calculations on the conversion of fructose to S-HMF in
both neutral water and an acidic environment.?* In the neutral environment at 25 °C, the

comparison of entropies and Gibbs energies between the four intermediates and four
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transition states in the reaction process showed that the inclusion of a water molecule in the
system decreased the activation energies for each step. However, the activation barriers
were still quite high (above 160 kJ/mol), indicating that the dehydration of fructose in
neutral water at room temperature was not favored. The same procedure was simulated at
225 °C, and the activation energies for all steps reduced drastically compared with the
values at 25 °C. This was attributed to the more significant ionization of water molecules
at higher temperatures, which resulted in a reaction environment more amenable to acid-
catalysis. In the acid-catalyzed simulation, a reaction route similar to Caratzoulas’ but with
more detailed intermediates and transition states was given. The highest enthalpy of
activation barrier was 162.3 kJ/mol, from the loss of the second water molecule (2.12
—2.13). This result was claimed to be in agreement with some reported experimental
results using mineral or Lewis acids as catalysts, which were in a range of 129.7 - 142.2
kJ/mol."*28-30 The conclusion was made that protonated intermediates from acid-catalyzed

reaction systems would promote the conversion of fructose to S-HMF.

In the following year, the same group performed another computational study on the
acid-catalyzed dehydration of fructose and glucose in water at 25 °C.% During the
transformation of fructose to 5S-HMF, three possible paths were proposed for the conversion
of 2.4’ to 2.2 (Scheme 2-4). Compared with the generation of 2.19 through a hydride shift
(17.6 kJ/mol), this study showed that the deprotonation of 2.4’ to form 2.2 directly (-7.9
kJ/mol) or via 2.5 as an intermediate (-39.3 kJ/mol) was more thermodynamically favored,

especially the latter one. Afterwards, 2.2 underwent the loss of two water molecules
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through the protonation at O3H and O4H. Since the proton affinity of O3H was 50.2 kJ/mol
higher than O4H, the protonation was proposed to occur at O3H first in this mechanism. It
was believed that water promoted the conversion of 2.2 to 2.3 by acting as a proton mediator

to form an eight-membered transition state (2.20).

In the study by the Pidko group,?® an astonishing twenty-four possible routes for
fructose conversion were calculated, among which nine involved the formation of 5-HMF
before the final product LA was obtained. On the most thermodynamically favored route,
the dehydration of fructose to 5-HMF was -156 kJ/mol exergonic with 2.3 modeled as an
intermediate (Scheme 2-4, blue). According to the authors, the formation of a conjugated
7 system within the furan ring and the entropy increase during the dehydration were the

main forces driving the conversion of fructose towards LA via 5-HMF formation.
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Scheme 2-4. The reaction pathways of the dehydration of fructose to 5-HMF proposed by
Caratzoulas and Vlachos and coworkers?> 2* (black), Assary et al.?* 2% (red: 2011; green:

2012) and the Pidko group (blue)?®.

As a promising kind of solvent and catalyst, the application of ionic liquids in the
transformation of carbohydrates has also been studied extensively. In the work by Arifin et
al. in 2016, the dehydration of glucose was studied using the reference interaction site

model self-consistent field spatial electron density distribution (RISM-SCF-SEDD) method
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in a modified GAMESS program package.?! The geometry optimizations were performed
with B3LYP functional and 6-31+G(d,p) basis set, and the energy calculations were
implemented at CCSD(T)/aug-cc-pVDZ level of theory. The reaction was simulated in
water or 1,3-dimethylimidazolium chloride (MmimCl) and catalyzed by HCI. Two
mechanisms were proposed for the isomerisation of glucose (see 2.3.2). Afterwards, the
transformation of fructose to 5S-HMF was simulated in the same pathway proposed by
Assary (Scheme 2-4, highlighted in green),*® in which 2.2 was directly obtained from 2.4’.

In both solvents, the rate-limiting step was the conversion of 2.4’ to 2.2.

In 2015, the Zhang group investigated the dehydration of glucose in BmimCl
catalyzed by a Brensted acid-functionalized ionic liquid, 1-butyl sulfonic acid-3-
methylimidazolium chloride ([BmimSO3H]CI), through a DFT study.*> The Gaussian 09
program with meta GGA BB95 functional and 6-31G(d,p) basis set was used, and the
solvation effect was considered by applying SMD. Two mechanisms were proposed (see
2.3.2), in which path | involved the dehydration of fructose to 5-HMF after the
isomerisation of glucose to fructose (Scheme 2-5). The glucose-fructose isomerization
process will be discussed in more detail later in 2.3.2, as the focus here is on transformations
of fructose. During the removal of the first water molecule from fructose, O2H hydroxyl
group is removed because of the interaction between it and the proton from the sulfonic
acid group (-SOs3H) in the ionic liquid cation, and an oxocarbenium intermediate (2.21) was
produced. Afterwards, it was proposed that 2.21 had interaction with -SO3™ and a water

molecule (2.22) and then 2.2 was formed. The loss of the second water molecule was
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achieved through the ten-membered transition state (2.23), in which -SOsH acted as a
proton shuttle to accept the proton at O1H and transfer its own proton to O3. The role of -
SOsH here is similar to the water molecule in the conversion of 2.2 to 2.3 in the study by
Assary (Scheme 2-4, highlighted in green). The third water molecule removal proceeded at
O4H in a similar route to the first dehydration. In this study the -SOsH group is the key

portion of the ionic liquid that catalyzes the dehydration of fructose.

In the study by Li et al. about imidazolium ionic liquid-promoted dehydration of
fructose, the use of 1-butyl-3-methylimidazolium bromide (BmimBr) resulted in a
maximum 5-HMF yield of 92% with almost 100% fructose conversion.*® The in situ
Fourier transform infrared (FT-IR) spectra showed the OH stretching frequency of fructose
decreased in the presence of BmimBr. The resonances of H1 and H6 of fructose had upfield
shift in the '"H NMR spectra, and the split of fructose signals in the '*C NMR spectra was
observed during the reaction. These changes were caused by the hydrogen bonding of
fructose with BmimBr. A DFT study was performed using Gaussian 09 program with the
B3PW91 functional and the 6-311++G(d,p) basis set to gain insight into these experimental
observations. A mechanism was proposed in which the removal of all three water molecules

was triggered by the hydrogen bonding between fructose and Br™ (Scheme 2-5).
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Scheme 2-5. Mechanisms of fructose dehydration in ionic liquids proposed by Zhang??

(black) and Li*? (red) (the cation or anion of the ionic may be omitted for clarity).

Most of the studies discussed above are about the transformation of fructose catalyzed
by a Brensted acid. In 2011, Guan et al. performed DFT studies of glucose and fructose
dehydration catalyzed by trivalent metal chlorides (CrCls, MoCl3, WCIs and FeCls) in
BmimCl.** The calculations were carried out in the gas phase using Gaussian 03 program
with B3LYP theory. The LANL2DZ basis set was used for the metal elements while the 6-
31G+(d,p) was used for the other elements. The natural bond orbital (NBO) analysis was
performed using the NBO program in the Gaussian 03 package. The metal chlorides were
proposed to form four-coordinate complexes after their dissolution in the ionic liquid, with
three CI" and one [Bmim]" ligands (Scheme 2-6). The first part of the study concerned the

isomerisation of glucose to fructose (see 2.3.2). Afterwards, the dehydration of fructose
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was proposed to start from the coordination of fructose to the metal complex at O1 and O2.
The water molecule removed became a ligand of the metal complex. After the loss of the
third water molecule, hydrogen bonding was observed between O6 and the proton of the
water ligand (2.27). The overall conversion of fructose to 5-HMF was thermodynamically
favored using the four metal chlorides studied, and the overall activation barrier (the first
water removal) increased in the order of WCl3 (106.7 kJ/mol) < MoCl3 (131.8 kJ/mol) <
CrCls (147.7 kJ/mol) < FeCls (165.7 kJ/mol). The explanation about their different

performances will be discussed in 2.3.2.
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Scheme 2-6. The mechanism of metal chloride-catalyzed fructose dehydration to 5S-HMF

proposed by Guan et al.>*

As can be seen from the discussion above, 2.2, 2.3 and 2.4 are significant intermediates
in mechanisms proposed from both NMR studies and calculations. In NMR studies

(Scheme 2-4), 2.3 is a common intermediate detected in almost all works; 2.2 is proposed
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in three studies and 2.4 is in two. Therefore, the results of mechanistic studies from
computational calculations and lab experiments are in reasonable agreement and can
support each other. These structures and intermediates are therefore key species for others
working in this field to detect and measure in order to understand their reaction pathways,
and they may also act as clues towards possible pathways in transformations of other

saccharide molecules.
2.2.3 Other Methods
2.2.3.1 Kinetic Studies

To the best of my knowledge, the earliest research trying to determine the reaction
mechanism for the dehydration of fructose through experiments was performed by Antal et
al.' in 1990. After analyzing a variety of previous studies, they concluded that under
weakly acidic conditions a small amount of 3-deoxyglycosuloses were probably generated
which led to the generation of 5-HMF via an acyclic mechanism; with higher acidity and/or
higher temperatures applied, the cyclic route involving fructofuranosyl intermediates was
favored (Scheme 2-2). Afterwards, the authors performed kinetic studies for the fructose
dehydration in water with and without acid catalysts. A system of supercritical flow-
reactors was applied to conduct reactions at high temperatures (maximum 500 °C) and
pressures (maximum 34.5 MPa). The compounds produced during the reaction were
analyzed using high performance liquid chromatography (HPLC) and gas chromatograph-
mass spectrometry (GC-MS). The kinetic evidence to support the cyclic mechanism was

discussed from three aspects. Firstly, the detection of a very small amount of glucose and
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no mannose in the reaction mixture indicated that during the process the Lobry de Bruyn-
van Ekenstein transformation between fructose and glucose was very slow under applied
conditions. Therefore the enolization of fructose, a key step in this transformation, must be
slow. Consequently, the enols which are significant intermediates in the acyclic mechanism
were actually present in negligible amounts and had little influence in the conversion of
fructose. Secondly, if the 3-deoxyglycosulose intermediate in the acyclic route was
generated during the reaction process, it should have undergone a benzylic acid
rearrangement under the reaction conditions to produce glucometasaccharinic acids or
lactones, which were not found via GC-MS analysis. Finally, sucrose was used as the
reactant in the dehydration reaction under similar conditions. The first step of this process
is the hydrolysis of sucrose into a fructofuranosyl cation and glucose.* 3¢ The yield of 5-
HMF from the fructose part (the fructofuranosyl cation) in the dehydration of sucrose was
higher than from pure fructose, either with or without acid catalysts. This result was in
accordance with the hypothesis that the fructofuranosyl cation was an important
intermediate in the cyclic pathway of fructose dehydration to yield 5S-HMF. This work is a
milestone in the area of sugar transformations, and has been referenced by numerous

studies later on.

In the study by Caratzoulas and Vlachos as mentioned in 2.2.2, the hydride transfer

from C1 to C2 (2.4’—2.11) was recognized as the rate-limiting step via QM/MM MD

simulations.?> 2* In order to evaluate the accuracy of this conclusion, Vlachos and co-

workers performed isotopic-labelling experiments in 2013 based on the kinetic isotope
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effect (KIE).>” The labelled fructose of which the proton on C1 was replaced by deuterium
was used in the dehydration reaction. A decrease in the fructose disappearance rate and 5-
HMF appearance rate compared with normal fructose conversion confirmed that the

hydride transfer from C1 to C2 was indeed the rate-limiting step (Scheme 2-7).
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Fructose conversion kylkp =1.20
5-HMF yield kylkp =220

Scheme 2-7. The hydride transfer from 2.4’ to 2.11 and the rate ratios of fructose conversion
and 5-HMF yield for unlabelled fructose (ku) and labelled fructose (kp) in the study by

Vlachos and co-workers.?’
2.3 Glucose

Glucose, also known as “grape sugar”, is an aldose which can be found in plants and
animals. Naturally existing glucose is D-glucose. Similar to fructose, glucose also has five
isomers, including both ring and open-chain forms (Scheme 2-8). In the field of biomass
transformation, glucose has been extensively studied alongside fructose for the production
of 5-HMF. Despite the comparable lower 5S-HMF yields compared with fructose, the low

cost of glucose is a significant advantage in its use as the reactant.>
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Scheme 2-8. Five isomers of D-glucose.

There have been two mechanisms generally proposed for the conversion of glucose to
5-HMF. As shown in Scheme 2-9, route A is the direct dehydration of glucose through

several furan aldehyde intermediates;** 4

while in route B the isomerisation of glucose to
fructose is a crucial step, and 5S-HMF is obtained via dehydration of the generated fructose.
Among the numerous studies on the transformation of glucose in the past one hundred years,
most of them have focused on route B. Two mechanisms have been proposed for the
isomerisation of glucose to fructose (B1 and B2, Scheme 2-9). B1 is through an enolization

and B2 is through a 1,2-hydride shift. Both mechanisms have been supported

experimentally and computationally in various researches with a range of catalysts used.
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Scheme 2-9. Proposed mechanisms of glucose conversion to 5S-HMF.

2.3.1 NMR Spectroscopy

In 2011 Matubayasi and co-workers managed to detect all the straight chain and ring

isomers of both glucose and fructose through in situ '3C NMR analysis of unlabelled and
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[*C-1] glucose (Figure 2-4) in D20, after the solution was equilibrated for 20 h and heated

to a particular temperature (100 °C or 160 °C) for a certain time.*' This result indicated that

during the isomerisation all isomeric forms of glucose and fructose were formed and

therefore may play important roles in the mechanism for S-HMF formation.
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Figure 2-4. Glucose molecules with different '*C labelled carbon atoms.
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Table 2-3. 'H and '*C NMR data of glucose, fructose, the intermediates in 2.3.1 and 5-HMF.

Compound Solvent ou (ppm) dc (ppm) Ref
Glucose D20 - Open-chain: 205.0 (C1); a-glucopyranose: 92.5 (Cl); - 41
glucopyranose: 97.4 (C1); a-glucofuranose: 97.7 (C1); B-
glucofuranose: 102.8 (C1)
DMSO-ds - a-glucopyranose:  97.35 (Cl), 7525 (C2); pB- 42
glucopyranose: 92.62 (Cl1), 72.80 (C2); a-glucofuranose:
104.37 (C1), 80.35 (C2); B-glucofuranose: 102.73 (Cl1),
72.21 (C2)
Solid-state - Open-chain: 205 ppm (C1) 43
Fructose D20 - Open-chain: 213.1 (Cl); a-fructopyranose: 66.2 (C1); - 41
fructopyranose: 65.6 (C1); a-fructofuranose: 64.4 (C1); B-
fructofuranose: 64.8 (C1)
DMSO-ds - Open-chain: 71.17 (C1), 205.54 (C2) 42
DMSO-d¢ - 103.6 44
Solid-state - Open-chain: 214 ppm (C1) 43
3-DG Solid-state - 13C CP/MAS NMR: 110 ppm (C2, absorbed on TiO2); 45
118 ppm (C2, absorbed on phosphate/TiOz)
229  (MClx DMSO-ds  4.90 (s) - 46
SnCly)
229 (MClk DMSO-d¢ - 76.4 44
GeCla)
2.42 DMSO-ds 533 (HI), 101.7 (Cl), 83.6 (C2), 73.7 (C3), 70.6 (C4), 73.6 (C5)61.3 47
3.85 (H2), (C6)
3.77  (H3),
3.51 (H4),
3.49  (H5),
292 & 2.81
(H6)
2.43 DMSO-d¢ - Two isomers: 72.58 & 74.15 (C1), 189.88 & 192.40 (C2) 42
2.2 DMSO-d¢ - 147.60 (C1), 136.30 (C2) 42
5-HMF D20 - 180.9 (C1) 41
DMSO-d¢ - 178.44 (C1), 152.16 (C2) 42
DMSO-ds  9.49(s,H1) - 48
DMSO-d¢ - 152.1 (C2), 124.3 (C3), 110.9 (C4), 56.1 (C6) 44
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The study by Zhao et al. in 2007 is a milestone because for the first time it revealed
the interaction of metal halide catalysts with glucose.*’ The role of the interaction in the
mutarotation of glucose isomers and the isomerisation of glucose to fructose was explored
in an ionic liquid solvent (1-ethyl-3-methylimidazolium chloride, [Emim]Cl). The *C
NMR spectra showed that before the addition of the catalyst (copper(Il) chloride, CuCla,
or chromium(II) chloride, CrCl2) the main component in the solution was a-glucopyranose.
After the catalyst was added, another set of peaks belonging to B-glucopyranose was
detected. This implied the occurrence of mutarotation, which led to the interconversion of
a- and B-glucopyranose isomers. Correspondingly, in the '"H NMR spectra, the six sharp
peaks of the hydroxyl groups of glucose broadened and shifted upfield after catalyst
addition, suggestive of an interaction with the catalyst. Furthermore, competition studies
using glycerol or glyceraldehyde together with glucose as starting materials were
performed, in order to locate the portion in glucose interacting with the catalyst. The NMR
analysis showed that glyceraldehyde existed as a hemiacetal dimer in [Emim]CI. Therefore,
in [Emim]Cl glucopyranose contains functional groups reminiscent of both glycerol and
glyceraldehyde. The competition reaction results implied that glycerol had no effect on the
dehydration of glucose; while glyceraldehyde led to a drop in both glucose conversion and
5-HMF yield. This result indicated that it was the hemiacetal portion of glucopyranose
instead of the polyalcohol portion that interacted with the catalyst. It was proposed that the
metal centre interacted with the oxygen atoms of the hydroxyl groups to cause the

mutarotation of glucose and the subsequent isomerisation (Scheme 2-10), but no
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experimental work was performed to verify this. However, these findings were supported
by Zhang et al. in 2011.%° They performed the synthesis of 5-HMF from glucose using
hydroxyapatite supported chromium chloride (Cr-HAP) as the catalyst in 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl) as the solvent. The '3*C NMR analysis provided
evidence for the mutarotation of glucose isomers, and traces of fructose were detected

during the dehydration of glucose.
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Scheme 2-10. The mechanism of glucose mutarotation and isomerisation proposed by Zhao

et al.*

After Zhao’s work, several researchers used similar methods (NMR analysis and
competition studies) to explore the mechanisms of glucose dehydration to 5-HMF . # 46: 48
Different Lewis acids were used as catalysts and ionic liquids or water were used as
solvents. In the study by Han and co-workers using tin(IV) chloride (SnCls), during the

screening of solvents it was found that the S-HMF yield was low if the anion of the ionic
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liquid had a strong coordination ability, such as chloride (CI) and trifluoroacetate (TFA).*®
It was explained that these Lewis basic anions would compete with glucose to interact with
the Sn centre and thereby inhibit the dehydration process. 1-Ethyl-3-methylimidazolium
tetrafluoroborate ([Emim][BF4]) was chosen as the solvent for further experiments. Ethanol,
ethylene glycol and 1,3-propanediol were used for competition studies. The glucose
conversion and 5-HMF yield decreased drastically with the addition of ethylene glycol but
did not change upon ethanol or 1,3-propanediol addition. This indicated that during the
conversion of glucose, a five-membered ring chelate complex forms as an intermediate and
the presence of ethylene glycol, which can form a similar complex, inhibits the catalyst. 'H
NMR spectra showed that both a- and B-glucopyranose were detected in the absence of the
catalyst. After SnCls was added, broadening of the resonances of the hydroxyl groups was
observed, and the compound formed was assigned to be an intermediate resulting from the
interaction between the CI” ions and the protons from the hydroxyl groups (Scheme 2-9,
2.28, MClx = SnCl4). A new peak at 4.90 ppm was found upon heating the mixture to 80 or
100 °C for 2 min, and was assigned to a new intermediate (2.29), which was the five-
membered ring chelate complex resulting from the interaction of the Sn centre with the
oxygen atoms from the 1,2-dihydroxy group of glucose. Afterwards 2.29 ring opened to
form an open-chain intermediate (2.30), which then produced an enediol intermediate
(2.31). 5-HMF was proposed to be generated either directly from 2.31 or through the
fructose produced from 2.31. In a study by De et al. in 2011, they briefly carried out a 'H
NMR study on glucose dehydration using aluminum(III) chloride (AlCI3) as the catalyst in

DMSO-ds.*® A similar observation was made regarding broadening of hydroxyl peaks and
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was attributed to the hydrogen bonding between the chloride ions and the protons from the
hydroxyl groups. However, a 1,2-hydride shift mechanism was proposed for the subsequent

isomerisation of glucose, which was different from Han’s work.

In a study by Zhang et al. in 2011, ['3C-2] glucose was used as the reactant with
germanium(IV) chloride (GeCls) as the catalyst and [Bmim]Cl as the solvent.** The *C
NMR spectra showed that both a- and B-glucopyranose were detected before the addition
of GeCls. A new peak at 76.4 ppm appeared after the Lewis acid was added, and decreased
in intensity as the temperature and amount of 5-HMF increased. It was assigned to an
intermediate formed between the Ge centres and two neighbouring oxygen atoms of 1,2-
dihydroxy group of glucopyranose (Scheme 2-9, 2.29, MClx = GeCls). A competition study
was performed using phenylfluorone, which contains a diol moiety, and both the glucose
conversion and 5-HMF yield decreased significantly because of competitive complexation
of phenylfluorone with GeCls. An enolization pathway similar to Han’s was proposed for

the subsequent conversion of 2.29 to fructose.

Compared with Zhao’s work, these studies took further steps to identify the
intermediates of metal complexation in the isomerisation process. However, it would be
ideal if more specific NMR data could be obtained for the thorough identification of the

intermediates or model compounds for intermediates isolated.

It needs to be noted that all the studies discussed above were focused on confirming
the complexation of the Lewis acid catalyst with glucose. None of them provided

experimental evidence to support the proposed enolization or 1,2-hydride shift mechanisms
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of glucose isomerisation. From 2011 to 2013, four groups used glucose deuterated at C2
(glucose-D2) as the reactant for the dehydration reaction and studied mechanisms via 'H
and '*C NMR spectroscopy.’** As is shown in Scheme 2-11, if a 1,2-hydride shift occurs
in the isomerisation, the deuterium at the C2 will transfer to C1 of the fructose or 5-HMF
obtained. In '"H NMR spectra, the percentage of deuterium incorporation can be calculated
from the integration of the resonances. Theoretically, if a 1,2-hydride shift occurs the
fructose should contain 100% deuterium at C1 and the 5-HMF should be 50% deuterated
at C1. In '3C NMR spectra, because of disruption of the nuclear overhauser enhancement
(NOE) caused by the deuterium atoms, '*C resonance intensities of *C-"H pairs will be
doubly enhanced while the resonance intensities of '*C-?H pairs will remain unchanged.>
Also, the resonances resulting from '3C-*H couplings should appear as triplets with
relatively lower intensities than other *C resonances from carbons having protons rather
than deuterium attached. If enolization happens in the isomerisation, the deuterium will be
expelled into the solvent so in theory no deuterium will be in the produced fructose and 5-
HMF. However, it should be noted that a small amount of deuterium incorporation might
be seen because of the proton/deuterium exchange. Conversely, if a deuterated solvent,
such as D20, is used, 50% deuterium incorporation at C1 of fructose or S-HMF is expected

for an enolization pathway but nor for a 1,2-hydride shift mechanism.
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Scheme 2-11. Two putative routes of glucose-D2 isomerisation.

In 2010, Raines and co-workers performed a mechanistic study on the conversion of
glucose to 5-HMF through 'H and ?H NMR analysis.>! The reaction was accomplished in
dimethylacetamide (DMA) with chromium(III) chloride (CrCls) or CrCl2 as the catalyst.
One equivalent D20 or water (to glucose) was added into the starting materials. When D20
was the deuterium source, less than 5% deuterium incorporation was detected at C1 of the
5-HMF produced. When glucose-D2 was used as the deuterium source, approximately 33%
deuterium was incorporated at C1 of 5S-HMF, and a signal of the aldehydic deuteron was
observed in the 2H NMR spectrum. These results indicated that the isomerisation of glucose
went along the 1,2-hydride shift pathway instead of the enolization route. A similar study
using D20 was performed on mannose (a C2 epimer of glucose) and also less than 5%
deuterium incorporation was detected, thus confirming the conclusion about the 1,2-

hydride shift mechanism under the applied conditions.
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During the same year, the Davis group studied the mechanism of glucose-D2
isomerisation using a tin-containing zeolite (Sn-Beta) in water.’> After the aqueous glucose
solution containing Sn-Beta was heated for 15 min at 110 °C, the fructose product was
separated from the glucose by HPLC and analyzed using 'H and *C NMR spectroscopy.
Compared with the standard NMR spectra of unlabelled fructose in D20, the fructose
product did not produce a signal at 3.45 ppm (the proton at C1) in the 'H spectrum, and the
resonances at 63.8 ppm (C1 of B-fructopyranose) and 62.6 ppm (C1 of B-fructofuranose)
in the '*C spectrum appeared as triplets with low intensities. These results indicated that
the deuterium at C2 of glucose-D2 transferred to C1 of the fructose intermediate, thus
leading to the lack of expected signal for the proton at C1 in the 'H NMR spectrum and the
NOE effect in the '*C NMR spectrum. Therefore, a 1,2-hydride shift mechanism was also
proposed for the isomerisation of glucose when this heterogeneous Lewis acid catalyst was
used. A KIE was observed with a kn/kp = 1.98 in the initial reaction rate, further revealing
that the hydride shift was the rate-limiting step. In addition, the group performed a similar
mechanistic study of glucose isomerisation with a base catalyst (sodium hydroxide, NaOH).
The fructose generated had the same 'H and '*C NMR spectra as the unlabeled fructose,
indicating that no deuterium was incorporated during the isomerisation process. Hence a
proton transfer mechanism was proposed, in which the deuterium at C2 of glucose-D2 was
transferred into the solution and a proton from the solution was incorporated into the

fructose.
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The use of Sn-Beta as the catalyst in glucose isomerisation was further investigated
by Bermejo-Deval et al. in 2013.* Initially, the ring opening of sugars was studied using
13C solid state NMR and IR spectroscopy. The '*C NMR spectra showed that immediately
after the '3C-labelled fructose was absorbed into Sn-Beta, a peak at 214 ppm was observed,
which was assigned to C2 of open-chain fructose. This peak was verified through cross
polarization (CP) experiments. The IR spectra also revealed the signal of the keto carbonyl
of open-chain fructose at 1728 cm’™. For the '*C-labelled glucose absorbed into Sn-Beta,
the resonance of C1 of open-chain glucose at 205 ppm was not observed because of its low
concentration. However, the appearance of a peak at 214 ppm indicated that a certain
amount of glucose was ring-opened and converted to open-chain fructose. Furthermore, a
broad band at 1730 - 1720 cm™! was seen in the IR spectra, which was assigned to the
combination of the keto carbonyl of open-chain fructose (1728 cm™) and the aldehyde
carbonyl of open-chain glucose (1720 cm™). The kinetic studies of the isomerisation of
glucose implied that KIEs (kn/kp ~ 2) were observed for both Sn-Beta- and Ti-Beta-
catalyzed reactions, hence the 1,2-hydride shift was proposed as the rate-limiting step.
Finally, a DFT study was performed using Gaussian 09 program with the B3LYP and MP2
levels of theory. The cc-pVDZ-pp, Aldrich’s VTZ and 6-31+G(d) basis sets were
respectively used for Sn, Ti and Si atoms, and the 6-311+G(d) basis set was for the other
elements. The solvation effect in water was considered using the SMD solvation model. A
mechanism through a 1,2-hydride shift was proposed (Scheme 2-12) and the energies of all
intermediates and transition states were calculated. The isomerisation catalyzed by a Sn-

Beta open-site with one adjacent silanol group had an enthalpy of activation of 92.5 kJ/mol,
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which was in good agreement with the experimental value (88.7 = 2.9 kJ/mol). For a Sn-
Beta closed-site, an activation barrier of approximately 125.5 kJ/mol was calculated, thus

it was claimed not to be the primary reaction pathway.
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Scheme 2-12. The mechanism of Sn-Beta-catalyzed isomerisation of glucose proposed by

Bermejo-Deval et al.*?

In 2013, Choudhary et al. performed the isomerisation of glucose in aqueous solution
using both homogeneous (CrCls, AICI3) and heterogeneous (Sn-Beta) Lewis acid catalysts
and investigated the mechanisms.’® When glucose-D2 was used as the reactant, KIEs were
observed for the reactions catalyzed by CrCls (ku/kp =1.77 £ 0.11) and AICIs (ka/kp = 1.71
+ 0.10) at 40 °C, indicating that the hydride shift was the rate-limiting step, which is the

same conclusion as in the studies by the Davis group and Bermejo-Deval et al. Afterwards,
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'H and '*C NMR spectra were recorded for the glucose-D2 reactions catalyzed by the three
catalysts, and the same observations were obtained for the fructose product as in the study
by the Davis group (lack of the proton at C1 in '"H NMR spectrum and the NOE effect of
C1 in 3C NMR spectrum), confirming a 1,2-hydride shift mechanism. In addition, 2H NMR
spectroscopy was used in the glucose-D2 conversion catalyzed by CrCls. At the beginning
of the reaction, resonances at 3.04 ppm and 3.33 ppm were detected and were assigned to
D2 of B- and a-glucopyranose respectively. As the reaction proceeded, two signals at 3.51
ppm and 3.40 ppm appeared, belonging to the deuterium at C1 of B-fructopyranose and [3-
fructofuranose. Finally, a peak at 9.29 ppm was observed and was assigned to the deuterium
at C1 of 5-HMF. Therefore, it can be validated that the deuterium at C2 of glucose was

transferred to C1 of fructose and then C1 of 5-HMF during the whole process.

3-Deoxyglucosone (3-DG, Scheme 2-9, route A) was proposed as an intermediate in
the dehydration of carbohydrates to 5-HMF by Anet in 1960s.'"1%3? In a study by the Bols
group in 2011, this mechanism was verified through a combination of experiments and
calculations (see 2.3.2).* In 2015, the Hara group performed the dehydration of glucose
catalyzed by titanium oxide (Ti02) and phosphate-immobilized TiO2 (phosphate/Ti02) in
water.*> A mechanism through 3-DG without the isomerisation to fructose was proposed
and studied using H and '3C NMR spectroscopy. The reaction was also performed using
scandium triflate (Sc(OTf)3) as the catalyst for comparison. When glucose-D2 and glucose-
D1 were respectively used as the reactant, the 2H NMR spectra showed that 55% and 54%

deuterium incorporation were detected in the 5S-HMF produced with Sc(OTf)s catalysis.
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With the catalysis of TiO2 and phosphate/TiO2, no deuterium incorporation was detected
in the 5-HMF generated from glucose-D2, and incorporation much higher than 54% was
observed for the reaction of glucose-D1 (TiO2: 74%; phosphate/TiO2: 98%). Combining
these results, the Sc(OTf)s-catalyzed reaction was believed to proceed through the
isomerisation route via a 1,2-hydride shift; while for TiO2 and phosphate/TiO2 catalysis the
mechanism through 3-DG was more reasonable (Scheme 2-13). The '3C cross-
polarization/magic angle spinning (CP/MAS) NMR spectroscopy was used to detect the
existence of 3-DG. The *C CP/MAS NMR spectra of ['*C-2] glucose absorbed on TiO2
and phosphate/TiO:2 at room temperature showed two resonances at 110 ppm and 118 ppm

respectively, which were assigned to C2 of 3-DG.
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Scheme 2-13. The transformations of glucose-D2 (top) and glucose-D1 (bottom) to 5S-HMF

through 3-DG.%

Boric acid (B(OH)3) and its derivatives have been found to be able to form chelate

57-61

complexes with carbohydrates, and catalyze the isomerisation of aldohexoses to

ketohexoses.®> % In 2011, the Riisager group achieved the first metal-free dehydration of
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glucose using B(OH)3 as the catalyst in ionic liquids.>* A 5-HMF yield of 42% was obtained.
The mechanism was briefly probed using glucose-D2 as the reactant. The '"H NMR analysis
revealed less than 5% deuterium incorporation, thus the isomerisation of glucose catalyzed
by B(OH)3; was proposed to proceed via an enolization mechanism (Scheme 2-14), which
was different from the reactions catalyzed by the metal Lewis acid catalysts described
above. In 2013, Caes et al. applied a series of phenylboronic acids in the transformation of
glucose and cellulose to 5-HMF.** Glucose-D2 and D20 were used in mechanistic study.
The '"H NMR spectra showed that the deuterium from DO instead of glucose-D2 was
incorporated at C1 of the 5S-HMF obtained, further indicating an enolization route similar

to that proposed in Riisager’s work.

The mechanism of glucose isomerisation catalyzed by boron species was further
investigated by Lukamto et al. in 2013.%* They synthesized a series of boronic acids and
used them to catalyze the dehydration of glucose and cellulose. A sophisticated mechanistic
study was performed including stereochemical considerations and competition reactions
besides NMR analyses. Firstly, the stereochemical studies showed that the trans-vicinal
diol at the 3,4-position of glucose was the most likely site to interact with the boronic acid.
The trans-vicinal diol at 3,4-position is anti to the ring, so the approach by the boronic acid
towards it is encouraged by steric effects. Moreover, complexation of the trans-vicinal diol
with the boronic acid would lead to distortion of the stable pyranose ring, thus facilitating
the ring opening needed for isomerisation. Afterwards, competition studies were performed

and 1,3-dipropanol was found to lead to a more significant 5-HMF yield decrease than 1,2-
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dipropanol. Combined with the findings from a previous study,® it was claimed that the
formation of 4,6-boroglucopyranose was significant in the mechanism. Finally, two
glucose derivatives in which the hydroxyl group at C6 was replaced by a proton or another
functional group were reacted under similar conditions. The product yields (10% and 15%)
were much lower compared with the 5S-HMF yield from glucose (44%), further confirming
the important role of the 4,6-diol moiety. Both 'H and '*C NMR spectra showed that the
resonances of glucose shifted upfield (0.165 ppm in 'H NMR spectrum and 0.02 ppm in
3C NMR spectrum), indicating the ring had expanded after catalyst addition because of its
complexation with the boronic acid.®® This study proposed a mechanism with one more
step: the boronic acid complexed with the 4,6-diol first and then repositioned to form the
3,4-boroglucopyranose (Scheme 2-14, highlighted in red), which was supported in
Riisager’s work by computational studies (see 2.3.2). However, they did not make any

efforts to verify the enolization pathway proposed for the isomerisation process.

In 2012, Ananikov and co-workers performed the conversion of carbohydrates to 5-
HMF using boron trioxide (B203) as the catalyst in ionic liquids, and analyzed the reaction
mixture through the 'H, '*C and "B NMR analysis.*’ Their initial attempt to analyze the
NMR sample failed because of microheterogeneity within the reaction mixture that led to
low resolution NMR spectra with quite broad spectral lines. The problem was likely caused
by the high viscosity, the conductive ionic nature and the absorption of radiofrequencies by
the ionic liquid solvent.®’ It was solved by using a NMR tube equipped with a stirrer as the

reactor, thus NMR spectra could be recorded directly after the reaction was done with
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adequate stirring, and the microheterogeneity of the sample was decreased to below the
spectroscopic influence level. The NMR analysis of fructose in [Bmim]Cl showed that the
portion of the open-chain isomer increased while the furanose isomers decreased compared
with fructose in D20, indicating that the ionic liquid solvent could promote the generation
of the straight chain form of fructose compared with water. By contrast, the compositions
of glucose isomers were similar in both [Bmim]CI and D20. During the reaction, a 1,2-
borate complex was detected in both 'H and '*C NMR spectra, and was proposed to be 2.42
(Scheme 2-14). Its resonance in the ''B spectrum had a chemical shift of -7.90 ppm in D20,
using B(OH)s as the external standard (& = 0.00 ppm). This may not be a true intermediate
in the mechanism but a side-product formed from 2.41 (Scheme 2-14, highlighted in green,
R = OH). Complex 2.42 was quite stable under the reaction conditions explored since it
was still seen in the NMR spectra of reaction mixtures after the full conversion of glucose
and fructose, and this suggests that its conversion to 5S-HMF is quite slow and therefore
appears in a branch along the reaction pathway. However, there was no NMR identification
of 2.41, so conclusive evidence was lacking to prove that the detected 2.42 was truly a
species different from 2.41. The function of B20s3 in this study was to react with water,
which could both facilitate the dehydration via Le Chatelier’s principle and generate
B(OH)3 to promote the reaction. It is somewhat surprising given the widespread use of
B(OH)s and related compounds in transformations of glucose and fructose that ''B NMR

spectroscopy has not been used more widely to identify reaction intermediates.
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53,54, 64

As can be seen from the discussion above, in most studies on glucose isomerisation
the catalysts used were Lewis acids, mainly because of their excellent performance on the
catalysis of glucose dehydration to get good 5S-HMF yields. Nevertheless, there have been
some studies reported using Brensted acid catalysts. In 2014, Amarasekara and Razzaq
implemented a NMR study of glucose dehydration catalyzed by a functionalized Bronsted
acidic ionic liquid, 1-(1-propylsulfonic)-3-methylimidazolium chloride ([C3SO3Hmim]ClI),
in DMSO-des.** ['3C-1] and ['*C-2] glucose were used as reactants and the reaction mixtures
were analyzed using '*C NMR spectroscopy. By t = 48 min, besides the C1 and C2 signals
of a- and B-glucose isomers, the resonances of C1 and C2 of the open-chain fructose and

5-HMF were also observed. A 1,2-hydride shift mechanism involving the interaction
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between the imidazolium cation and glucose was proposed (Scheme 2-15). The peaks at
74.15 and 72.58 ppm were assigned to C1 of the two isomers of 2.43, and the peaks at
189.88 and 192.40 ppm were assigned to the C2 of the isomers. The resonances at 147.10
ppm and 136.30 ppm were assigned to C1 and C2 of 2.2 respectively. The authors claimed
that the isomerisation proceeded along the 1,2-hydride shift pathway because no deuterium
incorporation was detected. However, it needs to be noted that the solvent used in this study
was DMSO-ds, which does not release free deuterium into solution. Therefore, it would be

more convincing if D20 was used as the solvent for the deuterium detection experiments.
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Scheme 2-15. The mechanism of Brensted acid ionic liquid-catalyzed glucose

transformation to 5-HMF proposed by Amarasekara et al.*?
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2.3.2 Computational Studies

Qian’s group is the pioneer in the computational studies of glucose conversion. From
2005 to 2011, this group performed calculations about several transformations of glucose
including dehydration, condensation, isomerisation and mutarotation, with a Brensted acid
(H") as the catalyst and water as the solvent.’®"! In 2005, the group applied Car-Parrinello
based ab initio molecular dynamics (CPMD) to simulate the reaction routes of glucose
conversion to 2.2’ (Scheme 2-17, highlighted in red) both in vacuum and in water at 227
°C.%% % As mentioned in Section 2.2.2, compound 2.2 (or 2.2") was proposed to be an
important intermediate in the dehydration of fructose to 5S-HMF. Here it was also assumed
to be significant in the direct dehydration of glucose to 5-HMF without the isomerisation
to fructose. The pathways was initialized by the protonation at different hydroxyl groups
or the O atom on the ring (O5) were simulated, and in both situations (with and without
solvent) only protonation at O2H could lead to C2-O2 cleavage and the subsequent
formation of 2.45 (the precursor of 2.27) via C1-O5 breaking and C2-O5 bonding. The
protonation at O1H did not trigger the degradation of glucose under the applied conditions.
The protonation at O3H and O4H led to the intermediates for polymerization. The proton
at O6H transferred from O6 to OS5 to form the OS5 protonated glucopyranose, and no further
conversion was observed. When the solvent was included, one glucose molecule was
surrounded by 32 water molecules in a unit cell, and one proton was added into the system
to simulate the acidic environment. It was found that the proton could transfer from the

protonated hydroxyl groups of glucose to a nearby water molecule. Therefore, the
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protonation of glucose might be the rate-limiting step, since the study in vacuum has
showed the subsequent dehydration of the protonated glucose happened quickly. This
proton transfer was attributed to the higher proton affinity of water compared with the
hydroxyl groups of glucose. The NMR analysis from previous studies indicated that the
downfield shifts of the hydroxyl groups after proton exchange with water decreased in the
order O6H > O2H > O3H, O4H > O1H, corresponding to the decrease of their proton
affinities.”” 73 This further supports the calculation results that the O2H protonated glucose
was the most likely starting point since O2H has a relatively high proton affinity. The
simulation of the subsequent conversion was started from 2.44 to avoid the interruption of
the proton transfer. 2.45 was generated on the same pathway as in vacuum. Since water has
hydrogen bonding with O1H of 2.45, the proton on O1H could be taken away and 2.2” was
produced. It can be seen that water as the solvent has a great influence in the simulation,
mainly through its competition for protons with the hydroxyl groups of glucose. This again

indicated the importance of the consideration of solvents in computational studies.

In 2011, Qian implemented a more comprehensive computational study about this
cyclic mechanism of glucose direct dehydration.”” A CPMD coupled with metadynamics
(MTD) method was applied to simulate the reaction process and investigate the associated
Gibbs energy surfaces (GESs). One advantage of this method is that the bond cleavage and
formation can be concretely described through the coordination number of one atom to the

other. For example, CV1 refers to the coordination number of C2 to O2. When CV1 ~ 1,

there is a single bond between C2 and O2; if CV1 = 0, it means the C2-O2 bond is broken.
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A simulation in the gas phase was performed first, with one H3O" in the system to mimic
the acidic environment. The changes of the coordination numbers of C2 to O2 (CV1), C2
to O5 (CV2) and O2 to the four protons from O1H and H3O" (CV3) during the calculation
were analyzed. Initially the proton transferred between O2H and the water molecule
repeatedly. After around 80 MTD steps the C2-O2 bond was broken and the C2-O5 bond
was formed to generate 2.45, which was immediately transferred to 2.2’. This process was
reversible and repeated back and forward twice during the simulation (over 6500 MTD
steps). The GESs of CV1 - CV3 and CV2 - CV3 were obtained and they reflected the proton
affinities of the species formed during the process. The average proton affinities of various
sites obtained was approximately 418.4 - 502.1 kJ/mol. This lower range compared with
some previous results’* was attributed to the surrounding water molecules, which formed
hydrogen bonding with the reaction species and thus decreased their proton affinities.
Afterwards, the simulation was performed in water by setting one glucose molecule
surrounded by 76 water molecules. Initially the reversible protonation between O2H and
water molecules were observed. The cleavage of C2-O2 bond and the formation of C2-O5
happened at around 230 MTD steps to generate 2.2°, and no reverse reactionsappeared in
the following calculation. The GES analysis showed that the overall reaction barrier was
125.5 - 146.4 kJ/mol, which was in good agreement with previous experimental results.”
This barrier was mainly contributed by the protonation of O2H, the cleavage of C2-O2
bond and the formation of C2-O5 bond, and was influenced by the solvent through its
proton affinity. The higher proton affinity the solvent has, the more difficult the protonation

of O2H is, and hence the higher the barrier is.
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In the work published in 2012, Qian also mentioned that the isomerisation of glucose
to fructose could be realized through a 1,2-hydride shift of 2.45 (Scheme 2-16).”" The
hydride shifted from C2 to C1 to form a C2 carbocation (2.4), which reacted with water to
produce fructose. The CPMD-MTD simulation results in the gas phase showed that the
reaction barrier of the 1,2-hydride shift was as low as 20.9 - 29.3 kJ/mol because 2.4 was
quite stable. Nevertheless, when the calculation was performed in water, 2.45 became less

stable and the proton of O1H was easily removed by water to form 2.2’.
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Scheme 2-16. The isomerisation of glucose to fructose through a 1,2-hydride shift proposed

by Qian et al.”!

In the study by Assary et al. in 2012, the mechanism for the Brensted acid-catalyzed
glucose dehydration in water was calculated for both the cyclic and acyclic routes without
the isomerisation to fructose (Scheme 2-17).% The cyclic mechanism via 2.11 and 2.12 can
be seen as a support to the work by Qian’s group. In the acyclic route, O1 was protonated
after the ring opening because of its higher proton affinity than other hydroxyl groups. 2.46

was produced and converted to an enediol (2.47). Similar to the fructose dehydration
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process, water was believed to assist the conversion of 2.47 to 2.32 and 2.32 to 2.48 as a
proton mediator. However, it should be noted that the protonation of O1H as the first step

was rarely seen in computational studies of glucose dehydration.

In 2015, Yang et al. performed a DFT-based microkinetic model study of Brensted
acid-catalyzed transformations of glucose to 5-HMF, LA, FA and furfuryl alcohol.”® The
protonation of O2H was proposed as the first step. The geometry optimization and Gibbs
energy calculations of all possible intermediates and transition states were carried out using
Gaussian 09 program and B3LYP/6-31+G(d,p) basis set with two explicit water molecules
included. Afterwards, a microkinetic model was built, which was composed of several
reactions: the dehydration of glucose to 5S-HMF via the isomerisation to fructose, the direct
dehydration of glucose to 5S-HMF via 2.11 and 2.12 (the cyclic route in the study by Assary
et al.,> Scheme 2-17, highlighted in black), and some other conversions of glucose and 5-
HMF. The analysis of reaction fluxes in the kinetic models was implemented and showed
that the isomerisation of glucose to fructose contributed little in the overall rate of glucose
consumption. The cyclic mechanism of glucose dehydration through 2.11 and 2.12 was

claimed to be the main pathway.

Nevertheless, different mechanisms of Brensted acid-catalyzed dehydration of
glucose were proposed in several other studies. In the DFT study carried out by Pidko and
co-workers in 2012, the Gaussian 09 program was applied with B3LYP/6-311+G(d,p) basis
set.?6 The solvent effects were examined by performing test calculations, and it was claimed

that the qualitative trends of the calculation results with and without a solvent were similar.
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The protonation at all hydroxyl groups and O5 was calculated as the first step in the
dehydration. The O1H protonated glucose was the most favorable because of its low Gibbs
energy change (-23 kJ/mol). However, it led to side-reactions with no 5-HMF generation.
Surprisingly, a total of 31 possible reaction routes initialized by the protonation of O2H
were investigated and none of them produced 5-HMF, which was quite different from the
results in Qian’s study. The protonation of OS5 led to the ring opening of glucose (2.46),
and subsequently the protonated open-chain fructose (2.49) was obtained via a 1,2-hydride
shift (Scheme 2-17). Similarly, in the DFT study by Daorattanachai et al. in 2012, the
process was started from the O5 protonated glucose when a Bronsted acid was used as the
catalyst.”” The geometries were optimized and the frequencies were calculated in gas phase
for all species involved using Gaussian 03 engine with the B3LYP/6-31G(d,p) basis set.
Compared with the non-catalyst system, the protonation of O5 loosened the C1-O5 bond
with an increase of the bond length from 1.43 A to 1.60 A. Consequently, the activation
barrier of C1-O5 cleavage decreased from 184.1 kJ/mol to 30.4 kJ/mol. Afterwards 2.49
was isomerized to fructose through a 1,2-hydride shift with an overall activation barrier of
66.9 kJ/mol. Without any catalyst, the isomerisation of glucose to fructose was proposed
to proceed via enolization and the overall activation energy barrier was 184.1 kJ/mol from
the ring opening of glucose. In addition, the isomerisation catalyzed by a Brensted base
was also investigated by starting the process from the deprotonation of O1 of glucose (2.50).
The cleavage of the C1-O5 bond was facilitated by the deprotonation of O1 with a low
activation energy of 24.2 kJ/mol. The deprotonated open-chain glucose (2.51) was

isomerized to the deprotonated fructose (2.53) through the deprotonated 1,2-enediol
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intermediate (2.52) with an overall activation energy barrier of 173.7 kJ/mol (Scheme 2-
17). The use of catalysts could clearly change the reaction routes and energies of the
intermediates (thus the rate-limiting steps). However, it needs to be noted that this study
was performed in gas phase and there was no explanation about their choice of the O5
protonated and O1 deprotonated glucose molecules as the starting points in the Brensted
acid and base calculations. Therefore, further study is needed for more accurate and

reasonable results.
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As was discussed in 2.3.1, the direct dehydration of glucose through 3-DG (Scheme
2-9, route A) has been proposed as a potential pathway. In 2011, the Bols group combined
lab experiments and a DFT study to investigate the role of 3-DG in the dehydration of
glucose.*’ In an ion chromatogram, 3-DG has a broad peak at 8.2 min retention time, with
glucose appearing at 3.6 min and fructose at 3.8 min. 5-HMF was synthesized from glucose
with H2SOs as the catalyst and DMA-LiCl as the solvent system. After 3 h of reaction, both
3-DG and fructose were observed in the ion chromatogram with a ratio of 2:1. The
conversion of 3-DG to 5-HMF or its halogenated derivatives gave higher product yields
and reaction rates than fructose did. Finally, the DFT calculations of glucose dehydration
proceeding via 3-DG or fructose pathways were performed using Gaussian 03 program
with the G3MP2 method. The Gibbs energies of all intermediates in the 3-DG route were
lower than those in the fructose route, indicating the preference of the 3-DG route over the
fructose one. Therefore, it was claimed that both reaction pathways (with and without the
isomerisation of glucose) happened under the conditions applied, but the one through 3-

DG was more favored (route A, Scheme 2-9).

In the quantum mechanical study using the RISM-SCF-SEDD method discussed in
2.2.2, prior to the calculations on fructose dehydration to yield 5-HMF, both the cyclic and
acyclic mechanisms of HCl-catalyzed glucose isomerisation were simulated in water and
MmimCl (Scheme 2-18).3! In the cyclic mechanism, after the transformation of glucose to
2.11, a hydride shift from C2 to C1 led to the formation of an oxocarbenium cation (2.4”).

Afterwards, a water molecule was attached to C2 and a proton left to generate fructose. In
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the acyclic mechanism, the ring opening was initialized via the protonation of O5 and
deprotonation of O1H. In MmimCl, the open-chain glucose interacted with HCI at O1 to
form an intermediate (2.54), which was then converted to an enediol (2.47). The proton
transfer from HCI to C1 and from O2H to CI led to the formation of 2.56. In water the
acid-base pair from the catalyst and the solvent was H3O"-H20; while in MmimCl it was
HCI-HClz". The cyclic mechanism was favored in water with an activation barrier of 99.6

kJ/mol, and the acyclic mechanism was favored in MmimCl with a barrier of 135.6 kJ/mol.

In DFT calculations reported by Li et al. concerning [BmimSO3H]Cl-catalyzed
dehydration of glucose discussed in 2.2.2, two possible pathways were proposed after the
generation of an enediol intermediate (2.47), and were simulated (Scheme 2-18).3 Path |
is through the isomerisation to fructose and Path Il is the direct conversion of 2.47 to 5-
HMEF. During the conversion of glucose to 2.47, the sulfonic acid group (-SOsH) in the
ionic liquid cation acted as a proton shuttle, which transferred protons to form the transition
states (2.57 and 2.58). In path I, -SO3H played the same role to promote the generation of
fructose. The subsequent dehydration of fructose to S-HMF has been discussed in detail in
2.2.2. In path 11, 2.32 was obtained through the interaction between 2.47 and -SO3H at O1H
and O3 (2.59). Afterwards, a diketone (2.48) was formed in a similar way through the
interaction between 2.32 and -SOsH at O2H and O4, and it lost one water molecule to
achieve the ring-closed intermediate (2.60). The formation of an oxocarbenium
intermediate (2.61) resulted from the interaction between O2H and the proton from -SO3H.

Finally, 5-HMF was produced through the interaction between 2.61, -SOs3™ and a water
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molecule. It was claimed that both pathways were accessible because they had similar
activation barriers. The catalysis by [BmimSO3H]Cl was achieved mainly through -SO3H
acting as a proton shuttle, and the intermediates and transition states were stabilized via

hydrogen bonding with CI™ anions.
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It is a little surprising but understandable that the Bronsted acid-catalyzed glucose
dehydration has been studied more extensively via computational calculations than in lab
experiments. The main reason is the harsh conditions (e.g. high temperature, long reaction
time) required and the limitation of 5-HMF yields in lab experiments. The differences in
the conclusions obtained from these computational studies may be due to the different
calculation methods used and the conditions set (e.g. temperature, gas-phase or solvent

included).

During 2010 and 2011, the Hensen group implemented a series of studies of glucose
complexation with chromium chlorides (CrClz2 or CrCls) in ionic liquid solvents.”®8" The
DFT calculations were carried out using Gaussian 03 program with a basis set combination
(6-31+G(d) for Cr, Cl and O atoms; 6-31G(d) for C, N and H atoms) for higher accuracy.
At least two ionic liquid ion pairs per Cr atom were explicitly added in the system. The
extended X-ray absorption fine structure (EXAFS) spectra at the Cr K edge were obtained
during the reactions as supporting evidence to the computational results for the
comprehensive analysis of the reaction process. In their first published work about CrCl2
catalysis in EmimCl, the solvent effect was considered by applying PCM solvation model
in the calculations.”® When there was only CrClz in EmimCI with no addition of glucose at
80 °C, both EXAFS spectra and DFT calculations showed that the Cr** coordinated with
four CI ions to form the square-planar CrCla* species. After glucose was added and before
the reaction started, the EXAFS spectra showed that the coordination number (CN) of Cr-

Cl bond decreased from 3.9 to 2.9 and a new Cr-O bond appeared with a CN of 1.0 and a
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coordination distance of 2.13 A. This indicated that one CI ligand was replaced by an O
atom from a hydroxyl group of glucose (2.63). After being heated for 10 min at 100 °C, the
fructose concentration reached the maximum. The EXAFS analysis showed that besides
two Cr-Cl bonds (CN = 2.4) there were two Cr-O bonds (CN = 2.0) and one Cr-Cr
interaction with a CN of 0.6 and a coordination distance of 3.45 A. Considering the low
CN and the long distance, this Cr-Cr interaction was assigned to a Cl- or O-bridged Cr
dimer. At the end of the reaction by 180 min, this Cr-Cr interaction disappeared. The DFT
calculations were carried out from the coordination of glucose to Cr*" at O1, which
triggered the ring opening and the subsequent 1,2-hydride shift to achieve the isomerisation
to fructose. The Gibbs energies of intermediates and transition states during the
isomerisation with mono- and binuclear Cr complex coordination were calculated at 100
°C. In the mononuclear route, the overall energy barrier was 120 kJ/mol, composed of 69
kJ/mol for the deprotonation of O2H and 51 kJ/mol for the subsequent transformation to
the 1,2-hydride shift transition state. In the binuclear route, O1 bridged the two Cr centres
after the deprotonation of O2H to generate 2.64. The overall energy barrier of 63 kJ/mol
was much lower than the mononuclear route. The deprotonation of O2H consumed 54
kJ/mol and only 9 kJ/mol was needed for the following hydride shift. After the hydride
shift, the intermediate complexed with the Cr dimer was more stable (2.65, -25 kJ/mol)
than the one complexed with one Cr centre (46 kJ/mol). Therefore, the binuclear route was
more favored for the 1,2-hydride shift process (the rate-limiting step) (Scheme 2-19). The
possible reason is that the coordination of O1 to two Lewis acidic Cr centres steadied the

negative charge developed on O1 during the hydride shift, thus the transition state with the
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highest energy was stabilized. Afterwards, the open-chain fructose in Cr dimer form (2.66,
-3 kJ/mol) was slightly more favorable than in Cr monomer form (15 kJ/mol), but the final
fructofuranose generated was more stable when coordinated with only one Cr centre (2.67,

-23 kJ/mol) than with two (14 kJ/mol).

In the following year, the same group performed similar studies using Cr*>".3° The
experimental results showed that the 5-HMF yield decreased in the order CrCl3-6H20 >
CrCls > CrCl2 when they were used as catalysts. It was explained by 1) the higher rate of
fructose dehydration with Cr*" catalysis than Cr*"; and 2) the higher solubility of
CrCI3-6H20 than CrCls in EmimCl. Therefore, the DFT study was carried out in the gas
phase using CrCl3-6H20 as the catalyst. At 80 °C before glucose addition, the EXAFS
spectra showed that the CN of Cr-Cl bond was 5.8, indicating that the six water ligands
were replaced by six Cl” to form an octahedral complex after the dissolution of CrCl3-6H20
in the ionic liquid. After glucose was added, two Cl ligands were replaced. The DFT
optimization result showed that the new coordinating groups were Ol and O2 from the
hydroxyl groups of glucose, with a Gibbs energy change of -12 kJ/mol (2.68). The two
pathways with mono- and binuclear Cr complexes were simulated. During the initial ring
opening of glucose, the mononuclear path was slightly more favored than the binuclear
path. Nevertheless, during the following deprotonation of O2H and the 1,2-hydride shift
the coordination with two Cr centres effectively decreased the energy barrier to 66 kJ/mol,
compared with 90 kJ/mol for one Cr centre. Therefore, similar to Cr**, the binuclear Cr**

complex (2.69) was preferred for the isomerisation of glucose via 1,2-hydride shift. It needs
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to be noted that 2.69 was bridged through O1 as well as two CI ligands, which was different
from 2.64. After the hydride shift, the intermediate was still more favored with the Cr dimer
(2.70, -11 kJ/mol) than the monomer (-1 kJ/mol). However, the open-chain fructose finally
obtained was quite unstable in the binuclear structure (64 kJ/mol; the mononuclear one 2.71:
-34 kJ/mol), caused by the repulsions between the bridging O1H and the CI ligands around.
In addition, the calculations of Cr*" routes were also carried out and compared with Cr’*,
The activation barriers for Cr’" were much lower than for Cr?*, both in the mononuclear
and binuclear paths. This was attributed to the higher Lewis acidity of Cr**, which led to

the higher stability of the intermediates formed during the isomerisation.

In addition, CuClz was also studied in terms of its complexation with glucose in ionic
liquid solvents and was compared with CrCl2.”’ Similar to CrClz, the main Cu®" species in
MmimCl before glucose addition was a four-coordinate complex ion (CuCls®), but in a
distorted tetrahedral structure, as shown by the EXAFS spectra and DFT calculations.
However, after glucose was added, there was no complexation of glucose with the Cu centre
detected at 80 °C. The Gibbs energy calculations showed that this process was endothermic

and thus was not favored.

In 2015, Wang and co-workers investigated the influence of organic solvents and
Bronsted acid co-catalysts in the CrCls-catalyzed dehydration of glucose experimentally
and computationally.®! First, a series of experiments using different solvents were
performed. The use of DMA led to the highest 5S-HMF yield while DMSO resulted in the

lowest one. Afterwards, the reaction was performed in DMA and co-catalyzed by several
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ionic liquids and their corresponding Brensted acids. The 5-HMF yield decreased when N-
methyl-2-pyrrolidone hydrogen sulfate ((NMP]HSO4) or H2SO4 was used. The reaction
rate increased when N-methyl-2-pyrrolidone chloride ([NMP]Cl) or N-methyl-2-
pyrrolidone bromide ([NMP]Br) was used but the 5S-HMF yield was not improved. The use
of hydrochloric acid (HCI) or hydrobromic acid (HBr) gave similar results. Without CrCls,
the use of [NMP]CI, [NMP]Br, HCI or HBr alone resulted in no production of 5-HMF from
glucose but 5-HMF could be obtained directly from fructose. Therefore, it was claimed that
these co-catalysts functionalized during the dehydration of fructose after the isomerisation
of glucose happened. A DFT study using Gaussian 03 program with B3LYP level of theory
was operated to probe the interactions among CrCls, glucose and the co-catalysts. The
LanL2DZ basis set was used for Cr and Br elements while the 6-311 G(d,p) basis set was
for others. The PCM solvent model at 120 °C was applied to consider the solvation effect.
The energies of different Cr complexes that could form during the reaction were calculated
(Figure 2-5). In the DMA-CrCls-glucose system, similar Gibbs energy changes for CrCls-
DMA (-34.00 kJ/mol) and CrCls-glucose (-26.62 kJ/mol) coordination indicated that they
were both favored and the reaction was catalyzed by both CrCls and CrCls-DMA. In the
DMSO-CrCls-glucose system, the extremely low Gibbs energy change of CrCl3-3DMSO
coordination (-114.56 kJ/mol) revealed the formation of a stable six-coordinated Cr
complex, which inhibited the interaction of the Cr centre with glucose for further reaction.
Similarly, CrCls-3HSO4 coordination was also quite energetically favored (-78.61 kJ/mol)
so the conversion of glucose was prevented because the hydrogen sulfate anions blocked

sites at Cr where the glucose could coordinate. By contrast, for the halide systems, five-
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coordinate Cr complexes (CrCl3-2ClI° or CrCl3-2Br’) were generated, which had
hemispheric structures so the Cr centre was exposed for the interaction with glucose. The
isomerisation mechanism was proposed through a 1,2-hydride shift and the activation
barriers were calculated. When the halides were involved, the generated CrCl3-2Cl™ or
CrCl3-2Br could slightly decrease the activation barrier of the hydride shift process (the
rate-limiting step) but the overall barriers were increased by approximately 20 kJ/mol.

Therefore, the co-catalysts didn’t effectively promote the isomerisation of glucose.
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Figure 2-5. The Cr complexes formed between CrCls and glucose, solvents (DMA, DMSO)

or co-catalysts (H2SO4, HBr, HCI) proposed by Wang and co-workers.®!

In the study by Guan et al. discussed in 2.2.2, before the dehydration of fructose to 5-
HMF they performed a DFT study of glucose isomerisation catalyzed by trivalent metal
chlorides (CrCls, WCls, MoCl3 and FeCls) in ionic liquids.** The ionic liquid cation
([Bmim]") was included as one ligand of the metal complexes and an isomerisation
mechanism through enolization was proposed, which is different from Hensen’s studies
(Scheme 2-19). Before the complexation with glucose, the metal centre was proposed to
coordinate to three CI” anions and one [Bmim]" cation. For the four metals studied, the
overall activation barrier increased in the order WCl3 (197.1 kJ/mol) <MoCls (197.9 kJ/mol)
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< CrCl3 (219.7 kJ/mol) < FeCls (243.1 kJ/mol). In natural bond orbital (NBO) calculations,
it was shown that the net NBO charge of the W atom in the [Bmim]/WCls moiety was the

highest (0.971 a.u.), which led to stronger coordination with glucose and hence the

activation barrier was decreased.
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Scheme 2-19. The mechanisms of metal chloride-catalyzed glucose isomerisation proposed
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In the study by the Rissager group in 2011, the isomerisation of glucose through two
mechanisms (1,2-hydride shift and enolization) with and without B(OH)s catalysis in ionic
liquid solvents were calculated and the results were compared (Scheme 2-20).* The DFT
study was carried out using Jaguar 7.6 program with the B3LYP level of theory. The
LACVP* basis set was used for B atom and the 6-31G* basis set was for the other elements.
The solvation energies were calculated using the PB-SCRF solvation model (continuum).
The reaction with no B(OH)3 addition was calculated first. The enediol intermediate (2.77,
54 kJ/mol) was much more stable than the hydride shift transition state (2.78, 183 kJ/mol),
so the enolization mechanism was favored. The generated open-chain fructose was stable
with O1 deprotonated (2.79, 82 kJ/mol). The overall isomerisation process was
endothermic by 10.4 kJ/mol. When B(OH); was added, all possibilities of glucose
complexation to B(OH)3 were investigated and the 4,6-boroglucopyranose (Figure 2-6) was
the most stable one (-60.5 kJ/mol). The following ring opening was energetically favored
to produce a very stable 3,4-coordinated intermediate (2.81, -90 kJ/mol). Since the ring
opening may be faster than the repositioning, the reaction route was modified to be
initialized from the 3,4-boroglucopyranose (2.80). The extraordinary stability of 2.81 was
attributed to the chelating effect of B(OH)s. The protonation of 2.81 was easier with a lower

energy increase (74 kJ/mol) compared with no B(OH)3 addition (2.75 — 2.76, 121 kJ/mol),

and was possibly promoted by the negative charge of the B centre. Again the 1,2-enediol
(2.82, -29 kJ/mol) was preferred over the hydride shift transition state (2.83, 75 kJ/mol).
The produced 3,4-borofructose was slightly more stable with O2 protonated (2.84, -2

kJ/mol). The final 3,4-borofructofuranose (2.85, 0 kJ/mol) could be rearranged to the more
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stable 2,3-borofructofuranose (2.86, -74 kJ/mol) or 2,3,4,6-diborofructofuranose (2.87, -96
kJ/mol) (highlighted in green, Scheme 2-20). 2.87 is too stable to convert to 5S-HMF, and
this explains why the 5-HMF vyield decreased when the ratio of B(OH)3 to glucose was
higher than 1:1. The overall B(OH)s-catalyzed process was exothermic by -14 kJ/mol.
Therefore, the use of B(OH)s increased not only the stability of the enediol intermediate
but also the exothermicity of the isomerisation process. The comparison of the

intermediates/transition states between two possible mechanisms made this study very

convincing.
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4,6-Boroglucopyranose

Figure 2-6. Structure of 4,6-boroglucopyranose from glucose complexation to B(OH)3

proposed by the Riisager group.”

A poly-benzyl ammonium chloride resin (P-BnNH3Cl) was used as the catalyst to
build a metal-free system for the dehydration of glucose by the Zhang group in 2015.32 A
reasonable 5-HMF yield of 53% was achieved in a biphasic system composed of a mixture
of aqueous NaCl and DMSO as the polar phase and methylisobutylketone (MIBK) as the
non-polar organic phase. The isomerisation of glucose was proposed through an enolization
pathway catalyzed by both the benzyl ammonium cation (P-NH3") and the benzyl amine
(P-NH2) (Scheme 2-21). A DFT study using Gaussian 09 program with M062x density
functional was performed to investigate the intermediates. The 6-31G(d) basis set was used
for geometry optimization, and the 6-311++G(d,p) basis set was for energy calculations.
The solvation effect was considered using IEFPCM model with water as the solvent. The
whole isomerisation process was exothermic, possibly because the intermediates were
stabilized through hydrogen bonding. In addition, the dehydration of glucose was
performed in a DMSO/D20 system and deuterium incorporation at C1 of the 5-HMF

product was observed in the '*C NMR spectra, hence the enolization path was verified.
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Scheme 2-21. Isomerisation of glucose catalyzed by P-BnNH3Cl proposed by the Zhang

group.®?

In 2016, Zhang et al. performed a DFT study of glucose transformation in supercritical
water.®® The simulations were carried out using Gaussian 09 program with B3LYP/aug-cc-
pVDZ basis set at 400 °C and under 25 MPa. The influence of supercritical water was
investigated through calculations with and without water molecules included. An acyclic
mechanism without the isomerisation of glucose was proposed (Scheme 2-22). The
addition of supercritical water effectively decreased the activation barrier for the ring
opening of glucose through the interaction between the water molecule and glucose (2.89,
Scheme 2-22, highlighted in red). The activation barriers for the removal of the first two
water molecules were also decreased, but no interaction with the solvent was detected

during the third dehydration, which was the rate-limiting step (260 kJ/mol). Therefore, the
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dehydration of glucose to 5-HMF was extremely challenging with a high energy demand

in supercritical water.
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Scheme 2-22. The acyclic mechanism of glucose dehydration to 5-HMF in supercritical

water proposed by Zhang et al.®
2.3.3 Other Methods
2.3.3.1 Ultraviolet (UV) Spectroscopy

In 1948, Wolfrom et al. applied UV-Vis spectroscopy to analyze the dehydration of
glucose to 5S-HMF in water catalyzed by HC1.%* Initially the reaction was performed without
HCI addition (pH = 6.5), and at t = 3.5 h a band at 228 nm (I) was observed in the UV
region of the spectrum. With the reaction proceeding the optical density of band I increased,
and at t = 8 h another band at 285 nm (II) appeared, which was assigned to the maximum
absorption of 5-HMF. By t = 17 h, band I reached its maximum optical density value and
band II kept increasing. At the end of the reaction (t =23 h), a standard spectrum of 5-HMF
was obtained. When HCI was added as the catalyst, the reactions were performed at pH =

4.3 and pH = 2.0 respectively. Similar trends in the spectra were observed, but band II
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increased in intensity more rapidly with higher acidity, indicating the faster conversion of
glucose to 5-HMF in a more acidic environment. Combined with the results from previous
studies®®, band I was assigned to 2.32. Two possible acyclic mechanisms were proposed
for the transformation of glucose to 5-HMF, based on the previous studies by Hurd et al 3¢
and Wolfrom et al.®” (Scheme 2-23). One of them involved the generation of 3-DG from
2.32, similar to the mechanism proposed by Bols group (Scheme 2-9, route A), but the
subsequent steps are different. This study is an early one and its result is quite brief because
of the limitations of lab conditions and the existing achievements in this field. However, it
indeed shows that UV-vis spectroscopy can be used to observe the intermediates generated
during the transformation process. In the study of glucose dehydration by the Rorrer group
in 1993, a UV detector was used to monitor the column effluents after HPLC separation of

the reaction mixture.®®
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Scheme 2-23. The acyclic mechanisms proposed by Wolfrom et al.®*
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2.3.3.2 Radiochemical Studies
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Scheme 2-24. The interconversion between fructose and glucose proposed by Harris and

Feather.?% %0

In 1974 and 1975, Harris and Feather worked as pioneers to study the mechanism of
the interconversion of glucose and fructose in aqueous H2SO4 solutions.*” *° Since the
Lobry de Bruyn—van Ekenstein transformation can happen between ketoses and aldoses,’
tritium labelled glucose (glucose-T) can be obtained from fructose with tritium at C-1
(fructose-T1) via acid treatment. The resulting glucose-T was allowed to react to release
the trittum or hydrogen atoms at C-1 and C-2. The tritium content was determined via the
measurement of the radiochemical activity of the water. The results indicated that 79% of
the tritium was located on the C-2 of the glucose product. Upon isomerization, the tritium
from glucose-T2 was found distributed almost evenly at the C-1 of (1R) and (1S)-fructose
products. A 1,2-hydride shift was believed to have happened as a result of protonation of
the carbonyl oxygen atom by the acid catalyst (Scheme 2-24). This study is a milestone
since for the first time the 1,2-hydride shift was claimed to be an important step in the

1somerisation between aldoses and ketoses.
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2.3.3.3 Speciation Modeling

In the study of CrCls-catalyzed glucose dehydration in water by Vlachos and co-
workers in 2013, it was found that the pH of the solution decreased from 2.9 to 1.6 during
the process.”” Therefore, it was assumed that the Lewis acid catalyst produced an intrinsic
Brensted acidity during its dissolution, solvation and further hydrolysis (Scheme 2-25) in
the aqueous media, and the whole reaction was catalyzed by the combination of Lewis and

Bronsted acidity.

Dissolution + 6H,0 + H;0
crcl, - P —— s [Cr(H0)e** — = [Cr{H,0)sOH]? + H30*

Scheme 2-25. Dissolution of CrCl3 in water and the resulting generation of hydronium ions.

The speciation modeling of CrCls aqueous solutions with various concentrations was
carried out using OLI Systems’ Stream Analyzer software. The pH values at 22 °C and 140
°C were calculated and were in good agreement with the data measured experimentally,
both of which showed that the intrinsic Brensted acidity increased with an increase in CrCls
concentration. The speciation analysis implied that the main species in the CrCls aqueous
solution were [Cr(H20)s]**, [Cr(H20)sCI]** and [Cr(H20)sOH]**. Therefore, the process
outlined in Scheme 2-25 was verified. When HCI was added into the speciation model,
[Cr(H20)sOH]** was the only species whose concentration kept decreasing with the
increase in HCI concentration. The kinetic experiments revealed that the rate of glucose
consumption also decreased with HCI addition. In addition, the initial rate of glucose

consumption had a linear relationship with the concentration of [Cr(H20)sOH]**. All these
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results indicated that [Cr(H20)sOH]*" was the species which had a great influence on the
isomerisation of glucose in aqueous CrCls. Afterwards, a 1,2-hydride shift mechanism was
proposed and the coordination of glucose to the Cr complex was verified through EXAFS
spectra analysis and CPMD simulations. When CrCl3 was dissolved in water, the EXAFS
spectra showed that the Cr centre was coordinated to six water molecules. As the EXAFS
analysis could not determine the source of the O atoms (from glucose or water), the average
Cr-O distance change was used to judge the coordination of glucose to the Cr centre. It was
found that the Cr-O distance increased with the addition of glucose, suggesting the
replacement of water ligands by glucose. In the CPMD simulations, initially two
unhydrolyzed Cr** cations were created coordinated to a glucose molecule in water. After
the calculation was started at 77 °C, only one Cr*" kept the coordination with glucose at O1
and O2. Therefore, the subsequent simulations were performed with only one
[Cr(H20)sOH]** group, which contrasts with the binuclear Cr complex mechanism
proposed by Hensen’s group® (see 2.3.2). The coordination number of Cr was obtained
from the number integral of RDF values. The Cr centre was coordinated with six O atoms
in an octahedral structure, including one from OH", two from glucose and three from water
(Figure 2-7). It was claimed that the coordination of glucose to the Cr complex promoted
the ring opening of glucose for the Lewis acid-catalyzed isomerisation; while the intrinsic

Brensted acidity facilitated the subsequent dehydration of fructose to 5S-HMF.
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Figure 2-7. Complex formed upon coordination of glucose to [Cr(H20)sOH]*" proposed by

Vlachos and co-workers.*?
2.3.3.4 Kinetic Studies

In 2015, Shanks and co-workers performed a kinetic study of glucose dehydration in
water catalyzed by a series of Lewis acid catalysts.”> When AICI3 was used, there was no
significant difference in the rates of glucose conversion at pH = 2.5 and 3.5, but a much
lower value was obtained at pH = 5.5. They proposed that in the lower pH environment,
the main Al species in the aqueous media were hydrated forms of AI**, AICI** and
AI(OH)**, which catalyzed the isomerisation of glucose. When the pH increased, they were
converted to more complicated polycation species, which are less active in the catalysis.
They proposed that AICIs hydrolysis occurred in a similar fashion to CrCls hydrolysis
described by Vlachos and co-workers®” (see section 2.3.3.3). However, the trend of glucose
conversion rate with pH increase was opposite to this previous work. The pH ranges of
these two studies may be significant for the results, and the tendency of Al species to
undergo polymerization at higher pH also has an influence. The small change of glucose
conversion rates from pH = 2.5 to 3.5 and the significantly different results from different
Lewis acid catalysts indicated that the dehydration rate of glucose was influenced by the

Brensted acidity but more significantly by the Lewis acidity. In addition, glucose-D2 was
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used as the reactant, and a significant KIE was observed with ka/kp = 1.34 in glucose
conversion, indicating once again that the 1,2-hydride shift was the rate-limiting step in
such processes.

In 2015, Carraher et al. performed the Breonsted base-catalyzed isomerisation of

glucose using aqueous triethylamine (TEA).”*

When both normal and labelled glucose
(glucose-D2) were reacted at 100 °C in aqueous media at pH = 10.9, an obvious KIE was
observed with ku/kp = 3.8, indicating that the deprotonation at C2 was the rate-limiting step.
A mechanism involving proton transfer was proposed similar to the one given by

Daorattanachai et al.”” (Scheme 2-17) and are in agreement with the NMR observation of

NaOH-catalyzed glucose-D2 reaction by the Davis group™ (see 2.3.1).

Significantly, a portion of the studies about Lewis acid-catalyzed glucose
dehydration/isomerisation have been focused on the coordination of glucose to the metal
complexes without details about the subsequent mechanism. Nevertheless, the results of
several studies using glucose-D2 revealed that a 1,2-hydride shift is favored when metal
Lewis acids are used as catalysts; while enolization is more dominant for B(OH)s and
boronic acid catalysis. The Bronsted acid-catalyzed dehydration of glucose has been
studied more computationally than experimentally, and a variety of mechanisms have been

proposed including both cyclic and acyclic ones.
2.4 Sucrose and Cellulose

Sucrose is a disaccharide composed of fructose and glucose. Since both components

can be converted to 5-HMF, the dehydration of sucrose has also been studied, and the
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mechanism has been investigated. In 2008, Yaylayan and co-workers performed the
transformation of labelled sucrose (1*C-1 labelled at the fructose moiety) through pyrolysis
GC-MS.” If ['3C-1] 5-HMF is obtained from the ['3C-1] fructose portion, the mass
spectrum should contain a parent ion at m/z 127 (M") and a fragment at m/z 126 (M-1)")
should also be observed. If 5-HMF is obtained from the glucose portion, the parent ion
should be at m/z 126 and the fragment of (M-1)" should be at m/z 125. The percentages of
13C-labelled and unlabelled 5-HMF can be used to calculate the contribution of fructose
and glucose moieties to the production of S-HMF. The pyrolysis reaction was performed at
250 °C and 90% of the generated 5S-HMF was detected with a signal at m/z 127, indicating
that 90% of the 5-HMF was produced from the '*C labelled fructose portion and 10% was
from the unlabelled glucose portion. The transformations of other oligosaccharides
including raffinose, stachyose and lactose into 5S-HMF were also studied. Raffinose and
stachyose more readily produced 5-HMF than lactose indicating the importance of the
glycosidically linked terminal fructose moieties in the production of 5-HMF. The pyrolysis
reactions of sucrose, fructose, glucose and 3-DG were performed at 300 °C. The 5-HMF
yield decreased in the order sucrose > fructose > 3-DG > glucose. The result that 3-DG was
more efficient than glucose but less efficient than sucrose and fructose in 5S-HMF formation
implied that 3-DG was a main intermediate for the conversion of glucose but not for sucrose
and fructose. The transformations of sucrose and fructose to 5-HMF were proposed to
proceed through a fructofuranosyl cation (2.4”) as an important intermediate. In order to
verify that sucrose was hydrolyzed to 2.4’ instead of fructose, the dehydration of ['3C-1]

sucrose was performed catalyzed by p-toluenesulfonic acid in methanol. The yield of 5-
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HMF was significantly decreased, because the 2.4’ generated reacted with methanol in situ
to form methyl fructofuranoside.>> Therefore, a mechanism of sucrose conversion was
proposed (Scheme 2-26), which was initialized by the hydrolysis of sucrose to 2.4’ and
glucose. Afterwards, S-HMF was produced mainly from 2.4’ and only slightly from glucose
via 3-DG. This mechanism was similar to the one suggested by Antal et al.'* as was

discussed in 2.2.3.1.
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Scheme 2-26. The mechanism of sucrose ('*C-1 labelled at the fructose moiety)

transformation to 5-HMFE.%

Cellulose is the most abundant biopolymer on earth. It is a linear polysaccharide
composed of hundreds to thousands of glucose units. The hydrolysis of cellulose to glucose
and the subsequent production of 5-HMF is a hot area of research since this reactant is
cheap and widely available. In 2011, the Ma group applied 3C NMR spectroscopy to
investigate the conversion of cellulose to glucose and 5-HMF.”® The reaction was
performed at 80 °C catalyzed by [BmimSO3H]Cl in BmimCl. Samples of the reaction

mixture were taken regularly during the whole process, and 10% DMSO-ds was added for
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13C NMR analysis. Initially only the characteristic resonance of cellulose at 101.8 ppm (C1)
was observed. At t = 1 h, the characteristic signals of glucose at 96.6 ppm (Cl, a-
glucopyranose) and 91.9 ppm (C1, B-glucopyranose) appeared. With increasing time, the
signals of cellulose decreased and the peaks of glucose increased in intensity. No other
saccharides were detected indicating that glucose was the major product of cellulose
hydrolysis under the applied conditions. By t=1.5 h, anew peak at 109.3 ppm was detected
and was assigned to 5-HMF. Afterwards, the signals of cellulose kept decreasing in
intensity until they finally disappeared at approximately 3 h. The resonances of glucose
increased up to t = 3.5 h and then started to decrease in intensity. The peaks of 5-HMF
increased in intensity until the end of the reaction (t = 5 h). Based on these results, it can
clearly be seen that the transformation of cellulose to 5S-HMF is composed of two steps: 1)
the hydrolysis of cellulose to glucose; and 2) the dehydration of glucose to 5-HMF (Scheme
2-27). It is assumed that the glucose yielded by cellulose dehydrates via similar pathways
to those described above when glucose was used directly as the starting material. However,
there is clearly scope to look at the mechanism of cellulose depolymerization in this field

in more detail, as only '3C NMR data is available at the present time to support this

hypothesis.
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Scheme 2-27. The pathway of cellulose transformation to 5-HMF.%¢
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2.5 Conclusions

The synthesis of 5-HMF from saccharides has been studied extensively in the area of
biomass transformations. Fructose is used as the reactant most frequently because of the
mild conditions needed for its dehydration and the high 5-HMF yield obtained. The
conversion of glucose has also been adequately studied, but often limited by the harsh
conditions required and the low product yields. The studies of glucose conversion are often
focused on its isomerisation to fructose. A variety of achievements have been made in
experiment design such as the use of ionic liquids as solvents or catalysts and the
application of homogeneous and heterogeneous Lewis acid catalysts in glucose
isomerisation. From the discussion above, it can be seen that the mechanisms of biomass
transformations can be varied depending on the reaction conditions applied. Therefore, it
is quite important for researchers to get an insight of the specific mechanisms of their own
reaction processes. Most of the mechanistic studies on fructose described herein proceed
via Brensted acid-catalyzed dehydration. There have been two mechanisms proposed, and
the cyclic route appears to be followed in most cases. In the transformations of glucose,
most Lewis acid-catalyzed processes are proposed to go through the isomerisation to
fructose, initialized by the coordination of glucose to the Lewis acid and via a 1,2-hydride
shift or an enolization pathway. Fewer studies have been focused on Bronsted acid or base
catalyzed transformations of glucose. 5-HMF is proposed to be produced either from
glucose directly or through the isomerisation to fructose, and the mechanisms are closely

related to the reaction environment, such as the solvent used.
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NMR spectroscopy is a useful experimental tool to detect the intermediates formed
during the transformations and analyze the fate of the protons and carbons of the reactants.
In this regard, it is often important to use '*C-labelled sugars. Computational studies can
offer support to experimental results, especially when severe reaction conditions are
required in lab work or the concentrations of the analytes are too low for convincible
experimental analysis. In addition, calculations can simulate transition states during the
processes while lab experiments cannot detect such species, and this helps researchers
understand the mechanisms better. In such studies, although gas-phase calculations can be
used as a starting point, it is important for solvents to be included in the model in some way.
Besides these two main tools, other methods such as kinetic studies, IR and UV
spectroscopy, and mass spectrometry can also be used to get a full picture of the reaction
mechanisms. Hopefully through reading this tutorial a starter in this field can have a general
idea about the transformations of these important saccharides and the mechanistic studies
determining their reaction pathways for 5S-HMF production. Using this review as a starting
point, it might allow someone to design insightful experiments of their own in a shorter

time and gain important data to understand their own transformations of such sugars.
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Chapter 3

Synthesis of 3-Acetamido-5-acetylfuran from N-Acetyl-D-glucosamine

in lonic Liquids and Mechanistic Studies in a Range of Solvents

A part of this chapter (~15-20%) has been incorporated from the following published paper.

Xi Chen, Yi Liu, Francesca M. Kerton* and Ning Yan*

Conversion of Chitin and N-Acetyl-D-glucosamine into a N-Containing Furan Derivative

in Tonic Liquids, RSC Adv., 2015, 5, 20073-20080.

Some modifications were made to the original part in the paper for inclusion as a chapter
in this thesis (e.g. the supporting information was incorporated in this chapter). Also
significant quantities of unpublished data are reported including: ILs from different sources,

kinetic studies, mechanistic studies, IL reuse and use of seawater as reaction medium.
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3.1 Introduction

The transformation of biomass into chemicals and fuels has been developed
extensively during recent years.! This may be one way to relieve the current serious
situation of high levels of CO2 emission around the world, since the CO2 produced during
the conversion of biomass to new chemicals or materials can be balanced by the CO2
consumed by the organisms during their lifetime.* Furthermore, the demand for products
and energy derived from petroleum continues to grow because of an increased human
population. As a replacement or in addition to petroleum, conversion of corn or sugarcane
to bioethanol has been pursued extensively but this use of bio-feedstocks alone is far from
enough in biomass utilization. Therefore, new processes using various lignocellulosic feeds
are needed, such as the dehydration and/or hydrolysis of fructose, glucose and cellulose to
5-hydroxymethylfurfural (5-HMF, Figure 3-1).>7 5-HMF is considered a platform
chemical and can be used to produce a variety of chemicals and bio-fuels, such as levulinic

acid, 2,5-diformylfuran and 2,5-dimethylfuran.
HO (0]

o |

\

5-HMF

Figure 3-1. Structure of 5-hydroxymethylfurfural (5-HMF).
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NAG 3ASAF

Scheme 3-1. Conversion of NAG to 3A5AF.

Similar to the synthesis of 5-HMF, the conversion of N-acetyl-D-glucosamine (NAG)
to 3-acetamido-5-acetylfuran (3AS5AF) is also an example of the synthesis of a platform
chemical from a sugar (Scheme 3-1). NAG is an amino sugar and can be obtained from
chitin, which is one of the components in the shells of crustaceans. Therefore, NAG could
be obtained as a by-product from shellfish processing. 3ASAF is the first nitrogen-
containing product obtained from the dehydration of a hexose in solution,® and it has the
potential to be used to synthesize a further series of compounds. In 1984, the dehydration
of NAG was performed via pyrolysis with a very low 3A5AF yield of around 2%.” In recent
studies, the yield has been increased up to 60% by using dimethylacetamide (DMA) as the
solvent and boric acid (B(OH)3) and sodium chloride (NaCl) as additives under microwave
irradiation.'® Ionic liquids (ILs) were also used as solvents, and the yield of 3A5AF reached
60% by conventionally heating NAG in 1-butyl-3-methylimidazolium chloride ([Bmim]CI)
in the presence of B(OH)s. By using other additives, the yields were also significantly
improved.® The direct conversion of chitin to 3A5AF has also been studied. The best yield

achieved was 7.5% in N-methyl-2-pyrrolidone as the solvent.'! When [Bmim]CI was used
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together with B(OH)3; and hydrochloric acid (HCI), a maximum 3ASAF yield of 6.2% was

obtained.'?

In the present research the synthesis of 3ASAF from NAG in ILs was optimized
through the investigation of solvents, additives, in situ extraction and repeated heating of a
single reaction mixture to maximize NAG conversion. Kinetic and mechanistic studies
were performed to gain insight into the reaction mechanism. Finally, the reusability of

[Bmim]Cl was investigated, as well as the use of seawater as the solvent.
3.2 Results and Discussion
3.2.1 Solvent Sreening

The dehydration of NAG was performed in different solvents including neutral ILs
([Bmim]Cl, [Emim]CI, [Emim][OAc], PS[hmim]Cl), Brensted acidic ILs ([Bmim][HSO4],
[Bmim-SO3H][HSO4], [Emim][HSO4]), organic solvents (EG, PEG) and water (Figure 3-
2). 100 mg (0.452 mmol) NAG was added to the desired amount of solvent, and 3 mL
EtOAc was added as the extraction layer during the reaction. The starting materials were
vortex-mixed for 2 min before heating by microwave irradiation. The use of EG, PEG or
water did not lead to the generation of 3A5AF under these conditions. However, a previous
research student in the Kerton group has developed a method for the synthesis of 3A5AF

in water under hydrothermal conditions.?
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Figure 3-2. Production of 3A5AF in a range of solvents {1-butyl-3-methylimidazolium
chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium hydrogen sulfate ([Bmim][HSO4]), 1-
butyl sulfonic acid-3-methylimidazolium hydrogen sulfate ([Bmim-SOsH][HSO4]), 1-
ethyl-3-methylimidazolium chloride ([Emim]Cl), 1-ethyl-3-methylimidazolium hydrogen
sulfate  ([Emim][HSO4]), 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]),
polystyrene-supported 1-hexyl-3-methylimidazolium chloride (PS[hmim]Cl), ethylene
glycol (EG), polyethylene glycol (PEG, Mn 600), and water}. Reaction conditions: 100 mg
(0.452 mmol) NAG, 750 mg IL (or 2 mL other solvent applied), 3 mL ethyl acetate (EtOAc),
MW, 180 °C, 3 min. 3A5AF yields were determined by GC-MS. Note: 55.87 mg B(OH)3

was added in the reactions using PS[hmim]CI.
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When ILs were used, yields of 3ASAF were 13.3% from [Bmim][HSO4], 12.3% from
[Emim][HSO4], 8.2% from [Emim]Cl and 0% from [Bmim-SOsH][HSO4], [Bmim]CI and
[Emim][OAc]. In the previous study by Drover et al., a 3A5AF yield of 20% was achieved
in [Bmim]C1.® This was attributed to the boron-containing impurity in the NAG used in
their study, which acted as the catalyst for the reaction.! When the amount of
[Bmim][HSO4] was increased from 750 mg to 1.015 g, the 3ASAF yield decreased from
13.3% to 10.7%. For the reactions in acidic ILs ([Bmim][HSO4] and [Bmim-SO3H][HSO4]),
it was postulated that the acidic media might retain the product in the IL phase. Therefore,
neutralization using bases (sodium bicarbonate or sodium carbonate) during the work-up

was attempted, but no significant improvement in 3A5AF yield was observed.

In addition, a poly(ionic liquid), PS[hmim]Cl, was also tested, as it was thought that
this would lead to an easily recyclable catalyst system. In the absence of an added solvent
(i.e. an intimate mixture of the solid polymeric material and NAG) and with the presence
of 2 molar equivalents of B(OH)3, a 3A5AF yield of 13.3% was obtained via microwave
irradiation for 3 min at 180 °C. In a larger scale reaction, the effect of an added solvent was
assessed. 0.50 g (2.26 mmol) NAG, 1 molar equivalent of B(OH)3 and NaCl were mixed
with 0.2 molar equivalent of PS[hmim]Cl and 10 mL DMA (the solvent). The reaction was
performed in an oil bath at 180 °C for 2 h, resulting in a 3ASAF yield of 16.0%. Finally, a
control reaction in DMA/B(OH)3/NaCl was performed where no PS[hmim]CI was added

to the reaction mixture and it gave a yield of 13.6%.
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Figure 3-3. Structure of the poly(ionic liquid) (PS[hmim]Cl) used in the conversion of NAG

to 3AS5AF.

Table 3-1. Conversion of NAG to 3A5AF in the poly(ionic liquid) PS[hmim]Cl.

Entry Additives and solvents 3ASAF yield (%)?
1 2 equiv. B(OH)3 13.3°
2 1 equiv. B(OH); + 1 equiv. NaCl, 10 16.0°
3 mL DMA 13.6%¢

a. Determined by GC-MS. b. 100 mg (0.452 mmol) NAG, 750 mg IL, 3 mL EtOAc, MW,
180 °C, 3 min. c. 0.50 g (2.26 mmol) NAG, 0.45 g (0.2 equiv.) IL, oil bath, 180 °C, 2 h. d. No
PS[hmim]CI added (control reaction).

In order to investigate the factors that influence the formation of 3ASAF in ILs, a
simple NAG solubility test was performed. It was assumed that the best 3ASAF yields
occurred in the reaction mixtures which were the most homogeneous (i.e. those in which
NAG was completely dissolved). At 70 °C, the amount of NAG dissolved in 750 mg IL
decreased in the order [Emim][OAc] (52.6 mg) > [Emim]Cl (51.2 mg) > [Bmim]CI (46.4
mg) > [Emim][HSO4] (20.1 mg) > [Bmim][HSO4] (19.8 mg) > [Bmim-SOsH][HSO4] (9.8

mg). As reported in previous studies, the solubility of carbohydrates in an IL is related to
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the intermolecular forces formed between the solute and the solvent.!*2! Since the acetate
and chloride anions can form strong hydrogen bonding interactions with NAG molecules,
the solubility of NAG is higher in these ILs. For [Emim]CI and [Bmim]Cl, since [Emim]"
has a shorter alkyl chain than [Bmim]*, the concentration of CI is higher in the former.
Therefore, the influence of hydrogen bonding is more significant in [Emim]Cl, resulting in
the higher solubility of NAG. The low 3ASAF yield in [Bmim-SO3H][HSO4] can be
partially attributed to the low solubility of NAG in this IL. However, the extraordinary
solubility of NAG in [Emim][OAc], [Emim]CI and [Bmim]CI did not lead to better 3ASAF
yields than in [Emim][HSO4] and [Bmim][HSOs4], implying that there should be some other

factors affecting the dehydration of NAG.

The reaction using [Bmim]Cl alone gave a 3A5SAF yield of 0% after the reaction
mixture was heated at 180 °C for 3 min under microwave irradiation (Figure 3-2). Given
the high solubility of NAG in [Bmim]Cl, it was thought that a mixture of the catalytically
active (but more expensive) Bronsted acidic IL (i.e. [Bmim][HSO4] or [Emim][HSO4])
with [Bmim]Cl might lead to a good conversion of NAG. Therefore, 100 mg [Bmim][HSO4]
was added together with 750 mg [Bmim]Cl in the reaction, and a 3AS5SAF yield of 11.2%
was obtained (the 3ASAF yield was 13.3% when [Bmim][HSO4] was used alone, Figure
3-2). This indicates that the acidity of the reaction system might have a significant influence
on 3AS5AF yield. Therefore, the relationship between the acidity of the ILs and 3ASAF
yield was investigated (Figure 3-4). 0.1 mol/L aqueous solutions of [Ls were prepared, and

their pH values were measured. It was found that the maximum 3AS5AF yield of 13.3%
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corresponded to the use of [Bmim][HSO4] with a pH of 1.4. [Emim][HSO4] has a similar

pH (1.4) to [Bmim][HSOu4], and its use gave a similar 3A5AF yield (12.3%). The most

acidic IL studied, [Bmim-SO3H][HSO4] (pH = 1.0), did not afford any 3ASAF. In ILs with

higher pH (less acidic), the 3A5AF yield decreased. Therefore, it is believed that the acidity

of the IL impacts the production of 3A5AF from NAG and that there is a pH range in which

3ASAF generation is favored, whereas more or less acidic environments than this ideal

range will lead to a decrease in yield. This is reasonable since in many studies concerned

with the dehydration of saccharides the reactions can be promoted through appropriate

acidic catalysis.’>* It needs to be noted that the [Emim]Cl used is quite acidic while a

similar IL, [Bmim]Cl, is neutral. The strong acidity of [Emim]Cl is attributed to the acidic

impurities it contains.

3ASAF Yield (%)

[Bmim][HSO,]
1.4, 13.3%)

Emim]Cl (3.5, 8.2%)
[

Emim][HSO;
(1.4, 12.3%)
[Emim][OAc] [Bmim]Cl
2, 0%) (6.9, 0%)

[Bmim-SO;H][HSO,] (1.0, 0%)

1. 5 2.5 3.5 4.5 5.5 6.5 7.5

pH of IL

Figure 3-4. Effect of IL pH on 3AS5SAF production from 100 mg NAG in 750 mg IL and 3

mL EtOAc, heated by microwave irradiation at 180 °C for 3 min.
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3.2.2 Additive Investigation

In previous studies it was found that the boron and chloride content of the reaction
mixture had an important influence on 3ASAF production,® '° hence experiments were
designed to study the effect of B(OH)3 and NaCl as well as some other additives in more
detail (Table 3-2). The investigation was mainly focused on the reactions in [Bmim]CI and
[Bmim][HSO4]. Since [Bmim-SO3H][HSO4] did not produce any 3AS5SAF in previous work

(see 3.2.1) and is expensive, it was not studied further.
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Table 3-2. Effect of additives on 3A5AF production from NAG.?

Entry IL Additives 3A5é§/f)3 ield

1 - 0

2 1 equiv. B(OH)3 19.1

3 32.9
4 2 equiv. B(OH); 40.44
5 53.5¢
6 [Bmim]Cl 4 equiv. B(OH);3 48.0°
7 (commercial) 2 equiv. B(OH); + 2 equiv. NaCl 62.3f
8 1 equiv. B(OH); + 4 equiv. NaCl 61.8f
9 2 equiv. metaboric acid + 2 equiv. NaCl 56.5¢
11 2 equiv. B(OH); + molecular sieves (4 A) 36.6
12 2 equiv. FeCls 10.08
13 2 equiv. CrCls 25.68
14 [Bmim]Cl (self-made) 2 equiv. B(OH)3 50.2
15 [Emim]Cl 2 equiv. B(OH); 24.8

[B(OH);hmim]Br +

16 [Fmim]Br - 13.5
17 . 2 equiv. B(OH)3 15.0
18 [Hmim]Br 2 equiv. B(OH); + 2 equiv. NaCl 22.0
19 [Emim][HSO4] 2 equiv. CrCl; 8.4¢
20 - 10.7
21 . 6.3h
22 [Bmim][HSO4]¢ 2 equiv. B(OH)s 9.8

23 (commercial) 1 equiv. NaCl 15.48
25 1 equiv. NaxSO4 14.28
26 1 equiv. NaNO; 5.0¢8
27 19.8
28 i 17.81
29 1 equiv. B(OH)3 20.2
30 6.4

31 [Bmim][HSO4]° 2 equiv. B(OH); 19.7
32 (self-made) 9.2k
33 1 equiv. NaCl 18.3¢
345‘ 2 equiv. NaCl 13 'slg
36 100 pL water 19.7

a. Reaction conditions: 100 mg (0.452 mmol) NAG, 750 mg IL, 3 mL EtOAc, MW, 180 °C, 3
min. b. Determined by GC-MS. Reactions were performed multiple times with a standard
deviation of £0.2%.c. 1.015 g (4.294 mmol) [Bmim][HSO4]. d. 3 mL EtOAc; two runs. e. 9 mL
EtOAc, 9 min; two runs. f. 9 mL EtOAc, 100, 120, 140, 160, 180 °C, each for 3 min; two runs. g.
100, 120, 140, 160, 180 °C, each for 1 min. h. 170 °C, 6 min. i. 180 °C, 15 min. j. 120 °C, 3 min.

k. 10 mL EtOAc, oil bath, 70 °C, 45 h. 1. Oil bath, 180 °C, 1 h.
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3.2.2.1 Boron-containing species

As can be seen from Table 3-2, the addition of 1 molar equivalent or 2 molar
equivalents of B(OH)s gave a 3AS5AF yield in [Bmim]CI of 19.1% (entry 2) and 32.9%
(entry 3) respectively (cf. 0% using [Bmim]Cl alone, Figure 3-2). Under the same reaction
conditions, increasing the amount of B(OH)3 to 4 molar equivalents resulted in a decrease
in yield (48.0%, entry 6) compared with 53.5% (entry 5). In [Emim]Cl, the 3A5AF yield
was 24.8% (entry 15) in the presence of 2 molar equivalents of B(OH)3 (cf. 8.2% using

[Emim]Cl alone, Figure 3-2).

When heated at 80 - 100 °C, B(OH)3 can be dehydrated to metaboric acid and water
(Scheme 3-2). Since the experiments in this study were all carried out above 100 °C, it was
suspected that during the reaction B(OH)3 dehydrated and metaboric acid was the actual
effective catalytic component in the reaction. Therefore, a reaction with the addition of 2
molar equivalents of metaboric acid and NaCl was performed and the result was compared
with the one using B(OH)3 and NaCl. The 3A5AF yield using metaboric acid (56.5%, entry
9) was not better than the reaction using B(OH)3 (62.3%, entry 7), indicating that either
boron species might be present during the reaction process and promote the generation of
3AS5AF. It should be noted that under the reaction conditions, the presence of other
materials (e.g. IL, NAG) will affect the amount of these boron species present in the

dehydration equilibrium between B(OH)3 and metaboric acid.
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o 80 - 100 °C
_— +3H,0

Scheme 3-2. Dehydration of B(OH)3 at high temperatures (80 - 100 °C).

Also, an IL containing a boronic acid group, 3-(6-boronohexyl)-1-methylimidazolium
bromide ([B(OH):hmim]Br, Figure 3-5), was prepared because it might allow easy
recycling of the boron component in the reaction mixture. Two molar equivalents of this
IL was used as the replacement for B(OH)3, and [Hmim]Br was added as the co-solvent.
The 3AS5SAF yield obtained was 13.5% (entry 16), which was similar to the result in
[Hmim|]Br with B(OH)3 addition (15.0%, entry 17).

S

®
Br

OH

Figure 3-5. Structure of the boronic acid-containing IL used in the conversion of 100 mg
NAG heated by microwave irradiation (180 °C, 3 min, 3 mL EtOAc as the in situ extraction

layer).

Since pH of ILs was shown to have a significant effect on 3ASAF formation in the
absence of additives (see 3.2.1 and Figure 3-4), pH studies on additive containing systems
were undertaken. The pH values of 0.1 mol/L aqueous solutions of [Bmim]Cl and
[Emim]Cl in the presence of B(OH)3 (13.0 mg and 10.9 mg respectively) were measured.

Surprisingly, these two systems have pH values of 6.3 and 3.4 respectively. These pH
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values should have led to much lower yields of 3A5AF if based on the trend in Figure 3-4
(actual yields: 32.9% in [Bmim]CL, entry 3; 24.8% in [Emim]Cl, entry 15). Therefore, it
was assumed that the function of B(OH)s in the reaction was not only its Brensted acidity.
B(OH); is also a Lewis acid and can also act as a chelating group with sugars.?® Therefore,
two other Lewis acids, iron (III) chloride (FeCls) and chromium (III) chloride (CrCls) were
used as additives to the reactions in [Bmim]ClI and afforded 3A5AF yields of 10.0% (entry
12) and 25.6% (entry 13) respectively (cf. 0% using [Bmim]Cl alone, Figure 3-2). However,
the use of CrCl3 in the reaction in [Emim][HSO4] did not improve the yield (8.4%, entry
19; cf. 12.3% with no additives, Figure 3-2), indicating that the influence of Lewis acidity
on 3A5AF production was not positive in a strongly Brensted acidic system. This was
confirmed by the reactions using B(OH); in [Bmim][HSO4]. For commercial
[Bmim][HSOu4], the yield of 3ASAF was 9.8% (entry 22) when 2 molar equivalents of
B(OH)3 was added. For self-made [Bmim][HSO4], the use of 1 molar equivalent or 2 molar
equivalents of B(OH)s led to 3AS5AF yields of 20.2% (entry 29) and 19.7% (entry 31)
respectively. (The differences between the commercial and self-made [Bmim][HSO4] will
be discussed in more detail in 3.2.5). These results were all similar to those in the absence
of B(OH)3 (10.7%, entry 20; 19.8%, entry 27). Therefore, it appears that B(OH)s has little
influence on 3ASAF yield in a strongly Brensted acidic IL ([Bmim][HSO4]), but it has a
very significant effect on reactions in a neutral IL ([Bmim]Cl). In conclusion, it is believed
that both the Bronsted and Lewis acidities of B(OH)s affect the conversion of NAG to
3ASAF, while the Bronsted acidity is a more significant factor than the Lewis acidity. It

has been reported that the combination of mineral acids and B(OH)s increased the 3A5SAF
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yield when prepared directly from chitin,'? but this kind of synergistic effect was not

observed when NAG was the reactant in the current study.
3.2.2.2 Effect of Chloride lons

In the previous work by the Kerton group, it was found that different 3ASAF yields
were obtained when using NAG from different suppliers.'® The study showed that the NAG
containing higher CI content had the higher yield of 3A5AF. Therefore, Cl concentration
was believed to be quite important in the conversion of NAG to 3A5AF. In Table 3-2, the
Br containing ILs generally gave lower 3A5SAF yields than [Bmim]Cl ([Hmim]Br with
B(OH)3: 15.0%, entry 17; [B(OH)2hmim]Br: 13.5%, entry 16; [Bmim]Cl with B(OH)s:
32.9%, entry 3). Therefore, CI ions cannot be replaced by ions of another halide species.
When 2 molar equivalents of NaCl was added to the [Hmim]Br and B(OH)3 system, the
3ASAF yield was increased to 22.0% (entry 18). In [Bmim]Cl, when 2 molar equivalents
of NaCl was added besides 2 molar equivalents of B(OH)3, the 3A5AF yield was effectively
increased to 62.3% (entry 7) compared with using B(OH)3 alone (53.5%, entry 5), but more
NaCl (4 molar equivalents) failed to further promote 3A5AF generation (61.8%, entry 8).
In [Bmim][HSO4] (commercial), the addition of 1 molar equivalent of NaCl increased the
3ASAF yield to 15.4% (entry 23) from 10.7% (entry 20). It was thought that the chloride
ions may play a role in ‘salting-out’ 3ASAF into the EtOAc in situ extraction phase.
Therefore, the effect of non-chloride containing salts on the yield of 3A5AF was studied.
The use of 1 molar equivalent of sodium sulfate (Na2SO4) or sodium nitrate (NaNO3) gave

lower yields (14.2%, entry 25; 5.0%, entry 26) compared with the reaction using NaCl

168



(15.4%, entry 23). The CI content in these two salts was measured using inductively
coupled plasma-mass spectrometry (ICP-MS), and was 6558 ppb and 1703 ppb
respectively. These ICP-MS data correlate with the yields of 3A5AF obtained, i.e. the
system containing the higher concentration of Cl had a higher 3A5AF yield. This lends
further evidence about the significant role of Cl ions in the dehydration of NAG, which
involves some complicated mechanism not clearly understood yet. It should be noted that
for reactions with salt addition (NaCl, Na2SO4, NaNOs3), the microwave temperature had to
be ramped (e.g. for NaCl reactions, 3 min at 100 °C, 3 min at 120 °C, 3 min at 140 °C, 3
min at 160 °C, 3 min at 180 °C) to prevent overheating and temperature spikes, which are
caused by the increased ion concentrations and the consequent increased conduction of
microwave heating. Temperature spikes could lead to rapid increases in vapor pressure

within the microwave vial, thus resulting in the rupture of the vial.

In some studies on the synthesis of 5-HMF the addition of a certain amount of water
has been shown to improve the product yield.?”-* Similar experiments were performed in
the conversion of NAG to 3A5SAF in [Bmim]ClI (entry 10) and [Bmim][HSO4] (entry 36),
and no improvement in 3A5AF yield was observed. Considering that water is the other
product in the dehydration reaction and its existence may inhibit the reaction going towards
the generation of 3A5AF, molecular sieves were added in the microwave vial above the
starting materials in order to absorb the water vapor generated during the reaction. The
sieves were suspended above the reaction mixture (Figure 3-6) to prevent them from being

crushed by the stir bar during the reaction. Furthermore, after reactions are performed,
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water can be seen condensed on the top portion of the vial and therefore, this seems like a
suitable place to put the sieves. The obtained 3ASAF yield of 36.6% (entry 11) was slightly

higher than that without molecular sieves (32.9%, entry 3).

L

e | -

Figure 3-6. The set-up used to suspend molecular sieves above the reaction mixture, in
order to have molecular sieves absorb the water produced during the microwave reactions

of NAG conversion and not be crushed by the stir bar.
3.2.3 Insitu Extraction Solvent Screening

A reaction in [Bmim][HSO4] (self-made) was performed without the EtOAc
extraction layer, and a 3AS5AF yield of 7.8% was obtained (entry 1, Table 3-3), which was
much lower than the one with the EtOAc extraction layer (19.8%, entry 27, Table 3-2).
This indicates that the presence of EtOAc during the reaction can effectively extract the
product in situ and thus leads to an increase in the 3A5AF yield by overcoming product
inhibition, according to Le Chatelier's principle.

Besides EtOAc, some other organic solvents which have been useful in the extraction

28,30

of 5-HMF in biorefinery-related processes were also employed as the extraction layer,
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including 2, 5-dimethyltetrahydrofuran (2, 5-Me THF), 1-butanol, 1-hexanol and methyl
isobutyl ketone (MIBK) (Table 3-3). The use of 1-hexanol and MIBK in [Bmim]Cl
afforded similar 3A5AF yields to the one using EtOAc (32.9%, entry 3, Table 3-2).
Considering its low boiling point, price and relatively environmentally-benign nature,’!

EtOAc was selected as the most suitable solvent.

Table 3-3. Conversion of NAG to 3A5AF using different in situ extraction solvents.?

Entry IL Extraction solvent ~ 3ASAF yield (%)°
I [Bmim][HSOs] ; 7.8¢
2 (self-made) 3 ml MIBK 15.7¢
3 3 mL 2, 5-Me THF 9.9
4 [Bmim]Cl 10 mL 1-butanol 14.64
5 (commercial) 10 mL 1-hexanol 34.6°
6 3 mL MIBK 30.2

a. Reaction conditions: 100 mg (0.452 mmol) NAG, 2 equiv. B(OH)3,
4.294 mmol IL, MW, 180 °C, 3 min. b. Determined by GC-MS. c. No
B(OH); addition. d. Oil bath, 110 °C, 23 h. e. Oil bath, 160 °C, 3 h.

In the reactions described previously in this section, microwave heating was employed.
A similar reaction in [Bmim][HSOu4] (self-made) without an EtOAc layer was performed
using conventional heating in an oil bath at 180 °C for 1 h. This afforded a 3A5SAF yield of
6.6%. Compared with the result in entry 1 (Table 3-3), the shorter reaction time with a
higher product yield from the microwave-assisted reaction indicated the superiority of

microwave irradiation over conventional heating in reaction efficiency.
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3.2.4 Optimization of Reaction Procedure

In the current study, the dehydration of NAG was usually performed for 3 min under
microwave irradiation. With the assumption that NAG might not have full conversion
during the short reaction time, another 3 mL fresh EtOAc was added into the microwave
vial after the completion of the original reaction and the removal of the extraction layer.
The reaction was performed for the second time (the second run), and the total yield of
3ASAF was increased to 40.4% (entry 2, Table 3-4). Inspired by this improvement, the
reaction procedure was optimized through the adjustment of the times the reaction was
performed for a single reaction mixture (number of runs) and extractions between the runs,

in order to achieve higher 3ASAF yields (Table 3-4).

Table 3-4. Influence of number of runs and extractions on 3A5AF production from a single

reaction mixture.?

Entry Number of runs 3ASAF yield (%)°
Runs with extractions between®
1 1 329
2 2 40.4
3 3 48.8
4 5 50.0
5 7 48.0
Runs without extractions betweend
6 3 41.7
7 4 42.7
8 5 44.8
9 6 47.5
Runs with increased extraction volume®
10 2 53.5
11 3 55.6

a. Reaction conditions: 100 mg (0.452 mmol) NAG, 2 equiv. B(OH)3, 750
mg (4.29 mmol) [Bmim]Cl, 3 mL EtOAc, MW, 180 °C, 3 min. b. Determined
by GC-MS. c. 3 x 5 mL EtOAc extractions of the reaction mixture between
runs. d. No extractions between runs. e. 9 mL EtOAc, MW, 180 °C, 9 min.
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For entries 1 - 5, 3 x 5 mL EtOAc extractions were performed on the reaction mixture
between runs. For entries 6 - 9, no extractions were performed between runs. When the
reaction was performed three times, the yield of 3A5SAF with EtOAc extractions between
runs (48.8%, entry 3) was higher than that without extractions (41.7%, entry 6), indicating
that these extractions were necessary to improve the 3AS5SAF yield. This was further
confirmed when the reaction was run five times (with extraction: 50.0%, entry 4; without
extraction: 44.8%, entry 8). Increasing the number of runs from five to seven led to a
decrease in 3ASAF yield from 50.0% (entry 4) to 48.0% (entry 5), probably because that
NAG has been fully consumed and side reactions of 3A5SAF can then dominate, such as
deamination. Deamination at long reaction times and high temperatures has been observed
by a previous graduate student in the Kerton group.'® Importantly, an increase in the volume
of EtOAc from 3 mL to 9 mL and the reaction time from 3 min to 9 min resulted in an

increased overall yield of 55.6% within 3 runs (entry 11).

The influence of reaction temperature and time was briefly investigated for reactions
in [Bmim]CI (Table 3-5) under microwave irradiation. When the reaction temperature was
decreased to 120 °C and the reaction time was correspondingly increased to 3 h 12 min
based on the Arrhenius equation, a yield of 33.7% (entry 2) was obtained, which was similar
to 32.9% in entry 1 (180 °C, 3 min). Decreasing the reaction time to 30 min gave a lower
yield of 19.5%. Furthermore, a large-scale reaction was performed using 500 mg (2.26
mmol) NAG in 1.50 g (8.59 mmol) [Bmim]CIl and 9 mL EtOAc. When 0.8 molar equivalent

of B(OH)3 was added and the mixture was heated at 180 °C for 15 min, a 35.1% yield was
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obtained after two runs (entry 4), compared with 53.5% (entry 10, Table 3-4) from a
normal-scale reaction (100 mg NAG, 750 mg [Bmim]Cl, 2 equiv. B(OH)3, 9 mL EtOAc,
180 °C, 9 min). If 0.8 molar equivalent of NaCl was also added, the yield had a further
increase to 41.3% (entry 5), but it is still much lower than the normal-scale one. Therefore,

no further study was undertaken for large-scale reactions.

Table 3-5. Effect of reaction temperature and time on 3A5AF production from NAG.?

Entry T (°C) t 3ASAF yield (%)°
1 180 3 min 329
2 120 3h 12 min 33.7
3 120 30 min 19.5
4 180 15 min 35.1¢
5 100, 120, 140, 160, 180 °C, each for 5 min 41.3%4

a. Reaction conditions: 100 mg (0.452 mmol) NAG, 2 equiv. B(OH)3;, 750 mg (4.29 mmol)
[Bmim]Cl, 3 mL EtOAc, MW. b. Determined by GC-MS. c. 500 mg (2.26 mmol) NAG, 0.8
equiv. B(OH)3, 1.50 g (8.59 mmol) [Bmim]Cl, 9 mL EtOAc, MW, 2 runs. d. 0.8 equiv. NaCl.

3.25 ILs From Different Sources

The 3ASAF yields obtained from the use of commercial and self-made [Bmim]CI or
[Bmim][HSO4] have non-ignorable differences under the same reaction conditions (entries
3and 14,20 and 27,22 and 31, 23 and 33, Table 3-2), leading us to think about the influence
of the source of the ILs. The impurity levels in [Bmim][HSO4] were studied using I[CP-MS,
and it was found that the self-made [Bmim][HSO4] had a Cl content of 4% while the

commercial one only had < 1% (Table 3-6). The water content determined through Karl-
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Fisher titration was 0.6% for the self-made [Bmim][HSO4] and 0.2% for the commercial
one. Therefore, it is believed that the Cl impurity in the self-made IL was the main cause
of higher 3ASAF yields, thus confirming the important role of Cl in the synthesis of 3ASAF

from NAG.

Table 3-6. Impurities in [Bmim][HSO4] from different sources.

Impurity Commercial Self-made
Cl <1% 4%
water® 0.2% 0.6%

a. Determined by ICP-MS. b. Determined by Karl-Fisher titration.

3.2.6 Kinetic Studies

Kinetic studies were performed to calculate the activation energy and pre-exponential
factor associated with the dehydration of NAG in [Bmim]ClI in the presence of B(OH)3
(Figure 3-8, a). In a typical experiment, 424 mg (1.92 mmol) NAG and 2 molar equivalents
of B(OH)3 were added into 1.000 g (5.725 mmol) [BMim]Cl. The starting materials were
heated in an oil bath at a given temperature and an aliquot (20 - 60 mg) was taken at the
desired time. 10 puL acetophenone was added to the sample as the internal standard. The
mixture was weighed and dissolved in 600 pL dimethyl sulfoxide-dsé (DMSO-ds). The
sample was analyzed by 'H NMR spectroscopy, and the concentration of NAG was
calculated through the integration ratio of acetophenone to NAG. The reactions were
performed at 110, 120, 130 and 140 °C, and the data obtained were fitted to first-order rate
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plots with linear correlation coefficients (R?) close to unity. Through a plot of In(Kobs) as a
function of 1/T, the activation energy and pre-exponential factor were determined to be
106.7 kJ/mol and 1.31 x 10'?> min™! respectively. Drover et al. reported that the conversion
of NAG to 3AS5AF in the absence of an additive had an activation energy of 82.8 kJ/mol
and a pre-exponential factor of 1.34 x 10® min™'.® The pre-exponential factor of the reaction
using B(OH)s is four orders of magnitude higher than that of the reaction without B(OH)3,
indicating that the addition of B(OH)3 increased the number of effective collisions among

reactant molecules and hence increased the reaction rate.

N-Acetylgalactosamine (NAGal) and N-acetylmannosamine (NAMan) are two
isomers of NAG (Figure 3-7). Kinetic studies of their dehydration with B(OH)3 addition
were also performed (Figure 3-8, b and c). The activation energies and pre-exponential
factors were 120.6 kJ/mol and 1.05 x 10" min! for NAGal conversion, and 106.3 kJ/mol
and 1.53 x 10" min!' for NAMan. These values are close to those determined for NAG

conversion.

g’ HO &, Q NHCOCH,
HO: 2 & 2 . HO—\ -|'°: OH
NHCOCH, NHCOCH,

NAG NAGal NAMan

Figure 3-7. Structures of NAG and its two isomers (NAGal and NAMan).
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Figure 3-8. Arrhenius plots for the conversion of NAG (a), NAGal (b) and NAMan (c) to

3ASAF in [BMim]CI with 2 equiv. B(OH)3 addition.

The dehydration of 100 mg (0.452 mmol) NAG or NAGal was performed in 3 mL
water with the addition of 1.5 molar equivalents of B(OH)3 and NaCl. The 3A5AF yields
obtained from these two reactions were similar (2.1% for NAG and 2.0% for NAGal) in
addition to the similar activation energies determined above. As the product from the
reactions using NAGal and NAMan are identical to the product from NAG (i.e. 3A5AF),
the intermediates prior to product formation must be identical (i.e. Chromogen I and III,
Scheme 3-4). A mechanism of NAG conversion to 3A5AF through ring opening of NAG
was proposed (Scheme 3-4), and it is believed that the same process occurs in the
conversion of NAGal and NAMan to 3A5AF. Based on literature data, the rate constants

of ring opening of glucose and galactose from their pyranose to open chain forms have non-
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ignorable differences (Scheme 3-3).3> 3 Similarly, it is assumed that for NAG and NAGal,
the rate constants of their ring opening (i.e. the first step in their conversions to 3A5AF in
the mechanism proposed) are also different. Therefore, this ring opening step is not the
rate-limiting step of their conversions to 3A5AF, since otherwise the activation energies
for conversion of NAG and NAGal would be quite different. No literature data about the
ring opening of NAMan or mannose was found, but it can be assumed that NAMan would

also have a different rate for the initial ring opening step.

OH OH
Q’ . OH OH © i él
1 H 3
HO\-C  — HC‘\/J\/\) - = HO- N2 oH 25°C,pH7.0
He= ko id ki PR Ky = 0.028 min-!
OH gy OH OH OH 1=0. min
k3 =0.023 min™!
o-Glucopyranose Open chain p-Glucopyranose
OH OH
Ho Q ke il ks HO Q 25 °C, pH 6.2
-0 === HO : L O OH =1
HO-S ke 7 H Ok HO- , k4 =0.034 min
OH oK OH OH OH k3 =0.035 min™
a-Galactopyranose Open chain p-Galactopyranose

Scheme 3-3. Interconversion of glucose and galactose between pyranose and open chain

forms.3% 33
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3.2.7 Mechanistic Studies

HO.- ~ /O -~ OH
A . -H0
/ HO “NHCOCH, \\“
\ HO
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HO \I/ "NHCOGCH, 0 i % -H0 —
.. \ ,?\H NHCOCH; / NHCOCH,
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NAG HO'/\‘;/ ‘-/) e Chromogen |
OH
-H;0
o] HO
)L‘ o -H0 "o }“ \/o\
\ a"? ~ \ :’i
NHCOCH; NHCOCH,
3AS5AF Chromogen Il

Scheme 3-4. Proposed mechanism for the conversion of NAG to 3A5SAF.

Chromogen I and III have been reported as products of NAG dehydration in aqueous

solutions in several studies,>*-°

one of which involved the reaction in borate solution (pH
7.0) at 100 °C.*® The most recent study was performed in high-temperature water (120 -
220 °C) and did not require the addition of any catalyst.?” Therefore, a mechanism of NAG
conversion to 3A5AF in water in the presence of B(OH)s at high temperatures was
proposed with Chromogen I and III as intermediates (Scheme 3-4). In order to observe
these intermediates, reactions were performed in D20. 2.10 g (9.49 mmol) NAG, 2 molar
equivalents of B(OH)3 and 1 molar equivalent of NaCl were dissolved in 28 mL deuterium
oxide (D20). The solution was divided into seven equal samples (4 mL each), which were

heated by microwave irradiation at 180 °C for 0, 1, 2, 4, 6, 8 and 10 min respectively and

analyzed by '"H NMR spectroscopy (Figure 3-9). Compared with the reference data,’” the
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resonances at 6.04 ppm and 5.96 ppm were assigned to the characteristic peaks of a- and
B-Chromogen I, which appeared at 1 min and then decreased in intensity until they
disappeared by 6 min. The peak at 7.75 ppm at 2 min was assigned to Chromogen III and
similarly to Chromogen I, this peak disappeared by 6 min. A similar study was performed
for the reactions in [Bmim]Cl, and samples of the reaction mixture in both DMSO-d¢ and
D20 were taken for '"H NMR analysis (Figure 3-26). For the samples of the [Bmim]Cl
reaction mixture dissolved in DMSO-ds, the signal at 6.26 ppm during 1 - 2 min was
assigned to Chromogen III, according to the NMR data for Chromogen III in DMSO-ds
reported previously.*’ For the samples of the [Bmim]Cl reaction mixture dissolved in D20,
peaks were also assigned based on literature data.’® 374! The signal at 6.16 ppm was
assigned to Chromogen I, which appeared at 1 min and disappeared by 4 min; and the
resonance at 2.06 ppm at 2 min was assigned to Chromogen III. These results lend credence
to the putative route in Scheme 3-4, which is different from the mechanism previously
proposed in the study by Drover et al.® Furthermore, the peaks of Chromogen I and III
appeared at an early stage during the reaction, and the signals of 3A5AF were not observed
until the intermediate peaks disappeared. Therefore, it is assumed that the final step from

Chromogen III to 3A5AF might be rate-limiting.
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Figure 3-9. Detection of Chromogen I (a) and III (b) in "H NMR spectra of NAG conversion
in D20 with 2 equiv. B(OH)3 and 1 equiv. NaCl addition, heated by microwave irradiation

at 180 °C.
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Since B(OH)3 is important to promote the production of 3A5AF, "B NMR
spectroscopy was used to analyze the boron species during the reaction process. A sample
of 300 mg (1.36 mmol) NAG, 2 molar equivalents of B(OH)3 and 1 molar equivalent of
NaCl in 5 mL D20 had a pH of 4.1. Another three samples were prepared in the same way,
and the pH values were adjusted to be 7.8, 9.5 and 13.2 respectively by adding sodium
deuteroxide (NaOD) solutions (0.036 and 0.060 mol/L). The ''B NMR spectra showed that
there was one significant peak in each sample whose chemical shift decreased with the
increase in pH (a - d, Figure 3-10). Another sample of 0.23 mol/L NAG and 1 molar
equivalent of B(OH)3 with a pH of 13.0 (adjusted by a 0.060 mol/L NaOD solution) was
also analyzed by !'B NMR spectroscopy (e, Figure 3-10). The comparison among a, b, d
and e indicated that the chemical shift of this boron peak was not determined by the

concentration of NAG or B(OH)s3 but significantly influenced by the pH of the solution.

5=1.62 ppm [NAG] = 0.23 mol/L
‘ [B(OH);] =023 molL. |,
e | pH=13.0
i
8 =1.50 ppm [NAG] =0.14 mol/L
d | [B(OH);] = 0.27 mol/L Fa
| \‘ pH=13.2
[NAG] = 0.02 mol/L
S _ [B(OH);]=0.04 mol/L  [3
C 5=7.51 ppm PH=95
| 5=18.74 ppm [NAG] = 0. 09 mol/L
it [B(OH);] =0.18 mol/L |2
b I\ pH=738
8=19.44 ppm [NAG] =0.27 mol/L
[B(OH);] =0.54 mol/L |1
a pH=4.1

70 65 60 S5 50 45 40 35 30 25 20 15 10 5 0 5 -0 15 20 25 30 -35 40
f1 (ppm)

Figure 3-10. Influence of pH of D20 solutions of NAG/B(OH)3/NaCl on &g in ''B NMR

spectroscopy.
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In order to investigate whether other kinds of boron species with different !'B
resonances were produced during the conversion of NAG, microwave heating of the acidic,
neutral and basic D20 solutions (pH=4.1, 7.8 and 9.5) at 180 °C for 10 min were performed.
After heating, reaction mixtures exhibited decreased pH values (3.7, 4.3 and 7.8) and a
downfield shift of the previously detected boron peaks was observed (Table 3-7 and Figure

3-11), but no additional boron peaks were observed.

Table 3-7. Changes of pH and &g in !'B NMR spectroscopy before and after microwave

reactions in acidic (a), neutral (b) and basic (c¢) environment.?

NAG/B(OH)3/NaCl solution Acidic Neutral Basic
Before microwave reactions
pH 4.1 7.8 9.5
8p (ppm) 19.4 18.7 7.6
After microwave reactions®
pH 3.7 43 7.8
98 (ppm) 19.5 19.5 13.2

a. The neutral and basic solutions were prepared by adding NaOD solutions (0.036 and 0.060
mol/L) to the aqueous NAG/B(OH)3/NaCl solutions. b. Microwave reaction conditions: 5 mL
D,0 solution of NAG, 2 equiv. B(OH); and 1 equiv. NaCl, 180 °C, 10 min.
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Figure 3-11. Changes of pH and 8 in ''B NMR spectroscopy before and after microwave
reactions (180 °C, 10 min) of NAG in 5 mL D20 with 2 equiv. B(OH)3 and 1 equiv. NaCl
addition in acidic (a), neutral (b) and basic (¢) environment (the neutral and basic solutions
were prepared by adding NaOD solutions (0.036 and 0.060 mol/L) to the aqueous

NAG/B(OH)3/NaCl solutions).

In some previous studies of borate complexes formed between B(OH)3 and sugars or
diols (Figure 3-12),*>** B(OH)3 was used as the external standard (0 ppm) in !'B NMR
spectroscopy. 08 for complexes formed between B(OH)3 and one equivalent of a sugar (BL")
was in a range of -12 ~ -18 ppm, which corresponds to 2 - 8 ppm on the !'B NMR scale
used in this thesis (BF3.OEt: as the external standard, o8 for B(OH)3 is 19.8 ppm, Table 3-
8). For complexes formed between B(OH)s and two equivalents of a sugar (BL2") in

previous studies, 0B was in a range of -8 ~ -10 ppm, corresponding to 10 - 12 ppm on the
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"B NMR scale used in this thesis. Besides the peaks of the borate-sugar complexes, there
is often one additional signal observed for the equilibrium between B(OH)s and B(OH)4
and its position is pH dependent.** In some studies of glucose dehydration catalyzed by
B(OH)s or its derivatives, it was proposed that a 5 or 6-membered borate-hexose complex
was formed between the boron species and one equivalent of glucose (Scheme 3-5).26 4% 46
This complex facilitated the ring opening of the sugar and hence promoted the dehydration
of glucose. In the "B NMR spectra obtained within this thesis, the signal of B(OH)3 was at
19.8 ppm with BF3.0Et: as the external standard. The only boron peak observed in the D20
solution of NAG/B(OH)s was at around 1.5 ppm when the environment was basic (pH
ca.13), and was at around 20 ppm (similar to B(OH)3) when the environment was acidic or
neutral, which is similar to the actual reaction environment in the current study. (The pH
of the actual reaction environment was measured through a reaction in water using the same
NAG:B(OH); ratio (1:2) as used in the IL reactions performed within this thesis and/or the
near-critical water reactions performed by a previous member in the Kerton group'®, and
the pH was 4.1 and 3.7 before and after the reaction respectively (Figure 3-11, a).)
Therefore, it is suspected that the only boron peak observed during NMR studies of
relevance to the actual reaction conditions (i.e. pH 7 or lower) at o8 18 - 19 ppm in the
current study was from B(OH)3/B(OH)4 equilibrium. Under the reaction conditions for
NAG conversion within this thesis, B(OH)3 did not form a borate-hexose chelate complex
with NAG as is proposed in related glucose dehydrations, or this complex was formed in
such a low concentration (below the limit of detection) that it is not a significant or long-

lived intermediate in the conversion of NAG. If a borate-hexose complex had formed in the
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reactions mixture, a separate signal should be observed at approximately 2 - 8 ppm in the
"B NMR spectra. (Indeed, at basic pH, signals are observed at 7.5 and 1.5 ppm (pH 9.5
and pH 13.2 respectively).) Instead, it is possible that B(OH)3 coordinated with Chromogen

III to promote the generation of 3A5AF in later steps.

OH

.
. J: o "E%_I"OH

© e B0m \g!oH T I \()/ I??L
B, = B -7
HO™ ~OH HO” TOH 0/ OH

’a

BL- BLy

Figure 3-12. Complexes formed between B(OH)3 and one or two equivalents of a sugar or

diol.

Table 3-8. Literature data of ds of boron species in sugar/B(OH)s; solutions and the

corresponding data on !'B NMR scale in this thesis.

Corresponding data on ''B NMR scale

OB (ppm) Literature data i this thesis
External standard (0 ppm) B(OH); BF;.0Et,
B(OH);3 0 19.8%
B(OH)4 -17.6 2.2
B(OH)3/B(OH)4™ Equilibrium® 0~-17.6 2-20
BL- -12~-18 2-8
BLy -8~-10 10-12

a. Determined by !'B NMR spectroscopy. b. pH 3 - 14.
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Scheme 3-5. 5 or 6-Membered borate-hexose complexes formed in the dehydration of

glucose catalyzed by B(OH)s or its derivatives.

In order to determine whether it was realistic or not to see the formation of a borate-
hexose complex under the concentration regime of the reactions in this thesis, the limit of
detection of !'B NMR spectroscopy was investigated using D20 solutions of NAG/B(OH)3
with an original pH of 4.6 (Figure 3-13). When the concentrations of NAG and B(OH)3 in
D20 were decreased to 2.76 x 10 mol/L and 5.44 x 10* mol/L from the original
concentrations of 0.276 mol/L and 0.544 mol/L, the boron resonance could no longer be
detected. This indicated that if the 5 or 6-membered borate-hexose complex from the
coordination of NAG with B(OH)s did exist, its concentration was lower than the
magnitude of 2x10 mol/L. The boron concentration in an actual reaction has the
magnitude of 10™! mol/L, so this means that if the borate-hexose complex exists it is less
than 1% than the total boron content in the reaction mixture, which suggests that if present
the boron complexes are not long-lived intermediates. The same procedure was performed
using D20 solutions of NAG/B(OH)3/NaCl, and the ''"B NMR spectra obtained indicated

that NaCl had no influence on determination of the limit of detection (Figure 3-27).
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Figure 3-13. Limit of detection of !'B NMR spectroscopy for D20 solutions of

NAG/B(OH);3 (acidic environment).

Poisoning studies (or competition studies) have been performed in the dehydration of
sugars to determine the moiety in the sugar that reacted with the catalyst or to investigate
the structure of the intermediate formed.!" **° In the study by the Yan group of the
B(OH)s-catalyzed conversion of chitin/NAG to 3A5AF, ethanol, EG or 1,3-propanediol
were added into the starting materials for the reaction.!! For both chitin and NAG
conversions, the yield of 3A5AF had a larger decrease with EG addition and a smaller
decrease with 1,3-propanediol addition, but had no change with ethanol addition. This
indicated that chitin/NAG forms 5- or 6-membered ring borate-hexose complexes instead

of acyclic borate-hexose complexes with B(OH)3 during the conversion, and the 6-
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membered ring borate-hexose complexes are probably more significant (since the 3ASAF
yield had a more obvious decrease with 1,3-propanediol addition) (Scheme 3-6). However,
it cannot be determined whether it is NAG or another intermediate (e.g. Chromogen I11)
during the reaction that forms complexes with B(OH)3; via the poisoning study, so no
poisoning studies were performed for the mechanistic studies of B(OH)s-catalyzed

reactions within this thesis.

OH AT
~"“oH Ho >~ HO OH
Ethanol EG 1,3-Propanediol

| ©
) =
B?OH} i B(OH), l B(OH)4
HO. © OH 0.0 _OH ~0._©_OH
i HE [' ~BL B
0" TOH —07 TOH 0~ TOH
Acyclic 5-Membered ring 6-Membered ring
borate complex borate complex borate complex

Scheme 3-6. Borate complexes formed from ethanol, EG and 1,3-propanediol with B(OH)s.
3.2.8 IL Reuse

The reusability of [Bmim]CI was studied by adding fresh NAG and EtOAc into the
reaction mixture after every two runs. In a typical experiment, 100 mg (0.452 mmol) NAG,
2 molar equivalents of B(OH)3, 750 mg (4.29 mmol) [Bmim]Cl and 9 mL EtOAc were
added into the microwave vial and the mixture was heated at 180 °C for 9 min. The EtOAc
layer was decanted and extraction of the reaction mixture was conducted using an

additional 3 x 5 mL EtOAc. Then another 9 mL EtOAc was added to the [Bmim]Cl, which
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still contained some unreacted reagents or intermediates, and the mixture was heated in the
microwave for a second time (i.e. the second run). The EtOAc layer was collected and three
extractions were performed as described above for the first heating of the mixture. Then,
100 mg fresh NAG and 9 mL EtOAc were added to the [Bmim]Cl and another reaction was

performed. At no point in this series of experiments on reusability was more B(OH)s3 acid
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Figure 3-14. Reuse of [Bmim]Cl in the conversion of NAG with 2 equiv. B(OH)3 addition
in 750 mg [Bmim]CIl and 9 mL EtOAc, heated by microwave irradiation at 180 °C for 9
min.

The yield of 3ASAF decreased significantly between runs 6 and 8 from 40.68% to
21.17% (Figure 3-14). However, for runs 1 to 6, the yields were all in excess of 40%. The

cause of the decrease in yield could be due to many factors including a build up of water

and/or humin-like insoluble substances in the [Bmim]Cl phase, decomposition of the ionic
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liquid or leaching of the required B(OH)3 additive. It has been reported that [Bmim]Cl is
not stable at high temperatures and 1-butylimidazole has been observed as one
decomposition product.®® ! In order to investigate whether [Bmim]CI decomposed in
reactions performed in the current study, aliquots of both the EtOAc layer and the reaction
mixture were taken and dissolved in chloroform-d for NMR analysis after two, four, six
and eight runs. The 'H and '*C NMR spectra obtained were compared with those of pure
NAG, 3A5AF, B(OH)3, [Bmim]Cl and EtOAc. The spectra of 1-methylimidazole, 1-
butylimidazole and chlorobutane were also obtained and used for comparison as they are
possible decomposition products from [Bmim]Cl. In the "H NMR spectrum of the EtOAc
layer after six runs, the resonances at 7.55 ppm, 7.06 ppm, 6.92 ppm and 3.93 - 3.97 ppm
were assigned to 1-butylimidazole and 1-methylimidazole (Figure 3-28). This suggests that
one of the reasons for the poor reusability of [Bmim]Cl in the conversion of NAG under

the applied conditions was its ease of decomposition.
3.2.9 Seawater as the Replacement for NaCl and Water

Although ILs have many advantages as alternative solvents, water is more
environmentally and economically friendly for use.>? The Kerton group has endeavored to
perform the conversion of NAG to 3A5AF in subcritical water (180 - 220 °C, 250 - 450
psi) using a Parr reactor.!® The highest 3ASAF molar yield achieved was 75.4% with a
selectivity of 90.6% from a reaction at 220 °C for 10 min. Besides B(OH)3, NaCl was also
used as an additive, leading me to consider whether seawater can be employed to replace

the use of NaCl and water. Two reactions were performed, one of which was in 3 mL water
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with 1 molar equivalent of NaCl and the other one was in 3 mL seawater. Both reactions
were heated under microwave irradiation at 180 °C for 10 min. The 3ASAF yields obtained
were 1.9% and 2.1%, indicating the feasibility of using seawater as the replacement. These
yields are lower than those from the Parr reactor reactions described above, as the
maximum operable temperature of the microwave reactor used in this thesis is 180 °C and
not 220 °C as was used in the other study using the Parr reactor. The use of seawater is
promising and advantageous since it is cheap and easily available, especially in
Newfoundland. It should be noted that besides NaCl there are other kinds of minerals in
seawater, which may promote NAG dehydration or side-reactions. Further studies should
be carried out to design routes for NAG conversion in seawater with higher 3A5AF yield
obtained. Reactions performed in a Parr reactor at 220 °C should give similar yields to

those studied previously by Curtis."?
3.3 Conclusions

The conversion of NAG into 3A5AF was optimized with the maximum 3ASAF yield
0f 62.3% achieved after two runs under microwave irradiation (100 - 180 °C) in [Bmim]Cl.
Two molar equivalents of B(OH)s and NaCl were added, and 9 mL EtOAc was used as the
extraction layer. The 3AS5SAF yield was found to be closely related to the Bronsted acidity
of the system. The importance of B(OH)3 and NaCl in increasing the 3ASAF yield was
confirmed during a study of additives, but the detailed mechanism especially with regards
to the role of chloride ions needs to be further investigated. EtOAc was chosen as the ideal

solvent for 3A5AF extraction because of its environmentally benign nature compared with
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other VOCs and the high 3A5AF yield obtained. The yield of 3A5SAF could be significantly
improved by increasing the number of runs and use of multiple EtOAc extraction layers.
The higher 3A5AF yields from the use of self-made ILs ([Bmim]Cl and [Bmim][HSO4])
were attributed to the high CI content, confirming that chloride ions promote 3ASAF
formation. The activation energies and pre-exponential factors of the conversion of NAG
and its two isomers (NAGal and NAMan) in the presence of B(OH)3 were calculated. The
mechanism of NAG conversion and the role of B(OH)3 were briefly investigated through
'"H and "B NMR spectroscopy. Chromogen I and III were proposed as important
intermediates for 3ASAF generation, and B(OH); was assumed to coordinate with
Chromogen III to promote the formation of 3A5AF. The reusability of [Bmim]CIl was
studied and the 3AS5AF yield had a significant decrease after six runs, presumably due to
the decomposition of the IL. Finally, the potential of seawater as the replacement for water

and NaCl was investigated and it is a promising solvent for use in future studies.

Further studies are needed to design better routes for the synthesis of 3A5AF from
NAG (the improvement of 3ASAF yield, and the use of more environmentally friendly
solvents) and to investigate the mechanism in more detail. It is also intended to study the
reactivity of 3AS5AF, including being a platform chemical of renewable amines (see

Chapter 5) and a precursor to proximicins.>*
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3.4 Experimental
3.4.1 Materials and Instruments

NAG was purchased in 98% purity from AK Scientific. B(OH)3 was purchased in 99.5%
purity from Sigma Aldrich. NaCl was purchased in 99.0% purity from Anachemia.
[Bmim]|Cl, [Bmim][HSO4], [Bmim-SO3H][HSO4], [Emim]Cl, [Emim][HSO4],
[Emim][OAc], PS[hmim]Cl, [B(OH):hmim]Br and HmimBr were synthesized according

to literature procedures®® 3>

or purchased from Alfa Aesar, Sigma Aldrich and IoLiTec.
EtOAc (ACS grade, 99.5%) was purchased from Caledon. Other chemicals including FeCls,
CrClIs, metaboric acid, NaNOs, NaSOs4, benzamide, acetophenone and sodium hydroxide
were purchased from Strem, Alfa Aesar, Fisher Scientific, Sigma Aldrich and BDH.
Molecular sieves (4 A) were purchased from Sigma Aldrich. Solvents including EG, PEG
(Mn 600), 2, 5-Me THF, 1-hexanol, 1-butanol, MIBK and methanol were purchased from
Sigma Aldrich, Alfa Aesar, Fisher Scientific and ACP. Deionized water was obtained from
distilled water processed by a Nanopure II system (manufactured by Barnstead/Thermolyne,

USA). All NMR solvents were purchased in 99.8% or 99.9% purity from Cambridge

Isotope Laboratories. All chemicals and solvents were used as received.

Microwave reactions were performed using a Biotage Initiator 2.5 microwave reactor.
2 -5mL or 10 - 20 mL reaction volume vials were used. The “very high” absorption level
was applied in each reaction to control the power delivered to heat the reaction mixture.
Vortex-mixing of the reaction mixture was carried out using a Thermo Scientific Vortex

Maxi Mix II. Centrifugation was performed using an Eppendorf centrifuge 5430.
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Evaporation of solvents was achieved using a Buchi Rotavap. Gas chromatography-mass
spectrometry (GC-MS) was performed on an Agilent 7890A GC system coupled with an
Agilent 5975C MS detector. '"H (300 MHz), '*C (75 MHz) and ''B (96 MHz) NMR analysis
was accomplished on a Bruker 300 MHz spectrometer. Tetramethylsilane (Me4Si, 3 = 0
ppm) was used as the internal reference for 'H and !* C NMR spectroscopy, and boron
trifluoride diethyl etherate (BF3.OEt2, § = 0 ppm) is used as the external reference for !'B
NMR spectroscopy. For "B NMR experiments, Quartz NMR tubes were used in order to
eliminate the interference from the boron contained in glass. Infrared (IR) spectra were
recorded using a Bruker Alpha FTIR spectrometer (4 cm™ resolution) with a diamond ATR
single reflectance module (24 scans). Aqueous pH measurements were conducted using a
VWR sympHony B10P Meter. ICP-MS analysis was performed using a Perkin Elmer Sciex
EIAN DRC II instrument. Karl-Fisher titration was carried out on a Mettler Toledo C30

Coulometric KF Titrator.
3.4.2 Synthesis of ILs

[Bmim]Cl: 23.51 g (0.2863 mol) 1-methylimidazole and 26.51 g (0.2863 mol)
chlorobutane were placed in a 250 mL round bottom flask. The mixture was stirred under
reflux at 70 °C for 24 h. The top layer was removed. The bottom layer was washed using 3
x 10 mL EtOAc, and dried under vacuum using a Schlenk line at 70 °C overnight to give a

colorless viscous liquid product. The product sometimes solidified upon storage at room
temperature. 'H NMR &1 (298 K, 300 MHz; DMSO-ds; Me4Si) 0.89 (t, 3H), 1.19 - 1.31 (m,

2H), 1.71 - 1.81 (m, 2H), 3.86 (s, 3H), 4.18 (¢, 2H), 7.76 (¢, 1H), 7.83 (¢, 1H), 9.38 (s, 1H);
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BCNMR 8¢ (298 K, 75 MHz; DMSO-de) 13.17, 18.67,31.24, 35.65, 48.56, 122.13, 123.45,

136.14. The NMR data are in agreement with those reported in the literature.®

[Bmim][HSO4]: 4.36 g (0.0250 mol) [Bmim]Cl was dissolved in 10 mL methanol, to
which 3.45 g (0.0250 mol) sodium hydrogen sulfate monohydrate was added. The mixture
was stirred under reflux at 40 °C for 24 h and then filtered. The filtrate was dried under
vacuum using a Schlenk line at room temperature overnight, affording a pale yellow
viscous liquid product. "H NMR &1 (298 K, 300 MHz; DMSO-ds; Me4Si) 0.89 (t, 3H), 1.19
- 1.31 (m, 2H), 1.71 - 1.81 (m, 2H), 3.85 (s, 3H), 4.17 (t, 2H), 7.73 (t, 1H), 7.79 (t, 1H),
9.23 (s, 1H); '*C NMR &8¢ (298 K, 75 MHz; DMSO-ds) 13.18, 18.67, 31.24, 35.65, 48.57,
122.13, 123.46, 136.14. The NMR data are in agreement with those reported in the

literature.®!

[Bmim-SO3H][HSO4]: 8.21 g (0.100 mol) 1-methylimidazole and 13.62 g (0.100 mol)
1,4-butane sultone were placed in a 100 mL round bottom flask and stirred at 60 °C for 10
h. After filtration, the white solid obtained was washed using 3 x 5 mL diethyl ether, and
dried under vacuum in a 100 mL round bottom flask using a Schlenk line at room
temperature overnight. To the round bottom flask 10.01 g (0.100 mol) 98% sulfuric acid
was added dropwise. The mixture was stirred at 80 °C for 6 h. The obtained liquid was
washed using 4 x 5 mL diethyl ether and dried under vacuum using a Schlenk line at room
temperature overnight, affording a pale yellow viscous liquid product. 'H NMR & (298 K,
300 MHz; DMSO-des; MesSi) 1.49 - 1.59 (m, 2H), 1.82 - 1.92 (m, 2H), 2.55 (t, 2H), 4.17 (t,

2H), 7.40 (s, 1H), 7.71 (t, 1H), 7.77 (t, 1H), 9.00 (s, 3H), 9.16 (s, 1H); *C NMR ¢ (298 K,
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75 MHz; DMSO-de) 21.61, 28.59, 35.81, 48.53, 50.50, 122.40, 123.70, 136.71. The NMR

data are in agreement with those reported in the literature.®?

PS[hmim]ClI: 1.44 g (60.0 mmol) sodium hydride was weighed into a 150 mL Schlenk
flask in a glove box. The Schlenk flask was removed from the glove box and connected to
a Schlenk line. Under N2 flow, dry tetrahydrofuran (THF, ca. 80 mL) was added into the
flask. The flask was cooled in an ice bath and 8.20 g (60.0 mmol) 6-chloro-1-hexanol was
added slowly. The mixture was stirred for 30 min. Afterwards, 5.00 g (7.50 mmol)
Merrifield peptide resin was added into the flask, followed by the addition of 2.77 g (7.50
mmol) tetra-n-butylammonium iodide. The mixture was stirred at room temperature for 2
days and then filtered. The white powdery solid (resin 1) was washed using THF, water,
acetone, water, methanol and dichloromethane (ca. 10 mL each time) and dried under
vacuum using a Schlenk line at room temperature overnight. 3.25 g (5.20 mmol) of resin 1
was weighed into a 150 mL round bottom flask, to which 75 mL 1-methylimidazole (excess)
was added. The mixture was stirred at 90 °C for 3 days. After being cooled to room
temperature, the mixture was filtered. The pale yellow powdery solid was washed using
dichloromethane, methanol, acetone-water (1:1), water, methanol, acetone and diethyl
ether (ca. 10 mL each time) and dried under vacuum using a Schlenk line at room
temperature overnight. 3C {'H} CP-MAS solid state NMR 8¢ (20 kHz) 26.52, 30.42, 40.54,
45.64,71.91,125.73,126.90, 128.53, 137.00, 145.75. The NMR data are in agreement with

those reported in the literature.>
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[Hmim]Br: 821 g (0.100 mol) 1-methylimidazole and 16.51 g (0.100 mol)
bromohexane were placed in a 100 mL round bottom flask. The mixture was stirred at 80
°C for 2 days. The top layer was removed. The bottom layer was washed using 3 x 10 mL
EtOAc and dried under vacuum using a Schlenk line at room temperature overnight, giving
a colorless viscous liquid. "H NMR &1 (298 K, 300 MHz; DMSO-ds; MesSi) 0.85 (t, 3H),
1.25 (s, 6H), 1.72 - 1.82 (m, 2H), 3.86 (s, 3H), 4.17 (t, 2H), 7.75 (t, 1H), 7.82 (t, 1H), 9.26
(s, IH); 3C NMR 8¢ (298 K, 75 MHz; DMSO-ds) 13.82, 21.85, 25.11, 29.34, 30.53, 35.76,
48.71, 122.24, 123.56, 136.50. The NMR data are in agreement with those reported in the

literature.®

[B(OH)2hmim]Br: 0.50 g (2.4 mmol) (6-bromohexyl)boronic acid was dissolved in
25 mL dry toluene in a 100 mL Schlenk flask in a glove box. The flask was removed from
the glove box and connected to a Schlenk line. Under N2 flow, 0.28 g (4.5 mmol) EG was
added dropwise to the solution. The mixture was stirred under N2 at room temperature for
24 h. The solvent was removed under vacuum using a Schlenk line, and a colorless viscous
liquid was obtained. The liquid was dissolved in 5 mL EtOAc, which was added dropwise
to a 5 mL EtOAc solution 0f 0.24 g (2.9 mmol) 1-methylimidazole. The mixture was stirred
at room temperature for 24 h. Afterwards, 10 mL methanol was added and the mixture was
stirred at room temperature for 20 min. The solution was added to 50 mL THF, and the
precipitated white solid was collected via filtration. The solid product was washed using 3
x 5 mL THF, and dried under vacuum using a Schlenk line at 30 °C overnight. 'H NMR &u

(298 K, 300 MHz; DMSO-ds; MesSi) 0.72 (t, 2H), 1.23 - 1.38 (m, 6H), 1.72 - 1.81 (m, 2H),
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3.85 (s, 3H), 4.14 (t, 2H), 7.35 (s, 2H), 7.71 (¢, 1H), 7.77 (t, 1H), 9.13 (s, 1H); 3C NMR 8¢
(298 K, 75 MHz; DMSO-ds) 23.88, 25.26, 29.29, 30.96, 35.74, 48.76, 122.25, 123.23,

123.59, 136.48. The NMR data are in agreement with those reported in the literature.’®
3.4.3 Solubility Test

In a typical test, a small amount of NAG (< 10 mg) was added to a vial containing 750
mg of the IL, followed by stirring for at least 10 min to allow for equilibration (i.e. until no
change in appearance was apparent or all solid had dissolved). This procedure was repeated

until the solid added no longer dissolved.

M

[Bmim]CI [Bmim][HSO,] [Bm im'Sés H]
A [HSO,]
- X | |
\_ \ | |
[Emim]CI [Emim][HSO,] [Emim][OAc]

e
o

Figure 3-15. Solubility test of NAG in 750 mg IL at room temperature.

3.4.4 pH Measurement of Aqueous IL Solutions

In a typical experiment, a 0.1 mol/L aqueous solution of the IL was prepared by
dissolving 0.5 mmol IL in 5 mL water. After calibration, the pH meter was used to measure

the pH of the solution in triplicate, and an average pH value was obtained as the final result.
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3.45 General Procedure for NAG Conversion to 3A5AF

In a typical reaction, 100 mg (0.452 mmol) NAG, known amounts of the solvent,
additives and the in situ extraction layer were placed in a microwave vial. The mixture was
heated to the desired temperature under microwave irradiation or in an oil bath for a specific
period of time. Afterwards, the reaction mixture was cooled to room temperature and
vortex-mixed at high speed for 1 min to maximize the amount of material extracted. Then
the mixture underwent centrifugation at 4500 rpm for 5 min in order to facilitate the
separation of the IL and the in situ extraction layers, and the in situ extraction layer on the
top was collected. For multiple runs, extraction of the reaction mixture was performed using
3 x5 mL EtOAc and the EtOAc layers were combined. Another known amount of fresh in
situ extraction layer was added to the reaction mixture and the reaction procedure was
repeated as described above. For each type of reaction conditions applied, reactions were

performed multiple times. Yields reported have a standard deviation of + 0.2%.
3.4.6 3A5AF Quantification

Extraction part: the in situ extraction layers and the combined EtOAc extracts were
concentrated using a Buchi Rotavap (180 mbar, 40 °C), and then diluted with 3 mL EtOAc.
For each solution, an aliquot (300 pL) was taken and 100 pL of 2 mg benzamide/mL EtOAc
solution (GC internal standard) was added. The mixture was analyzed via GC-MS and the

3ASAF content in this extraction part was calculated using the calibration curve (Figure 3-

16, a).
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Reaction mixture: an aliquot (15 - 30 mg) of the reaction mixture was taken. 100 puL
of 2 mg benzamide/mL EtOAc solution, 1 mL deionized water and 3 mL EtOAc were
added. After vortex-mixing at high speed for 1 min, the mixture was centrifuged at 4500
rpm for 5 min, and the EtOAc layer was collected. Two further extractions using 3 mL
EtOAc were performed. The obtained extract was concentrated on a Buchi Rotavap (180
mbar, 40 °C) yielding a yellow solid, which was dissolved in 800 uL. EtOAc and analyzed

via GC-MS for quantification using the calibration curves (Figure 3-16, b).
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Figure 3-16. Calibration curves of 3A5AF in the extraction part (a) and reaction mixture
(b).
3.4.7 3A5AF ldentification

"H NMR 81 (298 K, 300 MHz; DMSO-ds; MesSi) 2.02 (s, 3H), 2.40 (s, 3H), 7.18 (d,
1H), 8.17 (d, 1H), 10.21 (s, 1H)

B3C NMR &c (298 K, 75 MHz; DMSO-ds) 22.76, 25.81, 110.99, 127.00, 135.24,
149.74, 167.71, 186.05

MS m/z (% ion) 167 (40), 125 (60), 110 (100), 96 (13), 83 (20), 69 (6), 54 (13)

Selected IR data (cm™) solid 3340.64 (s) (N-H stretch), 1657.85 (s) (C=O stretch in
amide and ketone), 1556.89 (s) (N-H bending); solution (in diethyl ether) 1668.68 (s) (C=0O

stretch in amide and ketone)
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Figure 3-17. Gas chromatogram of 3A5AF.
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Figure 3-18. Mass spectrum of 3ASAF.
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Figure 3-20. *C NMR spectrum of 3A5AF.
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Figure 3-21. IR spectrum of solid 3A5AF.

3.4.8 General Procedure for Kinetic Studies

In a typical experiment, 424 mg (1.92 mmol) sugar (NAG, NAGal or NAMan) and 2
molar equivalents of B(OH)3 were added into 1.000 g (5.725 mmol) [BMim]Cl. The
mixture was heated in an oil bath at a given temperature. An aliquot (20 - 60 mg) was taken
at the desired time into a small vial and weighed, to which 10 pL acetophenone was added
as the internal standard. The mixture was weighed and dissolved in 600 uL. DMSO-ds for
NMR analysis. Combining the accurate amount of acetophenone with the integration ratio
of the methyl group of the sugar to that of acetophenone, the sugar amount in the sample

was calculated and the first-order rate plots were obtained.
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Figure 3-22. Stacked '"H NMR spectra of the samples taken during 424 mg NAG conversion
with 2 equiv. B(OH)3 in 1.000 g [Bmim]Cl, heated by microwave irradiation at 130 °C

(starred peaks are the methyl groups of acetophenone at 2.58 ppm and NAG at 1.88 ppm).

208



g e
12 ¢ y = -0.0037x- 6.8812
= R* = 0.9941]
(&I
g 74
z
E.76 B
-71.8 *
8 *
0 100 200 300
Time (min)
(a)
-6.5
-7 * .
2.5 A
== y=-0.0199x - 6.6529
z s . R*=0.9921
=
Egs
E_x" *
9
@
-9.5 *
=10
0 50 100 150
Time(min)

(©)

400

200

In(INAG])
s
A

9.5

-10.5

100

y = -0.0085x - 6,863

R*=0.9964
»
*
<
200 300
Time(min)

(b)

v =-0.0416x-7.1077

R?* =0.9925
®
L
»
40 60 ]0
Time(min)

(d)

400

100

Figure 3-23. First-order rate plots of 424 mg NAG conversion with 2 equiv. B(OH)3

addition in 1.000 g [Bmim]Cl heated by microwave irradiation at 110 (a), 120 (b), 130 (c)

and 140 °C (d).
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Figure 3-24. First-order rate plots of 424 mg NAGal conversion with 2 equiv. B(OH)3

addition in 1.000 g [Bmim]Cl heated by microwave irradiation at 110 (a), 120 (b), 130 (c)

and 140 °C (d).
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Figure 3-25. First-order rate plots of 424 mg NAMan conversion with 2 equiv. B(OH)3
addition in 1.000 g [Bmim]Cl heated by microwave irradiation at 110 (a), 120 (b), 130 (c)

and 140 °C (d).
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Table 3-9. Kinetic data for the Arrhenius plot of NAG conversion.

Temperature (°C)  Temperature (K) 1/T (K'Y Kobs In(Kobs)
110 383 0.00261 0.0037 -5.5994
120 393 0.00254 0.0085 47677
130 403 0.00248 0.0199 -3.9170
140 413 0.00242 0.0416 -3.1797
Table 3-10. Kinetic data for the Arrhenius plot of NAGal conversion.
Temperature (°C)  Temperature (K) 1/T (K1 Kobs In(Kobs)
110 383 0.00261 0.0035 -5.6550
120 393 0.00254 0.0112 -4.4918
130 403 0.00248 0.0264 -3.6344
140 413 0.00242 0.0555 -2.8914
Table 3-11. Kinetic data for the Arrhenius plot of NAMan conversion.
Temperature (°C)  Temperature (K) /T (K Kobs In(Kobs)
110 383 0.00261 0.0044 -5.4261
120 393 0.00254 0.0127 -4.3662
130 403 0.00248 0.0269 -3.6156
140 413 0.00242 0.0504 -2.9878
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3.4.9 General Procedure for Detection of Chromogen | and 111

Reactions in water: 2.10 g (9.49 mmol) NAG, 2 molar equivalents of B(OH)3 and 1
molar equivalent of NaCl were dissolved in 28 mL D20. The solution was divided into
seven equal samples (4 mL each), which were heated under microwave irradiation at 180
°Cfor 0, 1, 2,4, 6, 8 and 10 min respectively. Afterwards, 1 mL of each sample was taken

and analyzed by 'H NMR spectroscopy.

Reactions in [Bmim]CI: 100 mg (0.452 mmol) NAG, 2 molar equivalents of B(OH)3,
750 mg (4.29 mmol) [Bmim]Cl and 3 mL EtOAc were placed in a 2 - 5 mL microwave
vial. This procedure was repeated another six times to obtain a total of seven samples,
which were heated under microwave irradiation at 180 °C for 0, 1, 2, 4, 6, 8 and 10 min

respectively. Two aliquots were taken from each reaction mixture and dissolved in 1 mL

DMSO-ds and 1 mL D20 respectively for '"H NMR analysis.
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Figure 3-26. Detection of Chromogen III in DMSO-ds (a), Chromogen I (b) and
Chromogen III (c) in D20 in 'H NMR spectra of NAG conversion with 2 equiv. B(OH)3 in

750 mg [Bmim]Cl and 3 mL EtOAc, heated by microwave irradiation at 180 °C.
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3.4.10 B NMR Spectroscopy

Detection of boron signals in solutions with different pH: 300 mg (1.36 mmol)
NAG, 2 molar equivalents of B(OH)3; and 1 molar equivalent of NaCl were dissolved in 5
mL D20. Another four aqueous NAG solutions were prepared in a similar way, and NaOD
solutions (0.036 and 0.060 mol/L) were added for pH adjustment. After equilibration for
12 h, the pH values of these five solutions were measured, followed by their analysis via

"B NMR spectroscopy.

pH change and B shift before and after reactions: three aqueous NAG solution
samples, which were acidic (pH = 4.1), neutral (pH = 7.8) and basic (pH = 9.5), were
prepared for microwave reactions at 180 °C for 10 min. The pH values were measured
when the reactions were completed and the samples were analyzed using ''B NMR

spectroscopy.

Limit of detection: 300 mg (1.36 mmol) NAG and 2 molar equivalents of B(OH)3
were dissolved in 5 mL D20. After equilibration for 12 h, the pH was measured and !'B
NMR spectroscopy was performed. Then 0.5 mL of the solution was taken and diluted by
adding 4.5 mL D20. The pH of this new solution was measured and the "B NMR spectrum
was taken. The dilution procedure was repeated and every new solution obtained was
analyzed using ''"B NMR spectroscopy after pH measurement, until there was no signal
detected in the "B NMR spectrum. In the experiment with NaCl addition, 1 molar
equivalent of NaCl was added together with 300 mg (1.36 mmol) NAG and 2 molar

equivalents of B(OH)3 in 5 mL D20, and the same procedure was followed.
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[NAG] = 2.72 X 10* mol/L
[B(OH),] = 5.51 X 10+ mol/L
[NaCl] = 2.78 X 104 mol/L
pH=7.0

[NAG] = 2.72 X 10 mol/L

[B(OH),] =5.51 X103 mol/L ks
[NaCl] =2.78 X103 mol/L 5=19.36 ppm
pH=64 N

[NAG] =2.72 X 102 mol/L

[B(OH),] = 5.51 X 102 mol/L §=19.42 ppm r2
[NaCl] = 2.78 X 102 mol/L
pH=57

[NAG] = 0.272 mol/L

[B(OH);] = 0.551 mol/L 8=19.49 ppm I
[NaCl] = 0.278 mol/L 1
pH=4.1

20 15
f1 (ppm)

Figure 3-27. Limit of detection of "B NMR spectroscopy for D20 solutions of

NAG/B(OH)3/ NaCl (acidic environment).
3.4.11 IL Reuse

100 mg (0.452 mmol) NAG, 2 molar equivalents of B(OH)3, 750 mg (4.29 mmol)
[Bmim]Cl and 9 mL EtOAc were added into a 10 - 20 mL microwave vial and the mixture
was heated at 180 °C for 9 min. The EtOAc layer was collected after the reaction was
completed. Extractions of the reaction mixture were performed using 3 x 5 mL EtOAc. The
[Bmim]Cl phase was isolated and 9 mL EtOAc was added and heated again (180 °C, 9
min), the EtOAc layer was collected and another three extractions were performed.

Aliquots of the extraction part and the reaction mixture (10 - 20 mg) were taken for
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quantification and NMR analysis. Afterwards, 100 mg fresh NAG and 9 mL EtOAc were

added to the reaction mixture for the new run.
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Figure 3-28. Decomposition of [Bmim]Cl in the conversion of NAG with 2 equiv. B(OH)3

in 750 mg [Bmim]|CI and 9 mL EtOAc, heated by microwave irradiation at 180 °C (starred

peaks are from possible decomposition products).
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Chapter 4

Combined Experimental and Computational Studies on the Physical
and Chemical Properties of the Renewable Amide, 3-Acetamido-5-

acetylfuran

A version of this chapter has been published.
Yi Liu, Christopher N. Rowley* and Francesca M. Kerton*

Combined Experimental and Computational Studies on the Physical and Chemical

Properties of the Renewable Amide, 3-Acetamido-5-acetylfuran, ChemPhysChem, 2014,

15, 4087-4094.

Some modifications were made to the original paper for inclusion as a chapter in this thesis.

For example, the supporting information was incorporated in this chapter.
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4.1 Introduction

Nowadays chemicals generated from biomass are being studied extensively because
of the potential crisis surrounding the depletion of fossil fuels. Biomass can be derived from
plants or animals, including lignocellulosic biomass. To date, the products obtained from
biomass mainly contain C, H and O atoms.!”” The use of biomass-feedstocks containing
other elements and functional groups would broaden the range of chemicals that can be
derived from biomass. Therefore, the synthesis of renewable compounds containing
heteroatoms is of considerable interest but remains relatively underexplored.®? Chitin is an
abundant biopolymer and can be obtained from the shells of crustaceans (i.e. fishery/food
industry waste).!% "' NAG is the monomer of chitin, and can be converted to a N-containing
product, 3A5AF, through dehydration (Scheme 4-1). As far as the Kerton group is aware,
3AS5AF is the first reported nitrogen-containing product that can be obtained from the
dehydration of a hexose in solution,'? and it is hoped to be a building block for a range of
renewable amines and polymers in the future. Previously, 3A5AF was obtained from NAG
using pyrolysis methods, but the yields were very low (2% and 0.04%).!* '* In recent
research, the yield of 3ASAF from NAG was increased up to 60% by the use of DMA as
the solvent, with B(OH)3 and NaCl as additives under microwave irradiation.'? Very soon
after that, another study on the dehydration of NAG in ILs achieved a similar yield of
3A5AF." More recently, 3A5AF has been prepared directly from chitin, albeit in lower
yields, due to the incalcitrant nature of the biopolymer.!® NAG has also been partially

dehydrated in superheated water under autocatalytic conditions to yield Chromogen I and
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Chromogen III in yields 0f 23%.!7 As an alternative to dehydrative approaches to using this
renewable aminosugar, the aerobic oxidation of NAG has been performed in water using

gold nanoparticle catalysts to give N-acetylglucosaminic acid.'®

—l 0 n HO' vo \ J" 0

HO"  'NH i N ﬁ{
o:L\ OH OH H
Chitin NAG 3ASAF

Scheme 4-1. Conversion of chitin to NAG and the dehydration of NAG to 3A5AF.

To date, no studies on the chemistry of 3A5SAF beyond its preparation have been
reported, so this compound is awaiting further exploration in terms of its physical and
chemical properties. In this study some important properties of 3ASAF are described,
including its pKa value, intermolecular interactions and electronic structure. These
properties are of interest because they are fundamental to understanding the chemistry of
this renewable molecule and will allow chemists to design better routes towards its isolation.
For example, could scCO2 be used to extract this product in an environmentally friendly
way from reaction mixtures, or could acidification/basification approaches be used to
separate this amide from non-N-containing by-products (e.g. LA, 5-HMF) in a biorefinery
using shellfish waste as a feedstock? The pKa of 3ASAF will be important in determining
its reactivity in this regard. Furthermore, these data could help predict other possible

reactions and optimizations to obtain desirable products.
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Computational chemistry has become very effective in predicting properties of
compounds and explaining their behaviour.'*?! In this way, computational work can be
thought of as a complement to experimental research. In this study, we used computational
calculations to predict the pKa value and possible reaction sites within 3ASAF, and to

explain the solubility performance of 3A5SAF in the non-polar “green” solvent scCOsz.
4.2 Results and Discussion
4.2.1 pKa Calculation and Measurement

In this study, DMSO was chosen as the solvent because it permits a wide range of pKa
values from 0 to 30 to be determined and also allows easy comparison with other values in
the scientific literature.?? 2> Computational investigations were performed before UV-Vis

titrations, so that an indicator with an appropriate pKa range could be selected.
4.2.1.1 Computational Studies

The pKa of a molecule is related to the standard Gibbs energy of deprotonation in
solution (AG®oin) by the relation pKa = AG%ow/(RTIn10). The thermodynamic cycle in
Scheme 4-2 was used, following the computational procedure of Sadlej-Sosnowska.?*2’

The Gibbs energy change in solution (AG®som) is the sum of the Gibbs energy change in the

gas-phase (AG%) and the change in the solvation energy (AG®).
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R, R = H or functional groups

Scheme 4-2. A thermodynamic cycle of an amide HA.

From Scheme 4-2, Equations 4-1, 4-2 and 4-3 are obtained as follows (HA is the

molecule of interest):
AG®soin = AG®% + AG®

Equation 4-1
AG% =G (Ag) + G° (Hy) -G° (HAy)

Equation 4-2
AG® = AG%(A") + AG°(H") ~AG°s(HA)

Equation 4-3

Although some studies have attempted to calculate the absolute pKa from

28-31

computational data, there are limitations to the accuracy of these methods, due to the

sensitivity of the pKa to small errors in the calculation of AG%om and uncertainty in the
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solvation energy of a proton.® 3% 3% Instead, in the current study the pKa of 3A5AF is
calculated relative to amides with known pKa values. As pKa = AG%on/(RTIn10), for two
compounds the relationship pKai - pKaz = (AG%oln1 - AG®0in2)/(RTIn10) will exist. The
advantage of this method is that uncertainty associated with the solvation energy of a proton
is eliminated. For this method, another acid with a known pKa value is needed. Ideally,
acids with similar structures and acidities are used. During the model establishment for
species in solution, the solvent effect was considered. The solvation energy is calculated
from the difference between the standard Gibbs energy in solution and the standard Gibbs
energy in the gas-phase. The pKa values of a series of aromatic amides were used as
references, thus several pKa values of 3A5AF were calculated and found to be in the range
of 18.5 - 21.5 (Table 4-1). These pKa values are similar to those of most amides,?* 23
indicating that 3A5AF has a weak Bronsted acidity. The importance of solvation to the
relative acidities of amides is apparent when the pKa values calculated for solution are
compared to those calculated for the gas phase. For example, with solvation taken into

account, a pKa of 18.5 was obtained using phenylacetamide as a reference, but a

significantly more acidic value of 14.8 was predicted based on gas-phase calculations.
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Table 4-1. pKa(DMSO) of 3AS5AF estimated computationally using the pKa(DMSO) of

amides as references and measured experimentally using UV-Vis titration.?

AG®° AGO* pKa of

Reference Compounds®
(kJ/mol) (kJ/mol) 3ASAF¢

Phenylacetamide (21.4) 1463.48 -188.55 18.5
) Benzamide (23.4) 1499.89 -226.76 20.7
Computational
) Isonicotinamide (21.5) 1450.79 -192.23 214
estimates
2-Thiophenecarboxamide (22.3) 1484.24 -222.19 21.5
Phenoxyacetamide (23.0) 1465.85 -193.47 20.5
Experimental
_ _ 20.7+0.1
measurement

a. The Gibbs energy changes in the gas phase were calculated using G3MP2.3¢ The solvation
energy changes were calculated using the PCM-B3LYP/6-311+G(2d,p) method.>’#" b. The
reference pK, values were obtained from experimental data.?>2? ¢. Gas-phase energy changes and
solvation energy changes of the compounds with known pK, values. d. AG°%(3A5AF) = 1424.17
kJ/mol; AG°(3A5AF) = -166.31 kJ/mol.

4.2.1.2 Experimental Measurement via UV-Vis Titration

Keq

HA +In~ Hin + A~

Scheme 4-3. Equilibrium between the indicator (HIn) and the compound of interest (HA)

in solution.

In order to measure the pKa of 3ASAF experimentally, an overlapping indicator
method was used.** 3> An acid (HIn) with a known pKa value is used as the indicator and

its conjugate anion (In”) must give rise to a strong absorption in the UV-Vis region. The
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solution of the unknown acid is then added to the indicator solution, and an equilibrium

will form as shown in Scheme 4-3.

The pKa value of HA can be calculated using Equation 4-4, which relates this to the

pKa value of the indicator:
pKa(HA) = pKa(HIn) — logKeq = pKa(HIn) — log {([HIn][A"])/([HA][In])}
Equation 4-4

In the UV-Vis spectra, a wavelength is chosen at which only the absorption of one
species in the equilibrium is observed and the intensity of absorption at this wavelength is
monitored as concentrations change. By recording these changes during the titration, the
concentration of the species can be determined using Beer’s law, and the concentrations of

the other three species present can be calculated by using the reaction equation.

Fluorene (pKa= 22.6) was selected as the indicator on the basis of its similar pKa to
those determined computationally for 3A5SAF (Table 4-1). The average pKa value of
3AS5AF was 20.7 + 0.1, after obtaining titration data in triplicate. This value is within the
range of the computational calculations, and is closest to the computational result obtained
using benzamide as the reference, 20.7 (Table 4-1). This indicates that pKa estimates
provided by computation are reasonable. This value is slightly lower than the values of
most amides reported in the literature,?? 23 but overall 3A5AF is still a very weak acid. The
fact that benzamide (a primary amide) rather than phenylacetamide (a secondary amide)
gave the closest computational result to the experimental data is a little surprising. It was

assumed that phenylacetamide, which has the most similar structure to 3A5AF compared
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with other amides employed, would give the best agreement between experiment and
theory. A systematic determination of amide pKa values by using a consistent experimental

method could resolve some of these discrepancies.
4.2.2 Solubility Measurement

4.2.2.1 Determination of Solubility of 3A5AF in Supercritical Carbon Dioxide Using

a Phase Monitor

240 4

Ffbar

200 4

ec

Figure 4-1. Temperature-pressure phase diagram for 3A5AF in scCO2/methanol. Error bars:

pressure + 0.3 to 5.1 bar.

The phase behavior of 3A5AF in scCO2 was studied by use of a phase monitor. A
small amount of solid 3ASAF (17.5 mg) was placed in the cell and then liquid CO2 (30 mL)
was added. In neat scCOz, at 60 °C and pressures up to 462 bar, the mixture in the cell was
cloudy indicating incomplete dissolution. Therefore, methanol was used as a co-solvent.

3AS5AF was dissolved in methanol first and the solution was injected into the cell. The
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mixture could be readily dissolved at all temperatures tested by increasing the pressure to
certain values. The mole fraction solubility was determined to be 3.23 x 10~*. Cloud points
were observed at the following pressures (in bar) at all five temperatures: 40 °C, 263.5 +
0.9; 50 °C, 280.1 £3.7; 60 °C, 304.2 + 5.1; 70 °C, 331.8 £ 0.5; 80 °C, 351.7 £ 0.3 (Figure
4-1). Compared with the solubilities of several other biosourced molecules in
scCO2/methanol also determined by the Kerton group,*! from 45 to 80 °C, 3A5AF is more
soluble than tartaric acid, less soluble than 2,5-furandicarboxylic acid, fumaric acid,
oxalacetic acid and malic acid, and has a similar solubility to succinic acid. However, it is
significantly less soluble than 5-HMF, which is the product of fructose and glucose
dehydration reactions and is prepared in a similar way to 3A5SAF. 5-HMF is soluble in neat
scCOz and does not need a hydrogen-bonding co-solvent to dissolve in this medium. This
likely indicates that the intermolecular forces between molecules of 3ASAF (solute-solute
interactions) are significantly stronger in comparison to 5-HMF. For sugars and their amide
derivatives, Potluri et al. showed that acetylation increased the solubilities of these
compounds in scCO2 because hydrogen bonding between solute molecules was reduced.*?
As scCOz is a nonpolar solvent and has a relatively low density,* only substances with
weak solute-solute interactions will dissolve readily in it without an additional co-solvent.
Computational studies were undertaken in order to get a more detailed understanding of the

differences in strength of solute-solute interactions between 5S-HMF and 3A5AF.
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4.2.2.2 Calculation of Dimerization Energy

In order to investigate the factors influencing the solubility of 3A5AF and 5-HMF in
scCO2, we modeled the intermolecular interactions for these compounds. These

calculations are based on the Gibbs energy of mixing.
AGmix = AHmix — TASmix
Equation 4-5
From the experimental studies, for a binary mixture of scCO2 and these furans,
AGmix(5-HMF) < AGmix(3ASAF). As experimentally, the temperature range and mole ratios
of solute to solvent were similar, one can assume that TASmix(5-HMF) = TASmix(3A5AF).
The differences in AGmix (Equation 4-5) for these two systems must arise from enthalpic
contributions i.e. their intermolecular interactions. These intermolecular interactions favor
the separation of the solute into a separate phase. Beyond the common central furan-ring
motif, these molecules contain different functional groups and therefore, stronger
interactions such as hydrogen bonding will play a significant role in the different values of

AGmix between the two systems.

In order to examine this hypothesis, the Gibbs energies of dimerization (AGdimer) of 5-

HMF and 3A5AF molecules were calculated. 5-HMF, which dimerizes through an O-H -+

O=C hydrogen bond, has a AGdimer of —10.7 kJ/mol (Figure 4-2). For 3ASAF,

intermolecular hydrogen bonds can be formed between the amide N-H bond and the
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carbonyl of either the amide or acetyl groups (Figure 4-3, model 1 and model 2).
Dimerization energies were calculated to be —30.7 kJ/mol and —24.1 kJ/mol, respectively.

OH 0" 0 o)
0 I 0 I

i J \

Figure 4-2. Schematic of the hydrogen bonded 5-HNMF dimer.

0 o
o \ /] ©

\ ] ¢ -

N/LK 0 I1I

ﬁ.,_.__o o ? o

A vy
N H)l\

model 1 model 2

Figure 4-3. Schematics of the two putative hydrogen bonded 3A5SAF dimers. (Dimerization

energies: model 1: —24.1 kJ/mol; model 2: —30.7 kJ/mol).

The greater hydrogen bonding abilities of amides, such as 3A5AF, in comparison with
alcohols, such as 5-HMF, is apparent in the dimerization energies. Comparing AGdimer
values, 3A5SAF forms dimers more readily than 5-HMF, indicating that stronger solute-
solute interactions will exist within a bulk sample of 3A5AF, and thus that is less readily
dissolved in scCOsz. It should be noted that the enthalpic contribution from such hydrogen-
bonding processes is not the exclusive reason for the observed differences in solubility, but

these data clearly show the presence of stronger hydrogen bonding within 3A5AF than 5-
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HMEF. These results indicate that useful solvent systems for future reactions of 3A5SAF will
require alcohols (and other “green” hydrogen-bonding solvents) or combinations of such

solvents with scCOz to overcome the hydrogen bonding-tendency of the amide moiety.
4.2.2.3 IR and NMR Detection of H-bonding in 3A5AF Molecules

In order to better prove the existence of hydrogen bonding between 3A5AF molecules,
IR spectra were obtained for both a solid sample of 3A5AF and a dilute solution (Et20 as
the solvent) (Figure 4-4). The carbonyl stretching frequency (vc-o0) for 3A5SAF was 1652.68
cm ! in the solid sample and 1668.68 cm ™! in solution. This is a difference of 16 cm™'. As
the bands for wc-0 of secondary amide and ketone functional groups appear in the same
region, it is not possible to use IR spectroscopy to distinguish between the modes of
intermolecular hydrogen bonding. However, one might assume that as 3A5SAF molecules
are closer together in the solid state more hydrogen bonding will occur and this might cause
a shift of w-o0 towards a lower frequency. In the diluted sample, interactions between
3A5AF molecules will be reduced and hydrogen bonding between the amide proton and
the ethereal oxygen atom will also decrease. For 5-HMF the wc-o is 1656.65 cm™! in the
solid state and 1685.47 cm™! in the solution (Et2O as the solvent) (Figure 4-5). The
difference is 28.8 cm™!, which is larger than for 3A5AF samples. To some extent, this
supports the hypothesis that stronger hydrogen bonding exists in samples of 3A5AF than
in 5-HMF, as the difference between wc-o0 values for neat samples to diluted solutions is

less for 3A5AF.
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Figure 4-4. Portions of IR spectra of 3ASAF solid (a) and solution (b).
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Figure 4-5. Portions of IR spectra of 5S-HMF solid (a) and solution (b).

236



NMR spectroscopy was also used to detect the hydrogen bonding. Three NMR
samples of 3A5SAF with different concentrations were prepared (Figure 4-6). At 298 K, as
the concentration of 3A5AF in chloroform-d (CDCI3) was increased from 1.23 mg/mL to
7.35 mg/mL, 8(NH) shifted downfield from 7.18 ppm to 7.67 ppm, which is indicative of
increased hydrogen bonding within the sample.** Spectra were also obtained at a higher
temperature (323 K), and 8(NH) shifted to a lower frequency, as hydrogen bonding was
disrupted by the increase in temperature (Figure 4-7). Compared with the spectra obtained
at 298 K, the concentrated (7.35 mg/mL) sample exhibited a smaller temperature-dependent
shift (6 = 0.06 ppm), than the dilute (1.23 mg/mL) sample (6 =0.13 ppm). The more
concentrated sample contains more extensive hydrogen bonding between the 3ASAF
molecules, so the chemical shift varies less with changes in temperature. Finally, deuterium
oxide (D20) was added to the samples so that deuterium exchange would occur (Figure 4-
8). Qualitatively, the rate of deuterium incorporation into 3ASAF for the more concentrated
samples occurred more slowly than for the dilute samples. This might also illustrate that
the hydrogen bonding is stronger in the more concentrated sample, which would inhibit the

rate of deuterium exchange.
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Figure 4-6. 3(NH) of 3A5AF in CDClI3 solutions with different concentrations.
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Figure 4-7. Temperature dependence of 6(NH) of 3ASAF in CDCIs solutions.
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Figure 4-8. Deuterium exchange between H in the amide group of 3A5AF and D in D20.
4.2.3 Chemical Properties of 3A5AF
4.2.3.1 Computational Deduction

Firstly, the energies of frontier orbitals for the geometry-optimized structure of
3ASAF were calculated using a TD-DFT study. The excitation energy (AE) obtained was
4.278 eV, which corresponds to a wavelength of 289.83 nm. The primary component of
this excitationis a - © highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) transition. This is in acceptable agreement with experimental

data for 3A5AF, as the UV-Vis spectrum exhibits a 7- 7 transition at 266.8 nm (4.650 eV).

Figure 4-9 shows the isosurfaces of the frontier orbitals.
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Figure 4-9. Isosurfaces of the HOMO (left) and LUMO (right) of 3A5SAF.

These data were used to visualize the electrostatic potential of 3ASAF. This is affected
by the electronegativity of atoms, the dipole moment and partial charges.* At points around
the molecule, the electrostatic potential, V(r), is defined as the energy required to remove a
unit point charge from a point, r, at the molecular surface.*® 4’ Sections of the surface with
a more positive electrostatic potential surface, corresponding to a net positive charge, are
rendered in blue. Sections with more negative values of the electrostatic potential,
corresponding to a net negative charge, are rendered in red. The colors of neutral regions
range from green to yellow. The electrostatic potential map of 3A5AF is shown in Figure
4-10 (left). The surface near the carbonyl oxygens is strongly negatively charged, while the
amide proton shows a blue positive charge. This is consistent with the amide-amide
hydrogen-bonding interactions examined in 4.2.2.2. The surface near the hydrogen on the
4 position of the furan ring also has a significantly positive electrostatic potential, indicating
that this hydrogen is protic. In contrast, the electrostatic potential surface of 5-HMF (Figure
4-10, right) shows the molecule to be largely non-polar, consistent with the weaker

dimerization energy of 5S-HMF.
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Figure 4-10. Electrostatic potential maps of 3A5AF (left) and 5-HMF (right).

In addition, the electrostatic potential (ESP) atomic partial charges of 3A5SAF were
calculated (Table 4-2). Surprisingly, the ESP charge of O15 (amide group) is more negative
than that of O18 (acetyl group). This means that the amide of one 3A5AF molecule should
form a strong hydrogen-bond with a neighbouring molecule. This contradicts conclusions
based on the dimerization energies described in 4.2.2.2. Therefore, it is believed that the
steric interactions are more favorable between two 3A5SAF molecules via amide-acetyl

hydrogen bonding compared with amide-amide hydrogen bonding.

Table 4-2. ESP charges of several atoms in 3A5AF.?

3ASAF structure Code Atom ESP charge (e)
2 C 0.532
18
o 5 C -0.153
= \°/ 5 5 7 C 0415
10 C 0.791
T
' 15 (0] -0.601
H
18 (0] -0.511

a. The ESP charges were calculated using B3LYP/6-311+G(2d,p) method.
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4.2.3.2 Reaction of 3A5AF with a Methyl Grignard Reagent

e B
o ﬁ{/ CH;MgBr + excess OH
/lk 0. -CHy e 0\ H,O ey o -H,0 ’)\ 0.
m S T \ J © L] 8 “ho q\ ;3 g
hlr o N)L\ - Mg salts ';r - 2 llf 3
- B
H" % e SMgBr H H
3ABAF CHyMgBr 4.1 42

Scheme 4-4. Reaction of 3A5AF and CH3MgBr to yield amido-alcohol (4.1) and alkene
(4.2) products. Alternative product (4.1%), an isomer of 4.1, is shown in the box. Reaction
conditions: 51.4 mg 3ASAF, 2 equiv. CH3MgBr solution (3.0 mol/L in Et20), 8 mL THF,

stirred under N2 at room temperature for 1h.

The data in Table 4-2 suggest that C10 will react more readily with a nucleophile (e.g.
Grignard reagent) than C2 due to its more positive atomic charge. However, these
calculations were performed on a neutral molecule and as many nucleophiles are basic, the
first equivalent of such reagents will act to deprotonate the amide group. In this study,
3AS5AF was mixed with two equivalents of methylmagnesium bromide (CH3MgBr) under
N2 at room temperature for 1 h. The conditions for the reaction were chosen based on
reactivity studies performed on commercially available aromatic compounds e.g.
acetophenone. Upon addition of CH3MgBr to 3A5AF, bubbles could be seen indicating the
formation of methane gas as a result of deprotonation of the amide by the Grignard reagent

(Scheme 4-4). After quenching using excess water and extraction, the reaction mixture was
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analyzed by GC-MS, IR spectroscopy, 'H and *C NMR spectroscopy. As there was
approximately 26% (as indicated by 'H NMR data) unreacted 3A5AF in the mixture, the
reactivity of 3A5SAF towards nucleophiles is relatively low compared with the analogous
reaction of acetophenone where 100% conversion was achieved under identical conditions.
4.1 and 4.1’ are possible products of the Grignard reaction with 3ASAF. Unfortunately, due
to the residual 3A5AF present in the mixture, the unequivocal identification of the products
was challenging. GC-MS analysis showed that two products, in addition to 3A5AF, were
present with retention times of 4.876 min (m/z 165.1 g/mol; the major product) and 5.086
min (m/z 183.1 g/mol) (Figure 4-11, Figure 4-12 and Figure 4-13). The latter could be
assigned to product 4.1 or 4.1’ based on their mass and the former to 4.2 as proposed in
Scheme 4-4 (or an imine that would form via dehydration of 4.1”). Dehydration would be
favoured in these reactions as it results in the formation of a multiple bond conjugated with
the furan ring. As 4.1 and 4.1’ are isomers, the reaction work-up was varied in order to
determine which products had formed. In the presence of acid, the peak assigned to 4.1 at
retention time 5.086 min disappeared and the peak for 4.2 at 4.876 min grew in intensity -
indicating that an acid-catalyzed dehydration had occurred (Figure 4-14). However, upon
further aqueous work up in the presence of sodium bicarbonate to quench excess acid, the
peak for 4.2 disappeared and a single product peak for 4.1 was observed in the GC trace.
It should be noted that in a Grignard reaction of another acetyl-substituted aromatic
secondary amide, N-(4-acetyl-3-methoxyphenyl)-acetamide, either the tertiary alcohol or
hemiaminol product could be isolated depending on the exact nature of the reaction

conditions employed.*8
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Figure 4-11. Gas chromatogram of the Grignard reaction mixture.
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Figure 4-12. Mass spectrum of 4.1.
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Figure 4-13. Mass spectrum of 4.2.
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Figure 4-14. Gas chromatogram of the Grignard reaction mixture after treatment using

dilute hydrochloric acid.
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The IR spectrum of the reaction mixture was compared with that of pure 3ASAF
(Figure 4-15). As there was still some unreacted 3ASAF in the mixture, conclusions
regarding changes of wc=o0 could not be made. Furthermore, the generation of the alkenyl
C=C bond in 4.2 could not be confirmed because the range of vc-c would overlap with the
aromatic vc=c of the furan ring. However, the IR vc-n bands of the methyl groups increased
in intensity for the reaction mixture (2920 - 2978 cm™'), confirming the addition of a methyl

group.

Transmittance [%]

i | B

2 @ 88 8984
i 8§ 8¢ ga8s

T T T T T
3500 3000 2500 2000 1500

321.68 —
3040.89 ——
2977.77
2964.47
2832.65
2919.50
2257 .64

Wavenumber cm-1

Figure 4-15. IR spectral comparison of the Grignard reaction mixture (red) and pure 3A5SAF

(blue).

In addition to IR and mass spectrometric analysis, NMR spectra of possible products

were predicted computationally, and were compared with the experimental results. In the
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experimental *C NMR spectrum (Figure 4-16), a peak at 167.4 ppm was assigned to §(CO)
in the product 4.1. The predicted 5(CO) occurs at a higher frequency (176.0 ppm, Figure
4-17) but was acceptably in accordance with the experimental data. The alcoholic
quaternary C atom in 4.1 has a predicted chemical shift of 74.9 ppm (cf. 67.8 ppm
experimentally) and is located in a unique position within the *C NMR spectrum compared
with the predicted spectra of 4.1’ (Figure 4-18). This strongly suggests that the product of
the Grignard reaction is a tertiary alcohol. Although, *C NMR spectroscopy, both
experimental and computational, has aided in identifying 4.1 - it cannot be relied on alone

to unequivocally identify the reaction products.
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Figure 4-16. 3C NMR spectrum of the Grignard reaction mixture. (Separation of 3A5AF

and the product 4.1 was not possible.)
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4.3 Conclusions

3-Acetamido-5-acetylfuran is a recently developed renewable compound that can be
obtained from N-acetyl-D-glucosamine, the monomer of chitin. Several physical and
chemical properties of 3ASAF were studied by both computational and experimental work.
The experimental pKa value of 3A5SAF was obtained as 20.7 0.1 through UV-Vis titration,
which was consistent with the theoretical prediction of a pKa in the range 18.5 - 21.5.
3ASAF is soluble in scCO2 with methanol as a co-solvent, but could not dissolve directly
in neat scCO2 within the temperature and pressure ranges tested. Compared with some other
chemicals from biomass such as 5-HMF, the solubility of 3A5AF in scCO: is low. A
possible reason is that stronger solute-solute interactions exist between 3A5AF molecules
such as intermolecular hydrogen bonding between the acetyl and amide groups. The
computed dimerization energies provided further evidence that 3A5AF can form dimers
more easily than 5-HMF. The frequency of the C=O0 stretching band for 3A5AF neat was
lower than that in solution, indicating stronger intermolecular forces (hydrogen bonding)
exist in the solid state. In 'H NMR spectra, samples with higher concentrations exhibited
less temperature dependent variation in 6(NH). These results show that hydrogen bonding
exists between 3A5AF molecules in solution, and is stronger in higher concentration
samples. Furthermore, the rate of deuterium exchange in more concentrated samples was
slower than in dilute samples. The frontier orbitals and ESP charges of 3A5SAF were
determined. A Grignard reaction of 3A5AF with CH3:MgBr was performed. 3ASAF was

found to be less reactive than acetophenone under similar conditions and a tertiary alcohol
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product (4.1) that was susceptible to acid-catalyzed dehydration was formed. As 3ASAF is
still a relatively new compound, which has not been studied extensively, these studies will

be helpful in designing future reactions and processes involving this molecule.
4.4 Experimental
4.4.1 Computational Details

All calculations were carried out using Gaussian 09.*® Each structure was first
optimized using the B3LYP functional and the 6-311+G(2d,p) basis set.’’** For the
calculation of the pKa, the gas-phase Gibbs energies were calculated using the G3MP23¢
method to obtain greater accuracy. The solvation energies were calculated using the
Polarizable Continuum Model (PCM)*** for DMSO and B3LYP/6-311+G(2d,p) method.
In the dimerization energy calculations, molecular energies were calculated for 3ASAF and
5-HMF molecules using the B3LYP/6-311+G(2d,p) method. A counterpoise correction
was performed in the interaction energy calculation.’! The TD-DFT excitation energies,
ESP charges, electrostatic potential surfaces, and molecular orbitals were calculated using
B3LYP/6-311+G(2d,p). The predicted NMR spectra were calculated using the PCM for

chloroform as the solvent and B3LYP/6-311+G(2d,p) method.
442 pKaMeasurement

DMSO was dried with calcium hydride and distilled prior to use. All glassware was
oven-dried. The potassium dimsyl solution was prepared in a glovebox by adding
potassium hydride (ca. 40 mg) to 10.00 mL DMSO slowly with stirring. The solution

obtained was pale yellow, and turned pink after the addition of one drop of
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triphenylmethane solution (1.3 mg dissolved in several drops of DMSO) to stabilize the
solution. The accurate concentration of the potassium dimsyl solution was measured
internally in the first stage of the titration (Figure 4-19). 103.7 mg fluorene was added to
12.00 mL DMSO to form a 51.99 mmol/L indicator solution. 3A5AF was synthesized using
a literature procedure,'? extracted from the reaction mixture using EtOAc (ACS grade),
purified using flash chromatography, and dried overnight under vacuum using a Schlenk

line. 48.9 mg 3A5AF was dissolved in 6.00 mL DMSO to form a 48.8 mmol/L solution.

The titration process followed the work of Bordwell and co-workers,** using an Ocean
Optics USB4000-UV-Vis spectrometer. As part of the absorption band of the fluorenide
anion (400 - 600 nm) overlaps with sections of the absorption bands of the 3A5SAF molecule
and its anion (300 - 700 nm), a wavelength for the calculation outside of this region was
used. In a DMSO solution of 3A5AF (Figure 4-20), the extinction coefficient of 3A5SAF
molecule, €1, was calculated using Beer’s law at wavelength Ai1. In the ionized 3ASAF
solution in potassium dimsyl (Figure 4-21), the concentration of 3A5AF molecules could
be calculated from the absorbance at A1, thus allowing the concentration of 3ASAF anions
to be calculated. A2 in the region of the 3A5AF anion absorption was chosen so it did not
overlap with the region of the 3A5SAF molecular absorption, allowing the extinction
coefficient for the 3A5AF anion, &2, to be obtained. Therefore, in the titration process, the
changes in absorption intensity at A2 could be recorded and used for calculating the 3ASAF

anion concentration (Figure 4-22).
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Figure 4-19. UV-Vis spectra of fluorenide ion for different amount of fluorene solution

added to the potassium dimsyl solution in the internal titration.
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Figure 4-20. Molar absorption of 3A5AF in DMSO.
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Figure 4-21. UV-Vis spectra of 3A5AF for different amount of 3A5AF solution added to

the potassium dimsyl solution.
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Figure 4-22. UV-Vis spectra of the titration process for various amount of 3A5AF solution

added to the fluorenide ion solution.
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4.4.3 Solubility in scCO>

A SFT-Phase Monitor II instrument (Supercritical Fluid Technologies Inc.) was used
to adjust temperatures and pressures, and record cloud points for mixtures. The view cell
was 30 mL in volume. In the first test, solubility in neat scCO2, 17.5 mg solid 3A5AF was
placed directly into the cell. In the second test, 13.0 mg 3A5AF was dissolved in 3.00 mL
methanol (HPLC grade), then the solution was injected into the cell. Cloud point data were
obtained using a previously reported experimental procedure (including pressurization and
equilibration steps).*! A video of a phase change for 3A5AF in scCO2/methanol at 50 °C is

available at https://youtu.be/SmXZ-MGa9EI and in the Supporting Information of the

published version of this chapter.
4.4.4 Infrared Measurement

A Bruker Alpha FT-IR spectrometer was used. 3ASAF and 5-HMF solid, a 4.88
mmol/L 3A5AF in EtO solution and a 5.15 mmol/L 5-HMF in Et2O solution were

measured.
445 NMR Measurement for the Hydrogen-bonding Experiments

29.4 mg 3A5AF was dissolved in 4.00 mL CDCls to give a 7.35 mg/mL solution. 1.00
mL was withdrawn and diluted with 2.00 mL CDCI3, from which 1.00 mL was taken and
mixed with 2.00 mL CDCls. Thus the 2.45 mg/mL and 1.23 mg/mL solutions were prepared.
On a Bruker AVANCE III NMR 300, '"H NMR spectra were obtained for the three samples

at 298 K and 323 K. Then approximately one equivalent of DO was added to the three
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solutions. After being shaken and left for 10 minutes, the samples were run again to observe

the exchange of the proton in the amide group with the deuterium in D20.
4.4.6 Reaction of 3A5AF with CHsMgBr

3ASAF (51.4 mg, 0.307 mmol) was dissolved in dry tetrahydrofuran (THF) and
transferred to a Schlenk flask. The solvent was evaporated under vacuum. Under N2 flow,
dry THF (ca. 8 mL) was added to the Schlenk flask to dissolve the solid. The flask was
cooled in an ice bath and 0.26 mL (0.78 mmol) CH3MgBr solution (3.0 M, in Et20) was
added with stirring. The ice bath was removed and the mixture was stirred under N2 at room
temperature for 1 h. Deionized water (ca. 10 mL) was added to the brown cloudy mixture.
The mixture was stirred for 30 min. THF was removed under vacuum, and EtOAc (5 X ca.
3 mL) was added to extract the products. An aliquot of the combined EtOAc extracts was
injected into GC-MS for analysis. EtOAc was removed under vacuum from the combined
extracts and the resulting solid was dissolved in CDCIs for 'H and '3C NMR analysis. This
reaction was repeated with both (i) acidic work-up (a few drops of HClaq were added
during the reaction quenching step) and (ii) acidic/basic work-up (same as (i) but aqueous

sodium bicarbonate was added prior to extraction with EtOAc).
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Figure 4-23. "H NMR spectrum of the Grignard reaction mixture. (Separation of 3A5AF

and the product 4.1 was not possible.)
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Chapter 5

Formation of a Renewable Amine and an Alcohol via Transformations

of 3-Acetamido-5-acetylfuran

A version of this chapter has been submitted for publication.
Yi Liu, Cosima Stéhler, Jennifer N. Murphy, Brandon J. Furlong and Francesca M. Kerton*

Formation of a Renewable Amine and an Alcohol via Transformations of 3-Acetamido-5-

acetylfuran, ACS Sustainable Chemistry and Engineering, 2017, 5, 4916-4922.

Some modifications were made to the original paper for inclusion as a chapter in this thesis.
For example, antimicrobial screening results and the supporting information were

incorporated in this chapter.
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5.1 Introduction

In recent years, the use of renewable feedstocks to produce chemicals and biofuels has
become a significant research area,' due to the depletion of fossil fuels and climate change.
So far, most studies about biomass transformations are limited to carbohydrates containing
only C, H and O atoms, and there is a lack of research on heteroatom-containing
carbohydrates.®” Chitin is the second most abundant biopolymer after cellulose on earth.
N-Acetyl-D-glucosamine (NAG) is the monomer of chitin, and has been successfully
converted to a nitrogen-containing product, 3-acetamido-5-acetylfuran (3A5AF) (Scheme
5-1). 3ASAF was first obtained from NAG using pyrolysis methods with quite low yields
of 2% and 0.04%.% In recent research by Omari et al., the yield of 3A5AF was increased
to 60% through microwave irradiation with dimethylacetamide as the solvent and sodium
chloride and boric acid as additives.!® In the study by Drover et al., ionic liquids were used
as solvents in the conversion of NAG and the highest 3A5SAF yield achieved was also
60%.!! In 2014, Chen et al. performed the direct conversion of chitin to 3A5AF in N-
methyl-2-pyrrolidone, and the best yield obtained was 7.5%.!% In 2015, the same group
switched to ionic liquids as solvents in the dehydration of chitin to 3A5AF.!* The use of 1-
butyl-3-methylimidazolium chloride together with boric acid and hydrochloric acid led to

a maximum 3AS5SAF yield of 6.2%.

264



NH[

o b \Ci ..... b *Q i

Chitin NAG 3ASAF

Scheme 5-1. Conversion of chitin and NAG to yield an amido-furan (3A5AF).

To date, besides its preparation there is little information on the properties of 3A5SAF,'*
including its reactivity and conversion into other chemicals. As a promising platform
chemical for a variety of useful compounds (Scheme 5-2), reactions of 3A5AF should be
investigated. The current study reports the formation of a renewable amine product, 2-
acetyl-4-aminofuran (5.1, Scheme 5-3), from the hydrolysis of 3A5SAF. Also, the reduction
of 3A5AF was performed using sodium borohydride (NaBHa) or via transfer hydrogenation,
and an alcohol was obtained (5.2, Scheme 5-4). In addition, the potential of 3A5SAF and 5.1

in COz2 capture and their antimicrobial ability were investigated.
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Scheme 5-2. Proposed reactions of 3A5AF.
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5.2 Results and Discussion

5.2.1 3A5AF Hydrolysis - 23 Factorial Design.

o 0
)J o NaOH )J\ o
T .
{ z Y
NHCOCH, NH;
3ASAF 51

Scheme 5-3. 3A5AF hydrolysis catalyzed by NaOH.

Table 5-1. Hydrolysis of 3A5AF catalyzed by NaOH.

Factors: A B C
Entry NaOH concentration (mol/L) T (°C) t(h) Conversion of Yield of 5.1 (%)?
3ASAF (%)?

1 5 80 1 5.2 0
2 6 80 1 67.3 9.4
3 7 60 1 16.6 1.8
4 7 60 2 64.4 8.3
5 7 80 | 72.1 26.7
6 7 80 2 100 0
7 9 60 1 45.5 8.5
8 9 60 2 78.8 24.9
9 9 80 1 96.6 57.1
10 9 80 2 100 0
11 8 70 1.5 84.1 28.7
12° 9 100 0.25 >99 34.7

a. Determined by 'H NMR spectroscopy. b. Performed in a microwave reactor.
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As a relatively simple reaction, the hydrolysis of 3A5AF was studied first. An initial
screening was performed using a number of mineral acids and bases. From the initial test
reactions, it became clear that sodium hydroxide (NaOH) gave superior reactivity in this

reaction and so was studied in more detail.

The hydrolysis of 3A5SAF was performed in aqueous media catalyzed by NaOH (Table
5-1) and a Design of Experiments approach was used. In this way, it was hoped that the
most important variables in this reaction and any potential interactions between them could
be more readily ascertained, which may be overlooked using a traditional one variable
(factor) at a time approach. A 23 factorial design with one center point was used to study
the effects of concentration of NaOH (A), temperature (B), and time (C). The incorporation
of NaOH concentration as a factor for study was because in initial experiments an increase
in NaOH concentration led to an increase in the yield of 5.1 (Table 5-1, entries 1, 2, 5 and
9), possibly because the increase in concentration of OH™ could more effectively promote
the hydrolysis. Each factor (A-C) was studied at a high (+1) and low (-1) value. The
concentration of NaOH was investigated at 7 and 9 mol/L; the temperature was investigated
at 60 and 80 °C; the time was investigated at 1 and 2 h. The yield of 5.1 was analyzed as
the response. The total number of experiments for the factorial design was 9 including one
center point (Table 5-1, entry 11). In a 2-level factorial design the resulting model can only
be linear. Testing a center point where all factors are at the 0 level, allows us to see if the

model has curvature (i.e. has a higher order).
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In a typical reaction, 15 mg (0.090 mmol) 3A5AF was dissolved in 1 mL methanol.
After 3 mL of the aqueous NaOH solution was added, the reaction mixture was heated in
an oil bath under reflux at the desired temperature for a fixed time. After work-up, a golden
solid was obtained, which was analyzed by GC-MS, and 'H and '3C NMR spectroscopy.
The highest yield of 5.1 obtained was 57.1% (6.02 mg), when the reaction was catalyzed

by the 9 mol/L NaOH solution and was heated at 80 °C for 1 h (Table 5-1, entry 9).

Yield (%)

C: Time (h)

f16

Yoo
80 oe—— Tis
70 e 3 /
S =
60 2

B: Temperature (Degrees Celsius)
Figure 5-1. The response surface plot of yield of 5.1 based on the factors temperature (B)

and time (C) in the NaOH-catalyzed hydrolysis of 3A5SAF.

The results were analyzed using Design Expert ®. Analysis of variance (ANOVA) of
the model with 5% significance showed that curvature was significant as well as the two-
factor interaction between temperature and time (BC). When both the temperature and time
are low, the yield of 5.1 is low. When the temperature is high, the yield is high only when

the reaction time is low. This is illustrated in Figure 5-1, and the response surface for the
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model shows that a yield of around 75% is predicted at a temperature of 80 °C and 1 h
reaction time. Surprisingly, the concentration of NaOH (A) was not as significant a factor
as was expected based on the initial trial reactions. This further illustrates that using a
factorial design for consideration of factor combinations is valuable in designing and

optimizing chemical processes.

The reaction in entry 12 was heated through microwave irradiation and the result was
compared with that of entry 9 (Table 5-1). In the '"H NMR spectrum of the reaction mixture
from entry 12, only a trace amount of 3A5AF was present indicating the conversion of
3ASAF reached almost 100%. However, the yield of 5.1 (34.7%) was lower than that from
entry 9 (57.1%). Among the conventionally heated reactions, when the temperature was
high (80 °C) and the reaction time was long (2 h), 5.1 could not be obtained despite full
conversion of 3A5AF (entry 6 and 10). These results indicate that the selectivity of 3ASAF
hydrolysis towards 5.1 was not 100%, and is affected by the reaction conditions. The low
yield of 5.1 is possibly due to the occurrence of side reactions of 3A5AF or 5.1 at the high
temperatures. For example, the amine group in 5.1 could react with the carbonyl group to
produce an imine compound. However, no identifiable signals from possible side-products
were observed in GC-MS and NMR analyses, so no definite conclusions could be made. It
is also noted that no insoluble by-products were observed during reaction work-up. In terms
of sustainability, further research is needed in order to maximize yields and this should be

pursued using a heterogeneous base catalyst, which would allow catalyst reuse.
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5.2.2 Characterization of 5.1.

The yield of 5.1 was the highest (57.1%) from the experiment in entry 9 (Table 5-1),
and the portion of 5.1 in the solid obtained reached 92.6 wt% (determined by 'H NMR
spectroscopy). Therefore, this sample was analyzed for the characterization of 5.1. In the
"H NMR spectrum of the sample (Figure 5-9), impurities were present at negligible levels,
and there was only approximately 5.7 mol% unreacted 3ASAF. Therefore, this sample
reached 94.3 mol% purity of 5.1. It is surprising to find that the amine group of 5.1 had two
separate signals at 8.39 ppm and 11.43 ppm. In order to verify this, 10 uL deuterium oxide
(D20) was added to the NMR sample. After being shaken and equilibrated for 1 h, the
sample was analyzed via 'H NMR spectroscopy (Figure 5-12). Both peaks at 8.39 ppm and
11.43 ppm disappeared because of deuterium exchange, indicating that they are both
exchangeable protons and potentially both from the amine group. It is assumed that the
presence of two proton environments in this region is due to them having different strengths
of intermolecular hydrogen bonding with another molecule of 5.1, which results in their
different chemical shifts in the '"H NMR spectra. It has been seen previously that significant
hydrogen bonding can happen in samples of 3A5AF,'* and therefore it is not surprising that
5.1 would also be affected by such phenomena. A further study should be carried out in the
future to gain more insight. The tertiary and quaternary carbon atoms (C3, C4, C5, C6) on
the furan ring of 5.1 gave rise to very weak resonances in the '*C NMR spectrum (Figure
5-10). Computational calculations were performed for NMR prediction of 5.1. The

predicted '*C NMR spectrum (Figure 5-11) is in acceptable agreement with the
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experimental one, and it confirms the assignment of C3 - C6 peaks in the experimental

spectrum.

The GC-MS analysis of the sample (Figure 5-13) showed that besides a small amount
of unreacted 3A5AF at 5.314 min (m/z 167.0), the main component was the amine product
5.1 at 4.348 min with m/z 125.0. In the HRMS spectrum, the peak of (5.1+H)" (m/z
126.0550) had an overwhelming abundance. The molecular ion of 5.1 appeared at m/z
125.0478, which has only 0.84 ppm difference from the theoretical value (125.0477), thus

supporting the identification of 5.1.

The IR spectrum was obtained for a solid sample of 5.1 and compared with that of
pure 3ASAF (Figure 5-15). 5.1 exhibits amine stretching bands (w-n, stretch) at 3139.2
cm™! and 3046.3 cm’!, and an amine bending band (w-n, bending) at 1570.9 cm™. The peak
at 1618.9 cm™ in 5.1 was assigned to the carbonyl stretching frequency (vc-o0). In 3A5AF,
the band at 1657.9 cm™ is attributed to the combination of the wc-o of the secondary amide
and ketone functional groups. The shift of w.n and w0 in 5.1 compared with 3A5AF

towards lower frequencies may be the result of intermolecular hydrogen bonding.
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5.2.3 3A5AF Reduction

(a) NaBH,4
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Scheme 5-4. Synthesis of furyl-alcohol 5.2 via (a) reduction of 3A5AF with NaBHa or (b)

transfer hydrogenation of 3A5AF.

The reduction of 3A5AF was performed with the aim of obtaining a N-containing
compound with hydroxyl groups instead of carbonyl groups. A mixture of 3ASAF and
NaBH4 was stirred overnight under N2 flow at room temperature (Scheme 5-4, a). After
work-up, a yellow oil was obtained and analyzed by GC-MS, HRMS, and 'H and '*C NMR
spectroscopy. The use of NaBH4 led to the reduction of the carbonyl in the acetyl group to
a hydroxyl. The compound obtained, 3-acetamido-5-(1-hydroxylethyl)furan (5.2), was
previously observed in a study by Kuhn et al. in 1958.'5 In the GC-MS and NMR analyses
no 3AS5SAF was detected, indicating its 100% conversion. However, the amide functional
group remained in tact. Another product 5.3 (m/z 151.0) was observed besides product 5.2
(m/z 169.1) in GC-MS analysis, which resulted from the dehydration of 5.2. This
dehydration happened in a similar way as was observed previously in the reaction of
3AS5AF with a Grignard reagent.!* 5.3 could not be seen in the NMR spectra possibly
because its amount was too small or it was formed in situ within the inlet of the GC-MS

instrument. In the 'H NMR spectrum of 5.2 (Figure 5-16), a broad peak at 2.75 ppm was
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assigned to 8(OH). In the '*C NMR spectrum (Figure 5-17), the reduced carbon atom had

a chemical shift of 63.54 ppm.

The reducing ability of NaBHu4 is not sufficient to reduce the amide functional group.
Therefore, lithium aluminum hydride (LiAlH4), a stronger reducing agent, was studied. The
products obtained were analyzed by 'H and C NMR spectroscopy. The *C NMR
spectrum showed that all significant signals were in the range of 10 - 70 ppm, indicating
that the furan ring had opened to yield linear acyclic products. Unfortunately, a single
product from the reaction mixture could not be isolated and characterized. However, it can
be concluded that in the reaction using LiAlHa4, instead of the generation of functional
(amino-alcohol) furan products as expected, the furan ring in 3A5AF was also reduced and

ring-opened.

Ir-catalyzed transfer hydrogenation of 3A5AF was also studied as a more efficient
route to 5.2. As 3A5AF is not commercially available, the reaction was initially performed
using 5-hydroxymethylfurfural (5-HMF) and then the same conditions employed for
3AS5AF. The iridium complex IrH>CI[(‘Pr2PC2H4):NH] (5.4) has been reported as an
exceptionally active catalyst in the presence of base for the transfer hydrogenation of
acetophenone to phenylethanol.!® The reaction conditions were mild (room temperature, 2
h) and a conversion of acetophenone over 99% and a phenylethanol yield of 98% were
obtained. The catalytic reduction of 5-HMF to bis(2,5-hydroxymethyl)furan (BHMF) has
previously been performed using metal (Ru, Pt, Zr) catalysts and H2 as the reducing

agent.!”"! Transfer hydrogenation of 5-HMF has also been achieved with ethanol or formic
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acid as the hydrogen donor catalyzed by metal (Zr, Ni-Co) catalysts.?2! Herein, reactions
were performed using the combination of 5.4 and potassium tert-butoxide (KOt-Bu) in dry
isopropyl alcohol (i-PrOH) at room temperature (Scheme 5-5) and aliquots were taken for
monitoring via 'H NMR spectroscopy. After 2.5 h, the peak corresponding to the aldehyde
moiety in 5S-HMF had disappeared and so it was assumed complete conversion was
achieved. Filtration of the reaction solution through a plug of silica and removal of the
solvent under vacuum allowed the isolation of BHMF in 95% yield. Similarly, using a
3AS5AF:Ir 100:1, 5.2 could be obtained in 80% yield (Scheme 5-4, b). Given the exceptional
reactivity of 5.4 towards ketone reduction, it may be possible to use a lower catalyst loading,
but in this study the aim was to perform the reaction at room temperature in a minimal
amount of time so a relative high catalyst loading of 1 mol% was used. A moderately lower
yield of 5.2 (80%) compared with BHMF (95%) may be due to a number of factors, e.g.
catalyst inhibition by the amide functional group, reduction of a ketone rather than an

aldehyde, but further studies would be needed to confirm such hypotheses.

0 OH 5.4/KO¢-Bu OH OH
| o, i-PrOH o )
N/ rt,25h \ 7
5-HMF BHMF

PPr,

HuwN I'rﬁ\cl
H” i “H
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5.4

Scheme 5-5. Ir-catalyzed transfer hydrogenation of 5S-HMF to BMHF.
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5.2.4 Carbon Dioxide (CO2) Capture Investigation.

Emissions of CO2 and its subsequent influence on the climate have become serious
problems that can no longer be neglected. COz capture is an important solution to alleviate
this situation. As a solvent-based approach to CO:2 capture, amine-scrubbing technology
has been used for many years in the oil and chemical industries for removal of CO2 and
hydrogen sulfide (H2S) from gas streams.?** Monoethanolamine (MEA) is a widely used
amine for CO2 and H2S capture. Aqueous 30% (w/v) MEA solution (pKa = 9.50%) was
optimized by Moser et al. as a benchmark solvent with a CO2 removal rate up to 90%.2°
However, there are still concerns about MEA application in CO2 capture. Amine solvents
are volatile, so during the process part of the amine will evaporate to the atmosphere and
produce some environmentally hazardous compounds.?” MEA is vulnerable to thermal and
oxidative degradation in the presence of Oz, CO2, SOx and NOx.?® This will have negative
influence on its CO2 capture capacity, and the compounds generated cause equipment
corrosion, solvent contamination, viscosity increases, and both environmental and human
health hazards.?**° In addition, a great amount of energy is needed for the regeneration of
the amine.®! Therefore, researches about improved methods and alternative materials for

CO2 capture are being constantly carried out.3*-3*

As 3AS5AF contains an amide group and 5.1 has an amine group in their structures,
they were expected to capture COz2 via reactions between the functional groups and COx.
In a typical experiment, 50 mg dry solid was dissolved in 1 mL dry methanol-d4 (CD30D)

(for 3AS5AF) or dry dimethyl sulfoxide-ds (for 5.1), and the solution was degassed under
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vacuum using a Schlenk line. The test was performed for both a dry solution and a solution
with 30 pL deionized water added. In each situation, the solution was stirred under CO2
flow at room temperature and at 40 °C, each for 1 h. After each test, the solution was
analyzed by 'H and '*C NMR spectroscopy. Unfortunately, neither 3A5AF nor 5.1 showed
the ability to capture CO2. The aqueous pKa values of 3ASAF and 5.1 were calculated
computationally, using an approach that have been used previously,'* in order to provide
an reasonable explanation for their negative performance. When acetanilide (pKa = 13.0)
was used as the reference, the calculated pKa value of 3ASAF was 6.0. The pKa value of
5.1 was 7.1 with aniline (pKa = 9.4) as the reference. Aqueous carbon dioxide (CO2
dissolved in water) has a pKa of 6.36. Therefore, 3ASAF and 5.1 are not sufficiently basic
in water and this makes it a challenge for them to react with CO2. The weak basicity of
3AS5AF and 5.1 is attributed to resonance effects and the delocalization of the lone pair on

the N atom (Scheme 5-6).
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Scheme 5-6. Resonance structures leading to delocalization of the lone pair on the N atom

of 3AS5AF.

One unexpected finding during the current studies of 3ASAF was the ability of the
protons of the methyl group in the acetyl moiety to undergo deuterium exchange. In the 'H
NMR spectrum of 3A5AF in CD30D after it was mixed with CO2, the signal of 3(CH3) of
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the acetyl methyl group disappeared (Figure 5-2, see the full spectrum in 5.4.10). At first it
was thought that 3A5AF had undergone hydrolysis catalyzed by the in situ formed carbonic
acid. The solvent (CD30D) in this NMR sample was removed using a Rotavap, and the
solid obtained was dissolved in methanol, CH3OH, with the aim of performing H-D
exchange on the mixture. When this solution was injected into the GC-MS system, it
showed only one component, which was 3ASAF (m/z 167.0). The methanol was removed
using a Rotavap and re-dissolved in chloroform-d for NMR analysis. In the 'H NMR
spectrum, the expected signals for 3A5SAF were all present. These results implied that the
acetyl protons had undergone exchange with the deuterium in CD30D, which is rare since
usually the protons in a methyl group do not exchange. This can be explained by the fact
that 3A5AF undergoes keto-enol tautomerism in solution (Scheme 5-7). All protons in the
methyl group will be replaced by deuterium during this process, thus resulting in the
disappearance of the signal in the "TH NMR spectrum. In addition, the carbonyl group is
strongly electron withdrawing, which activates the protons in its neighbouring methyl
group. As a consequence, the protons become acidic and more readily undergo deuterium
exchange. In the corresponding '>*C NMR spectrum of 3A5AF in CD3OD after deuterium
exchange, the peak of the carbon atom of this methyl group is split into a multiplet caused

by C-D coupling (Figure 5-3).
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Figure 5-2. Selected regions of the 'H NMR spectra of 3A5AF in CD30D (a) initially (t =

0 min) before and (b) after deuterium exchange.
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Figure 5-3. Selected regions of the 1*C NMR spectra of 3A5AF in CD3OD (a) initially (t =

0 min) before and (b) after deuterium exchange.
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Scheme 5-7. Deuterium exchange of the methyl group in 3A5SAF with CD3OD (the

deuterium exchange of the amide group is not shown for clarity).

5.2.5 Antimicrobial Screening
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Figure 5-4. Structures of proximicin A, B and C.

Proximicin A, B and C (Figure 5-4) are a family of peptide metabolites that can be

extracted from marine actinomycetes.’>3® They have been studied as antitumor and
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antibiotic drugs.’”*® 3A5AF has some structural similarity to the proximicins as they all
contain furan rings and acetamido functional groups. An antimicrobial screening was
performed for 3AS5AF to see whether it has any ability to kill microorganisms or inhibit
their growth. 1.5 mg 3AS5AF solid was weighed in a 1.5 mL Eppendorf tube and sent to
The University of Queensland for test. There were five bacteria (Escherichia coli,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Staphylococcus aureus) and two yeasts (Candida albicans and Cryptococcus neoformans)
used in the test. The result showed no inhibitory activity of 3A5AF for these bacteria and
yeasts. The same screening was performed for amine 5.1, and it also has no influence on

the growth of the bacteria and yeasts tested.
5.3 Conclusions

An amine product, 2-acetyl-4-aminofuran (5.1), was successfully synthesized via the
hydrolysis of 3ASAF catalyzed by NaOH. The highest yield of 5.1 obtained was 57.12%
with 94.3 mol% purity, when the reaction was performed at 80 °C for 1 h. The golden solid
was characterized using GC-MS, HRMS, NMR and IR spectroscopies. The reduction of
3ASAF was performed using NaBHs4. A secondary alcohol, 3-acetamido-5-(1-
hydroxylethyl)furan (5.2), was obtained and an alkene (5.3) was observed from the
subsequent dehydration of 5.2 during GC-MS analysis. 5.2 can also be obtained through Ir-
catalyzed transfer hydrogenation of 3A5AF. The ability of 3A5SAF and 5.1 in COz capture

was investigated, but they are not effective absorbents due to their weak basicity.
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It is hoped that these initial reactions can be a good starting point for the development
of 3A5AF as a platform chemical to yield products containing naturally fixed nitrogen.
Further studies on the applications of both 3A5AF and the obtained products are needed to

make full use of these biomass-derived compounds.
5.4 Experimental
5.4.1 Materials and Instruments.

N-Acetyl-D-glucosamine (NAG) was purchased in 98% purity from AK Scientific.
Boric acid (B(OH)3) was purchased in 99.5% purity from Sigma Aldrich. Sodium chloride
(NaCl) was purchased in 99.0% purity from Anachemia. 1-Butyl-3-methyl imidazolium
chloride ([Bmim]Cl) was purchased in 96% purity from Alfa Aesar. Sodium borohydride
(NaBHa4, 98.5%) was purchased from Sigma Aldrich. Lithium aluminum hydride (LiAlHa,
95%) was purchased from Alfa Aesar. IrH2CI[(‘Pr2PC2H4)2NH] (5.4) was purchased from
Strem Chemicals. Potassium tert-butoxide (KOt-Bu, 97%) was purchased from Alfa Aesar.
Ethyl acetate (EtOAc) and isopropyl alcohol (both ACS grade, 99.5%) were purchased
from Caledon. Isopropyl alcohol (i-PrOH) was dried over calcium oxide and distilled under
nitrogen. Methanol (99.8%) and was purchased from ACP Chemicals. Deionized water was
obtained from distilled water processed by a Nanopure II system (manufactured by
Barnstead/Thermolyne, USA). Compressed carbon dioxide (CO2, chromatographic grade)
and compressed nitrogen (N2, 90%) were purchased from Praxair. All NMR solvents were
purchased in 99.8% or 99.9% purity from Cambridge Isotope Laboratories. All chemicals

and solvents were used as received.
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Microwave reactions were performed using a Biotage Initiator 2.5 microwave reactor.
2 -5 mL or 10 - 20 mL reaction volume vials were used. The “very high” absorption level
was applied in each reaction to control the power to heat the reaction mixture. Vortex-
mixing of the reaction mixture was carried out on a Thermo Scientific Vortex Maxi Mix II.
Centrifugation was performed on an Eppendorf centrifuge 5430. Evaporation of solvents
was achieved using a Buchi Rotavap or a Radleys Greenhouse Blowdown Evaporator. Gas
chromatography-mass spectrometry (GC-MS) was performed on an Agilent 7890A GC
system coupled with an Agilent 5975C MS detector. High resolution mass spectroscopy
(HRMS) was performed on an Agilent 1260 Infinity HPLC-chip/MS system combined with
the 6230 TOF LC/MS system. 'H and '3C Nuclear Magnetic Resonance (NMR) analyses
were accomplished on a Bruker 300 MHz spectrometer. Infrared (IR) spectra were recorded
using a Bruker Alpha FTIR spectrometer (4 cm™ resolution) with a diamond ATR single

reflectance module (24 scans).
5.4.2 Computational Details.

All calculations were carried out using Gaussian 09 program.’® Each structure was
first optimized using the B3LYP functional and the 6-311+G(2d,p) basis set.>*° For the
calculation of pKa, the gas-phase Gibbs energies were calculated using the G3MP2%
method to obtain greater accuracy. The solvation energies were calculated using the
Polarizable Continuum Model (PCM)*#? for water and the B3LYP/6-311+G(2d,p) method.

The pKa calculations were performed based on the literature procedure.'* The predicted
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NMR spectra were calculated using the PCM for dimethyl sulfoxide-ds as the solvent and

the B3LYP/6-311+G(2d,p) method.
5.4.3 3A5AF Synthesis and Identification.

The preparation of 3-acetamido-5-acetylfuran (3A5AF) was based on a literature
procedure with modifications.'* 500.0 mg (2.260 mmol) NAG, 111.7 mg (1.807 mmol)
B(OH)3, 105.6 mg (1.807 mmol) NacCl, 1.5 g (8.6 mmol) [Bmim]Cl, and 9 mL EtOAc were
placed in a 10 - 20 mL Biotage microwave vial and sealed. The mixture was heated under
microwave irradiation at 100, 120, 140, 160 and 180 °C for 5 min each. The reaction
mixture was cooled to room temperature and vortex-mixed at high speed for 1 min. After
centrifugation at 4500 rpm for 5 min, the top EtOAc layer was collected. Extraction of
3ASAF from the reaction mixture was performed using 3 x 10 mL EtOAc, and the
extraction layers were combined. Then another 9 mL EtOAc was added to the residual

reaction mixture for a second run of the reaction.

After the second run of the reaction, the EtOAc layer was decanted and combined with
the previously collected one. A saturated NaCl solution and a 30% NaOH solution were
added to the bottom layer. The use of the saturated NaCl solution is to maximize the transfer
of 3AS5AF into the organic layer during extractions; while the use of the NaOH solution is
to neutralize the B(OH)3 residual in the reaction mixture. The mixture was distributed into
several vials, and EtOAc was added to each vial for extraction. After vortex-mixing at high
speed for 1 min, the mixture was centrifuged at 4500 rpm for 5 min. The collected EtOAc

layers were combined in a 1000 mL round bottom flask and concentrated under reduced
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pressure using a Rotavap (180 mbar, 40 °C) to yield a condensed orange solution. The
solution was transferred to vials and dried at 50 °C under N2 flow using a Blowdown
Evaporator, aiming to get rid of the acetic acid left in the 3A5AF solid, which came from
the slight hydrolysis of 3A5AF. Two aliquots were taken and dissolved in 500 pL. EtOAc
and 800 uL chloroform-d (CDCI3) respectively for GC-MS and NMR analyses. The
quantification was performed based on the method developed by Omari et al.!?, and the
yield of 3ASAF from this two-run procedure reached 41.3%. As indicated in the 'H NMR

spectrum (Figure 5-5), besides a water peak at 1.56 ppm, there are no significant impurities.

'H NMR 81 (298 K, 300 MHz; CDCls; MesSi) 2.17 (s, 3H), 2.46 (s, 3H), 7.04 (d, 1H),

7.40 (s, 1H), 8.16 (d, 1H)

3C NMR 8¢ (298 K, 75 MHz; CDCl3) 23.34, 25.85, 109.95, 126.50, 136.23, 150.68,

168.11, 187.51
MS m/z (% ion) 167 (40), 125 (60), 110 (100), 96 (13), 83 (20), 69 (6), 54 (13)

Selected IR data (cm™) 3340.64 (s) (N-H stretch), 1657.85 (s) (C=O stretch in amide

and ketone), 1556.89 (s) (N-H bending)
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Figure 5-6. 3C NMR spectrum of 3A5AF.
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5.4.4 Synthesis of 2-Acetyl-4-aminofuran (5.1)

15.0 mg (0.0900 mmol) 3A5AF was dissolved in 1 mL methanol, and 3 mL NaOH
solution (concentrations as per Table 5-1) was added. The starting materials were heated at
the desired temperature in an oil bath under reflux for a fixed time. After the reaction was
complete, 37% aqueous HCl was added dropwise to the reaction mixture until the solution
was slightly acidic. Following this, 28% aqueous NH3 (aq) was added to neutralize the
solution. The solvent was evaporated on a Blowdown Evaporator at 55 °C. The obtained
orange solid was re-dissolved in methanol and filtered. The orange filtrate was concentrated
on a Rotavap at 300 mbar, 40 °C. The obtained orange solid was re-dissolved using EtOAc
and filtered. The golden solution was concentrated on a Rotavap at 180 mbar, 40 °C until
a golden solid was obtained. After being weighed, the solid was analyzed by GC-MS and
'H and '3C NMR spectroscopy. In the reaction under microwave irradiation, the starting
materials were place in a 2 - 5 mL vial and heated in the microwave reactor at 100 °C for

15 min.

In '"H NMR spectra, the methyl groups of the acetyl moieties in the unreacted 3ASAF
and 5.1 were integrated. The integration ratio is equal to the molar ratio of unreacted
3ASAF to 5.1 in the final golden solid obtained. Since there were no significant peaks of
other impurities observed, it was assumed that the final solid was composed of only 5.1 and
unreacted 3ASAF. Using this molar ratio in combination with the weight of the solid, the
mass of 5.1 and unreacted 3ASAF (to calculate the conversion of 3A5SAF) in the final

product could be calculated.
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5.45 23 Factorial Design Results
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Figure 5-8. The residual diagnostics for the 2* FD. (a: normal plot of residuals; b: residual

versus predicted plot; c: residual diagnostics versus run plot.)
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5.4.6 Characterization of 5.1

"H NMR 3u (298 K, 300 MHz; DMSO-ds; MesSi) 2.09 (s, 3H), 6.33 (s, 1H), 8.39 (s,

1H), 9.11 (s, 1H), 11.43 (s, 1H)

13C NMR &¢ (298 K, 75 MHz; DMSO-ds) 9.65, 123.58, 126.51, 142.23, 149.94,

176.48
MS m/z (% ion) 125 (100), 124 (72), 96 (31), 78 (4), 69 (6), 55 (12)

HRMS calculated exact mass for 5.1 (C¢H7NO2) = 125.0477, found = 125.0478,

difference = 0.84 ppm

Selected IR data (cm™) solid 3139.15, 3046.29 (N-H stretch), 1618.88 (C=0 stretch),

1570.92 (N-H bending)
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Figure 5-9. "H NMR spectrum of 5.1.
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Figure 5-12. "TH NMR spectrum of 5.1 before (bottom) and after (top) the addition of 10 pL

D-2O.
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5.4.7 3A5AF Reduction Using NaBH4

31.5 mg (0.188 mmol) 3A5AF was dissolved in 5 mL dry ethanol in a Schlenk tube.
21.2 mg (0.560 mmol) NaBH4 was weighed in a Schlenk tube in a glovebox. After being
transferred out of the glovebox, the NaBHa4 solid was dissolved in dry ethanol under N2
flow. With N2 flow and stirring going, the NaBH4 solution was added dropwise to the
3AS5AF solution at 0 °C in an ice bath. Afterwards, the ice bath was removed and the
starting materials were stirred at room temperature overnight under N2 flow. After the
reaction, the mixture was filtered, and the filtrate was concentrated on a Rotavap at 130
mbar, 40 °C. A yellow oily liquid was obtained. Two aliquots were taken and dissolved in
500 pL EtOAc and 800 uL. CDCIs respectively for GC-MS and NMR analyses. For the GC
analysis, 1 pL of the sample was injected through a 7683B Series Injector using a split
mode of 50%. The GC separation was done using a DB5 column at a flow rate of 1 mL/min
He 99.999%. The oven temperature was programmed as follows: 50 °C (hold 1 min),
65 °C/min to 215 °C, 2.5 °C/min to 225 °C, and 20 °C/min to 250 °C for 1.2 min. (The
total run time was 10 min). Products were detected at m/z 50 - 250 scan range. Under these

conditions, the retention times of 5.2 and 5.3 were 5.252 and 4.689 min respectively.
5.4.8 Ir-catalyzed Reduction of 5-HMF and 3A5AF

The reactions were performed using standard glovebox techniques (with circulation
turned off during manipulation of the alcohol). 5-HMF or 3ASAF (10 - 200 mg) were
weighed into a vial and dissolved in isopropyl alcohol. Solutions of 5.4 (100 mg in 25 mL
isopropyl alcohol) and KOt-Bu (300 mg in 25 mL isopropyl alcohol) were prepared. The
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active catalyst was prepared by mixing these two solutions together in a vial in a mole ratio
1:15 Ir:KOt-Bu. The solution containing 5-HMF or 3A5AF was added dropwise to the vial
containing 5.4/ KOt-Bu, at a substrate:Ir ratio of 100:1. The reaction mixture was stirred
for 2.5 h at room temperature. After which time, it was removed from the glovebox, filtered
through a short plug of silica, rinsed with EtOAc and the solvents were removed under
vacuum. In the case of 2,5-bis(hydroxymethyl)furan (BHMF), the resulting pale yellow
solid was isolated in 95% yield and analytical data were consistent with the literature.** In
the case 0f 5.2, a yellow oil was isolated (80% yield) with 'H and '*C NMR spectra identical

to those obtained via NaBH4 reduction described herein.
5.4.9 Characterization of 5.2

'H NMR &1 (298 K, 300 MHz; CDCls; MesSi) 1.44 (d, 3H), 2.05 (s, 3H), 2.75 (s, 1H),

4.71-4.78 (q, 1H), 6.12 (s, 1H), 7.82 (s, 1H), 7.99 (s, 1H)

BC NMR &8¢ (298 K, 75 MHz; CDCl3) 21.24, 23.14, 63.54, 100.28, 124.72, 131.43,

156.35, 168.14

MS m/z (% ion) 169 (20), 151 (64), 127 (16), 109 (71), 97 (13), 80 (100), 68 (9), 53

24)

HRMS calculated exact mass for 5.2 (CsHi11NO3) = 169.0739, found = 169.0746,

difference = 0.7 ppm

294



205 ©

3 N ch,
5 6 1
N
4 3
°T°- b 2 EtOH
51 cocy w o
2 ©35 EtOH ’
U S i)
M i“l |
g ¢ 3 5 & 8
8‘.5 8‘.0 7‘5 7‘0 6‘,5 6‘.0 5‘5 5‘?1 (o) 4‘.5 4‘.0 3‘5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0
Figure 5-16. '"H NMR spectrum of 5.2.
cocl,
OH
PN
H,C™ 2 \ (o]
1 )J\
4 5
N7
H g“3
6 4
@ o 2 1
g S 3 8 5
3 3 S o s, S
7 3 1 5 I “‘3 m (
3 < N | N
g 8 3 |
‘ |
EtOH EtOH

170 160 150 140 130 120 110 100 90
f1 (ppm)

Figure 5-17. *C NMR spectrum of 5.2.

80

295



Abundance

30.

16000

14000

109. O

12000

10000

8000

6000

4000

2000

5
T

3.0

8.0
‘L
H——

127. 0

151.

169. 1

68. 0
MUU\AWM‘HUU
70

9
_1‘!
50 60 80 90 100 110 120

m/z——>

Figure 5-18. Mass spectrum of 5.2 (5.252 min).

Abundance

80. O
10000

9000
109.
8000
7000
6000
5000
4000
3000
5

2000

1000 68. 0 98. 0

TR
130

140

3.0
o 90

Figure 5-19. Mass spectrum of 5.3 (4.689 min).

60 70 80 100

T
5

m/ z——>

296



5.4.10 Attempted CO; Capture Experiments

50.0 mg dry 3A5AF (or 5.1) solid was dissolved in 1 mL dry methanol-d4 (CD30D)
and analyzed by 'H and '*C NMR spectroscopy. Afterwards, the sample was transferred to
a Schlenk flask. The flask was freeze-pump-thawed three times to degas. In the first
experiment, the solution was stirred at room temperature under CO2 flow for 1 h. The
second test was performed at 40 °C in an oil bath for 1 h. Subsequently, 30 uL deionized
water was added into the solution. The mixture was stirred at room temperature and at 40
°C under CO:z2 flow, each for 1 h. After each experiment the solution was analyzed by NMR

spectroscopy and the results were compared with the original NMR spectra of 3A5AF or

5.1

In order to further study the deuterium exchange within 3A5AF, the CD3OD was
removed from the NMR sample using a Rotavap and the solid obtained was dissolved in 5
mL methanol. The solution was stirred overnight to allow the deuterium in 3A5SAF to have
sufficient exchange with protons in methanol. Then the solvent was evacuated using a
Rotavap, and the solid obtained was dissolved in 500 uL EtOAc for GC-MS and 750 pL

CDCI3 for NMR analyses.
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6.1 Conclusions

In Chapter 1, green chemistry and renewable feedstocks were introduced. NAG, as
the monomer of chitin (a form of oceanic biomass) and the main reactant in 3ASAF
synthesis performed in the current Ph.D research, was described from its production and
applications. As they form a significant component in biomass utilization studies,
carbohydrates were also introduced. The transformation of biomass into useful chemicals
(i.e. 5-HMF and 3AS5AF) was reviewed, and the applications of these biomass-derived
compounds were discussed. Different sorts of solvents were introduced, with ILs
specifically discussed in detail since they are playing an increasingly important role in

various chemical processes.

The review in Chapter 2 demonstrated a collection of mechanisms proposed in
conversion of carbohydrates (fructose, glucose, sucrose and glucose) to S-HMF and the
techniques used for investigation. There are mainly two proposed reactions routes (cyclic
and acyclic) for the dehydration of fructose, and most of the studies reviewed support the
cyclic route. The dehydration of glucose has been proposed to occur either directly through
some intermediates (e.g. 3-DG) or through the isomerisation of glucose to fructose, the
second route being more favored. Two pathways, enolization or 1,2-hydride shift, have
been proposed for the isomerisation of glucose. Lewis acids have been widely used as
catalysts in glucose conversion, and their coordination with glucose is a significant step in
the whole process. The transformation of sucrose to S-HMF has been proposed to proceed
through its cleavage to form glucose and fructose. The conversion of cellulose starts with

its hydrolysis to glucose. NMR spectroscopy and computational calculations are the two
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most frequently used techniques in mechanistic research, and are often combined together
for convincible results. Besides 'H and *C, NMR spectroscopy of other elements (e.g. 7O,
!B) can also be performed. *C labelled carbohydrates can be used as reactants to track the
locations of the labelled carbon atoms in the intermediates and products. Because of its
easy-to-use and informative advantages, computational calculations have been used to
analyze the energy changes during proposed reactions and the stability of intermediates.
Besides these two approaches, other tools such as kinetic studies and UV-Vis spectroscopy
have also been applied in some studies for mechanism investigation. Therefore, when
similar research about biomass transformation is performed (such as that described in
Chapter 3), one can refer to these relatively mature mechanisms and start the mechanistic

study from these well-developed techniques.

In Chapter 3, the synthesis of 3A5AF from NAG in ILs was investigated. The 3A5AF
yield was closely related to the acidity of the ILs and the addition of B(OH)3 and NaCl. The
3ASAF yield was further improved through in situ extraction and multiple reaction runs of
a single reaction mixture. Kinetic studies and NMR spectroscopy (‘H, *C and ''B) were
performed to investigate the reaction procedure and the intermediates involved. A
mechanism different from the previous one in the work by Drover et al.! was proposed, and
further studies (e.g. computational work) are needed for verification. The reusability of [Ls
was studied, and seawater was tried as the solvent in the reaction to replace NaCl. This
study achieved decent yields of 3A5AF with moderate reaction temperature and time,
increasing the availability of 3A5SAF being studied as a promising platform chemical for

renewable amines.
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3ASAF is still a relatively new compound and as such little is known about its physical
and chemical properties. Besides some studies on its synthesis via pyrolysis, there was no
literature on its properties before the study described in Chapter 4. In this project,
computational simulation and experimental analysis were combined to study some
properties of 3ASAF, including its acidity in DMSO, its solubility in scCO2, the
intermolecular forces present within it and its reaction with a Grignard reagent. These
findings will contribute to the design of reactions involving 3A5AF in future. For example,
the dehydration of the hydroxyl functional group to form an alkene, which was found in
the reaction of 3ASAF with CH3:MgBr (see 4.2.3.2), will be well understood and expected

for intermediates or products with similar structures.

The reactivity of 3ASAF was further explored in Chapter 5. The hydrolysis and
reduction of 3A5AF were performed to obtain N-containing products, which were
characterized through GC-MS, HRMS, NMR and IR spectroscopies. 3ASAF and the amine
product (5.1) were tested for CO2 absorption and antimicrobial screening, but negative
results were obtained. Further studies on this biomass-derived heteroatom molecule should

be performed.
6.2 Future Work

The dehydration of NAG represents a unique transformation of this molecule and also
is novel in the field of carbohydrate transformations due to its nitrogen content. The product,
3ASAF, is a versatile renewable amide with great potential applications. So far the
maximum yield of 3A5AF achieved was 62.3% (see Chapter 3), thus there is still scope to

improve the efficiency of 3A5AF production. As was mentioned in 3.2.9, it is promising to
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use seawater as the replacement for NaCl (the additive) and water (the solvent). The
influence of other minerals from seawater in 3A5AF synthesis should be investigated.
B(OH)3 can be added at the same time in order to increase the yield further. Microwave
irradiation is a more controllable heating method compared to conventional heating,? and
it can also be used to facilitate the production of 3ASAF. It is worth noting that microwave

heating, long thought to be a purely academic pursuit, is being used industrially.?

In the early studies about NAG reactions, pyrolysis was performed to get 3ASAF.*>
During pyrolysis, the reactant decomposes at high temperature in the absence of oxygen.
The reaction temperature can reach above 1000 °C with a reaction time as short as 1- 10 s.
In recent years pyrolysis has been widely used for the processing of biomass to get fuel-
gas, bio-oil and biochar.®® Usually there is no solvent used in pyrolysis so it is a “solvent-
free” system, which reduces the pollution generated. Additives could be used to promote
specific reactions, so I propose that the pyrolysis of NAG should be investigated with the
addition of B(OH)3 and NaCl. Furthermore, microwave irradiation and pyrolysis have been
combined as an energy efficient technology in biomass utilization,” ! which can also be
tried in the future work towards the synthesis of 3A5SAF or perhaps other novel nitrogen-
containing products. Once a 3A5AF yield of 80% or higher can be obtained, or indeed a
similarly good yield of another product, the scale of the synthesis could be enlarged for

future industrial production and commercial applications.

Meanwhile, mechanistic studies are still needed for a better understanding of the NAG
dehydration procedure and the design of reaction routes with higher 3A5AF yields obtained.

Isotopic labelled starting materials can be used, such as *C labelled NAG and *>Cl or *’Cl
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labelled NaCl. NMR analysis could be performed in situ to detect intermediates and to
investigate the functions of B and Cl further. With such data in hand, more efficient
additives can be designed for the achievement of higher 3AS5AF yields. In addition, large
scale reactions can be performed to isolate Chromogen I and III for identification. The
proposed mechanism can be computationally simulated for determination of

thermodynamic energy changes and the rate-limiting step.

The lack of information on 3A5SAF properties is a barrier for further research about
this compound. Although I have obtained data on its acidity and some other properties,
studies on other basic physical properties, such as boiling point and solubility in water,
should be carried out to get a clearer picture of 3A5AF. Chemical properties and
applications of 3ASAF can be investigated through various types of reactions. For example,
as discussed in 5.2.5, there is a similarity in structure between 3A5AF and proximicin A,
B and C (Figure 5-4), which have been studied as anticancer and antibiotic drugs.'! '?

Therefore, it is promising to react 3ASAF as a precursor to a series of amido-furan

compounds and study their pharmaceutical potential.
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