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(ABSTRACT)

Woody plants are the most abundant renewable resources on the earth. From the paper we
consume to the house we live in, our daily lives rely heavily on woody plants. Over the
past decades, enormous efforts have been expended to improve the utilization of fiber and
wood. For example, much research has been conducted to develop environmentally
benign, and economically feasible techniques for pulp and papermaking. The economical
conversion of wood to useful sugars and alcohol has also been the subject of intensive
research. Investigations aimed at the genetic manipulation of wood growth to better meet
our needs are also underway. Nonetheless, harsh pulping and bleaching conditions are
still required in the pulp and paper industry, and the bioconversion of polysaccharides in
biomass to alcohol is still too expensive. An argument could be put forth that a major
reason for this is the lack of basic knowledge concerning the structural and biochemical

characteristics of the plant cell wall.

The three major polymeric components of plant cell walls, cellulose, hemicellulose and
lignin, are intimately associated with one another. Cellulose is associated with
hemicellulose via non-covalent linkages, whereas lignin is theorized to be associated with
cellulose and hemicellulose via both covalent and non-covalent linkages. The nature of
associations between wood polymers is still poorly understood. However, it is these
intimate associations that make delignification difficult, and make the bioconversion of
polysaccharides to alcohol inefficient. It is also believed that the linkages between lignin

and polysaccharides are responsible for the reduced digestibility of grasses by ruminants.



Besides cellulose, hemicellulose and lignin, there are many secondary metabolites such as
lignans, neolignans, tannins and terpenoids. The structures of lignans and neolignans are

analogous to the interunits of lignin. Lignin is considered an optically inactive polymer,
whereas lignans and neolignans are optically active small molecules. Although it has been
proposed that the biosynthesis of lignin, lignans and neolignans are via the same oxidative
coupling mechanism, it is still unclear that how the plant cell wall differentiates the
formation of lignans, neolignans and lignin. How and why plant cell wall generates so
many lignans and neolignans having broad structural variation is also unknown. As a
matter of fact, it is still uncertain which enzymes are actually involved in the biosynthesis
of lignin. A better understanding of biosynthetic pathways of lignin, lignans and

neolignans is a prerequisite for the genetic manipulation of plant growth.

Investigations described in this dissertation were an effort to better understand the
fundamental aspects of covalent linkages between lignin and hemicellulose in wood.
Enantiomeric synthesis of neolignans provides a tool for investigating the optically active

nature of neolignans, and may be helpful to study the biosynthetic pathways of neolignans.

Chapter 1 describes chemical structures of wood components and the biosynthesis of
lignin, lignans and neolignans. The mechanisms of lignin-carbohydrate bond formation
are also discussed, and a concise review of lignin-carbohydrate linkages proposed in the
literature concludes Chapter 1. Chapter 2 presents the methods used in investigating
covalent linkages in wood, which include methods of isolating lignin-carbohydrate
complexes, chemical cleavage methods, DDQ oxidation and model compound/NMR
methods. The synthesis of plant cell wall model compounds and neolignans are reviewed

in Chapter 3.

The experimental work performed for the completion of this thesis is described in



Chapters 4-8. A method which provides 3-0-4 lignin model dimers with complete threo
stereospecificity is described in Chapter 4. This method is complementary to the current
method for the preparation of erythro lignin model dimers. Chapter 5 presents a practical
synthesis of methyl 4-O-methyl a-D-glucopyranosiduronic acid. Methyl 4-O-methyl-a.-D-
glucopyranosiduronic acid was prepared from methyl a-D-glucopyrahoside in 4 steps
(74% overall yield). Previous preparations of this compound were much lengthier, and
had very low overall yields. Chapter 6 deals with the synthesis and rearrangement
reactions of ester-linked lignin-carbohydrate model compounds. A series of ester-linked
lignin-carbohydrate model compounds were synthesized, and migration of the uronosyl
group between the primary (y) and benzyl () position of lignin side chain is discussed.
Several approaches to synthetic neolignans are described in Chapter 7. Chapter 8 presents
a novel approach for the preparation of chiral aryl alkyl ethers. The successful application
of this novel approach to synthesis of several optically active 8-O-4 neolignans and a 1,4-
benzodioxane neolignan is described, as is the introduction of an alkyl aryl ether bond in

carbohydrate molecules.
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Chapter 1

Chemistry and Biochemistry of Wood Components

1.1 Chemical structures of wood components

1.1.1 Cellulose

Cellulose is the most abundant renewable natural resource in the world. About 40%-50%
of wood consists of cellulose, which is a linear polymer linked by a (1—4) B-D-
glucopyranosidic bond. The linear cellulose molecules easily form inter- and
intramolecular hydrogen bonds. Gardener and Blackwell (1974) found that a cellulose
chain has a twofold screw axis of symmetry, and is stabilized and stiffened by inter- and
intramolecular hydrogen bonds. The easy formation of inter- and intramolecular hydrogen
bonds provides cellulose with crystal-like properties. Cellulose molecules in wood exist in
both crystalline and polymorphous forms. It has been found that cellulose exists in several
crystalline forms which provide different X-ray diffraction patterns and spectra (Blackwell
1982, Atalla and van der Hart 1984). Although it is well understood that hydrogen bonds
play important roles in the arrangement of cellulose chains, the exact crystalline forms of
cellulose have still not been defined. Crystalline cellulose is highly resistant to hydrolysis
and biodegradation, whereas amorphous cellulose is hydrolyzed and biodegraded much
faster. Although cellulose is composed solely of glucose, the repeat unit of the cellulose
chain is a cellobiose unit (T6nnesen and Ellefsen 1971; Blackwell 1982). While cellulose
is known to hydrogen bond to itself and other celluloses, it is also possible that it can
hydrogen bond with the other polysaccharides present in the cell wall namely the

hemicelluloses.



1.1.2 Hemicelluloses
1.1.2.1 Introduction

The hemicelluloses are both linear and branched heteropolymers composed of D-glucose,
D-mannose, D-xylose, L-arabinose, D-galactose and D-glucuronic acid. Composition and
linkages among these sugars vary from one plant species to another, and also vary with
different parts of a single plant (roots, stems, leaves, wood and bark). Therefore, it is
impossible to provide a precise structure of hemicelluloses. However studies over the
past several decades have shown that wood hemicelluloses have major structural features,
and these have been highlighted in comprehensive reviews ( Timell 1964, 1965, 1967,
Fengel and Wegener 1989). This review will focus on some specific structural features of

hemicelluloses that pertain to hemicellulose-lignin interactions.

1.1.2.2 Softwood Hemicelluloses

Softwood  hemicelluloses consist of  galactoglucomannans, arabino-4-O-
methylglucuronoxylan, arabinogalactan and a minor amount of other polysaccharides.
Galactoglucomannan is one of the major components in softwdbd hemicelluloses (about

20%). A general structural formula of softwood galactoglucomannansis presented in

Figure 1.
—f-D-Glup-1—-4-p-D-Manp-1 —4-3-D-Manp-1—4-B-D-Manp—
6 2(3)
T T
1 Acetyl

a-D-Galp

Figure 1. Representative structure of galactoglucomannan (after Timell 1967).

Galactoglucomannan has a heterogeneous backbone that is composed of (1—4)-linked B-



D-glucopyranose and B-D-mannopyranose residues (Jones and Painter 1957, 1959). The
ratio of D-glucose and D-mannose in galactoglucomannanis about 1:3 (Timell 1967).
Galactoglucomannans in ~softwoods differ mainly in their galactose composition.
Softwood galactoglucomannans bear occasional galactose side chains linked o-(1—6) to
the mannose units on the backbone. The fact that galactose exists as a non-reduced end
group has been used to characterize covalent linkages between lignin and carbohydrates
(Eriksson and Lindgren 1977; Eriksson and Goring 1980). The a-(1—6) linkage of
galactose is very sensiti\}e to acid and alkali, and may be cleaved during alkaline extraction
(Timell 1965). All galactoglucomannans are probably acetylated in their native state
(Koshijima 1960), and the acetyl groups are attached to the mannose residues (Meier
1961). This information can be used in characterizing the linkages of lignin to glucose and
mannose units in lignin-carbohydrate complexes (LCC) isolated from softwood by

chemical methods such as Smith degradation (Yaku et al. 1981).

Besides galactoglucomannans, softwood hemicelluloses also contain arabino-4-O-
methylglucuronoxylan. Arabino4-O-methylglucuronoxylan is difficult to isolate in a pure
state and in good yield. A general structural formula of arabino-4-O-methylglucuronoxylan

is presented in Figure 2.

—B-D-Xylp-1—4-3-D-Xyl p-1 =4-B-D-Xyl p-1—4- p-D-Xylp-1 —4--D-Xyl p-1 —
2 3

T T
1 1
4- O-Me-0-D-GlupA o-L-Araf

Figure 2. Representative structures of arabino-4-O-methylglucuronoxylan
(after Timell 1967).

Arabinoglucuronoxylan consists of (1—4)-linked B-D-xylopyranose residues. A terminal

4-O-methyl-o.-D-glucuronic acid is attached to C-2 position of xylose unit in the backbone.



This' type of linkage is similar to that present in hardwood hemicelluloses. Unlike
hardwood hemicelluloses, softwood arabino-4-O-methylglucuronoxylan also contains o:-
L-arabinofuranose residues linked to C-3 position of the xylose (Marchessault et al. 1963).
Arabino-4-0O-methylglucuronoxylan contains a 4-O-methylglucuronic acid unit every five to
six xylose residues and an arabinose unit every eight to nine xylose units. Both the
arabinofuranosy! and glucuronopyranosyl units form non-reduced ends. As the o-L-
arabinofuranosidic linkage is much more sensitive to acid hydrolysis than the other
glycosidic linkages and Ean be selectively cleaved under mild acid hydrolysis. In contrast
to hardwood xylans, acetyl groups are not present in arabino-4-O-methylglucuronoxylan
(Meier 1961). The interference of acetyl groups can probably be eliminated in the
investigation of ester linkages between lignin and 4-O-methyl glucuronic acid in the acidic

fraction of LCCs isolated from softwoods.

All larches contain large amounts of water-soluble arabinogalactan. The arabinogalactan is
a very complicated and highly branched polymer. A simplified structural formula is

presented in Figure 3.
—p-D-Galp-1 —»3-B-D-Gal p-1 -3-p-D-Gal p-1—-3-f-D-Galp-1 -3-B-D-Galp-1 —
6 6 6 6 6

T T T T T

1 1 1 1 1
B-D-Galp B-D-Galp B-D-Galp R B-L-Araf

6 6 6 3

T T T T

1 1 1 1
B-D-Galp B-D-Galp B-D-Galp B-L-Arap

Figure 3. Representative structures of larch arabinogalactan (after Timell 1967). -

The ratio of galactose to arabinose is about 6:1 in the arabinogalactan. The backbone of the
arabinogalactanis composed of (1—3)-linked B-D-galactopyranose residues. Almost all

galactose units on the backbone carry a side chain at their 6-positions. Most of these side



chains consist of (1—6)-linked §-D-galactopyranose residues, with two such units present
per average chain. Some of the galactose units on the backbone also contain 3-O--L-
arabinopyranosyl-L-arabinofuranose branches. Softwoods other than larches contain small
amounts of arabinogalactans. Arabinogalactans isolated from several pines, spruces and
Douglas fir have the same basic structures although the ratio of galactose to arabinose in
the arabinogalactans might be different (Timell 1964). One difference between larch
arabinogalactan and the others is that a larger portion of arabinose in arabinogalactans
isolated from softwood species other than larches occurs as L-arabinofuranose end group
(Aspinall and Wood 1963). It is noteworthy that compression wood contains large
amounts of galactans. The backbone of these galactans is a (1—4)-linked B-D-

galactopyranose residue.

Besides galactoglucomannan, arabino-4-O-methylglucuronoxylan, and arabinogalactan,
softwood also contain small amount of other polysaccharides. These polysaccharides are

mainly composed of arabinose, galactose, glucuronic and galacturonic acids.

1.1.2.3 Hardwood Hemicelluloses

Hardwood hemicelluloses are mainly composed of glucuronoxylan and glucomannan.
Glucuronoxylan is much more abundant than glucomannan. Depending on the hardwood
species, about 15-30% of dry hardwood consists of glucuronoxylan. All hardwoods have
been found to have the same type of glucuronoxylan (Timell 1964). A representative

structure is presented in Figure 4.

Glucuronoxylan is composed of xylose and 4-O-methyl glucuronic acid, and is simply
called xylan. Xylan has a homogeneous backbone linked by (1—54) B-D-xylopyranose

residues. The 4-O-methyl a-D-glucopyranosiduronic acid is linked to the 2-position of



Xylose units on xylan backbone via a (1—2) glycosidic bond. About ten xylose units have
one 4-O-methyl glucuronic acid. The xylan backbone is also highly acetylated. About
70% of xylose units is acetylated at C-3 or C-2 positions. Acetyl groups are easily
hydrolyzed by alkali. The glycosidic bond between xylose units on the backbone is easily
hydrolyzed by acid, whereas the linkage between xylose and 4-O-methyl glucuronic acid is
very resistant to acid hydrolysis.
—p-D-Xylp-1 —4-B-D-Xyl p-1 ->4-B-D-Xyl p-1—>4-B-D-Xylp-1 -4-B-D-Xyl p-1 —
% P
1 Acetyl
4- O-Me-0-D-GlupA

Figure 4. Representative structure of hardwood 4-0-methylglucuronoxylan
(after Timell 1967).

Glucomannan is another hemicellulose in hardwoods. About 2-5% of hardwoods consists
of glucomannan. Glucomannan is composed of P-D-glucopyranose and B-D-
mannopyranose units linked by (1—4) glycosidic bonds. Depending on the hardwood
species, the ratio of glucose to mannose varies between 1:1 and 1:2. In addition to
glucuronoxylan and glucomannan, small amounts of nﬁscellanéous polysaccharides are
present in hardwoods. These polysaccharides are analogous to those present in

softwoods. These polysaccharides may be important in the plant cell wall.
1.1.3 Lignin

Lignin is an amorphous, polyphenolic polymer. Lignin is widely'distributed in plant
kingdom, acting as a cementing component to connect cells and strengthen the xylem

tissues. Lignin can be found in nature composed of one or a mixture of two to three



phenylpropane = monomers: guaiacylpropane,  syringylpropane and p-
hydroxylphenylpropane. The composition of these three basic components in lignin
structure varies with plant species. Softwoods are composed of mainly guaiacylpropane,
whereas hardwood lignin is composed of approximately equal amounts of guaiacylpropane
and syringylpropane units. Grass lignin is composed of guaiacylpropane, syringylpropane
and p-hydroxylphenylpropane. Adler (1977) demonstrated that guaiacylpropane units are
linked by both ether and carbon-carbon bonds. The major interunit linkages in softwood

lignin are presented in Figure 5. The most abundant interunit linkage is the

A (1) oMe (2) ome (3)

Liglnin

Lignin

Lignin

ignin

Me

(6)

Figure 5. Major interunit linkages of guaiacyl lignin

guaiacylglycerol-B-guaiacyl ether (1), which accounts for 40-60% of all interunit linkages

in softwood lignin. The other major interunit linkages are phenylcoumaran (2) (10%),



diarylpropane (3) (5-10%), pinoresinol (4) (< 5%), biphenyl (5) (5-10%), diphenyl ether
(6) (5%). The interunit linkages in hardwood lignin and grass lignin are similar to those

found in softwood lignin.
1.2 Biosynthesis of lignin, lignans and neolignans

1.2.1 Biosynthesis of lignin

Biosynthesis of lignin starts with the fixation of carbon dioxide in plants to form D-

glucose. Glucose is further metabolized to tyrosine and phenylalanine via the shikimic acid
Carbon dioxide

GluCose

Shikimic acid

;
@ﬂ—coou\: _@_}—coon

L-phenylalanine L—lTyrosine
O—“—COOH HO-O_“_CQQH I‘D—@—\_mo m@%
cinnamic acid p-Hydroxycinnamic acid p-Coumaraldehyde p-Coumaryl alcohol

@m/—»ﬂo@uﬁ@%—w@%

M Caffeic acld Ferulic acid M0 Coniferaldehyde Coniferyl alcohol

MeO, Mel
oo _).HO{}“—C VRN ‘Q_“—CHO Ho
5 hydroxyferuhc acid MeO MeO MeO

Sinapic acid Sinapaldehyde Sinapy! alcohol

Figure 6. Biosynthetic pathway from carbon dioxide to lignin precursors



pathway (Higuchi et al. 1977, Higuchi 1990). Biosynthesis of lignin precursors starting
from carbon dioxide is presented in Figure 6. The elimination of ammonia from the
resulting tyrosine and phenylalanine provides p-hydroxycinnamic acid and cinnamic acid,
respectively (Koukol and Conn 1961). These acids are further converted to ferulic acid via
caffeic acid. The resulting ferulic acid can be further converted to sinapic acid by
hydroxylation and subsequent methylation. In gymnosperms, O-methyltransferases
(OMT) are essentially monofunctional and preferentially catalyze the formation of ferulic
acid which is used directly for the biosynthesis of guaiacyllignin. In angiosperms, OMT
is a difunctional enzyme which catalyzes the formation of both ferulic acid and sinapic acid
from caffeate and 5-hydroxylferulate, and is in favor of forming syringyl lignin.  The
sinapic, ferulic, and p-hydroxycinnamic acids are enzymatically reduced to the lignin
precursors sinapyl, coniferyl, and p-coumaryl alcohols, respectively, via their
corresponding aldehydes (Higuchi 1990). Kutsuki et al. (1982) has demonstrated that
angiosperm enzymes reduce both coniferyl and sinapyl aldehydes to the corresponding
alcohols almost equally, but the gymnosperm enzymes were remarkably specific for the
reduction of coniferylaldehyde. It is believed that these p-hydroxylcinnamyl alcohol
oxidoreductase and O-methyltransferases control the formation of guaiacyl and syringyl

lignins (Higuchi 1990).

The last step to form lignin is the oxidative coupling of the lignin monomers into polymeric
lignin. The monolignols are enzymatically oxidized into phenoxy free radicals which have

several resonance structures (Figure 7) (Freudenberg 1968).

H H H H OH H
|}
-e, -H* N
—_— -~ <
= n
Me Me Me Me Me Me
H n

Figure 7. Enymatic dehydrogenation of coniferyl alcohol yielding phenoxy redicals
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The random coupling of these resonance-stablized phenoxy radicals generates a variety of
di- and oligolignols. The further oxidative coupling of these di and oligolignols provides
polymeric lignin. Which enzymes are actually involved in the generation of phenoxy free
radicals has been the subject of numerous investigations. Cousin and Hérissey (1908) first
demonstrated that extracts from the fungus, Russula delica, can polymerize isoeugenol.
Erdtman (1933) later proposed the hydrogenation theory of lignin biosynthesis through
further investigation of isoeugenol polymerization, i.e. electrons generated from the
oxidation of monolignols reduce oxygen to water. Because monolignols were not
available at that time, the first synthetic lignin or DHP (dehydrogenation polymer) was
accomplished by Freudenberg (1952). Freudenberg (1952) found that coniferyl alcohol
was dehydrogenatively polymerized by a crude enzyme preparation from a mushroom
(Psalliota campestris) under aeration. They later found that it was a laccase in the fungal
extracts that catalyzed the polymerization. A laccase-like activity in cambial extracts from
the gymnosperm Araucaria excelsa could also catalyze a similar polymerization
(Freudenberg et al. 1958). However, peroxidases in these fungal and cambial extracts
also catalyze the same polymerization when hydrogen peroxide is added (Freudenberg et
al. 1958, Higuchi 1957, Higuchi and Ito 1958). Freudenberg (1959), however, did find
an exception from Norway spruce (Picea abies) where peroxidases in cambial extracts
would not catalyze the polymerization process. Higuchi and Ito (1958) found that
peroxidases/H,O, are widely distributed in higher plants, and can catalyze the
polymerization of coniferyl alcohol to provide a DHP whose chemical properties are
similar to that generated from the polymerization of coniferyl alcohol by laccase/O,.
Peroxidases/H,0O, appeared to generate DHPs more rapidly than laccase/O,. Laccases
were found to have limited distribution in higher plants (Higuchi 1990). Furthermore,
Nakamura (1967) reported that a purified plant laccase from Japanese lacquer did not
catalyze the polymerization of coniferyl alcohol, but a pure bamboo shoot peroxidase

oxidized coniferyl alcohol into DHP. Thus it has been proposed that peroxidase but not



11

laccase is actually involved in catalyzing the polymerization of monolignols in higher
plants. This hypothesis was further supported when Harkin and Obst (1973a)
demonstrated that sections of tree stem could not oxidize syringaldazine without the
addition of H,0O,. Syringaldazine was used as a substrate to screen wood-rotting fungi for
secreted peroxidases and phenoloxidases (Harkin and Obst 1973b). Peroxidase was
widely accepted as the exclusive phenol oxidase responsible for the dehydrogenative
polymerization of monolignols until some new studies with laccase were reported.
Driouich et al. (1992) found that a laccase exists exclusively in sycamore maple cell walls,
and is localized primarily in the xylem and epidermal stem tissues. Sterjiades et al. (1992,
1993) further demonstrated that this same laccase can catalyze the polymerization of
monolignols to provide DHPs having structures identical to those generated by
peroxidases. Bao et al. (1993) also found that a laccase isolated from cell walls of
differentiating xylem of loblolly pine coincide in time and place with lignin formation, and
can oxidize monolignols into DHP in vitro. The other studies also showed that laccases or
laccase-like activities are closely correlated to the deposition of lignin in developing xylem
(Davin et al. 1992, Savidge and Udagama-Randeniya 1992). These results suggest that
laccase participates in lignin biosynthesis, and it seems that both laccases and peroxidases
are involved. Sterjiades et al. (1993) found that laccases and peroxidases have different
capabilities of polymerizing lignin model compounds. Therefore, Dean and Eriksson
(1994) suggested that under some circumstances laccases may be primarily responsible for
the initial polymerization of monolignols into oligolignols, whereas peroxidases continue

to oxidize oligolignols into lignin macromolecules.

1.2.2. Biosynthesis of lignans and neolignans

Lignans and neolignans are a widely distributed, structurally diverse class of

phenylpropanoids. Most of them are optically active, and exhibit some form of biological













































































































































































































































