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Chapter 1

Introduction

1.1 Background

Since the Industrial Revolution in the 18" century, industrial societies have been
growing rapidly by utilizing fossil resources such as coal and petroleum. However, the
massive consumption of fossil resources leads to global warming due to the enormous
amount of CO: emissions. The rising temperature may cause irreversible climate
change, such as altered rainfall and sea-level rise.! Moreover, industrialized societies
seriously concern about the depletion of fossil resources in terms of energy security.
Fossil resources need millions of years for their regeneration, while they are extracted
at a much quicker pace. Accordingly, the resource will naturally run out before too
long.? Solving this problem is indispensable for the sustainable development of human
civilization. For achieving this goal, we should use non-depleting and renewable
resources that can regenerate quickly.

In recent years, biomass has been attracting significant attention as a renewable
carbon resource. The first merit is that the resource is abundant. Cellulose, the most
abundant terrestrial biomass, is generated 200 billion tons per year. Similarly, 100
billion tons of chitin, a representative marine biomass, is produced annually.® The total
supply of these biomass resources is larger than the global energy demand (annually
about 12 billion tons of oil equivalent).* Second, the use of biomass can be carbon
neutral (Fig. 1.1). We utilize biomass to produce fuels and chemicals, and they are
eventually released as CO» into the atmosphere. However, CO; is regenerated as
biomass by photosynthesis in a short period. Therefore, efficient utilization of biomass
resources may drastically change the modern civilization relying on fossil resources.
Hopefully, the development of biomass utilization becomes a promising solution for
alleviating current energy and environmental problems, thus catching significant notice

in many countries.
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Figure 1.1 Prospect of cyclic utilization of biomass resources.

Promoted by the global policies for reducing carbon emissions, the biorefinery to
produce functional chemicals has attracted much attention since the last decade.
Currently, about 50 countries are planning to develop the bioeconomy, and fifteen of
them, including many of the industrialized countries, have formulated dedicated
bioeconomy policies.” Using suitable and abundant biomass-derived feedstock for
biorefinery is necessary to achieve sustainable development. In this case, sugars derived
from biomass are attractive feedstock because they are abundant, have specific
stereochemistry, and can be converted to a wide range of chemicals. Among the
biomasses in this category, inedible ones are especially attractive due to no competition
with food production.

As the products that can be synthesized from biomass-derived sugars, the author is
particularly interested in plastics. They are value-added and can be used for a long time
different from fuels, and moreover, biomass-derived plastics often show superior
characteristics to petroleum-based ones. An obvious example is isosorbide, a fused five-
membered ring compound derived from glucose, which is a precursor to engineering
plastics such as the polycarbonate with outstanding physicochemical properties named

Durabio.



To achieve the efficient conversion of sugar compounds, the author aims for
developing artificial catalytic reactions. A catalyst can enhance particular reactions to
selectively convert the molecules. Properties of catalysts are tunable to meet the
requirement. Hence, they may be useful to selectively convert sugar molecules having
multiple functional groups. Notably, artificial catalysts can withstand a wide range of
reaction conditions, and therefore they can complete reactions in a short time at a high
temperature. This is a merit superior to biocatalysts, which work within narrow
windows of reaction parameters.

Herein, the author aims for developing artificial catalytic reactions to convert
inedible biomass-derived sugars to precursors to plastics. Scheme 1.1 shows the
blueprint of this work, in which I pick up chitin and molasses as abundant inedible
biomass released from food industry. Chitin consists of N-acetylglucosamine units,
while molasses contains typical sugars such as sucrose. Using both typical and N-
containing sugars increases the variety of the potential products. Within the scheme, the
author first focuses on the conversion of sugar alcohol intermediates to fused five-
membered ring products including isosorbide, because the step is highly demanded by
industries. Afterwards, I also study the supply of the sugar alcohol from molasses to
complete the scheme. In this chapter, to clarify the significance of this work, the author
introduces the availability of biomass resources, mainly food-industry waste, and
current research on the chemical transformation. Finally, I summarize the objective and

significance of this work and outline of this dissertation.
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Scheme 1.1 Schematic of this work.

1.2 Sugar-containing biomass

1.2.1 Inedible biomass
Sugars can be obtained from both edible and inedible biomasses. For industrial
applications, inedible biomasses are preferred as feedstock because they do not compete
with food supply. This issue is more essential for the countries relying on food import
to ensure food supply, such as Japan. The food self-sufficiency of Japan on a calorie
basis was 37% in 2019, which was the lowest among the main industrialized countries.®
In another viewpoint, the global population growth has been increasing the need of food
corps. These factors emphasize the importance of inedible biomass utilization.
Inedible biomasses containing certain sugars or sugar units are suitable to synthesize
particular products in large quantities.” Lignocellulose is the most abundant material in
that category (200 billion tons per year). It is composed of cellulose (40-60%),®
hemicellulose (20-35%),” and lignin (about 15-40%)!° (Fig. 1.2). Cellulose consists of
glucose units linked by glycosidic bonds and can be hydrolyzed to glucose, which is a
versatile precursor to chemicals.!""'> However, the purification and fractionation of
lignocellulosic biomass is difficult and has contributed to the high cost of utilization.!
Another potential resource is food-industry related wastes. A large amount of sugar-rich
and relatively easily degradable wastes is available in particular places such as food

factories, thus enabling their utilization in a shorter period than that of lignocellulose.
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Therefore, the author uses the waste as a resource.
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Figure 1.2 Composition of lignocellulosic cellulose. (A) Cellulose; (B) Hemicellulose
(top: glucuronoarabinoxylan, bottom: arabinan); (C) Lignin. Adapted from the

reference.’

1.2.2 Food loss and waste

Within the definition given by the Food and Agriculture Organizations of United
Nations (FAO), food loss’ is the decrease in the quantity or quality of food resulting
from decisions and actions by food suppliers in the supply chain, excluding retailers,
food service providers, and consumers, and ‘food waste’ is the complementary part in
the chain (Fig. 1.3). However, the term ‘loss’ is ambiguous and misleading, and

therefore, the author refers to all the wasted parts as food waste in this dissertation.

§ Transport, Processin Public and
Pre-Harvest * Harvest » ;?:s':?r::rv est iy storage and »packagingg‘ * Retail household
distribution consumption
1 JL J
T T
Food loss Food waste

Figure 1.3 The food supply chain.'*
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The amount of food waste is very large, and for example, in Japan, approximately 20
million tons of food wastes occur annually. However, their quality varied in terms of
purity and sugar content. If the waste is a mixture of many kinds of food, the utilization
is difficult in the chemical industry and it is mainly used as fertilizers for cultivation or
fodders.!> The chemical industry requires a less-contaminated, abundant, cheap, and
composition-stable food waste. As such a material, the author is interested in molasses,
which is a viscous liquid generated in the sugar production from sugarcane. It still
contains a large amount of sugars (40-50 wt%), it is abundant (global annual
production: about 50 million tons), and the liquid form is suitable for chemical reactions.
Another promising food waste is chitin, a polymer of a nitrogen-containing sugar, N-
acetylglucosamine (NAG), found in crustacean shells. Except for proteins, which are
structurally complicated, most food wastes consist of C, H, and O. However, chitin has
N atoms in its monomer units and highly abundant (100 billion tons per year). Although
the hydrolysis of chitin to NAG is as difficult as that of cellulose, the characteristic adds
a further value in the products. Based on these reasons, the author focuses on molasses

and chitin in this dissertation.

1.3 Molasses

1.3.1 Generation of molasses

Molasses is a food waste discharged in the sucrose production from both sugarcane and
sugar beets.!® The annual worldwide output of cane molasses is more than 40 million
tons, which accounts about 80% of all molasses production (ca. 50 million tons).!” Thus,
I would like to mainly talk about sugarcane molasses. In the sugar production (Scheme
1.2), sugarcane is milled and mixed with water to make sugarcane juice. Ca(OH); is
added to adjust pH and precipitates the suspended materials. After this process, which
is the so-called clarification, the sugarcane juice is concentrated by evaporation and the
precipitated sucrose is separated from the syrup by centrifugation. The residual syrup

is called molasses.
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Scheme 1.2 Manufacturing process of sucrose from sugarcane.

1.3.2 Constituents of molasses

Molasses consists of sugars, inorganics, various organic compounds, and water (Table
1.1). Sugars are the predominant constituents in molasses (ca. 40%—-60%), mainly
consisting of sucrose, glucose, and fructose. The water content in molasses is only 12—
17%. The high concentration of sugars makes molasses viscous. The variety and
concentration of inorganic substances depends on producing areas of canes.!® Those
inorganic residuals accumulated to high concentrations in molasses due to the
condensation process (Scheme 1.1), which is different from normal edible syrup. The
high-concentration inorganic components are harmful for body health, thus making it
barely available for food applications.'® Additionally, the dark brown color of molasses
(Fig. 1.4) is mainly caused by melanoidins, which are produced from the Maillard
reaction of aldoses with amino acids and small peptides during the thermal treatment

of sugarcane in the sugar manufacturing process.!”

Figure 1.4 A sugarcane molasses produced in Okinawa Prefecture.
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Table 1.1 Composition of sugarcane molasses.*

Normal range

Component

Iwt%
Water 12-17
Sucrose 30-40
Glucose 4-9
Fructose 4-12
Gums, starch, pentosans,
traces of hexitols and uronic acids o
Ash (Inorganic constituents) 7-15
Nitrogen compounds 2.5-4.5
Protein 0.5-4.5
Amino acids 0.3-0.5
Non-nitrogenous acids 1.5-6.0
Wax, sterols, and phosphatides 0.1-1.0
Vitamins Varying amounts

1.3.3 Potential utilization of sugars found in molasses

1.3.3.1 Utilization of sugars

Molasses contains sucrose, glucose, and fructose, but their isolation for the sweetener
application is not cost efficient. Instead, the author proposes that the sugars are potential
feedstock for value-added chemicals. For the sugar-related chemistry, the current
industry relies on sugars derived from starch. Yeast converts the food-derived sugars to
ethanol, and the subsequent dehydration produces ethylene. Recently, we can find
plastic bags made from the ethylene. Hydrogenation of the sugars gives sorbitol and
mannitol, and sorbitol is a precursor to isosorbide, sorbitan, and vitamin C. In the
laboratory research, various platform chemicals, such as 5-hydroxymethylfurfural®! and

ethylene glycol,>>* have been proposed as sugar derivatives. Among the potential
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targets that can be synthesized from sugars, isosorbide is a remarkable platform
molecule having important and practical applications (Fig. 1.5).*> An outstanding
example is the synthesis of the engineering plastic named Durabio. This material is the
isosorbide-based commercial polycarbonate having superior properties over
conventional polycarbonate.?® Isosorbide has been converted to other plastics such as
polyesters®’ and polyamides®® in the laboratory study. The rigid framework and
bifunctionality of isosorbide make it attractive in synthesis of polymers. In addition,
isosorbide dinitrate has been used for a long time as a vasodilator,?’ and isosorbide
diesters has been commercialized as surfactants®® and PVC plasticizers.>! Therefore,
isosorbide is a good target in the biorefinery, and it is meaningful to replace the food
biomass with inedible food waste as the feedstock. Accordingly, it is a challenge to

convert sugars in molasses to isosorbide via sorbitol.
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o, >~ >
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R ' FooR OJ( 7
O, O, on R
) ) Ou..
R s © N © o "o
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>]/O H,CO %O
[e]
© o
n n
Isosorbide diesters Dimethyl isosorbide Polycarbonate Polyester
(plasticizer) (solvent)

Figure 1.5 Isosorbide as a platform precursor to various chemicals. Adapted from the

reference.?’

1.3.3.2 Catalytic conversion of sugars to sugar alcohols

Related to the synthesis of sugar alcohols from molasses, the author introduces the
industrial production of the sugar alcohols and related research. As mentioned above,
starch is the most typical source for the production of sorbitol. First, an enzymatic
hydrolysis converts starch to glucose, and the product is subsequently hydrogenated to

sorbitol by Raney Ni catalyst under an H, pressure of 10—15 MPa.*? Recently, supported

15



Ru catalysts are also employed for this reaction to decrease H» pressure. !’

Laboratory research mainly focuses on the one-pot conversion of sugar dimers—
polymers to sorbitol or mannitol to be more efficient. An easy source is sucrose, the
hydrolysis of which produces glucose and fructose in the presence of mineral acid
catalysts (Fig. 1.6A). Therefore, the hydrogenation reaction under acidic conditions
readily converts sucrose to the sugars, and the sugars are converted to sorbitol and
mannitol soon after the formation.* In this reaction, the hydrogenation of glucose
mainly gives sorbitol (Fig. 1.6B), and that of fructose provides sorbitol and mannitol in
1:1 ratio in most cases (Fig. 1.6C).> In this research area, a significant target is the
conversion of cellulose, for which Russian chemists combined mineral acids and
supported Ru catalysts to produce sorbitol in 1950s.3%37 After a long period of time,
Fukuoka and Dhepe succeeded in the hydrolytic hydrogenation of cellulose to sorbitol
and mannitol using only solid catalysts for the first time in 2006.%® This work stimulated
many researchers to participate in this research field.>**’ They basically use supported
Pt, Ru, and Ni catalysts, and it has been found that carbons are suitable supports due to
the high water resistance.!! These knowledges and insights are useful to design the

catalytic conversion of molasses to sugar alcohols.
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Figure 1.6 Reaction pathways of (A) hydrolysis of sucrose; (B) hydrogenation of

glucose; (C) hydrogenation of fructose.

1.3.3.3 Dehydration of sorbitol to isosorbide

Isosorbide is an essential intermediate to produce polymers from sorbitol. The
production of isosorbide passes through a two-step dehydration condensation (Fig.
1.7).48% First, an -OH group is protonated, and then a secondary -OH group attacks the
activated position with eliminating one molecule of water by an Sx2 reaction to form a
cyclic compound. The products can be in three forms, depending upon the position of

dehydration: 1,4-anhydrosorbitol (1,4-sorbitan), 3,6-anhydrosorbitol (3,6-sorbitan),

17



and 2,5-anhydromannitol (2,5-mannitan). The former two products are converted to
isosorbide by the same type of reaction. 2,5-Mannitan is formed by the steric inversion
due to the SN2 reaction at the secondary position, and this compound is unavailable as
a precursor to isosorbide.

The industrial synthesis of isosorbide uses H>SO4 with no solvent under vacuum
conditions, but it produces a large amount of sulfuric acid pitch. Many works about the
isosorbide synthesis from sorbitol have been reported. Conventional methods of
isosorbide synthesis require strong acid catalyst. In 1987, Fléche et al. reported that use
of 1% H2S0s4 gives an isosorbide yield of 77% at 135 °C after 20 h.>° Recently, Fukuoka
et al. achieved 76% yield of isosorbide in the conversion of sorbitol over H-beta zeolite
at 130 °C under decreased pressure for 2 h.>! Instead of using strong acids, J. Robinson
et al. used NaHSOs, a weak acid, to convert sorbitol to isosorbide, giving 74% yield in
the reaction at 210 °C under a microwave heating for 3 h.>? Yamaguchi et al. have
reported that water can convert sorbitol at a high temperature (300 °C) in the absence
of catalyst, which gives 56% yield of isosorbide after a reaction for 3 h.>* To summarize,
strong acids or harsh conditions are needed to synthesize isosorbide so far. Moreover,
the yield of isosorbide does not exceed 80%. Therefore, the efficient conversion of

sorbitol to isosorbide has remained a challenge.
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Figure 1.7 Synthesis of isosorbide from glucose.
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1.4 Chitin

1.4.1 General introduction

Chitin is a marine biomass, widely found in fungi, plankton and exoskeletons of insects
and crustaceans (Fig. 1.8). Industrial processes extract chitin from crustacean shell
waste mainly. Most wastes contain less than 40% of chitin with impurities such as
CaCOs and proteins (Table 1.2). Those impurities need to be removed in the process.
Chitin is a natural polymer in which a large number of N-acetylglucosamine (NAG)
units are connected by B-1,4-glycosidic bonds (Fig. 1.9). However, natural chitin
contains both NAG and glucosamine units. Depending on the ratio of glucosamine units
(deacetylation degree), the materials with deacetylation degrees of less than 40% are
called chitin, and others are chitosan. The degree of polymerization is distributed from
tens of thousands to millions.>* Chitin has two crystal polymorphs named o- and B-
forms.> The a-polymorph is more abundant in nature, in which the chitin molecules
are oriented in antiparallel directions (Fig. 1.10). Chitin in shrimp shells and crab shells
is mostly in the a-polymorph. Besides, the B-polymorph has a structure that chitin
molecules are oriented in parallel. It is rare and found in squid pens as a mixture with
proteins. The B-polymorph can be transformed into the a-polymorph by dissolution and
recrystallization using HCl solution, but the reverse conversion does not occur. The a-
polymorph is more thermodynamically stable due to a larger number of hydrogen
bonds.>® The a-polymorph has four intramolecular and two intermolecular hydrogen
bonds for each NAG unit, while the B-polymorph has only four intramolecular

hydrogen bonds.’’
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Figure 1.8 The composition of shell, illustrating the structure and spatial arrangement

of chitin, protein, and minerals in the crustacean shells. Adapted from the reference.’®
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Figure 1.10 Structure of a-polymorph (left) and B-polymorph of chitin (right). Adapted

from the reference.>®

Table 1.2 Contents of chitin and Calcium carbonate.>*
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Chitin

Source CaCOs3 /%
1%
Crab cuticle 15-30 40-50
Shrimp cuticle 30-40 20-30
Krill cuticle 20-30 20-25
Squid pen 20-40 Negligible
Clam/oyster shell ~ 3-6 85-90
Insect cuticle 5-25 Negligible
Fungi cell wall 10-25 Negligible

1.4.2 Extraction of chitin from crude marine biomass

The conventional extraction process of chitin from raw shell waste combines pigments
extraction, demineralization, deproteinization, and decolorization steps (Fig. 1.11).
Pigment extraction with a bean oil removes astaxanthin and lipids from shell waste.
The following demineralization processes are generally performed in strong acid
solutions (typically HCI), which remove mineral impurities such as calcium and
magnesium compounds. Then, deproteinization is conducted with NaOH. For

convenience, the purified chitin is bleached by H20,.%®

Raw

shell waste

;I(?rr:;?;i Demineralization Deproteinization ) Decolorization
(Bean oil) (HCI) (NaOH) (H,0,)
v v v
Astaxanthin, Minerals Protein
lipids (Ca?*, Mg?") hydrolysates

Figure 1.11 Flow chart of industrial fractionation methods for shells. Adapted from the

reference.’®

As the conventional method of chitin purification exhausts a large amount of waste

and is expensive, several alternative techniques have been proposed. The representative
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60-64 and solvent extraction.®>*® However, the application of

ways are bioprocessing
these methods are limited at laboratory scale so far due to low efficiency. Nowadays,

the produced chitin are mainly used as functional materials such as tissue wound

1 69 71,72
9

healing material,® membrane’® and nanofiber.
1.4.3 Depolymerization of chitin to sugar monomers

Other than the use of chitin in the polymer form, chitin is also a promising source for
organonitrogen compound since a nitrogen atom is contained in every monomer unit.
N-containing molecules play important roles in pharmaceutical industry, as more than
90% of commercial drugs bear amino groups or azaheterocyclic moieties as
pharmacophores.” Other than the pharmaceutical use, nitrogen-containing molecules
participate in the synthesis of food additives, detergents, polymer materials and
agrochemicals.”*”> Currently, N atoms in artificial organic compounds come from the
ammonia produced by the Haber-Bosch process. However, the process consumes a
large amount of energy corresponding to 1% of the world's total energy production and
1.4% of global CO; emissions.’® The application of chitin as nitrogen source is expected
to substitute N atoms derived from the energy-consuming ammonia process.

To use chitin as a chemical source, the depolymerization to NAG is needed. Due to
the rigid structure of chitin owing to intermolecular hydrogen bonds,”’ the conversion
of chitin to monomers has remained a challenge. Chitin depolymerization has been
achieved by enzymatic reactions’® and supercritical water treatment.”’ Limitations of
these methods are long reaction time and high cost. The traditional HCI treatment is
used for the industrial hydrolysis of chitin. However, it generates a large amount of
wastewater and cannot avoid deacetylation.®” To overcome the unpleasant issues of the
HCI treatment, Fukuoka and his co-workers developed a mechanocatalytic method for
chitin depolymerization,®! which can selectively produce oligomers and NAG with no
deacetylation. Chitin was first impregnated with a catalytic amount of H>SO4 and then
ball-milled at 500 rpm for 6 h without any solvent. The ball-milling firstly decreases
the crystallinity of chitin, which increases the accessibility of acid to chitin. Both tensile

and compressive forces effectively promote the cleavage of glycosidic bonds, in which
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compressive forces less strongly activate the chemical bonds but are similarly important
to or more important than tensile forces due to its better availability (Fig. 1.12).%? The
acetamide group is well-preserved as the tensile stress does not accelerate its hydrolysis,
which is a particular advantage of this method and difficult to achieve in classical acidic
hydrolysis by HCI. In 2018, G. Margoutidis et al. developed a heterogeneous
mechanocatalytic depolymerization method of chitin, using a natural clay, kaolinite, as
catalyst.33 This method achieved 5.1% yield of NAG by a 6-hour ball milling, and
enhanced the solubility of products (up to 75.8% water-soluble products in 6 h, cf. 35.0%
without kaolinite). Kaolinite is an aluminosilicate consisting of SiO4 tetrahedra sheets
bound to AlOg octahedra sheets as in a 1:1 ratio. H" ions were released from Al-OH
groups on the octahedral sheets of kaolinite, to promote the hydrolysis of chitin. As a
natural, economical clay material, kaolinite is applied in the mechanocatalytic
depolymerization of woody biomass,®* and the application of kaolinite on marine

biomass depolymerization may provide advanced prospect for the utilization of chitin.
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Figure 1.12 Proposed schematic of chitin depolymerization by ball-milling.

1.4.4 Conversion of NAG

Due to the structural similarity, NAG can likely perform reactions as the case of glucose
such as dehydration and hydrogenation. The dehydration of NAG can give a nitrogen-
containing furan derivative named 3-Acetamido-5-acetylfuran (3A5AF), which is an
important building block for N-containing aromatic compounds.®>* Besides, the
hydrogenation of NAG gives the sugar alcohol called 2-acetamido-2-deoxysorbitol
(ADS, Fig. 1.13), which is a promising platform chemical for its structural similarity

with sorbitol and nitrogen-containing property.
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Figure 1.13 Hydrogenation of NAG to ADS.

1.4.4.1 Catalytic conversion of NAG to sugar alcohol

In 2014, Bobbink et al. found a nitrogen-containing polyol, 2-acetamido-2-
deoxysorbitol (ADS) could be synthesized for a high yield (98%) using Ru/C (5wt%)
catalyst at a mild condition (80 °C, 4 MPa H>) by hydrogenation of NAG.*’ The yield
of ADS strongly relied on the reaction temperature because high temperature facilitated
other side reactions such as hydrogenolysis and dehydration. In 2016, Kobayashi et al.
reported a one-pot and two-step catalytic conversion method of ADS from chitin using
mechanocatalysis in the presence of HoSO4 and subsequent hydrolytic hydrogenation
by H2SO4 and Ru/TiO;, without any purification process.’ The yield of ADS is strongly
relative to the reaction temperature and pH, as the hydrolysis favorably proceeds at high
temperature and low pH (2.0), but the hydrogenation prefers a low temperature and a
specific pH of 3—4. Thus, pH of the solution was adjusted to 3.0 by adding NaHCO3

after the hydrolysis reaction for high selectivity. The yield of ADS increased to 52%

(Fig. 1.14).
ADS 25% ADS 37%
Step 2a, Hydrolytic Step 3a, Hydrogenation
hydrogenation Ru/TiOg
RWTiO, No base (pH 2.0)
- Step 1 ) Step 2b 7 Step 3b
Chitin ————— = QOligomer-H,50; ———— Product solution ———— = ADS 52%
Mechanpcata\ytic NAG 19% Hydrolysis containing HoSQOy4 Hydrpgenation
hydrolysis oligomer 64% ( NAG 61% ) RulTiO,
H,50, NaHCO4 (pH 3.0)

Figure 1.14 Catalytic conversion of chitin to ADS. Steps 2b and 3a, 3b were performed

in one pot. Adapted from the reference.”
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1.4.4.2 Dehydration of ADS to ADI

Analogous to the dehydration condensation of sorbitol to isosorbide, Sagawa et al. has
reported the catalytic conversion from ADS to 2-acetamide-2-deoxyisosorbide (ADI,
Fig. 1.15).°! By induction of nitrogen-containing group, ADI is expected to be a new
potential precursor to nitrogen-containing polymers to improve the thermal stability of
polymers. Dehydration of ADS mainly produces three kinds of monoanhydrate
intermediates, in which 1,5-anhydro-ADS is a dead-end product and the other two are
available to give ADI by once more dehydration cyclization (Fig. 1.15). To achieve the
conversion from ADS to ADI, superstrong acid is found to be pivotal, because the Lewis
basic carbonyl O at the acetamide group traps an acid proton, thus leading to high
activation energies in the dehydration reactions (Fig. 1.16A). To compensate for this
effect, a large amount of superstrong acid is needed for the conversion of ADS to ADI.
CF3SOsH (pK. = —15, S/C = 2.0) under decreased pressure of less than <0.1 kPa and
150 °C provides ADI at 33% yield.

OH  on
HO :
: NHAC
© NHAc
1,4-Anhydro-ADS H* 0.,
—
-H0 o
OH NHA NHAc HO
“on e o, ADI
Ho H OH
OH OH -H,0 R
ADS HO ~ OH
3,6-Anhydro-ADS

JNHAC
o .
HO
OH

oH
1,5-Anhydro-ADS

Figure 1.15 Conversion of ADS to ADI (acetamido group is denoted -NHAc for

convenience).

In 2020, Sagawa et al., upgraded the method of ADI production using superstrong
26



acid.”? The addition of a Lewis acid, Yb(OTf)3, as a co-catalyst in the ADS dehydration
by traditional CF3SOsH catalyst effectively accelerates the reaction and increases the
yield of ADI by changing regio-selectivity of the reaction. Yb(OTf); functions as two
roles in the new reaction system: (1) Yb(OTf)3 coordinates the carbonyl O, to prevent
the neutralization of protons by the amide groups (Fig. 1.16B). (2) Yb(OTf); selectively
promotes the dehydration at C-6 position (3,6-dehydration) over that at C-1 position
(1,4- and 1,5-dehydration), to reduce the formation of 1,5-anhydro-ADS, a major by-
product, and leads to a slight improvement of ADI yield. The enhancement of selectivity
is proposed to be caused by coordination of the bulky Yb complex at amide position,
which increases the steric hindrance for the dehydration reactions at C-1. The
combination achieved 40% yield of ADI at a 150 °C reaction for 1 h under < 0.1 kPa,
using CF3SOsH at S/C = 2.0 combined with Yb(OTf)3 at S/C = 10.

(Yb)

\
\

(A) HyG (8) o
+
—0 >—CH3
OH HN H OH HN H
.\ (I)\
HO™ N H HO™ ™ +H
OH OH OH OH

Figure 1.16 (A) Proton neutralization by carbonyl O at acetamido group;’' (B)
Shielding of neutralization by Yb(OTf)3 *?

1.5 Objective of this dissertation

In this dissertation, the author focuses on developing artificial catalytic reactions to
synthesize precursors to plastics from inedible biomass-derived sugars. Chitin and
molasses were chosen as inedible biomass feedstock released from food industry. The
author firstly aims for the conversion of sugar alcohol intermediates to fused five-
membered ring products including ADS and isosorbide. Those attractive precursor to
plastics potentially provides a wide range of polymers. I also try to establish an efficient
supply method of sugar alcohol from molasses, which hopefully enhances the
utilization of such food-industry wastes for chemical production and contributes to

ensure food supply. I hope this dissertation can assist in developing sugars-based
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biorefinery and support the sustainable construction of our civilization.

1.6 Outline of the dissertation

Chapter 1 General Introduction

This chapter introduced the background and significance of this work.

Chapter 2 Dehydration condensation of a chitin-derived sugar alcohol using a weak
acid catalyst

The author studies the catalytic conversion of a N-containing sugar alcohol
synthesized by the hydrogenation of NAG to an amide alcohol having condensed five-
membered rings. The main finding is that H3PO3s, a weak acid catalyst, can drive the
reaction, which is largely different from the previous systems relying on superstrong

acids.

Chapter 3 Application of H3POs catalyst in the dehydration condensation of sorbitol
This chapter shows that H3;POs is applicable for the conversion of sorbitol to

1sosorbide.

Chapter 4 Hydrolytic hydrogenation of molasses to sugar alcohols

The author developed an efficient pre-treatment and catalytic conversion of molasses
to synthesize sugar alcohols. Montmorillonite K10 removes a part of catalyst poisons,
which is S-containing organic compounds, contained in molasses, and Raney Ni can

produce sorbitol and mannitol from the pre-treated molasses.

Chapter S General conclusion
This chapter summarizes the conclusions of each chapter and gives a general

conclusion of this dissertation.
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Chapter 2
Dehydration condensation of a chitin-derived sugar alcohol

using a weak acid catalyst

2.1 Introduction

Chitin is one of the most plentiful biomass that can be obtained from marine food waste,
such as the shell of oysters, crabs and lobsters.! It is a polymer of N-acetylglucosamine
(NAG), which contains naturally fixed nitrogen. Therefore, chitin is a promising
resource to produce nitrogen compounds without ammonia synthesized by the energy-
consuming Haber-Bosch process.? The hydrolysis and the subsequent hydrogenation of
chitin produces 2-acetamido-2-deoxysorbitol (ADS). A potential useful derivative of
ADS is 2-acetamido-2-deoxyisosorbide (ADI), which is obtained via the dehydration
condensation.> ADI has a rigid framework with one hydroxy group and one acetamido
group, and therefore this compound would be a monomer for producing nitrogen-
containing polymers. Moreover, the structure is similar to that of isosorbide, which has
the same condensed five-membered rings with two hydroxy groups. Isosorbide is a
monomer for an engineering plastic named Durabio, which shows excellent properties
such as good scratch resistance, high impact resistance and outstanding transparency.
Thus, I expect that ADI is a promising monomer for synthesizing nitrogen-containing
polymers with outstanding properties.

The attractive prospect of ADI motivated the author to focus on its efficient
production. Previous reports showed that CF3SOsH catalyst afforded 33% yield of ADI
at a high S/C ratio (2.0). ADS and ADI both have acetamide groups, and the functional
group has high basicity. Therefore, the acid-dehydration reaction needs to overcome the
leveling effect, which is the reason why a large amount of CF3SOs;H is needed
regardless of the very high acid strength. However, a more economical and less

corrosive catalyst is necessary for the low-cost and environmental-friendly synthesis of
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ADI. Herein, I explored weak acid catalysts that can convert ADS to ADI.

2.2 Experimental section

2.2.1 Reagents

The reagents used in this work are shown at the following table.

Table 2.1 Information about reagents.

Name Supplier

N-acetylglucosamine (CgHisNOs; NAG) Fujifilm Wako Pure Chemical Industries
Methanol (CH3OH) Fujifilm Wako Pure Chemical Industries
Sulfuric acid (H2SO4) Fujifilm Wako Pure Chemical Industries
Hydrochloric acid (HCI) Fujifilm Wako Pure Chemical Industries
Oxalic acid (H2C204) Fujifilm Wako Pure Chemical Industries
Phosphorous acid (H3PO3) Sigma-Aldrich

2,4-Dinitrobenzonic acid (DNBA; C7H4N20s) Alfa Aesar

Phosphorus acid (H3PO4) Fujifilm Wako Pure Chemical Industries
Acetic acid (CH3COOH) Fujifilm Wako Pure Chemical Industries
DL-Malic acid (C4HsOs) Fujifilm Wako Pure Chemical Industries
Dimethyl phosphite (C2H703P) Tokyo Chemical Industry

Diethyl phosphite (CsH1103P) Tokyo Chemical Industry

Diisopropyl phosphite (CsH1503P) Tokyo Chemical Industry

Ru/C (Ru 5 wt%) Sigma-Aldrich

Hydrogen gas (H2) Air Liquide Kogyo Gas

2.2.2 Synthesis of ADS from NAG

NAG (1.6 g) and 5 wt% Ru/C (1.0 g) were added in water (40 mL), and the mixture
was filled in a crucible-type autoclave provided by Nitto Koatsu and pressurized with
H> (4 MPa). The autoclave was kept at 80 °C for 1 h, and then the mixture was filtered
using a mixed cellulose ester membrane (Advantec, 25AS045AN, 0.45 pm pores). The

mixture was condensed under a reduced pressure till almost dried, followed by
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dissolution with methanol (40 mL) and kept at —30 °C for recrystallisation. Finally,
ADS was obtained as a white solid (isolated yield 64%).*

2.2.3 Conversion of ADS by acid catalysts

An aqueous mixture of ADS (112 mg, 0.5 mmol) and an acid catalyst (at a determined
ratio) in H>O (0.2 mL) were added into a Schlenk tube (Kanto Chemical, 20 mL). The
reactor was connected to a rotary pump via a liquid N trap for drying at a reduced
pressure (< 0.1 kPa) overnight at a room temperature. The apparatus was immersed in
an oil bath and kept for a certain time at a determined temperature under the
atmospheric pressure or reduced pressure (Fig. 2.1). After reaction, the apparatus was

cooled down till ambient temperature.

=) Decreased pressure
by vacuum pump

Schlenk tube
containing reactant
with stir bar

Constant temperature
N oil bath

Figure 2.1 Experimental setup for the ADS dehydration.

2.2.4 Liquid chromatography analysis

2.2.4.1 High pressure liquid chromatography (HPLC) analysis

Soluble products of the reaction were analyzed using a HPLC (Shimadzu LC-20AD)
equipped with a Rezex RPM-Monosacharide Pb++ column (Phenomenex, 300 x o 7.8
1

mm, 70 °C) with a refractive index detector (RID). Water at a flow rate of 0.6 mL min~

was applied as a mobile phase.

Calculations of yield of each product used the following equation:

[XAXV
m/M

Yield (%) = x 100 2.1)

37



where f is calibration factor (mol/L), A is area from HPLC chart, V is volume of

water (L), m is the mass of ADS (g), M is the molecular weight (g/mol).

2.2.4.2 Size exclusion chromatography (SEC) analysis

Size exclusion chromatography (SEC) analysis of product mixtures was conducted
using an HPLC (Shimadzu, LC-20AR) equipped with two GF-210 HQ columns in a
row (Shodex, 300 mm X ¢ 7.5 mm, 50 °C) with an RID detector. A 0.02 mol L™ acetic

acid aqueous solution was used as an eluent (0.5 mL min™").

2.2.4.3 Liquid chromatography-mass spectroscopy (LC/MS) analysis

LC/MS analysis was performed using an HPLC system (Shimadzu LC-20AR) equipped
with a SH-1011 column (Shodex Sugar 300 mm x @ 8.0 mm) and a mass spectrometer
(MS, LCMS-2020). The MS was composed of an electrospray ionizer (ESI) and a

quadrupole mass analyzer.

2.2.5 Nucleic magnetic resonance (NMR) analysis
Proton decoupled phosphorus nuclear magnetic resonance (NMR; *'P 243 MHz) was
measured with a JEOL ECX-600 spectrometer. H;PO4 at 85% concentration was

applied as an external standard.

2.2.6 Ultraviolet-visible spectroscopy analysis

For the ultraviolet-visible (UV-Vis) spectroscopy, all samples were diluted 10 times
using distilled water before the measurements. Then those samples were measured in
quartz cells with 1 cm optical path length on a JASCO V-650 at a scan rate of 400 nm
min ",

2.2.7 DFT calculations

2.2.7.1 DFT calculations of reaction pathways

Gaussian 16° software program was used for the DFT calculations at the B3LYP/6-

31+G(d, p) level to determine energy profiles of the conversion of ADS in different
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reaction pathways.® The solvation effect was involved by the solvation model based
on density (SMD)!® with using N,N-dimethylformamide to reproduce the effect of
acetamido groups. Each found transition state had only one imaginary number vibration
frequency, and connected the reactant and the expected product by the intrinsic reaction

coordinate (IRC).!!

2.2.7.2 DFT calculations for NMR chemical shift prediction

Chemical shift values (&) in >'P NMR were predicted by eq. 2.2, in which the
coefficients @ and b were determined by the least-squares fitting method using the
chemical shift values obtained by actual NMR measurements and the ocqic values of the
commercially available phosphite esters (dimethyl phosphite, diethyl phosphite and

diisopropyl phosphite).

Opred = aocalc + b (2.2)

where ocac 1s @ computed isotropic shielding constant.

To determine ocuc of a compound, based on the thermodynamic distribution, the
influence of multiple conformations was included. I used the molclus'?* with Gaussian
16 to systematically make the possible conformations of the compounds. After
optimizing their geometric structures at the level of B3LYP/6-31+G(d,p), those
unstable conformations which do not contribute to ocue were excluded. To be more
accurate, the energy and isotropic shielding constant of each structure are determined
using the Gauge-Independent Atomic Orbit (GIAO) method at the B3LYP/6-311+G(d,p)

13.14 which could be used for an accurate predict of

level for the single-point calculation,
the shielding constant of phosphorus.!> The equation used for summarizing the
influences of different conformations on oca. is shown below (eq. 2.3, 2.4). Assuming
n conformations should be considered, the ratio of the existence of a specific
conformation (number £ within #) to the most stable conformation (the first) could be

estimated (Kj, obtained by eq. 2.3) using an energy difference between the two

conformations. At the end, o.ac was defined as their existence ratio-weighted average
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of the shielding constants (eq. 2.4).

Ex—Eq

K, =e RT (2.3)
where e is the Napier’s constant, R is the gas constant, and 7 is the ambient temperature

(298 K).

Ocalc — ZE:;—II;ZI( (2-4)

where oy, is the calculated shielding tensor of each conformation.

2.3 Results and discussion

2.3.1 Typical reaction pathway of ADS dehydration

The typical reaction pathway from ADS to ADI includes a two-step dehydration
reaction (Scheme 2.1).> The first dehydration converts ADS to 1,4-anhydro-ADS, 3,6-
anhydro-ADS and 1,5-anhydro-ADS. For convenience, anhydro-ADS is denoted
AHADS hereafter. 1,4-AHADS and 3,6-AHADS produce ADI by the second
dehydration, and 1,5-AHADS is a by-product. Additionally, the acetylation of ADI
gives 6-0-acetyl-ADI (denoted ADIAc). The second-step dehydration, namely 1,4- and
3,6-AHADS to ADI, is the rate-determining step.

—

HO, NHAc ]
HO
3 0
HO
1‘4?2?:";3395 Dehydration NHAG
(14 ) (Second-step) O,
—
OH NHAc 5 NHAG \ »
oH  Dehydration ‘1., oH ue
nT Y (First-step) o
—_— R o)
R HO ~ ©OH i
ADS 3,6-anhydro-ADS |
(3,6-AHADS) ] i
wNHAC NHAC
1 ‘ O,
HO
i OH \ "
o AcO
1,4-anhydro-ADS ADIAc
(1,5-AHADS)

—

Scheme 2.1 Reaction pathway from ADS to ADI.
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2.3.2 Screening test of weak acids

To evaluate the influence of acidity on activity of ADS dehydration, I tested several
acids with pH values varied from —15 to 2.8 (specifically, CF3SOszH, HCIl, H2SO4,
H>C>04, H3POs3, 2,4-Dinitrobenzonic acid (denoted DNBA), H3POs, and malic acid;
the pKa of each acid is shown in Fig. 2.2) at S/C =2.0 at 150 °C under the atmospheric
pressure for 3 h. A reaction with no catalyst converted ADS to AHADSs in 28% yield
in total (entry 1) but did not produce ADI at all. Thus, the reaction needs a catalyst.
CF3S0sH, HCI and H2S0O4, namely strong acids, gave ADI in 11-19% yield, AHADS
and ADIAc (entries 2—4). Plenty of unidentified by-products were also formed (49—
67%), which are supposed to be deacetylated compounds and humins.

Then, various weak acids with pK, values of 1.2-2.8 (H2C204, H3PO3;, DNBA,
H3PO4 and malic acid) (entries 5-9) were tested. Among these acids, H3;PO3; gave the
highest yield of ADI (19%, entry 6), and notably this yield was as high as that given by
CF3SOs3H (19%, entry 2).

mADI 1,4-AHADS 3,6-AHADS ®1,5-AHADS ®mADIAc = Others

= M
H 08

0 )
Catalyst None CF;SO3H HCI H,S0, H,C,0,

100

80 -
60 -
40 -

20.-Il

Yield /%

H;PO, DNBA H;PO, Malic acid
pK, - -15 -8 -3 1.2 1.3 1.4 21 2.8
Entry 1 2 3 4 5 6 7 8 9

Figure 2.2 Dehydration of ADS by acid catalysts with different pKa values.
Reaction conditions: NAG 0.05 mol; S/C =2.0; p = 1 atm; 150 °C; 3 h.

2.3.3 Optimization of reaction conditions to maximum the yield of ADI
The reaction conditions were optimized to maximize the yield of ADI using H3PO; (Fig.

2.3). First, I attempted to depressurize the reaction system to remove the H>O produced
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from dehydration for promoting the reaction. The decrease in pressure from 100 kPa to
less than 0.1 kPa increased the yield of ADI from 19% (entry 6) to 24% (entry 12).
Second, the influence of temperature was studied under the vacuum condition. By
decreasing the reaction temperature from 150 °C, the reaction at 130 °C gave a similar
yield of ADI (24%, entry 11) but that at 110 °C decreased the yield to 18% (entry 10).
The high-activation-energy characteristic® of this reaction suggests that a higher
reaction temperature is favorable; however, high temperature also promotes side
reactions to give more by-products such as humins. Thus, I chose 130 °C as the
temperature for the following experiments to alleviate the influence from side reactions.
Then, the S/C ratio was varied from 2.0 to 8.0 at 130 °C. The increase in the S/C ratio
from 2.0 to 4.0 increased the yield of ADI within the range of error, and slightly
increased AHADS (entry 13). The reaction at the S/C ratio of 8.0 drastically decreased
ADI yield to 10% due to the slow dehydration of 1,4- and 3,6-AHADS to ADI (entry
14). I conclude that pressure, temperature, and S/C ratio are all influential on the yield
of ADI. The best reaction conditions for H3POj3 are p < 0.1 kPa, 130 °C, S/C=4.0, 3 h,
which gives the highest yield of ADI (25%).

mADI ©1,4-AHADS =3,6-AHADS m1,5-AHADS ®mADIAc = Others

100

80
£ 60
: l
[
£ 40
> = o . .

. . l

N | m B
Temp. /°C 110 130 150 130 130 130
S/C 2.0 2.0 2.0 4.0 8.0 2.0
Entry 10 11 12 13 6

Figure 2.3 Optimization of reaction conditions for the dehydration of ADS by H3PO:s.
Reaction conditions: NAG 0.05 mol; p < 0.1 kPa; 3 h.

Reactions using different weak acids were also conducted under the optimized
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condition for H3PO3 (Fig. 2.4). HoC20O4 and DNBA gave 12—-13% yield of ADI (entries
16, 17), and H3PO4 gave only 8.9% yield (entry 18). I conclude that H3PO3 is the most

active catalyst for ADS dehydration condensation among all the tested weak acids.

mADI =1,4-AHADS = 3,6-AHADS = 1,5-AHADS mADIAc = Others

100
80
£ 60
[
fa =
20
—
0 | 8.9
Catalyst None H,C,0, H;PO; DNBA H;PO,
pK, - 1.2 1.3 1.4 2.1
Entry 15 16 13 17 18

Figure 2.4 Dehydration of ADS by various catalysts under the optimized condition for
H3POs. Reaction conditions: NAG 0.05 mol; S/C =4.0; p = 0.1 kPa; 130 °C; 3 h.

2.3.4 UV analysis of product solutions

In the screening test of acids, the color of each product mixture was yellowish to brown
(Fig. 2.5A). The product mixture given by CF3SO3H and H3PO4 showed especially dark
colors (Fig. 2.5A), which implies a large amount of by-products. The color may be
derived from humins, which contain large amounts of chromophoric conjugated
structures. In my reaction system, 3,6-AHADS is one of the potential precursors to
humins, because it can be dehydrated to a furfural alcohol, and furans is well known to
polymerize in the presence of an acid catalyst (Fig. 2.6).'2° In contrast, H;PO; and

H>C>04 provided pale yellow solutions (Fig. 2.5A).
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Figure 2.5 (A) Photographs of aqueous solutions of products after the dehydration of
ADS catalyzed by CF3SOsH, H>C>O4, H3PO3 and H3POs. (B) UV-Vis spectra of the

solutions above, ADS, and humic acid.
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OH oH,
Humin

Figure 2.6 Possible example for production of furan derivatives and humins from ADS.

The phenomenon inspired me conducting UV analysis of the product mixtures to

understand the difference in colors (Fig. 2.5B). Those acids had no absorption peaks
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at >230 nm, except for H2C>04, which has an absorption for C=0 n—n* transition (240
nm). A pure ADS solution was measured as a controlled experiment, giving a peak at <
220 nm mainly derived from C=0 n—n* transition. AHADS and ADI may have similar
peak position and absorbance because of no structural change around the unsaturated
bond. For the reaction mixtures, those given by CF3SOsH and H3POs4 provided
additional peaks at 230-320 nm. The peaks are assignable to unsaturated bonds or
conjugated systems such as furanics.?! The absorption peaks are extended to visible
region (>380 nm), suggesting the existence of large conjugated structures in humins.*?
I have confirmed that a soluble humin material showed a broad absorption in visible
region (Humic acid in Fig. 2.5B). Compared to the two acids discussed above, H3PO3
and H2C>0O4 gave smaller peaks for conjugated structures. It is notable that they showed
almost no absorption in the visible region (>380 nm). I realized that the two acids have
reducing ability (eqgs. 3.5, 3.6), while other acids do not. Possibly, H;PO3 and H2C2O4
convert the unsaturated chemical bonds in by-products to saturated ones, and therefore

they provide the pale color for the product solutions.

HsPO4 + 2H* + 26~ 2 H3POs + H,OE® = —0.276 V vs SHE (3.5)
2C02 + 2H" + 26" 2 H2C204  E°=-0.475 V vs SHE (3.6)

2.3.5 Size exclusion chromatography analysis

In the previous section, the UV analysis implied that the product mixtures contained
humins. Humins are produced by intermolecular condensation, thus having large
molecular weights (M,,) in the range of 300—10°.23 Therefore, they can be distinguished
by the molecular size with monomeric compounds such as ADS and ADI (M,, < 300).
Based on this fact, an SEC analysis of the production mixtures were performed to
quantitatively analyze condensation products including humins (Fig. 2.7). The SEC
analysis separates molecules according to their size and elutes them in order of
decreasing M,,. The peak area ratio of the products with M,, below and above 300 were
calculated (Table 2.2). H;POs3; and H2C204 produced condensation products (M,, > 300)

in peak area ratios of 36% and 10%, respectively. These ratios were lower than those
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given by CF3SOsH (62%) and H3PO4 (53%). This is because H3PO3 and H>C>04
possibly alleviates the side-reactions, by reducing the unsaturated structures which are
able to form humins.?* For summary, the reducing activity of H3PO3; and H2C,04 is
effective for keeping the production mixture pale color and for decreasing the
condensation by-products. However, as shown in Fig. 2.2, H3POs; produces unidentified
by-products as much as non-reducing acids. I speculate that this is due to the formation
of their H3PO3 monoesters (phosphite esters), which have molecular weight at 287
(Sorbitol ester) and 269 (1,4-AHADS ester) and considered as non-condensation

products (300 > M,,).

(A) (B)
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Time /min Time /min
(&) (D)
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Time /min Time /min

Figure 2.7 SEC charts refer of ADS dehydration product using various acid catalysts:
(A) CFsSOs3H; (B) H2C204; (C) H3POs3; (D) H3POu.

Table 2.2 Result of SEC analysis of product mixtures.

Ratio of peak area /%

Catalyst

M, >300 300>M,
None 0 100
CF;SOsH 62 38
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H>C204 10 90
H3POs3 37 63
H3PO4 53 47

2.3.6 Kinetic analysis of ADS dehydration by H3PO3

For a better understanding of the high activity of H3PO3 for ADI production (25%), the
time course of ADS dehydration by H;PO3; was studied (Fig. 2.8A), and that by H3POg4
was also employed as comparison (Fig. 2.8C). In the case of H3POs3, yields of 1,4- and
3,6-AHADS were maximized at 0.5 h, and then gradually decreased due to consecutive
reactions. 1,5-AHADS was similarly produced, but it decreased very slowly after 1 h.
ADI increased in a sigmoidal curve, and the yield reached 25% at 3 h. This profile
demonstrates that ADI forms by successive reactions via 1,4- and 3,6-AHADS. In case
of H3POs4, 1,4- and 3,6-AHADS showed similar trend with H3POs; 1,5-AHADS
reached the maximum at 1 h, then slowly decline. However, yield of ADI increases
slowly, then stopped after 2 h. To reveal the difference in kinetic parameters of the two
reactions, the author applied a pseudo first-order approximation which is often
employed for the dehydration of sugar alcohols?* 7 (solid lines in Figs. 2.8A and C). In
both cases, the approximation nicely followed the experimental data, giving reliable
rate constants. As summarized in Figs. 2.8B and D, H3PO; produced 1,4- (k=0.79 h'"),
3,6- (0.82 h'') and 1,5-AHADS (0.95 h!) at similar rate constants (ratio 31:32:37),
which resembled those of H3POs (30:33:37). However, H3PO; gave larger rate
constants for the dehydration of 1,4- and 3,6-AHADS to ADI (1.0 and 1.1 h'") than
those for the first step. The values were five-fold greater than those for H3PO4 (0.18 h°
"and 0.22 h'"). This is an outstanding characteristic of H;PO3 compared to other weak

acids, because the second dehydration is the rate-determining step of other acid systems.
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Figure 2.8 (A) Time course of ADS dehydration by H3PO3 and (B) pseudo first-order
rate constants obtained by the curve fitting; (C) Time course of ADS dehydration by
H3PO4 and (D) pseudo first-order rate constants obtained by the curve fitting. In (A)
(C), the plots indicate actual experimental results, and the lines show theoretical yield

curves based on the kinetic analysis.

2.3.7 LC-MS analysis and 3'P-NMR analysis

I focused on why H3PO3 specifically shows high activity among weak acids. Possible
causes would be particular acid strength suitable for the reaction or different reaction
mechanism. For the former, oxalic acid (pKa. = 1.2) and DNBA (pKa = 1.4) were much
less active than H3PO3 (pKa = 1.3) regardless of the similar acidity (Fig. 2.2). Therefore,
the high activity of H3POs cannot be explained by acid strength. Instead, I speculate
that the reaction mechanism is different. Thus, the product mixture made with H3POs
was analyzed with an LC/MS to clarify whether unexpected intermediates are present.
After performing a short-time ADS dehydration by H3POs (1 h, S/C = 4.0, 130 °C,
pressure < 0.1 kPa), the product gave three major peaks at 10, 22, and 34 min in the
chromatogram (Fig. 2.9A). The peak at 10 min indicated m/z =250 and 268 (Fig. 2.9B),
and the mass numbers are ascribed to phosphite esters of AHADS ([M—H>O—-H]", m/z
=250; [M—H]", m/z = 268) and possibly that of ADI ((M—H]~, m/z = 250). The second
peak (22 min) showed m/z = 286 (Fig. 2.9C), which is assignable to the ester of ADS
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([M—H]). The third peak (34 min) is supposed to be ADI (Fig. 2.9D; [M-H]", m/z =

300

186).
(A) (B) 268
‘ 250
1 A
h l “‘
I} 1 !
| I IR
I ‘IK == AN =T L T T ‘I - T r L
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Figure 2.9 (A) LC chart given by RID detector of the product solution after the

dehydration of ADS by H3POs3 (S/C = 4.0) at 130 °C under < 0.1 kPa of pressure for 1

h. The mass spectra are recorded using a negative ion mode at (B) 10 min, (C) 22 min

and (D) 34 min.

The appearance of those H3PO; esters motivated the author to conduct 3'P NMR

analysis of each fraction (Fig. 2.10). For the fraction at 10 min, other than the peak of

H;POs at 4.6 ppm, several peaks appeared in the range of 6.0—8.0 ppm. In contrast the

fraction at 22 min gave no peak, though the fraction collection was continued for three

days. Concentration of the product may be very low, or the compound does not contain

phosphorus.
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Figure 2.10 *'P NMR spectra of the HPLC fractions shown in Fig. 2.9. (A) Retention

time: 10 min. (B) Retention time: 22 min.

2.3.8 3P NMR prediction by DFT calculation

For the 10-min fraction, the analytical assignment of the peaks in NMR spectra was
difficult. Instead, the *'P NMR chemical shifts of phosphite esters were predicted using
a quantum chemical calculation method. After determining the coefficients a and b as
—0.457 and 141.2 by using the three commercial phosphite esters (Fig. 2.11), eq. 2.2
was applied to estimate the *'P chemical shifts for phosphorous acid esters of 1,4-
AHADS and 3,6-AHADS (Table 2.3). For convenience, those compounds are denoted
1,4- and 3,6-AHADS-nP, where n indicates the ester position. The peaks predicted by
calculation are in the range of 6—8 ppm, which was approximately the same as those
observed in the actual experiment (6—8 ppm, Fig. 2.11). Among the compounds listed
in Table 2.3, 1,4-AHADS-6P, 1,4-AHADS-3P, 3,6-AHADS-1P and 3,6-AHADS-4P are
the possible intermediates to give ADI by hydrolysis followed by ring closure. The
others are by-products, because their dehydration condensation does not produce five-

membered ring structures.
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Figure 2.11 Determination of the coefficients a and b using the least-squares method

using standard compounds.

Table 2.3 Computed shielding constants and predicted chemical shifts of phosphites.

Compound ocalc IppM  Jpred /ppm | Compound ocalc IpPM  Jpred /ppM
H\ _0 NHAc
_P” ) o H
HO § < on 5 \/PI:O
: NHAG 293.1 7.3 oy O 295.6 6.2
o HO
1,4-AHADS-3P 3,6-AHADS-1P
Oxp-OH NHAC
|.‘\O QH On, - OH
" : . NHAc 291.2 8.2 " "”o/\z:o 295.6 6.1
1,4-AHADS-5P 3,6-AHADS-4P
OH  on OH Q NHAG
HO o : O:P\Ow.[/'-\&
P, H -
O H )N 2934 7.2 W an oM 2015 8.0
1,4-AHADS-6P 3,6-AHADS-5P
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The results of LC-MS and *'P-NMR analysis imply that the dehydration
condensation of ADS with H3POs possibly takes place via AHADS phosphites. This is
a new reaction pathway (denoted as phosphite mechanism) that differs from the typical

acid mechanism.

2.3.9 DFT calculations of post-reaction solutions

For a better understanding of the reaction mechanism, DFT calculations were
conducted to determine the energy profiles of different reaction pathways. Both the
typical acidic mechanism and phosphite mechanism were considered in the DFT
calculations. For the simple acid-catalyzed reaction (Scheme 2.2A), the primary
hydroxy group should be protonated; however, the carbonyl O in the acetamido group
initially trapped the proton (£ = —8 kJ mol!) due to the strong basicity. This quenching
effect led to a high activation energy (TSI, E. = 107 kJ mol) for the cyclization
reaction to produce 1,4-AHADS. Similarly, the product produced a stable adduct with
a proton at the carbonyl O (£ =—19 kJ mol™"). This resulted in a higher activation energy
(TS2, E»= 118 kJ mol™) for the second dehydration to form ADI. Accordingly, the high
activation energy due to proton trapping by the acetamido group accounts for the low

reaction rate to obtain ADI.

(A) Typical acidic mechanism

oH HN” Yo Y
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HO ——> HO o >
OH OH OH
ADS TS 1,4-AHADS
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HO HO (0]
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-19 kJ mol: +99 kJ mol* -12 kJ molt

343icm?
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(B) Phosphite mechanism
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Scheme 2.2 Proposed reaction mechanisms for conversion of ADS to ADI using (A)
typical acid catalysts and (B) H3POs. Proton formation is assumed as 2H3PO3; — H' +
[H2PO3---H3PO3] .

In the case of the phosphite mechanism (Scheme 2.2B), the esterification of ADS
with H3POs3 produced ADS-1P with an E, of 96 kJ mol™!. The esterification can also
occur at the secondary OH groups. However, the product, ADS-1P, was 1030 kJ mol !
more stable than those esters produced at the secondary hydroxy groups. Thus, ADS-
1P is expected to be the main product of the esterification. The ester captured a proton
between P=0 and carbonyl O of acetamido group, followed by an Sn2 reaction in which
H3PO3 worked as leaving group. This reaction generated 1,4-AHADS with an E. of 100
kJ mol™! (TS1P). This value was slightly lower than E, of the typical acid mechanism
(107 kJ mol ™). The esterification and dehydration of 1,4-AHADS to ADI resembled
those of ADS. First, 1,4-AHADS produced 1,4-AHADS-6P with an E, of 76 kJ mol!,
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and then it was similarly converted to ADI with an E, of only 82 kJ mol™!' (TS2P).
Accordingly, the phosphite mechanism provides remarkably lower activation energy
for the second cyclization, compared to the typical acid mechanism (118 kJ mol ™). This
is likely due to the easy protonation of P=O group than that of OH. The DFT
calculations have indicated that the P=O in 1,4-AHADS-6P has a proton affinity of
1066 kJ mol !, which is 42 kJ mol ™! higher than that of the primary OH group in 1,4-
AHADS (1024 kJ mol ™). I conclude that H;POj3 can create a new reaction pathway via
esters with low activation energies, which significantly accelerates the step of

converting 1,4-AHADS to ADI.

2.4 Conclusions

In this chapter, I studied the dehydration condensation of a polyol (ADS) derived from
chitin. I found that H;PO3; shows exceptionally high catalytic activity among the weak
acids catalysts tested. Additionally, the reducing ability of H3POj3 decreases the coloring
of the product likely by converting unsaturated bonds to saturated ones. It may decrease
the formation of humins as indicated by the SEC analysis, because the unsaturated
structures induce intermolecular condensation. For the kinetics of the H3POs-catalyzed
reaction, rate constants for the dehydration of AHADS to ADI are larger than those of
ADS to AHADS. This kinetics is specific to H3PO3, as other weak acids give much
lower rate constants to the conversion of AHADS, compared to that of ADS. LC-MS
and *'P NMR analyses have shown that the reaction pathway using H3;POj3 contains
phosphite esters of ADS and AHADS. DFT calculations of the reaction mechanism
supported the hypothesis, in which ADS first produces phosphite esters and the esters
convert to AHADS by Sn2 reactions, then AHADS are transformed into ADI by the
same mechanism. Importantly, in this mechanism the activation energy is significantly
lower than that of conventional acid-catalyzed mechanism. P=O groups in the esters
can easily capture proton due to high basicity, which leads to the quick cyclization
reaction. In contrast, the conventional acid systems need protonation of less basic
hydroxy groups of the substrates, but protons are rather caught by amide groups. Thus,

the new pathway opened by H3PO3 overcomes the inhibition effect and provides the
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low activation energy. My reaction decreases the cost and environmental load of ADI

synthesis.
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Chapter 3
Application of H3PO3 in the dehydration condensation of

sorbitol

3.1 Introduction

Isosorbide has shown versatile applicability such as building block of engineering
plastics.! Current synthesis of isosorbide uses concentrated H>SOy4 as catalyst, which is
not environmental-friendly due to the discharge of sulfuric acid pitch.>? Many efforts
has been paid to develop a new production method to apply a weak acid catalyst for
isosorbide production.>® However, application of weak acid needs harsh reaction
condition such as microwave heating*, high temperature,’ or use of oxidizing acid,’
which are not favorable for industrial application due to cost and corrosion issues.
Previously, I found H3POs (pKa = 1.3) showed characteristic activity for dehydration
condensation of ADS to ADL?® Since sorbitol is an analog of ADS, I speculate H3PO3
may also be useful for the dehydration of sorbitol. In this chapter, I applied H3PO;3 for

the conversion of sorbitol to isosorbide.

3.2 Experimental

3.2.1 Reagents

The reagents used in this work are shown at the following table.

Table 3.1 Information about reagents.

Name Supplier

D-Sorbitol (CsH140e) Tokyo Chemical Industry
1,4-anhydro-glucitol (CsH120s;1,4-Sorbitan) Santa Cruz Biotechnology

Isosorbide (CeH1004) Tokyo Chemical Industry

Oxalic acid (H2C204) Fujifilm Wako Pure Chemical Industries
Phosphorous acid (H3PO3) Sigma-Aldrich

2,4-Dinitrobenzonic acid (C7HsN20s: DNBA) Alfa Aesar
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Phosphorus acid (H3PO4) Fujifilm Wako Pure Chemical Industries

3.2.2 Dehydration of sorbitol by acid catalysts

First, a substrate mixture was prepared, in which sorbitol (182 mg, 1.0 mmol) and acid
catalyst (at a determined ratio) were dissolved in HoO (0.2 mL). Then, the product
mixture was filled in a Schlenk tube (Kanto Chemical, 20 mL), which was
depressurized (< 0.1 kPa) using a rotary pump via a liquid N> trap and kept overnight
at room temperature. For performing reaction, the apparatus was heated using an oil

bath for a certain time at 130 °C, under reduced pressure (< 0.1 kPa, Fig. 3.1).

=y Decreased pressure
by vacuum pump

Schlenk tube
containing reactant
with stir bar

Constant temperature
P oil bath

Figure 3.1 Experimental equipment of sorbitol dehydration.

3.2.3 Reflux experiment

:'— Cooling water flow

Flask
Containing product mixture
with stir bar

Constant temperature
oil bath

Figure 3.2 Experimental equipment used for reflux of product mixture.
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Reflux of product mixture solution was conducted to hydrolyze phosphite esters. After
the dehydration condensation of sorbitol, the product was dissolved using 20 mL water
and moved to a 100 mL flask. A Dimroth-type condenser tube was inserted into flask
and connected with a condenser pump for flowing cooling water at 5 °C (Fig. 3.2). The

whole apparatus was immersed into an oil bath and kept at 90 °C for 3 h.

3.2.4 Liquid chromatography analysis
3.2.4.1 High pressure liquid chromatography (HPLC) analysis
After reaction, the product mixture was dissolved with 20 mL water, then analyzed by

a HPLC (Shimadzu LC-20AD) equipped with a Rezex RPM-Monosacharide Pb++

column (Phenomenex, 300 x g 7.8 mm, 70 °C) with a refractive index detector (RID).

1

Water at a flow rate of 0.6 mL min—" was used as the mobile phase.

The calculation of product yield uses the following formula:

FXAXV
m/M

Yield (%) =

x 100  (3.1)

where f is calibration factor (mol/L), A is area from HPLC chart, V is volume of

water (L), m is the mass of sorbitol (g), M is the molecular weight (g/mol).

3.2.4.2 Liquid chromatography-mass spectroscopy (LC/MS) analysis

LC/MS analysis of soluble products were conducted, using a HPLC system (Shimadzu
LC-20AR) equipped with an SH-1011 column (Shodex Sugar 300 mm x ¢ 8.0 mm) and
a mass spectrometer (MS, LCMS-2020). The MS consists of an electrospray ionizer

(ESI) and a quadrupole mass analyzer.

3.2.5 NMR analysis
Proton decoupled phosphorus nuclear magnetic resonance (NMR; 3!'P 243 MHz) was
recorded using a JEOL ECX-600 spectrometer. H3;PO4 (85%) was used as an external

standard.
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3.3 Results and discussion

3.3.1 Typical reaction pathway of sorbitol dehydration

The conversion of sorbitol to isosorbide passes through a two-step dehydration reaction
(Fig. 3.1).? The first-step dehydration converts ADS to 1,4-Sorbitan, 3,6-Sorbitan and
2,5-Mannitan. Among them, 1,4-Sorbitan and 3,6-Sorbitan produce isosorbide by the
second dehydration, and 2,5-Mannitan is a dead-end product. Previous reports have
shown that 3,6-Sorbitan is produced at a very slow rate and consumed at a quicker rate,
thus it is hard to be detected in this reaction system.'® 1,4-Sorbitan is the predominant
intermediate to give isosorbide. The second-step dehydration is the rate-determining

step of this reaction.

HO
S
HO
1,4-Sorbitan Dehydration
(Second-step)
p—

OH
O,

OH ]

OH HO
Isosorbide

OH OH Dehydration
OH (First-step)

——

HO

S
o' M
T

H HO
OH  OH 3,6-Sorbitan
Sorbitol J

O
HO "~ oM

=

HO OH
2,5-Mannitan

—

Scheme 3.1 Reaction pathway of sorbitol conversion to isosorbide.

3.3.2 Influence of acidity on isosorbide yield

In Chapter 3, I successfully converted ADS to ADI using H3POjs at a reaction condition
at S/C = 4.0, p < 0.1 kPa, 130 °C for 3 h.® For conversion of sorbitol to isosorbide,
firstly I conducted the reaction using weak acids with different pKa values under a

similar condition with a shorter reaction time (S/C = 4.0, p < 0.1 kPa, 130 °C, 1 h) to
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observe the influence of acidity on isosorbide yield (Fig. 3.3). Among the weak acids
tested, H3PO3 gave a high yield of isosorbide (46%), which is a similar phenomenon as
the case of ADS dehydration;® on the other hand, H2C204, DNBA and H3PO4 showed
low activity (yield of isosorbide: 6.4%, 4.1%, 3.1%, respectively). Those reactions also
gave 1,4-sorbitan to some extent (7.0-22%), but no trace of 3,6-Sorbitan was recorded.
The characteristic activity of H3POj3 inspired me to conduct a further optimization of

reaction condition to increase the yield of isosorbide using H3POs.

m |sosorbide 1,4-Sorbitan m2,5-Mannitan Others

100
] ]
£ 60 -
T
]
S 40 -
20 -4 —
o LA .H- 3.4,
Catalyst H,C,0 H;PO, DNB H;PO,
PK, 1.2 1.3 1.4 2.1

Figure 3.3 Dehydration of sorbitol by weak acid catalysts with different pKa values.
Reaction condition: Sorbitol 1.0 mmol; S/C =4.0; p <0.1 kPa; 130 °C; 1 h.
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3.3.3 Influences of S/C ratio on isosorbide yield

m |sosorbide = 1,4-Sorbitan m2 5-Mannitan = Others

100
80
- - B -
E\S 60 | I
ke
®
S 40 -
53
20 | 46
18
s I3
0
sIC 32 16 8.0 4.0 2.0 1.0

Figure 3.4 Dehydration of sorbitol by H3PO;3 for 1 h. Reaction condition: Sorbitol 1.0
mmol; p <0.1 kPa; 130 °C; 1 h.

m Isosorbide 1,4-Sorbitan =2 5-Mannitan Others

100
80 -
| [ ] | |
S 50 -
3
.2 I
> _
40 71
20 -
27 35
1.2
0
Sic 32 16 8.0 4.0 2.0 1.0

Figure 3.5 Dehydration of sorbitol by H3POs for 3 h. Reaction condition: Sorbitol 1.0
mmol; p <0.1 kPa; 130 °C; 3 h.

In Chapter 3, H3POs3 at S/C = 4.0 gave ADI at 25% yield, and a large amount of humin
was produced as by-products. Actually, humin can be readily produced from sugar at
acidic environment.!!"!*> Thus, I attempted to conduct a screening test of S/C ratio from
32 to 1.0 to find a suitable H3PO; concentration to give high yield of isosorbide with

less by-products (Fig. 3.4). At S/C = 32 (entry 5), only a small amount of isosorbide
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was obtained (0.6%). This implies the activity of H3POs3 is very low when used at a low
concentration. H3POjs at a ratio of S/C = 16 (entry 6) successfully catalyzed the reaction
and gave isosorbide at 18% yield. As the S/C ratio changed from 8.0 to 1.0 (entry 7,
entry 2, and entries 8-9), the yield of isosorbide gradually increased (28%—59%), and
the amount of 1,4-sorbitan declined, which indicates the activity of H3POs3 is enhanced
as its concentration increases; on the other hand, side reactions were also promoted to
give more by-products. Since 1,4-sorbitan is the intermediate of sorbitol conversion to
isosorbide,!® the remained 1,4-sorbitan possibly produce more isosorbide if reaction

time is extended. Thus, I conducted those reactions at a longer time of 3 h (Fig. 3.5).

At S/C =32, the yield of isosorbide hardly increased (entry 10, 1.2%) compared with
the case of 1 h (entry 5, 0.6%). The extension of reaction time gave slight improvement
of isosorbide yield for S/C = 16 (from 18% to 27%) and 8.0 (from 28% to 35%), with
a large amount of 1,4-sorbitan remained. This phenomenon implies that the second-step
dehydration condensation of sorbitol didn’t proceed well when a lower concentration
of H3PO; (S/C > 8) was used. At S/C = 4.0, the yield of isosorbide significantly
improved to 60%. At S/C = 2.0, 71% yield of isosorbide was achieved, which was the
highest among those entries. At S/C = 1.0, the reaction gave isosorbide at 33% yield
and a large amount of by-product, which is possibly caused by the promotion of side-
reactions such as humin production at a high acid concentration. I conclude that a higher
concentration of H;POs3; (S/C = 4.0 and 2.0, specifically) is favorable for isosorbide
production from sorbitol; the highest yield of isosorbide (71%) was obtained at S/C =
2.0. A time course analysis of products yield (Fig. 3.6) was performed at the optimized
reaction condition (S/C = 2.0; 130 °C). From the start of the reaction, sorbitol
continuously decreased and reached less than 2.0% at 30 min. As the dehydration
product of sorbitol, 1,4-sorbitan initially increased and reached the highest at 15 min,
then gradually decreased. As 1,4-sorbitan declines, yield of isosorbide continuously
increases from the initial stage, and finally reached 71% at 3 h. Additionally, 2,5-
Mannitan as a by-product was produced and kept at a minor amount during the reaction

process.
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Figure 3.6 Product yield time course of sorbitol dehydration condensation. Reaction

condition: Sorbitol 1.0 mmol; S/C ratio = 2.0; p < 0.1 kPa; 130 °C.

3.3.4 LC-MS analysis and 3'P-NMR analysis

In the last section, with the optimization of reaction condition, a high yield of isosorbide
(71%) was achieved. However, the high activity of H3POs3 cannot be explained only by
acid strength (H3POs: pKa = 1.3), because H>C204 (pKa = 1.2) and 2,4-DNBA (pKa. =
1.4) showed obviously low activity than H3PO3, even though they have similar acidity
(Fig. 3.3). For clarification of the reaction mechanism, I conducted a LC/MS analysis
of the production mixture given by H3;POs; to detect the fractions of reaction
intermediates.

The product mixture of 10 min in the time course analysis was applied for LC-MS
analysis. The MS chart showed large peaks at m/z =227 and 245 at 10 min of retention
time (Fig. 3.7B), which are ascribed to H3PO3 monoesters of 1,4-sorbitan ((M—H] ", m/z
= 227) and sorbitol ([M—H]", m/z = 245), respectively. This result suggests H;PO;
monoesters are proposed to exist in the reaction system. In Chapter 3, the dehydration
condensation of ADS using H3POs was found to pass through a specific reaction
mechanism via phosphite esters. Since sorbitol is an analog of ADS, I speculate the
dehydration of sorbitol may pass through a similar phosphite mechanism (Scheme
3.2B). Initially, the esterification of sorbitol with H3PO3 produces sorbitol ester, then

the ester captures a proton between P=0O group of H3PO3; and C=0 of acetamido group,

64



followed by an Sn2 reaction in which H3POj3 functions as leaving group to generate 1,4-
sorbitan. The esterification and dehydration of 1,4-sorbitan mirrors that of sorbitol. First,
1,4-sorbitan produces 1,4-sorbitan ester, then it likely converts to isosorbide via an Sn2
reaction. In this reaction mechanism, H3POs3 functions in both protonation and

esterification of each substrate and intermediate.

245
227

0 10 20 30 40 50 50 100 150 200 250 300
Time /min m/z

Figure 3.7 (A) LC chart of the product solution after the dehydration of sorbitol by
H3POs3 (S/C =2.0) at 130 °C under < 0.1 kPa of pressure for 10 min. The mass spectra

were obtained using a negative ion mode at (B) 10 min.

65



(A) Sorbitol 1,4-Sorbitan — 1:4-Sorbitan ——, |sosorbide —— Isosorbide
Sorbitol orbito _|__—: ester ester
ester 2,5-Mannitan
=) W
OH  OH OH OH OH OH OZPC/O
OH +H* On, tHaPOs 27 H
HO™ % — HO" HO™ > o
OH OH GH OH OHHO H,0*
Sorbitol
OH -
+ HO o_LoH
H OH OH OH OH <o
-H,0O o o +H* o 6H p A ~H
— ~pd — ~p ol OH
HO™ ™ ﬁ(H HO™ ™ P T HoT ‘0
OH OH OH OH OH OH OH
Sorbitol ester
_H
H HO OH
P )
HEPOJ /\ﬂ J o " \\w
Ho+ 1 ©
OH
1,4-sorbitan

-H* OH
-HyPO;, 0.,
. —-
0 o 0 —
oM L 5y : S

P _P ! H HO

on o*on" Ho”l‘oHO

H H

1,4-sorbitan ester Isosorbide

Scheme 3.2 (A) Product sequence of sorbitol dehydration using H3PO3; (B) A detailed

reaction mechanisms for conversion of sorbitol to isosorbide using H3PO3

The appearance of those phosphite esters motivated me to conduct a *'P NMR time
course analysis to track the phosphite ester fractions during the reaction process. The
3P NMR spectrum from 0-3 h were shown in Fig. 3.8. Other than the peak of H3POs
at 4.63 ppm, several peaks appeared in 5.0-8.4 ppm range. Those peaks were supposed
to be monoesters derived from polyols (sorbitol, 1,4-sorbitan and isosorbide) in this
reaction system. Since those compounds are commercially available, I used those
reagents to conduct short-time reactions using H3POj3 at the same reaction condition for
1-10 min and analyzed the product mixtures by 3'P NMR. The peaks given by each
spectrum were considered as the phosphite esters derived from each sugar alcohol
respectively, and their chemical shift values were recorded (Table 3.2). Referring to
those chemical shift values, the assigned peaks in the *'P NMR time course analysis
(Fig. 3.9) were categorized into three types: sorbitol ester, 1,4-sorbitan ester, and

isosorbide ester. The normalized peak area of categorized esters derived from each
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sugar alcohol were merged to reveal their change during the reaction process (Fig. 3.9).
The other non-assigned peaks in the spectra were considered as esters derived from

other by-products such as 2,5-mannitan.

Reflux “
180 min % N R AN I N

30 min /\ /\ 1
10 min N A J
5 min Moo J
LI N W j

0 min

*

N S

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0
Chemical shift /ppm

Figure 3.8 *'P NMR time course of sorbitol dehydration condensation (*spinning side

bands). Reaction condition: Sorbitol 1.0 mmol; S/C ratio = 2.0; p < 0.1 kPa; 130 °C.

Table 3.2 Assignment of peaks in *'P NMR spectra

Corresponding
Chemical shift /ppm

compound

Sorbitol 8.23, 8.03, 7.60, 7.34, 6.60, 6.51
1,4-Sorbitan 7.97,7.47,6.33, 5.66
Isosorbide 5.23

H;PO; 4.63
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Figure 3.9 Normalized *'P NMR peak area of phosphite esters during sorbitol
dehydration. Reaction condition: Sorbitol 1.0 mmol; S/C ratio = 2.0; p < 0.1 kPa;
130 °C.

During the reaction process, H3PO; decreased from the start and reached a low
amount at 30 min. This trend is similar with that of sorbitol in product yield time course
(Fig. 3.6), which implies that those two compounds react with each other at the initial
stage, and possibly produce sorbitol esters. The amount of H3POs leveled off after 1 h,
suggesting that the consumption and production rate of H3PO3 were similar. As a large
fraction of H3PO3 converted to esters, the concentration of free H3PO3 became low after
1 h. However, the reaction continuously proceeded, possibly because some phosphite
ester can function as acid catalyst to provide protons.!” Sorbitol ester increases from the
start, and reached the maximum at 10 min, then declines and leveled off at 60 min.
Sorbitol ester can give 1,4-sorbitan via an SN2 reaction. As 1,4-sorbitan increases from
0—15 min, 1,4-sorbitan ester showed a similar trend to increase during that period. Then,
as 1,4-sorbitan declined from 15 min, 1,4-sorbitan ester continuously increased and
leveled off at 30 min. A possible explanation for this phenomenon is the production and
accumulation of unreactive phosphite esters of 1,4-sorbitan. To give isosorbide, a 1,4-
sorbitan molecule needs a condensation occurs between C-3 and C-6, thus requires a
phosphite monoester formed at one of those positions. The other esters formed with C-

2 and C-5 are unreactive to give isosorbide thus regarded as dead-end products, which
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accumulated during the reaction process and probably cause the leveling off.
Additionally, isosorbide ester was also produced and kept at a minor amount. The
sequence of products in the figure is consistent with that revealed by the time course.
The product sequence revealed by product yield time course (Fig. 3.6) and *'P NMR
time course (Fig. 3.9) basically matches that at the proposed reaction pathway (Scheme
3.2A), which implies that the conversion of sorbitol to isosorbide by H3PO3 possibly

passes through a similar ester mechanism as the case of ADS conversion to ADI.®

3.3.5 Reflux of product mixture

(A) OH

HO : 2 oo
o IS + H0 —» MO A A + HsPO,
2N = H
d” H 5 OH 5 OH
1,4-sorbitan ester 1,4-sorbitan
H. /°
®) A &
o] OH Oh,‘
O,.. + H,0 — + H;PO;
g
§ "o HO
HO
Isosorbide ester Isosorbide

Figure 3.10 Proposed hydrolysis reaction pathway of (A) 1,4-sorbitan ester and (B)

1sosorbide ester.

From the time course of phosphite esters, I noticed that 1,4-sorbitan ester and isosorbide
ester remained after a 3-hour reaction. Possibly, those esters can be hydrolyzed to give
1,4-sorbitan, isosorbide and H3POs (Fig. 3.10), which motivated me to conduct a
hydrolysis experiment. A conventional method of converting a phosphite ester into the
corresponding alcohol and H3POs uses refluxing in acid aqueous solution.'®!? In my
experiment, since H3PO3; was remained in the product mixture, I simply dissolved the
product mixture of a 3-hour reaction by water and reflux. After the reflux, all the peaks
assigned as phosphite esters disappeared in the *'P NMR analysis, and H;POs increased.
Meanwhile, the yield of isosorbide slightly increased from 71% to 74%, and 1,4-
sorbitan was also recovered (Fig. 3.11). This implies that the esters of 1,4-sorbitan and

isosorbide were hydrolyzed to give sugar alcohols and H3POs as expected. I conclude
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that the phosphite esters formed in this reaction can be readily hydrolyzed under

aqueous acidic environment.

m |sosorbide = 1,4-Sorbitan m2,5-Mannitan = Others

100

80 _ [
2
~ 60 4
o
2
> 40 -

20 |

0 i

Before reflux After reflux

Figure 3.11 Comparison of product yield. The production mixture was obtained after
a 3-hour reaction (Reaction condition: Sorbitol 1.0 mmol; S/C =2.0; p <0.1 kPa;
130 °C; 3 h).

3.4 Conclusion

I studied the conversion of sorbitol to isosorbide using weak acids. H3PO3 showed high
activity among the weak acids tested. Similar to the case of ADS dehydration, the
presence of phosphite ester is confirmed by LC-MS and *'P NMR analysis, which
implies the reaction may pass through a special reaction mechanism via phosphite esters,
in which H3POs3 forms ester with substrate, then functions as leaving group to generate
dehydration product by Sn2 reaction. The esterification also gives some unreactive
phosphite esters of 1,4-sorbitan and isosorbide, which can be hydrolyzed by reflux to

improve the product yield.
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Chapter 4

Hydrolytic hydrogenation of molasses to sugar alcohols

4.1 Introduction

Molasses is a waste generated in the production of sucrose from crops such as sugarcane.
It is a dark brown viscous liquid that contains 40—-50 wt% of sugars, specifically sucrose,
glucose, and fructose.! In Japan, Okinawa Prefecture produced 28,252 tons of molasses
in 2016.> Worldwide, the amount reaches 50 million tons annually.! Although molasses
contains a large amount of sugars, it is not very suitable as food due to significant
amounts of impurities. Therefore, molasses has been applied as livestock feed, food
additive, and feedstock for ethanol fermentation.

Herein, the author proposes using molasses as the feedstock for conversion to sorbitol
and mannitol (Scheme 4.1). The sugar alcohols are versatile platform chemicals for
producing various functional chemicals.** Currently, sorbitol is mainly produced from
starch, and mannitol is co-produced with sorbitol by the hydrogenation of fructose. The
two feedstocks compete with food supply, which is not favorable from the perspective
of food security. Hence, molasses is advantageous over the current raw materials in this
sense. However, the catalytic conversion of molasses to sugar alcohols has not been
studied so far. Molasses contains various impurities such as organosulfur compounds.
They may strongly affect the catalytic process of converting sugars in molasses into
sugar alcohols. Hydrogenation catalysts are commonly sensitive to impurities.’
Therefore, in this chapter, I aimed for developing a pretreatment method and clarifying

decisive factors to achieve selective production of sugar alcohols from molasses.®
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Scheme 4.1 Conversion of sugars in molasses to sugar alcohols.
4.2 Experimental section
4.2.1 Reagents
The reagents used in this work are shown at the following table.
Table 4.1 Information about reagents.
Name Supplier
Molasses Mitsubishi Gas Chemical Company
D-Glucose (CsH1206) Kanto Chemical

D-Fructose (CsH1206)
Sucrose (C12H22011)
L-Cysteine (C3H7NO:S)

Fujifilm Wako Pure Chemical Industries
Fujifilm Wako Pure Chemical Industries

Fujifilm Wako Pure Chemical Industries

L-Aspartic acid (C4H7NOy) Fujifilm Wako Pure Chemical Industries

Sulfuric acid (H2SO4)
Hydrochloric acid (HCI)

Fujifilm Wako Pure Chemical Industries

Fujifilm Wako Pure Chemical Industries

Formic acid (HCOOH) Fujifilm Wako Pure Chemical Industries
Hydrogen peroxide (H202) Kanto Chemical
Montmorillonite K 10 Sigma-Aldrich

Activated carbon Norit SX Ultra  Sigma-Aldrich

Raney Ni Sigma-Aldrich
Ru powder Sigma-Aldrich
Pt black Sigma-Aldrich
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H> Air Liquide Kogyo Gas
No Air Liquide Kogyo Gas

4.2.2 Pretreatment of molasses samples

Molasses was pretreated by filtration and adsorption to remove catalyst poisons as
shown in Scheme 4.2. The pristine molasses (4.2 g) was diluted with 35.8 g of water,
followed by centrifugation at 10,000 rpm for 5 min and decantation to remove solid
precipitates. The product is denoted M-Centrifuged. M-Centrifuged was filtrated with
a polyether sulfone membrane with 0.45 pm pores (ADVANTEC 25AS045AN)
because the liquid part of molasses smoothly passed through this filter, and the product
was named M-Filtrated. Besides, M-Centrifuged was stirred with 2.1 g of an adsorbent,
montmorillonite K10 (denoted MK 10) or activated carbon Norit SX Ultra (denoted AC),
at 298 K for 1 h. Subsequently, the solid part was removed by centrifugation and
decantation. MK10 and AC are often used for the adsorption of proteins in food
industries.” This adsorption treatment was repeated once more. Finally, the obtained
liquid was filtrated with the polyether sulfone membrane filter. The sample was named

based on the adsorbent used, M-MK 10 and M-AC.

Original molasses 4.2 g

(Adding) 35.8 g water —|
Centrifugation

M-Centrifuged
2.1g MK10 — 2.1 gAC —
—— Stirring for 1 h —— Stirring for 1 h
—— Centrifugation, —— Centrifugation,
decantation decantation
2.1gMK10 — 21gAC —
— Stirring for 1 h — Stirring for 1 h
—— Centrifugation, —— Centrifugation,
decantation decantation
— Filtration — Filtration — Filtration
M-Filtrated M-MK10 M-AC

Scheme 4.2 Pretreatment of molasses samples.
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4.2.3 Composition analysis of molasses

4.2.3.1 Sugar composition

For the analysis of sugar composition, the pretreated molasses solutions (M-
Centrifuged, M-Filtrated, M-MK 10, and M-AC) after the dilution by five times were
put into a Mini-UniPrep (PVDF, 0.2 um) for the analysis with an high performance
liquid chromatograph (HPLC; LC-10ATVP, Shimadzu; detector: refractive index
detector and UV detector) equipped with a Rezex RPM-Monosaccharide Pb++ column
(2 7.8 x 300 mm, Phenomenex; 70 °C; mobile phase: water 0.6 mL min™'). Typical
HPLC analysis data are shown in Table 4.1 and Fig. 4.1. Total content of sugars in the
solution was calculated using eq. 4.1. The quantity in the pristine molasses was

calculated by eq. 4.2 based on the analysis data of M-Centrifuged sample.

W, (wigp) = 2S5 100 (4.1)

where W; is the total content of sugars in the sample, M, is the molecular weight of
sugar (sucrose, glucose and fructose) (g/mol), A, is peak area of the sugar, f, is a
calibration factor for the sugar (mol/L), V is the volume of the sample (L), M is mass

of the sample (g).

40
W (wt%) = Ws—Centrifuged X %2 X 100 (4.2)
where W' is the total content of sugars in pristine molasses, Ws_centrifugea 18 the total

content of sugars in M-Centrifuged calculated in eq. 4.1.

Table 4.2 Retention time of sugar components (RPM Monosaccharide Pb++).

Sugar Retention time /min

Sucrose 11.7
Glucose 13.9

Fructose 18.8
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t /min

Figure 4.1 HPLC chromatogram of M-Centrifuged.

4.2.3.2 Elemental analysis

A molasses sample of 10 g was dried in an egg-plant flask at 40 °C using a rotary
evaporator under vacuum. The N content in the dried sample was analyzed by a CE-
440 elemental analyzer. The analysis of S content used the oxygen flask combustion
method. The dried sample (2 mg) was wrapped in a piece of filter-paper and inserted
into a platinum gauze. The wrapped sample was combusted in an oxygen-filled flask
containing water for absorbing sulfur compounds. After cooling down, the liquid was
analyzed by ICS-1600 ion chromatography. The conditions for the N and S analyses

are shown below. The atomic composition of samples was calculated using eq. 4.3.

N analysis

Equipment: CE-440 elemental analyzer
Atmosphere: oxygen

Temperature of combustion chamber: 980 °C
Temperature of reduction furnace: 620 °C

Detector: differential thermal conductivity detector

S analysis
Equipment: Dionex ICS-1600 ion chromatography
Column: IonPac AS-12A
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Eluent: 2.8 mM Na;COs3 with 0.3 mM NaHCOs3, 1.5 mL/min
Column temperature: 30 °C

Detector: electrical conduct

Mg
MXw

E (wt%) = X 100% (4.3)

where E is the content of each element in the molasses sample (wt%), w is the content
of element in the dried sample (g), M, is the mass of dried sample (g), M is the mass

of molasses sample before drying (g).

4.2.3.3 Ion chromatography analysis

Inorganic anions in molasses samples were analyzed by ion chromatography (IC). A
0.5 g of molasses sample was diluted to 100 g with water, which was analyzed by a
Shimadzu ICS-3000 system. The IC conditions are shown below. The content of

element in each sample was calculated by eq. 4.4.

Column: IonPac AS-12A
Moving phase: 2.8 mM Na,COs3; with 0.3 mM NaHCO3, 1.5 mL/min
Column temperature: 30 °C

Detector: electrical conductivity detector (ELCD)

Ei (Wt%) — AXfXV XM,

(4.4)

where E; is the concentration of the element in inorganic ion form in the molasses
sample; A is area count of the ion in IC analysis; f is the calibration factor of the ion
(mol/L); V 1is the volume of the molasses sample (L); M is the mass of molasses

sample (g); M, is the atomic weight of the element (g/mol).

To know the organic S and N content, ion chromatography analysis and elemental

analysis were combined by eq. 4.5.
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E,=E—E (45)

where E, is the content of element in an organic form in the samples, E is the total
element content provided by eq. 4.3, E; is the inorganic element content given by eq.

4.4.

4.2.3.4 Amino acid analysis

Amino acids in molasses samples were analyzed by the following method. For the
analysis of all kinds of amino acids (denoted as total AA), the analysis sample was
prepared by the method shown in section 2.2.2. The sample of 10 g was subsequently
dried by rotary evaporator at 40 °C. The dried sample was hydrolyzed by 50 mL of 6
M HCl at 110 °C for 24 h. After removing HCI, the solution was diluted and analyzed
by L-8900 amino acid analyzer using the ninhydrin reaction. ® S-containing amino acids
(denoted as S-AA, containing cysteine, cystine and methionine) were analyzed by a
different method. The dried molasses sample described above (0.5 g) was treated with
25 mL performic acid, which is a mixture of formic acid and hydrogen peroxide aq.
(30-35%) in a ratio of 9:1 (v/v), to oxidize the sulfur-containing functional groups to
detectable groups before the hydrolysis.” The content of amino acids was calculated by

eq. 4.6.

Can (WE%) = —M“;jf ald

X 100 (4.6)

where C44 is the content of amino acids, M is the molecular weight of amino acid
(g/mol), A is the peak area of amino acid, f is the calibration factor of amino acid

(mol/L), V is the volume of the molasses sample (L), M is the mass of molasses

sample (g).

4.2.4 DFT calculations

DFT calculations were performed to elucidate the interaction between organosulfur
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compounds and Ni metal. Seven Ni atoms were located at the same positions as Ni(111)
surface, and they were fixed except for the center one. The chemical structure was
optimized after putting an adsorbate on the top of central Ni atom at the unrestricted
B3LYP/LanL2DZ (Ni)/aug-cc-pVDZ (S)/cc-pVDZ (C, H) level of theory with
spherical harmonics and an ultrafine grid using the Gaussian 16 software.!*!* Septet

was chosen for the spin state because of the low energy and low spin contamination.

4.2.5 Hydrolytic hydrogenation of molasses

As the concentration of sugar varied from 2.9 to 4.5 wt% in the samples prepared in
section 2.2.2, I diluted the samples with water to make the sugar concentration 1 wt%.
The diluted solution of 40 g was made, and the pH was adjusted to 3 using H2SO4. The
solution and Raney Ni (280 mg) were charged into a Teflon-lined high-pressure reactor
(MMJ-100; OM Lab-Tech) with H> (5 MPa). Raney Ni is a practical catalyst for the
hydrogenation of sugars.!* The reactor was heated to 140 °C in 6 min and kept for
determined time for the reaction. Afterward, the reactor was cooled down to ambient
temperature by immersing the reactor in water. The reaction mixture was separated by
centrifugation and decantation. The products in the aqueous phase were analyzed by
HPLC. The used Raney Ni was moved to a bottle filled with water to prevent it from
drying. The retention time of each product is shown in Table 4.3 and the typical HPLC
chart is shown in Fig. 4.2. For calculation of product yields, an absolute calibration

method was used (eq. 4.7).

Table 4.3 Retention time of products

Component Retention time /min

Sucrose 11.7
Glucose 13.9
Fructose 18.8
Sorbitol 39.8
Mannitol 27.5
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Figure 4.2 Typical HPLC chromatogram of the product solution of molasses

hydrolytic hydrogenation.

AXfXV

Yield (%C) = x 100 (4.7)

2NsyctNGutnrru

where A is the area of each compound in the HPLC analysis; f is a calibration
factor of the compound (mol/L); V is volume of the reaction solution (L); ngy. , g
and ng,, are the amount of sucrose, glucose, and fructose in the substrate (mol),

respectively.

4.3 Results and discussion

4.3.1 Influence of molasses pretreatments on product yield

The pretreatment of molasses was performed to remove potential catalyst poisons such
as proteins and complicated organic S and organic N compounds which are similar to
humins.'®> Three kinds of pretreatments were conducted for the molasses after the
dilution and centrifugation treatments (M-Centrifuged): filtration only (M-Filtrated)
and the adsorption treatment with MK 10 or AC followed by filtration (M-MK10 and
M-ACQ).

I determined the sugar content in the molasses samples to clarify whether sugars were
lost by the pretreatments (Table 4.4). Filtration and adsorption using MK10 barely
changed the sugar content compared with M-Centrifuged. On the contrary, AC
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significantly decreased the sugar amount from 4.4% to 2.8% (2.0 wt% sucrose, 0.38
wt% glucose, and 0.42 wt% fructose). In addition, due to the adsorption of liquid into
the powder adsorbents, the pretreatments with MK 10 and AC decreased the amount of
solution from 40 mL to 32-25 mL.

Table 4.4 Composition of molasses samples.

Recovered Sugars /wt%

Organic Inorganic Organic Inorganic

Sample solution
Total Sucrose Glucose Fructose S /wt% S /wt% N /wt% N /wt%

mass‘ /g
M-Centrifuged 40 4.4 33 0.44 0.69 0.041 0.048 0.049 <0.001
M-Filtrated 38 4.4 33 0.44 0.69 0.036 0.055 0.045 <0.001
M-MK10 32 4.4 33 0.44 0.69 0.031 0.077 0.037 <0.001
M-AC 25 2.8 2.0 0.38 0.42 0.009 0.083 0.021 <0.001

“Starting from 40 g.

The amounts of organic S and N in samples were determined by subtracting inorganic
forms of S and N (SO4*~, NO>~, NO;~, NH4") from the total amount (see section 2.2.3.3).
M-Centrifuged contained 0.041 wt% organic S and 0.049 wt% organic N. After the
filtration pretreatment (M-Filtration), the amounts decreased marginally (S 0.036 wt%,
N 0.045 wt%). I speculate that the cellulosic membrane filter (0.45 um pores) removed
fine particles including a part of humins containing S and N.'¢

Compared to the simple filtration, the pretreatment using MK10 removed more
organic S (0.031 wt%) and N (0.037 wt%). This is due to the cation exchange property
of MK10.!7'8 A typical structure of a montmorillonite crystal includes an AlOg
octahedral sheet sandwiched by two SiO4 tetrahedral sheets (Fig. 4.3). AI** ions in the
octahedral sheet are partly substituted by other low-valent metal cations such as Mg?*;
the difference of electric charge (—1) between Mg?" and AI** makes the three-layer unit
charged negatively. In molasses (pH 5-6), nitrogen-containing organic molecules such
as proteins are positively charged, because amino groups are protonated.!” Those

charged protein molecules can be adsorbed by MK 10 via electrostatic interactions.?*?!
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Besides, small protein molecules with positive charge can be intercalated into the
interlayer of MK 10 through cation exchange.'® In addition to electrostatic forces, the
hydrophilicity/hydrophobicity interactions are also responsible for adsorption of
protein molecules by clay minerals.??* AlO¢ and SiO4 sheets are basically hydrophobic,
however, the negative charge induced by the ion substitution can attract of metal cations
(such as Na®, Ca?") into the interlayer spacing, thus leading to a partial hydrophilic
character of MK10.2%* The hydrophilic/hydrophobic portion of montmorillonite
interact with the hydrophilic/hydrophobic surface of protein formed by polar/non-polar
amino acids.?®?” For summary, montmorillonite can absorb proteins by electrostatic

forces, and hydrophilicity/hydrophobicity interactions.

A
C—TLlldhLdld]
~1nm
<+—Octahedral
v <«—Tetrahedral
@ Al Fe, Mg, Li
® oi,0
O Si
@
Na,CaMg,Fe,Li

Figure 4.3 Crystal structure of montmorillonite (common structural formula: Na,(Al.-

Mgy)Sis010(OH), * nH>0). Adapted from the reference.?®

AC showed the highest performance for the adsorptive removal of organic S (0.009
wt%) and N (0.021 wt%). This is supposed to be driven by the CH-n interactions
between CH groups of proteins and © conjugation systems of the polycyclic aromatic
structures of the carbon, or electrostatic interactions with oxygenated functional groups
on the surface of AC (Fig. 4.4).2%3° Since AC has only a small amount of weak acid
sites (carboxylic groups 0.08 mmol g!), the polycyclic aromatics may predominantly

drive the adsorption by CH-nt dispersion interactions.?'* I conclude that MK 10 and
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AC can partly remove S and N compounds in molasses.

o] Aromatic basal plane

g\_/z Microgo_rfe P S
- N\

%—/\// QT)@— -> Functional
== \t'Ho O groups

Figure 4.4 A typical structure of activated carbon. Adapted from the reference.*

Proteins contained in the molasses samples were analyzed after hydrolyzing them
into amino acids. M-Centrifuged contained 0.13 wt% of amino acids in total, in which
aspartic acid was the major constituent (0.064 wt%). The concentration of aspartic acid
corresponds to the organic N content of 0.021 wt%, which accounts for 43% of the total
organic N in the sample (0.049 wt%). After pretreatment using absorbents, the total
amount of amino acids was decreased to 0.11 wt% by MK 10 and to 0.069 wt% by AC.
Focusing on sulfur-containing amino acids, the total content of cysteine (including
cystine) and methionine decreased from 0.0026 wt% to 0.0023 wt% for M-Filtrated,
0.0016 wt% for M-MK10, and 0.0003 wt% for M-AC. These amounts correspond to
organic S contents of 0.0007-0.00008 wt%, which was much lower than the total
organic S content of the samples (0.041-0.009 wt%). I conclude that the amino acids
are the major source of organic N compounds, and these compounds can be partly
removed by pretreatment with AC and MK10. However, we should remind that
different types of pretreatments resulted in different sugar concentration. To normalize
the contents of organic S and N at the same sugar concentration, Table 4.5 shows the

composition at a total sugar concentration of 1 wt%.

Table 4.5 Composition of diluted molasses samples at a total sugar concentration of 1

wt%.
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Sample Concentration /wt%

Sugar Sucrose Glucose Fructose Organic Organic Amino S-

in S N acids containing

total in total amino

acids

M-Centrifuged 1 0.75 0.1 0.16 0.0093  0.0111 0.13 0.0026
M-Filtrated 1 0.75 0.1 0.16 0.0082  0.0102  0.13 0.0023
M-MK10 1 0.75 0.1 0.16 0.0070  0.0084  0.11 0.0016
M-AC 1 0.71 0.14 0.15 0.0032  0.0075  0.07 0.0003

4.3.2 Hydrolytic hydrogenation of real molasses

I studied the hydrolytic hydrogenation reaction of molasses samples at a total sugar
concentration of 1 wt% at 140 °C for 4 h. Accordingly, the composition is the same as
that shown in Table 4.6. The reaction contains the hydrolysis of sucrose and the
hydrogenation of glucose and fructose (Scheme 4.1). To accelerate hydrolysis, I
decreased pH of the solution to 3.0. The lower pH is, the faster the reaction rate is.
However, a low pH may also accelerate side-reactions. Therefore, the mild acidic
condition was chosen. To facilitate hydrogenation, Raney Ni was selected because it is
a practical commercial catalyst used for the hydrogenation of glucose.*

As discussed above, molasses contains many impurities which may affect the
reaction. Therefore, first, I used a mixture of pure sugars with the same sugar ratio as
M-Centrifuged (total 1 wt%; sucrose 0.75 wt%, glucose 0.10 wt%, fructose 0.16 wt%)
to evaluate the original catalytic performance. This reaction produced sugar alcohols in
95%C yield (sorbitol 71%C, mannitol 25%C) (Fig. 4.5). Accordingly, the activity of
Raney Ni and 1 mM H3O" is sufficient for the conversion of sugars to sugar alcohols.
Then, M-Centrifuged, a real molasses sample, was used for reaction, but the yield of
sugar alcohols was only 33%C in total (sorbitol 24%C, mannitol 8.7%C). Sucrose was
mostly consumed, but large amounts of glucose (21%C) and fructose (19%C) remained
after the reaction. In addition, a significant amount of sugars was converted to
unidentified compounds (21%C). This result indicates that Raney Ni is deactivated by

the impurities in molasses.
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Figure 4.5 Product analysis of the hydrolytic hydrogenation using M-Centrifuged
sample and reagent sugar mixture (Reaction condition: reagent sugar solution 40 g

(sugar 1 wt%); Raney Ni 280 mg; p(H2) 5 MPa; 4 h; pH 3; 140 °C).

Therefore, pretreated molasses samples were used for the hydrolytic hydrogenation
under the same reaction condition (Fig. 4.5). Compared to M-Centrifuged (33%C), M-
Filtrated only slightly improved the yield of sugar alcohols (total 38 %C; sorbitol 28%C,
mannitol 10%C). In contrast, the pretreatment using absorbents effectively increased
product yield. M-MK10 increased the yield of sugar alcohols to 53%C (sorbitol 39%C,
mannitol 14%C), and AC elevated the yield to 95%C (sorbitol 68%C, mannitol 27%C).
The result for M-AC is similar to that with reagent sugar mixture (95%C).

To study the relationship between the content of impurities in molasses with the
product yield, correlation plots of yield of sugar alcohols in the catalytic reactions
against the concentration of organic N (Fig. 4.6a), organic S (Fig. 4.6b), sulfur-
containing amino acids (Fig. 4.6¢), and total amino acids (Fig. 4.6d) were made. The
concentration of organic N and organic S in these figures are that of the diluted samples
used for the reaction (Table 4.5). All the plots show inverse correlations with the
concentration of the impurities. This result suggests that they are poisons for Raney Ni

catalyst, but is it unclear which is the predominant factor.
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Figure 4.6 (a) The correlation plot of sugar alcohols yield against the concentration of
organic S compounds; (b) organic N compounds; (c) S-containing amino acids; (d)

amino acids in total.

To evaluate the poisoning effect of organic S and N compounds, I added model
catalyst poisons in the hydrolytic hydrogenation of reagent sugars (Fig. 4.7). The
concentration of additives was modified to match the levels of organic S or N
compounds found in M-Centrifuged. L-aspartic acid was added as a model of organic

N compounds because it was the predominant amino acid found in molasses. The
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concentration of L-aspartic acid in the reaction mixture was set at 0.10 wt% to make
the concentration of organic N the same as that in M-Centrifuged (0.011 wt%). In this
case, only slight inhibition (sorbitol 64 %C, mannitol 24 %C) was observed compared
with the reaction in the absence of inhibitors (sorbitol 71 %C, mannitol 25 %C).
Therefore, organic nitrogen compounds provide minor influence on the catalytic
activity at the concentration. Then, I tested L-cysteine, which contains both S and N
atoms. L-cysteine is the predominant amino acid found in my molasses samples. This
compound decreased the yield of sorbitol (43 %C) and mannitol (16 %C) and increased
by-products (13 %C). To verify the influence of organic S compound excluding the
effect of organic N, a model sulfur compound that is obtained by the removal of amino
group from cysteine, namely 3-mercaptopropionic acid, was applied as an additive. It
led to a very low yield of sugar alcohols (sorbitol 4.8 %C, mannitol 2.4 %C). Organic

S compounds are the predominant poisons for Raney Ni catalyst.

m Sorbitol = Mannitol = Glucose = Fructose m Sucrose #Others

100 I T
I
| 25 | ]
80
24 —
Q 60
R 16 16
T
2 40
b=
20 | 43
0
Additive None L-Aspartic L-Cysteine® 3-Mercaptopropionic®  Humic acid * ¢
acid acid

o] o] e}
Molecular - o /\)L
structure OH HS OH HS OH
OH NH, NH,

Figure 4.7 Effect of amino acids on organic S and organic N on the hydrolytic
hydrogenation of reagent sugars. Reaction condition: reaction solution 40 g (sugar
concentration 1 wt% in total); Raney Ni 280 mg; p(H2) 5 MPa; 4 h; pH 3; 140 °C.
“To be 0.011 wt% N, the same as that in the diluted M-Centrifuged to be 1 wt%

sugar.
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50.009 wt% S to be the same as that in the diluted M-Centrifuged in 1 wt% sugar.

¢ Humic acid contained 0.72 wt% S.

I consider why sulfur is very harmful for the Ni catalyst. Sulfur-containing functional
groups with lone pairs such as thiol strongly chemisorb on metal surface.*® Previous
DFT calculations showed that organic S adsorbs on Ni(111) surface with the interaction
of p orbitals of S and d band of Ni in the band theory.’” To improve the clarity of the
interaction at the local structural level, a more accurate hybrid functional (B3LYP) with
the Gaussian-based linear combination of atomic orbitals (LCAQO) approximation was
applied in this work, to model a Ni(111) surface subjected to the adsorption of the
simplest sulfur-containing organic compounds, methanethiol and dimethylsulfide.
Methanethiolate adsorbed on a bridge site with an adsorption energy of —185 kJ mol !,
while dimethylsulfide bound on the top of a Ni atom with the energy of =35 kJ mol .
The adsorption of methanethiolate is more stable, and thus it was focused in the
calculation. The natural bond orbital analysis *® shows that the electron donation from
occupied hybrid orbitals of S including 3s and 3p in a methanethiolate molecule to
unoccupied Ni 4p orbital predominantly contributes to the adsorption on Ni(111)
surface (Fig. 4.8).%° Additionally, it is known that organic S compounds sometimes
produce atomic S on metal surfaces. The S atom can strongly adsorbs on plural Ni
atoms.*”*" A typical manner is that a S atom binds with three Ni atoms on Ni(111)
surface (Fig. 4.9). A typical mechanism of hydrogenation on Ni surface requires multi
Ni atoms for dissociation of a single H, molecule;*! for hydrogenation of
monosaccharides, more Ni atoms are necessary to absorb those sugar molecules. The
binding of S on Ni surface will make the surface too occupied to provide multi-atom
adsorption sites for H> and monosaccharide, thus even a small amount of organic S can
poison plenty of Ni atoms. The adsorption of S decelerates the hydrogenation by
inhibiting the adsorption of H> molecules on metal surface.*> Additionally, organic S
compounds are possibly decomposed to form atomic sulfur on metal, which also

t40

contributes to the deactivation of catalyst.”™ Therefore, the removal of organic S

compounds by adsorbents is effective for the production of sugar alcohols.
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Figure 4.8 A donor-acceptor interaction pair to show the contribution of Ni 4p in

the adsorption of methanethiolate. Isovalue 0.05.
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Figure 4.9 Location of adsorbed atomic sulfur on the (111) planes of Ni: (a) top view,
(b) side view (unit: A). (c) structure of sulfur-adsorbed Ni(111) surface at a coverage
(6) = 0.40. Black circles represent sulfur atoms; white circles represent nickel atoms.

Adapted from the reference.®’

In addition, I also tested a humin-type compound (humic acid, Fig. 4.7), which
decreased the yield of sugar alcohols (sorbitol 42 %C, mannitol 16 %C) and increased
that of by-products (22 %C). Humin has reactive functional groups such as furanics and

aldehydes in addition to sulfur-containing groups. They react with reducing sugars to
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further promote the formation of humins.**
I conclude that organic S compounds significantly decrease the catalytic activity.
They are likely major inhibitors for the Ni catalyst in the hydrolytic hydrogenation of

molasses. Additionally, the formation of humins can further promote side-reactions.

4.3.3 Detailed study to enhance the yield using M-MK10

4.3.3.1 Influence of pretreatment methods on overall yield of sugar alcohol

The pretreatment using AC the most effectively removed poisonous impurities for metal
catalyst, thus M-AC gave the highest yield of sugar alcohols. However, the solution
volume decreased obviously after pretreatment with absorbents (Table 4.4). Thus, the
loss of sugar influences the overall yield of sugar alcohols, starting from the same
amount of molasses. Herein, with taking the loss of sugars into account, I calculated
the overall yield of sugar alcohol to reveal how much sugar alcohol can be produced
using different pretreatment methods with a particular amount of molasses (Table 4.6).
The calculation uses eq. 4.8—4.11. Among MK10 gave 42%C yield of sugar alcohol,
which was the highest among the samples. Although M-AC achieved the highest yield
of sugar alcohol on the basis of 1 wt% sugar solution (95%C), the loss of sugars in the
pretreatment decreased the overall yield of sugar alcohol to 37%C. Moreover, the price
of montmorillonite (about $200-300 /ton) makes it more affordable as absorbent than
activated carbon (about $900—1,300 /ton). Therefore, M-MK 10 was applied as substrate

for further optimization.

Table 4.6 Overall yield of sugar alcohols

Sample Overall yield /%C

M-Centrifuged® 33

M-Filtrated 36
M-MK10 43
M-AC 38

“Since all pretreated samples (M-Filtrated, M-MK 10, and M-AC) were derived from
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M-Centrifuged, and sugars almost not lost during the preparation of M-Centrifuged, the

amount of sugars in M-Centrifuged was set as 100 %C.

Overall yield of sugar alcohol of a sample =  —sugaralcohol o jogos —

Nsugar

Asugar alcohol X N'sygar +9giution

X 100% (4.8)

Nsugar

in which 7,44, is the molar amount of sugars contained in M-Centrifuged sample,
obtained by eq. 4.9; ®sygar aiconor 18 the total yield of sugar alcohols, obtained from
Fig. 4.5; n'g 44y is the amount of sugars in diluted sugar solution (total sugar 1 wt%),
obtained by eq. 4.10; 04i1ution 1S the dilution ratio from a pretreated solution to make

a diluted sugar solution (total sugar 1 wt%), obtained by eq. 4.11.

m Mglucose Meructose
9 x Msucrose | Mg + f

n =2 Xn +n +n =
sugar sucrose glucose fructose Mgucrose Mglucose M fructose

1
m’ X cC m Xc mr X c
2 X sucrose glucose fructose (49)

Msycrose Mglucose Mfructose

in which n, is the molar amount of each sugar (sucrose, glucose, fructose), m, is the
mass of each sugar, M, is the molecular weight of each sugar molecule, c, is the
weight concentration (wt%) of each sugar in M-Centrifuged; m’ is the recovered

solution mass of M-Centrifuged; all those data above can be found in Table 4.4.

Likely, n'sygqr of each pretreated sample (M-Filtrated, M-MK10, and M-AC) is

calculated by the following formula:

mr’ X c/ mr X c/ mr X c/
n,sugar =2 sucrose + glucose + fructose (4 1 0)
Msycrose Mglucose Mfructose
in which m' is the recovered solution mass of each pretreated sample; c, is the weight

concentration (wt%) of each sugar in each pretreated sample; m’ is the mass of each

pretreated sample; all those data above can be found in Table 4.4.
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_ Mlyreqction _ 40
Oditution = TWxCtotal | X coarm (4.11)
Creaction

in which m',cqction 1S the mass of diluted sugar solution used for reaction (40 g), Crota
is the total weight concentration (wt%) of sugars (sucrose, glucose, fructose) in each
pretreated sample (M-Filtrated, M-MK10, and M-AC); Creaction 1S the total weight
concentration (wt%) of sugars in reaction solution (1 wt%); those data above can be

found in Table 4.4 and Table. 4.5.

4.3.3.2 Comparison of metal catalysts

For the benchmark, I tested other metal catalysts without catalyst supports in the
hydrolytic hydrogenation of M-MK10 (Fig. 4.10). Pt black and Ru powder catalysts
afforded about 1 %C yield of sugar alcohols, which was significantly lower than that
given by Raney Ni (53 %C). The specific surface areas of these catalysts are not very
different (Raney Ni 80-100 m? g 1,*> Pt powder < 25 m? g !,* and Ru powder 30 m?
g ).* Therefore, the difference in catalytic activity may be due to varied influence of
catalyst poisons to the particular metal. Sulfur, the most important catalyst poison, is a
soft base, and it prefers soft acids. In this context, Pt and Ru are softer acids than Ni,
thus indicating that Ni is less poisoned by sulfur. I speculate that this is the reason why

Ni shows high activity.
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Figure 4.10 Result of catalyst screening for M-MK10 (Reaction condition: reaction
solution 40 g (sugar concentration 1 wt% in total); Catalyst 280 mg; p(H>) 5 MPa; 4
h; pH 3; 140 °C)

4.3.3.3 Influence of pH on the activity and selectivity

As aforementioned, in this reaction, oxonium ions catalyze the hydrolysis of sucrose.
However, Ni may leach out under acidic environment (Ni + 2H" — Ni*" + H).
Furthermore, a high concentration of oxonium ions often decompose sugars and sugar
alcohols.*® Thus, the optimization of pH is needed to balance the hydrolytic activity and
inhibition of side-reactions.

Changing the initial pH by 1 from 2 to 5 significantly influenced the yield of sugar
alcohols (Fig. 4.11). At pH 2, the yield of sugar alcohols was only 21 %C (sorbitol
14 %C, mannitol 6.6 %C), while by-products were produced in 34 %C yield. The large
amount of by-products is attributed to the formation of humins by the catalysis of

Bronsted acid.*’

93



m Sorbitol = Mannitol = Glucose = Fructose m Sucrose = Others

100

80 19 18
Q 60 | 21 21
N
2 14
S 40

20 6.6

0 |

2 3 4 5
pH

Figure 4.11 Effect of pH on hydrolytic hydrogenation of reagent sugar solution
(Reaction condition: reaction solution 40 g (sugar concentration 1 wt% in total);

Raney Ni 280 mg; p(Hz) 5 MPa; 4 h; 140 °C)

Increase in pH to 3 gained the yield of sugar alcohols to 53 %C (sorbitol 39%C,
mannitol 14%C). The reaction at pH 4 gave almost the same result. However, further
increase in pH to 5 decreased the yield to 38%C. This is due to the slow hydrolysis of
sucrose, as a large amount of sucrose remained after the reaction (33%C).

To evaluate the influence of pH on Ni leaching, the reaction solutions were analyzed
with ICP (Fig. 4.12). The leaching amounts were 361, 198, 91, and 34 ppm at pH 3.0,
3.6, 4.2, and 5.0, respectively. The logarithm of Ni leaching amount was proportional
to pH, which can be described by eq. 4.12. With increasing pH, the leaching amount of
Ni can be exponentially decreased. At pH 3.6, the leaching amount (198 ppm) is similar
to the equilibrium concentration of Ni*" theoretically estimated with the Nernst
equation (eqs. 4.13—4.17, 234 ppm). However, the actual leaching amount of Ni is
higher than the theoretical values at pH 3.6-5.0. This phenomenon suggests that other
Ni species such as Ni(OH); are also involved in the leaching at a pH > 3.6 to increase
the concentration of Ni.° Indeed, the presence of Ni(OH), on Ni catalyst has been
detected by X-ray diffraction analysis after hydrolytic hydrogenation in another

system.>*
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Figure 4.12 Effect of pH on Ni leaching amount (Black points: the actual leaching
amount; Black dash line: the trendline of actual leaching amount, eq. 4.12; Red dash

line: the theoretical line of leaching amount, eq. 4.17).

log([Ni**]) = 0.70 — 0.50pH (4.12)
—0=E — X N12+aH2
E=0=E——In i, (4.13)
RT 1127
~ E, —n—Fln( — szZ) (4.14)

where Ep=0.257 V, R=8.314 J- K''mol™!, T=413.15K, n =2, F = 96485 C

mol ™", py,= 50 atm, ay; = 1.

< 0.257=0.0178 x [ln

+1n50)- In(10"2PH)]  (4.15)

sz
& log([Ni**]) = loge'** —1og50 — 2pH (4.16)
< log([Ni**]) = 4.57 — 2pH (4.17)

To summarize, pH 4 is the best to nicely balance hydrolysis activity, selectivity, and

Ni leaching.
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4.3.3.4 Influence of temperature

Time course was measured for the conversion of molasses at pH 4 at different
temperatures ranging from 140 to 180 °C (Fig. 4.13). At 140 °C, sucrose was consumed
over 4 h, and the amounts of glucose and fructose were maximized at 1-2 h. Yield of
sorbitol and mannitol increased in parallel over 16 h by consuming the sugars. The
yields of sorbitol and mannitol reached 63 %C and 21 %C, respectively, (in total 84 %C;
overall yield 68 %C) at 16 h. Increasing temperature gradually decreased the maximum
yield of sugar alcohols (68 %C at 150 °C; 63 %C at 160 °C; 45 %C at 180 °C), while
the reaction time was shortened from 16 h to 2 h. The decrease in the sugar alcohol

yield indicates the significant acceleration of side-reactions by elevating the

temperature.
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Figure 4.13 Time course of hydrolytic hydrogenation of M-MK10 at 140 °C, 150 °C.
160 °C, 180 °C. Reaction condition: 1 wt% reagent sugar solution 40 g; Raney Ni 280
mg; p(H2) 5 MPa; pH 4.
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To quantitatively understand the kinetic characteristics of this reaction, a pseudo
first-order analysis was conducted, which is often employed for the dehydration of
sugar alcohols>'™33. The hydrolysis of sucrose is a typical first-order reaction because
the concentration of water can be approximated as constant since its concentration
almost not change during the reaction (40 mL). As for hydrogenation, at the low
concentration of sugars (1 wt%), the coverage of sugar substrate on metal surface is

3435 and the concentration of H, can

approximately proportional to their concentration,
be considered as constant during the reaction (5 MPa). Thus, the hydrogenation reaction
can be approximated as a pseudo first-order reaction on the sugar concentration as
shown in Scheme 4.3. Sucrose is hydrolyzed to glucose and fructose by k1, glucose is
hydrogenated to sorbitol by k2, and fructose is converted to sorbitol (k3) and mannitol
(k4). The decomposition of glucose and fructose, having reactive hemiacetal groups, to

by-products are also involved by assuming the first-order kinetics (ks and k).

By-products

ksT
k
Glucose —%» Sorbitol
k, \ ks
Sucrose

Fructose < Mannitol

|

By-products

Scheme 4.3 Kinetic parameters in the hydrolytic hydrogenation (where k1, k2, k3, ka,

ks, ke (unit: h™') are pseudo first-order rate constants of respective steps)

Numerical simulations shown as solid lines in Fig. 4.13 nicely reproduced the actual
experimental data depicted as circles. The obtained rate constants are summarized in
Table 4.7. At 140 °C, the rate constant for the hydrolysis (1.2 h™!) was several times
larger than those for the hydrogenation of glucose (0.21 h™!) and fructose (0.30 h™! as
sum of k3 and k4), showing that the rate-determining step is the hydrogenation.
Therefore, the poisoning of Ni remarkably slows down the reaction. The formation of
by-products was relatively slow (0.045 h™!). By elevating the temperature to 150 °C,

the rate constant for the side reactions of monosaccharides) increased from 0.045 to
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0.17 h™!, but that of hydrogenation was gained only slightly (from 0.21 to 0.30 h™! for
glucose). This trend was similar at higher temperatures. Therefore, the increase in the
reaction temperature promotes the side-reactions rather than the hydrogenation, which

decreases the yield of the sugar alcohols.

Table 4.7 Calculated rate constants of the hydrolytic hydrogenation of molasses

Rate constants /h!

Temp. /°C

ki k> ks ka ks ks
140 1.2 0.21 0.15 0.15 0.045 0.045
150 2.4 0.30 0.20 0.20 0.17 0.17
160 33 0.60 0.40 0.40 0.40 0.40
180 8.0 1.8 1.2 1.2 2.6 2.6

Based on the kinetics analysis at different temperature, Arrhenius plots were depicted
to determine the apparent activation energy (E,) of each reaction step (Fig. 4.14). The
E, values of hydrogenation steps (86 kJ mol!; (b) and (c)) were higher than that of the
hydrolysis step (72 kJ mol™!). More importantly, £, for the by-product formation is as
high as 160 kJ mol !, and therefore a low temperature is preferable for the selective

synthesis of sugar alcohols.
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Figure 4.14 Arrhenius plot for the hydrolysis of sucrose (a), hydrogenation of glucose

(b), hydrogenation of fructose (c), and side-reaction steps (d) in the conversion of

molasses.

4.4 Recyclability test of Raney Ni

Raney Ni catalyst was reused in the hydrolytic hydrogenation of M-MK10 under the

optimum reaction conditions (p(H2) 5 MPa; pH 4; 140 °C; 16 h). After a reaction, the

catalyst was recovered by centrifugation and decantation, and the recovered catalyst

was used for the next run. The first run gave 84%C yield of sugar alcohols. At the

second run, the yield of sugar alcohols decreased significantly to 34 %C, and the third

run only gave sugar alcohols in 17 %C yield; as the number of run increased, the yield

of glucose and fructose also increased. Those phenomenon implies Raney Ni was
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seriously deactivated during the reaction with molasses. In contrast, Raney Ni is a
practical catalyst for the hydrogenation of glucose with a long lifetime. Moreover, we
have confirmed that Ni leaching is very small under the reaction conditions at pH 4.
Accordingly, the deactivation strongly suggests the catalyst poisoning by the impurities

in the molasses. I conclude that Raney Ni can be hardly reused without regeneration.

m Sorbitol Mannitol Glucose Fructose Others
100

80 ~
21

60 -

Yield /%C

40 -
8.7

1st Run 2nd Run 3rd Run

Figure 4.15 Recyclability test of Raney Ni catalyst for the hydrolytic hydrogenation
of M-MK10. Reaction condition: 1 wt% reagent sugar solution 40 g; Raney Ni 280
mg; p(H2) 5 MPa; 140 °C; pH 4; 16 h.

4.5 Conclusion

In this Chapter, the author studied the pretreatment and catalytic conversion of molasses
derived from sugarcane, a waste in the food industry, to synthesize sugar alcohols using
Raney Ni catalyst. Molasses treated with simple filtration can barely produce sugar
alcohols, due to the existence of organic S compounds that are poisonous to the Raney
Ni catalyst. To maintain the activity of catalyst, a pretreatment using an adsorbent is
needed. Pretreatment using Montmorillonite K10 can enhance the yield of sugar
alcohols with retaining lots of sugars, thus it is considered as a suitable absorbent. A
further optimization of reaction conditions for M-MK10 increased the yield of sugar
alcohols up to 84 %C yield (overall yield at 68 %C) at 140 °C and pH 4 with a small

amount of Ni leaching. A kinetic study of M-MK10 shows that the rate-determining
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step is the hydrogenation of monomeric sugars. A lower temperature more selectively

produces sugar alcohols due to the high activation energy for by-product formation.
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Chapter 5

General conclusion

Chapter 1 “Introduction” described the background and objective of this study. The
current human society strongly relies on fossil fuel resources, which need hundred
centuries for regeneration while they are consumed at a quicker rate. Thus, to find
alternative non-depleting and renewable resources is necessary for the sustainable
development of human civilization. Biomass-derived sugars have been focused on as
an attractive feedstock of biorefinery due to the abundance, specific stereochemistry,
and potential as versatile platform chemicals. However, the conventional methods of
sugar production from biomass are time-consuming and costly. Therefore, I decided to
develop a more efficient method to produce sugars from biomass. Wastes released from
food industry often contains a large amount of sugar or sugar compounds, and they are
abundant. Herein, the author proposed using artificial catalytic reactions to convert food
waste to value-added chemicals. We can design various catalysts suited for the efficient
conversion of sugars to chemicals. For the product, the author is particularly interested
in plastics, because they are value-added and can be used for a long time different from
fuels. In this area, it is notable that the five-membered ring compound named isosorbide,
derived from glucose, is a precursor to engineering plastics such as polycarbonate and
polyester. The rigid framework provides outstanding physicochemical properties to the
plastics, which is a clear advantage of the biomass utilization. The author also
considered as follows: if we can use N-containing sugars in the same manner, we can
expand the chemistry and the diversity of plastics. Based on the background, the author
decided to focus on the catalytic conversion of both typical and N-containing sugars to

five-membered ring compounds as the precursors to plastics.

In Chapter 2 “Dehydration condensation of a chitin-derived sugar alcohol using a
weak acid catalyst”, the author studied the dehydration condensation of an N-containing

sugar alcohol (ADS) derived from chitin via NAG. My major finding is that H3PO3
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catalyst shows characteristic high activity among the weak acids tested, and it is due to
the different reaction mechanism. In addition, the reducing ability of H3PO3 suppresses
the coloring of the product likely by reducing unsaturated bonds to saturated ones. SEC
analysis indicates that H3;PO3 may decrease the formation of humins, because the
formed unsaturated structures lead to intermolecular condensation.

Regarding the scientific details of the reaction, a kinetic study for the H3;POs-
catalyzed reaction showed that the rate constants for the dehydration of AHADS to ADI
are larger than those of ADS to AHADS. This kinetics is characteristic of H3POs3, as the
conversion of AHADS to ADI is the slowest step for other acids. LC-MS and *'P NMR
analyses showed that the reaction pathway using H;PO3; may contain phosphite esters
of ADS and AHADS. DFT calculations of the reaction mechanism supported the
hypothesis: (i) ADS produces phosphite esters, (ii) the esters convert to AHADS by Sn2
reactions, and (ii1) AHADS are likely transformed into ADI by the same mechanism via
phosphite esters. In this mechanism, the activation energy is significantly lower than
that of conventional acid-catalyzed mechanism. This is because P=O groups in the
esters can easily capture proton due to high basicity, which leads to the cyclization
reaction. In contrast, in the conventional acid systems hydroxy groups need to be
protonated for the reaction, but protons are readily caught by amide groups due to
higher basicity than the hydroxy groups. This chapter showed that the new reaction
pathway opened by H3POs is energetically favorable and hopefully to be an alternative

of the conventional super strong acid catalyst for ADI synthesis.

In Chapter 3 “Application of H3POs in the dehydration condensation of sorbitol”, the
author applied H3PO3 catalyst for the dehydration condensation of sorbitol. In this case
also, H3PO3 showed the highest activity among weak acids. Similar to the case of ADS
dehydration, LC-MS and *'P NMR analysis confirmed the existence of phosphite ester
in the reaction system, suggesting the reaction mechanism via phosphite esters. The
reaction gave phosphite esters of sorbitan and isosorbide to some extent as final
products, but they can be easily hydrolyzed by hot water, which increased the product

yield and enabled the recovery of H3POs.
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In Chapter 4 “Hydrolytic hydrogenation of molasses to sugar alcohols”, the author
studied the pretreatment and catalytic conversion of molasses as an inedible food waste
to supply sorbitol efficiently. I found that S-containing organic compounds contained
in molasses strongly suppresses the hydrogenation of sugars to sorbitol. I found that an
adsorption pretreatment with montmorillonite K10 (MK10) selectively reduces the
catalyst poisons. Using the pretreated molasses sample, the optimization of
hydrogenation with Raney Ni catalyst provided up to a 68% overall yield of sorbitol
and mannitol in total. A kinetic analysis of the reaction showed that the hydrogenation
of sugars is the rate-determining step, and a lower temperature is favored to produce

sugar alcohols due to the high activation energy for by-product formation.

This dissertation explores the catalytic conversion of biomass-derived sugars to
synthesize value-added chemicals. Conversion of biomass-derived sugar alcohols to
plastic precursors is also studied, in which a weak acid (H3POs) showed high activity
for dehydration condensation of biomass-derived sugar alcohols via a special phosphite
ester mechanism. Due to its low-cost and low-environmental-load advantages, H;POs
is hopefully to replace the corrosive conventional acid catalysts. On the other hand, the
author achieved the conversion of sugar alcohols from an inedible food waste at a high
yield, which contributes to avoid consumption of food crop for biorefinery and is
beneficial for supporting food supply. I hope that the insights revealed in this work
assist in the utilization of biomass-derived sugars and further contribute to the

sustainable development of human society.
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