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The pulp and paper industries generate very large amounts of organic waste throughout
the various processes of papermaking. Alpha and beta-glucoisosaccharinic acids
((2S,4S)-2,4,5-trinydroxy-2-(hydroxymethyl) pentanoic acid and (2R,4S)-2,4,5-
trinydroxy-2-(hydroxymethyl)pentanoic acid) are the major components of pulp waste.
They are produced in any process in which cellulosic materials are treated with aqueous
alkali and constitute 30-40% of the total organic waste generated. Thus, they are
potentially valuable platform chemicals with a highly functionalised carbon skeleton, with
fixed chirality at C-2 and C-4, which makes them ideal starting materials for use in
synthesis, instead of the current practice of burning such a valuable resource as a
source of energy.

Due to the difficulties involved in isolating the 2R-epimer from the mixture and the lack
of a simple and easily repeatable procedure to prepare it, to date only the chemistry of
the 2S-epimer has been widely studied and only the 2S-epimer has been used in
synthesis. In order to assess the potential of these saccharinic acids as platform
chemicals, the protecting group chemistry of the lactone form of the alpha-
glucoisosaccharinic acid was explored. The use of single and multiple step reaction
pathways leading to the regioselective protection of the three different hydroxyl groups
and strategies for protecting the three different hydroxyl groups individually or in pairs
was explored and is reported in this thesis. These various strategies were subsequently
applied to a mixture of the two epimers leading to the preparation, in a three step
procedure, of 6-benzoyl-5-tert-butyldimethylsilyl- -glucoisosaccharino-1,4-lactone, a

derivative of the 2R-epimer.



An attempt to convert the 2S-epimer into the 2R-epimer through the inversion of their
stereochemistry via Sharpless asymmetric dihydroxylation reactions is also reported. A

maximum conversion of 52% was obtained after optimization of the procedure.
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Protecting groups

Ac Acetyl

Bn Benzyl

Bz Benzoyl

Cbz Benzyloxycarbonyl

Fmoc 9-Fluorenymethoxycarbonyl

TBDMS t-Butyldimethylsilyl

TIPDS 1,3-(1,1,3,3-Tetraisopropyldisiloxanylidene)
TIPS Triisopropylsilyl

Reagents

DIPEA Diisopropylethylamine

DMAP 4-N,N-Dimethylaminopyridine

DMSO Dimethylsulfoxide

TBAB Tetrabutylammonium bromide

TBAF Tetrabutylammonium fluoride

PTSA p-Toulenesulfonic acid

Pyr Pyridine

Others

1D One dimensional NMR spectroscopy

2D Two dimensional NMR spectroscopy
COosy Correlation spectroscopy

d Doublet

dd Double doublet

DEPT Distortionless enhancement by polarization transfer
ESI Electrospray ionization

GC-MS Gas chromatography-mass spectrometry
h Hour

HMBC Heteronuclear multiple bond correlation
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HPAEC-PAD High performance anion exchange chromatography-pulsed amperometric

detection
HRMS High resolution mass spectrometry
HSQC Heteronuclear single quantum coherence
Hz Hertz
J Coupling constant
L/ILW Low and intermediate radioactive waste
m Multiplet
M Molar
MP Meting point
NMR Nuclear magnetic resonance
NOESY Nuclear overhauser effect spectroscopy
PPI Pulp and paper industries
ppm Part per million
Rf Retardation factor
RT Room temperature
S Singlet
t Triplet
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This chapter provides a general introduction to the research that has been carried out

and details of the aims and objectives of this work.

Glucoisosaccharinic acids are produced by any process in which cellulosic materials
are treated with aqueous alkali, which generates a large quantity of degradation
products with glucoisosaccharinic acids being one of the most abundant of such
products. The production of glucoisosaccharinic acids as a primary waste product
during the processing of cellulosic materials has raised a number of concerns and is of

interest for a number of reasons:

X Glucoisosaccharinic acids (GISA) are potentially valuable platform chemicals
with highly functionalised carbon skeletons which could substitute petroleum-
based materials as starting materials in the synthesis of value added products.

X Glucoisosaccharinic acids have metal chelating properties which reduce the
presence of radioactive and transition metals within various waste disposal
streams which poses a threat to the intregrity of their storage facilities. This is
particularly related to nuclear waste storage facilities.

X They are a potential carbon feed for microbial activities that can generate

methane as a fuel.

The literature on the use of glucoisosaccharinic acids as starting materials in synthesis
and study of their metal chelating properties is limited and there is a need to explore a

better understanding of their chemistry.

12



1.2 Occurrence of glucoisosaccharinic acids

Glucoisosaccharinic acids are a group of branched-chain poly-hydroxyl acids that are
amongst the acids generated when carbohydrates are treated with aqueous alkali. They
were first reported in 1838 by Eugene Peligot * when he treated glucose with calcium
hydroxide, and the analysis of the first crystalline lactone (.-D-glucosaccharin)
produced from the hexose-alkali reaction led Peligot to the conclusion that it was an
isomer of sucrose and as such it was hamed as saccharin and the corresponding free
acid as glucosaccharinic acid 2 3. The basic principles of glucose degradation by alkali,
involving the tautomerism of aldoses and ketoses with enediols, were proposed by Nef
in 1907. Later, Isbell suggested a reaction mechanism that was a modified version of
the earlier suggested mechanism by Nef (1907), to explain the production of
glucosaccharinic acids when carbohydrates are treated with alkali 4 . The Nef-Isbell
mechanism, as it has come to be known, for the alkaline degradation of D-glucose is

shown below (Scheme 1.1):

13
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Scheme 1.1: Nef-Isbell mechanism for the alkaline degradation of D-glucose (i) and the production of

saccharinic acids .
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The first stage of the reaction sequence involves a tautomerism reaction with the
abstraction of the acidic proton at C2 and the development of the double bond between
C1 and C2 with the simultaneous protonation of the oxyanion leading to the production
of an enediol (ii) from glucose. The loss of a proton gives the enediol anion (iii). Anion
isomerisation (c) then takes place resulting in a mixture of equilibrium intermediate
anions (iii-v) through the Lobry de Bruyn/Alberda-van Ekenstein transformation that
generates a mixture of D-glucose, D-mannose and D-fructose depending on the site and
face where reprotonation takes place. This is considered as the first stage of the
alkaline degradation of D-glucose ‘. The second stage involves the -hydroxycarbonyl
elimination that generates key intermediates diketodeoxyglycitol (vi-viii) and their
corresponding dicarbonyl compounds via keto-enol tautomerism. In the final step of the
Nef-Isbell mechanism, the dicarbonyl compounds (ix-xi) undergo a benzilic acid

rearrangement to produce their corresponding glucosaccharinic acids (xii -xiv).

There are three structurally isomeric forms of saccharinic acids produced from the
alkaline degradation of D-glucose and all three occur as mixtures of anomers having
different configuration at C2. These are a mixture of 3-deoxy-D-ribo-hexonic and 3-
deoxy-D-arabino-hexonic acids (xii) also known as .- D Q GD-glucometasaccharinic
acids (xiia & xiib ), a mixture of 3-deoxy-2-C-(hydroxymethyl)-D-erythro-pentonic and 3-
deoxy-2-C-(hydroxymethyl)-D-threo-pentonic acids (xiii) also known as .- D Q GD-
glucoisosaccharinic acids (GISA) (xiiia & xiiib). Also, a mixture of 2-C-methyl-D-
erythro-pentonic and 2-C-methyl-D-threo-pentonic acids (xiv) also knownas .- DQ G

D-glucosaccharinic acids (xiva & xivb) 10

15
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Scheme 1.2. Structural isomeric form of glucosaccharinic acids 1.

It is worth noting that the gluco-prefix identifies GISA as being derived from a glucose
unit or from a monomer or a 1, 4-glucan such as in cellulose, maltose and amylose. In
the early and some current literature describing GISAs 24 810.12-17 these molecules are
widely referred to as metasaccharinic acids, isosaccharinic acids (ISA) and saccharinic

acids.

1.3 Pulp and paper industry (PPI): A major source of glucoisosaccharinic acids

The pulp and paper industry (PPI) is one of the largest industrial sectors and is present
in a broad range of geographic regions. The industry produces a large amount of waste
including wastewater, the latter is due to the large volume of water used per ton of
product and in some places, there is water reuse 8. The industry uses wood from plants

as its primary raw material for the production of pulp and paper products and the
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chemical composition for a type of wood, or even a tree cannot be defined precisely °.
However, the major constituents can be divided into two categories: carbohydrates,
which constitute (70 + 5%), and lignin (20 + 5%). The carbohydrate materials consist of
cellulose and hemicellulose, the average proportion inhardwood are: cellulose (45%)),
hemicelluloses (34%) and lignin (21%). In softwood the average proportions are:

cellulose (42%), hemicelluloses (28%) and lignin (29%) .

The continuous activities of the industry in sourcing their raw material, wood, to meet
the increasing demand of paper products, has led to deforestation of a lot of forest
reserves around the world even though most countries around the world have laws
governing various activities within the forest reserves. In Nigeria, for example, the forest
reserves of the country are under the Ministry of Environment (at the national level) and
Ministries of Forestry (at the state levels). Forest Research Institute of Nigeria (FRIN) is
a federal agency saddled with the responsibility of the various forestry research activities
and was recently mandated to coordinate the various reforestation programmes in the
country under the FRIN (establishment) Act 2018, after losing almost ninety percent of
FRXQWU\TV IR U lihthe/last Bizxdecades H. W PI contributes less to deforestation
in Nigeria compared to fuelwood and wood charcoal for domestic and industrial activities
as a source of energy 2% 2! which could be due to the lack of softwood species that has
longer fibres. Hence the industry heavily depends on the importation of such raw
material while utilising the abundantly available species of hardwood unchecked.
Reforestation on the other hand, is not a quick process and is much slower than
deforestation-it takes a lot of time for trees to grow. This has led to an increase in the
use of recovered fibres (RCFs) from recycled papers, paperboard, cardboard printing
and publishing papers, packaging paper and board %% 23, and lignocellulosic biomass as

a source of raw material for the industry.
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The PPI generates significant amounts of organic waste products during the various
processes of pulping and papermaking which includes acetic, formic,
glucoisosaccharinic, glycolic and lactic acids and likewise inorganic materials 24 2°,
Hence, it is desirable to develop alternative uses that could employ this waste as
feedstock to generate fine and bulk chemicals, and advance waste treatment processes
to serve as essential tools for compliance with the stringent environmental regulations.
At the same time there is the opportunity to increase the profitability of the PPl which is
current declining with their being a reduction in pulp and paper markets. The latter is
driven by societal initiatives and awaness of deforestation preventive policies and
programmes such as paperless, online newspaper and technological advancements.
Nevertheless, the economic value of waste generated from PPl is very low 2,

Cellulose

As was briefly mentioned above, the primary raw material used in the manufacture of
paper is cellulose. Cellulose is a linear polysaccharide and a polymer of anhydroglucose
units linked through -(1,4)-glycosidic bonds. The pyranose rings are in the “Ci
conformation, and the average number of monomeric units is known as the degree of
polymerisation. The insolubility of cellulose in either water or organic solvents also
constitutes a difficulty in the transformation of cellulose. A cellulose molecule has a non-
reducing end and a reducing end (Figure 1). The reducing end responds to both

oxidation and reduction processes and plays a vital in the alkaline degradation of
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cellulose.
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_ Anhydroglucose unit.

OH
OH
OH

OH
OH
HO o o] HO o o] HO
o) 0
HO & HO 3 HO OH H
OH
OH ]

OH
OH
OH

%—/ L n-2 Y
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Figure 1 Chemical structure of cellulose 26

Figure 2 Physical structure of cellulose #7.

The cellulose molecules are arranged into strands as cellulose micro fibrils through
intensive intra- and intermolecular hydrogen bonding. The micro fibrils have amorphous
and crystalline regions with the majority of alkaline degradation occurring in the

amorphous regions (Figure 2). 27

The most commonly used process for the production of cellulose pulp is the Kraft
process that uses sodium hydroxide and sodium sulphite as primary pulping chemicals,
also known as cooking liquor or white liquor, at elevated temperatures. The Kraft

process begins with the alkaline hydrolysis of the wood fibre that causes swelling of the
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fibre and dissolves lignin in to the cooking liquor that leads to the breaking of the
structural linkage between lignin and carbohydrates, which also decreases the
crystallinity and ultimately the degree of polymerisation DP via the peeling reaction at
the reducing end of the structure. Both cellulose and hemicellulose are vulnerable to the
peeling reaction and it is this process that leads to the production of saccharinic acids.
The cellulose alkaline degradation pathway is shown below and the first steps are the

same as those involved in the alkaline degradation of glucose:

A H 0'/-\‘ H oH 4H
. N N Hco N 3 oo
Ho HO ¢l | | | | | ~
H—C—O0H C—OH M C—OH H Cc=0 ‘OH
RO 4 OH | a | |~ © b |‘\
Ho—T—H _— HO—(|2—H N Ho—(ll—H HO =——= HO—C—H J
o H—(|3—0R H—(l:—oR H—C—OR H—(l:—OR
H—C—O0H H—C—O0H H—C—OH H—C—OH
Reducing end of cellulose chain CH,0H CH,OH CH,OH CH,OH

R= Rest of the chain

(a) keto-enol tautomerism (xv) (xvi) (xvii) (xviii)

(b) enediol deprotonation

(g) beta-alkoxycarbonyl elimination g
(e) keto-enol tautomerism

(f) benzilic acid rearrangement

(h) 1,2 migration

“OH H
HO. o HOH,C “Ce e OH GHOH o CH,OH
$ .
(o (o Cc==0 c=o0 Lo
| cmon H | h f | "
< (=0 —— C=0 —= ™ Ho—cC ’ - ”)
OH = HO—C
o —_~—
H—C—H H—l: H—<|:—H I |
H—<|: H—(|:—OR
H—C—OH H—C—0H H—C—OH H—C—OH H—C—OH
CH,OH CH,OH CH,OH CH,OH CH,OH

(xiii) (xx) (x) (vii) (xix)

Glucoisosaccharinic acid (GISA)
Scheme 1.3: Alkaline degradation of cellulose (peeling reaction) 4 7. 8. 10,28

In the first part of the peeling reaction, the reducing monosaccharide undergoes a series
of enolisation and tautomerisation steps leading to its transformation from 4-O-
substituted D-glucose (xv) to 4-O-substituted D-fructose (xviii ) in which the original
carbonyl carbon migrates from C1 to C2. The peeling step is the -elimination of the

rest of cellulose chain to generate a key intermediate 4-deoxy-D-glycero-2, 3-
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hexodilulose (x), which then undergoes a benzilic acid rearrangement to give a mixture

RI-GISA and -GISA.

The formation of glucoisosaccharinic acids is favoured due to the presence of calcium
ion in the alkaline degradation of cellulose, with calcium hydroxide as a base by
catalysing its production from 4-deoxy-D-glycero-2, 3-hexodilulose (x) (Scheme 1.4),
whereas in the case of sodium hydroxide, formation of large amount of fragmentation

products such as glycolic acid (xxi) and D-3,4-diydroxybutyric acid (xxii) dominates "

11

Xcn
¢H20H CH,OH COOH
H——C——OH CH,OH
S €==0 c=—o0 |<
HO—C—H on | %H | Ca(OH) | on
HO—C——H (|::O 2 H—C—H
H—C—OR
H—C—OR H—C—H H— C—OH
H—C—OH
H—C——OH H—C——OH CH,OH
CH,OH
CH,0OH CH,OH
(xv) (xviii) (xx) (xiii)
NaOH
COOH
CH,OH |
+  H—C—-H
COOH |
H—C—OH
CH,OH

(xxi) (xxii)

Scheme 1.4. Fragmentation products of peeling reaction 1.
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If the peeling of the cellulose structure from the reducing ends were to continue
indefinitely, the whole of the cellulosic material would degrade eventually, which is
usually not the case, in most cases, either a rearrangement which converts the reducing
end to an alkali-stable unit (stopping) takes place or when the peeling gets to the
crystalline non-accessable region it (physically) stops. The stopping reaction in cellulose
pulping arises from the pathway which gives glucometasaccharinic acid from glucose
(Scheme 1.5); the reducing end is converted to an alkali-stable carboxylic acid 2°, which
is resistant to further alkaline degradation, and results from elimination of hydroxy group

at C3 (xvi) that competes with the removal of the rest of the cellulose chain from C4

(xvi).
©
OQC/H H\C/O HeL HO\C/O
(0]
HO HO® | (” (.| | q
H—C—OH C—OH C—OH
& A N O
HO—C—H === |, HO—C—H HO

OH
H—C—OH H—(|:—OH H—C—OH
Reducing end of 4-O-substituted-D-glucose chain CH,OH CH,OH CH,OH
R= Rest of the chain
“ f
(a) keto-enol tautomerism Hg
(d) beta-hydroxycarbonyl elimination Ho o HO S
(f) keto-enol tautomerism NF H\ /o H\ /O
. . C C c \)
(h) 1,2 H- migration | |
H—C—OH ® c=o0 c=—o0
H | h |
H—C—H < H—C—H —=——= p— Cc—H
H—C—OR H—C—OR H—C—OR
H—C—OH H—C—O0H H—C—OH
CH,0H CH,0H CH,OH

4-0O-substituted-D-glucometasaccharinc acid

Scheme 1.5: Alkaline degradation of cellulose (stopping reaction) 7- 14
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As the temperature continues to elevate, random alkaline scission (hydrolysis) of the

glycosidic linkage occurs resulting in a decrease in DP (Scheme 1.6) and is followed by
peeling from the new reducing end produced by the chain scission 3, which seems not

to depend on the presence of the molecular oxygen 3. However, stopping reaction has

a larger effect at such higher temperatures, it results in more significant weight losses

than the alkaline degradation at a lower temperature.
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Scheme 1.6. Alkaline scission of cellulose 3,
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1.4 Glucoisosaccharinic acids: A potential raw material for the production of chemicals.
The alkaline degradation of cellulose and hemicellulose generates a range of volatile
and non-volatile aliphatic acids. Glucoisosaccharinic acids are one of the major
degradation products (Table 1), and then isolation from the black liquor after the Kraft
pulping processes and subsequent use as the potential chemical has attracted
substantial interest in recent studies 32-*4, Due to the presence of lignin and other wood
degradation products, the isolation of the aliphatic acids from the black liquor presents
a complex separation problem, which to date has not been solved satisfactorily.
Presently the only use that this waste stream has been put to is the heat produced when
the aliphatic acids are burnt with lignin which is utilised to generate steam power

electricity for the Kraft mill.

Black liquor is a complex mixture of water, various organic materials and inorganic
cooking chemical residuals (see Table 1). The fraction of aliphatic carboxylic acids
contains volatile formic and acetic acids and a wide range of non-volatile aliphatic acids.
The non-volatile acids are the low-molecular-weight hydroxy acids with 2-4 carbon
atoms (glycolic, lactic and 2-hydroxybutanioc acids) and high-molecular-weight hydroxy
acids with 5 or 6 carbon atom (2-hydroxybutanoic, 3-deoxy-pentanoic,
xyloisosaccharinic and glucoisosaccharinic acids). The high-molecular-weight hydroxy

acids can undergo intramolecular self-esterification to form cyclic esters (lactones) 3°.
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Table 1 Main aliphatic carboxylic acids and their composition in black liquor of both hard- and softwood

35, 36

Acids Hardwood Softwood
(Birch) (Pine)
53% yield 47% vyield
Acetic Acid 120 50
Formic Acid 50 70
Hydroxy acids;
Glycolic 15 10
Lactic 45 45
2-Hydroxybutanoic 65 15
2,5-Dihydroxypentanoic 10 10
3-Deoxypentanoic 5 5
Xyloisosaccharinic 45 45
Glucoisosaccharinic 35 160

The approximate values are in Kg/ton of pulp produced in the kraft process

A significant amount of work has been undertaken in an attempt to fractionate
components of this mixture 32 37, After the removal of the lignin from the black liquor it
is possible to recover the volatile formic and acetic acids (around 50% of the total acids)
by direct distillation and the low-molecular-weight hydroxy acids (about 15% of the total
acids) by catalytic esterification followed by distillation. After the distillations, the high-
molecular-weight hydroxyl-acids (mainly, glucoisosaccharinic, xyloisosaccharinic, 2, 5-
hydropentanoic and 3-deoxypentanoic acids), which represent approximately 35% of
the total acids, are left as residual material. A schematic of the procedures used to

fractionate the various acids is shown below (Figure 3).
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Figure 3. Schematic process for the isolation of hydroxy acids [33].

In general, low-molecular-weight hydroxy acids such as glycolic and lactic acids can
also be produced by alternative methods, however, they are valuable materials and can
be used in many applications such as the polylactic acid products that are used as
biodegradable plastics 38 39, for medical services #° and glycolic acids for cosmetic
products 4!, So far, the utilisation of the main non-volatile hydroxy acids such as
glucoisosaccharinic acid, and its derivatives, has only been studied to a limited extent
33, The residual organic materials can be converted to useful products using the most
suitable of the following methods rather than the current energy generation option

through steam power turbines.
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Figure 4. Alternative methods for the conversion of non-volatile organic residual materials for PPI to
useful products.

1.4.1 Anaerobic microbial digestion (AD) of organic residual materials from PPI.

Anaeorbic digestion (AD) is the microbial degradation of organic compounds into
different useful products, including methane, carbon dioxide and hydrogen by a
microbial consortium in an oxygen-free environment, which is employed widely in the
treatment of various industrial wastes 42 43, The use of AD for treatment of PPI waste
has advantages over the existing combustion methods of