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ABSTRACT

A range of 1,2-diarylpropane-1,3-diols and 2,3-dihydro-2-aryl-7-
methoxy-benzofurans were synthesised as model compounds for the B-5
{phenylcoumaran) structural unit found in wood lignin. The
syntheses were performed following either established, or
modifications of established procedures. Preliminary studies were
carried out which showed the viability of a new general synthesis

for B-aryl lignin model compounds.

Phenylboronates of three of the 1,2-diarylpropane-1,3-diols were
synthesised. The 1H NMR coupling constants observed between the
vicinal protons on the 6—membered ring confirmed the previously
inferred erythro stereochemistry. Single crystal X-ray diffraction
structures were obtained of 2,3-dihydro-2-(4-hydroxy-3-
methoxyphenylj—3—methy1—5—propy1—7—methoxybenzofuran and
1-(4~-hydroxy—-3-methoxyphenyl-2—-(2,3-dimethoxyphenyl )—propane-1,3-

diacetate.

Quinone methides (4-methylene-cyclohexa-2,5-dienones) derived
from the 8-5 lignin model compounds were treated with anthranol (a
reduced form of anthraquinone, AQ, found in soda—-anthraquinone
pulping liquors) to form a range of adducts. Anthrahydroquinone,
the major catalytic species in the soda—-AQ process, would not add to
the quinone methides. The presence of erythro and threo isomers of
the anthranol adducts was observed by 1H and 13C NMR, and in

some cases a preparative chromatographic separation of the two
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isomers was possible. The addition of anthranol to the quinone
methides was shown to be reversible. The erythro adduct was found
to be kinetically preferred, but over long reaction times, the threo
isomer predominated. It was shown that for quinone methides
possessing the B~hydroxymethyl group, the retro—aldol elimination of
formaldehyde to give stilbenes took precedence over adduct
formation. Thus, stilbene formation was believed to be that which
occurs for phenylcoumaran and B-C-1 structures when reacted under
soda-AQ pulping conditions, and the reactions of these structures
would not contribute to delignification. Conversely, it was not
expected that the phenylcoumaran and B8-C-1 structures would
contribute to the loss of AQ from the process.

The stabilised quinone methides were characterised by lH and

13c NMR. It was found that these and previously synthesised
quinone methides derived from the B-aryl ether lignin structure,
existed in solution as a mixture of two isomers in a ratio of 2:1,
SYN:ANTI. The preference for the formation of the SYN isomer was
believed to be either product-controlled or from conformational
equilibrium control in the transition-state leading to the gquinone
methide. It was found by a 1H NMR method that the ANTI isomers of
all the quinone methides studied reacted with amines approximately
40% faster than the SYN isomers. It was not possible to determine

if this difference in reactivity would be exhibited by quinone

methides reacted under pulping conditions.
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CHAPTER 1

INTRODUCTION

1.1 LIGNIN

Reviews of the chemistry of wood in general and lignin in
particular are many and varied, and rather than restate much of the
information contained within them, the review below of lignin
structure, formation, and reactivity, is selective rather than
exhaustive. For more detailed information the reader is referred to
the following: Harkin, 1967; sSarkanen, 1971; Aadler, 1977;

Sjostrom, 1981; Ralph, 1982; Ede, 1984; and Robinson, 1985.

Lignin is the term applied to the "encrusting material" (Payen,
1838) in which the cellulose fibres of a plant are imbedded. It is
one of the world's most abundant natural products, comprising about
25% of the woody tissue in plants. The highest concentrations of
lignin are found in the middle lamella of plant cells, but most of

the lignin (about 70%) is located in the secondary cell wall.

Lignin has defied attempts to fully describe its structure for
over 140 years, although modern techniques of isolation,
purification, and characterisation, have improved the depth of
understanding of lignin structure and reactivity. It is clear that
lignin is an irreqular cross—linked amorphous polymer of substituted
phenylpropane units. The composition of lignin is species
dependent, and there are three broad groupings of lignin types.

Softwood lignins are almost entirely composed of coniferyl alcohol



(guaiacyl) derivatives, combined with a small proportion of
p—coumaryl alcohol units. It was thought that softwood lignin
incorporated up to 5% sinapyl alcohol (syringyl) derivatives, but a
recent study (Obst, 1986) has determined a very low maximum limit
(<0.05%). Hardwood lignins consist of a co-polymer of coniferyl and
sinapyl alcohols varying in composition from 4:1 to 1:2
guaiacyl-syringyl (Sjostrom, 1981). Grass lignins tend to
incorporate p-coumaryl alcohol units. Little is known however, of
the variations in composition which exist in the various
morphological regions of the plant, although it is known, for
example, (Sjostrom, 1981) that compression wood tends to contain
more p-coumaryl alcohol structures than is average for the whole

tree.

CH,0H CH0H CH,OH

tH0” Y CH30 OCH;
OH OH OH

coniferyl alcohol p-coumaryl alcohol sinapyl alcohol
(guaiacyl) (p—hydroxyphenyl) (syringyl)



Most of the information on lignin structure is obtained from
degradative techniques applied to isolated lignin preparations. Two
major approaches are used to obtain these "non-native" lignins:
= Cellulytic enzyme lignin (CEL) is isolated from extractive-free

wood as insoluble material left after the hydrolytic removal of

the polysaccharides.

~  Extracted lignins from hydrolysis or extraction of the lignin
can have structures extensively changed from native lignin. One
such preparation however, milled wood lignin (MWL), is thought
to be the isolated lignin preparation which most closely
represents lignin as it occurs in nature. Even this preparation
though, is thought to be of lower molecular weight than native

lignin and can contain polysaccharides.

The degradation experiments on the lignin preparations give rise
to a range of mono—, di-, and oligo-lignols, the structures of which
provide information as to the arrangement and bonding of: the
phenylpropane units in the polymer. There is a vast body of results
from these experiments which had led to the proposition of a range
of structural schemes postulating the prominent structural features
of the lignin polymer (e.g. Adler, 1977). A synopsis of -the type
and occurrence of common linkages in softwood lignin is shown in

Table 1 and Figqures 1 and 2.

Given the complexity of lignin structure and the difficulties
pertaining to its characterisation, the body of knowledge about the
formation of lignin is much less substantial. It is thought that

the monomeric precursors are derived from glucose, which is



Table 1.1. Percentages of types of bonds connecting phenylpropane
units in spruce (Picea abies) and birch (Betula
verrucosa) MWL (Adler, 1977)

Bond type Spruce Birch
(softwood) (Hardwood)

Guaiacyl Syringyl Total

A Arylglycerol-B-aryl ether 48 22-28 34-39 60

B Glyceraldehyde—2-aryl ether 2 2

C Non-cyclic benzyl aryl ether 6-8 6-8

D Phenylcoumaran 9-12 6

E 2- or 6- condensed structures 2.5-3 1~1.5 0.5-1 1.5-2.5

F Biphenyl 9.5-11 4.5 4.5

G Diaryl ether 3.5-4 1 5.5 6.5

H 1,2-Diarylpropane 7 ki

I B8-8 linked structures 2 2
89.5-97 96.5-99.5

O-O

Q=0=0
]
o:
O
O-O—O
0

O " RO ©° @
1< iliels] u w

c
& TRACES ONLY
¢

0-0-0
0-0-0
0-0-0
0=0-0
0-0=0

n-o-o

O=0-0

0=0-0 o

?
§—¢ 4
Cc (o
© TRACES

o}

Figure 1.1 Predominant linkages between phenylpropane units
(Adler, 1977)
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HaCO CHOH OH @
CH , 9H20 H OCH,

o |
HCOH
HEOH SH
H,COH HO' O/
o——-CHHsCO OCHjy ton
OCHS
H,COH H3CO a
H,COH
HC OCHj H?———""O
H'c—-o HCOH

H,CO @ (I:H20H HQC.;OH HaCO

O—-—CH HC'D—————O

HaCO e e OCH,4

OH[O-C]

Figure 1.2 Prominent structures of softwood ligﬁin comprising 16
phenylpropane units.



6

converted via shikimic acid to phenylalanine, from which the monomers
are formed. The monomers are thought to exist in the cambial tissues
as glucosides, and it has been shown that 14C labelled coniferyl
alcohol is incorporated by the plant into the lignin. The actual
polymerisation is thought to be an enzyme-initiated dehydrogenative
condensation of the allylic alcohol species. Transfer of H' to

the enzyme leads to the formation of a range of resonance stabilised
phenoxy radicals which then appear to combine in an uncont;olled
random fashion. Such condensations have been observed in vitro

with the enzymatic dehydrogenation of coniferyl alcohol, and
artificial lignin preparations, DHP lignin (Dehydrogenation
polymerisate), have been isolated from these reactions with quite

similar properties to MWL.

1.2 PULPING

Pulping is the process of removing the lignin from the wood or
woody matter to leave the valuable cellulose fibres for conversion
into a wide range of papers., cardboards, linerboards, fillers etc.
The pulping industry is huge throughout the world, and a vast amount
of research is devoted to the processes of removal of lignin from
the wood in the most controlled and economically efficient manner.
For the pulping industry by—and-large, lignin is seen as a
nuisance; it has no major end use other than as a fuel to offset
the energy requirements of a mill, it is often toxic (e.g. after
chlorine bleaching), and has defied attempts at conversion to an

economically viable source of useful chemicals for years.



Historically, lignin was removed from wood by reaction with
caustie soda under -elevated pressure and temperature (soda pulping).
The phenolic nature of the lignin was such that fragments dissolved
in the pulping liquor, and non-phenolic linkages could be cleaved by
a variety of mechanisms (Miksche, 1980) the reaction contributing the

most to delignification being the cleavage of the 8-aryl ether bond

(Scheme 1).
HO C HO C HO C
SRS 0
OCH;  on™ OCH, OCH,
———— ———
OCH, OCH, OCH;,4
0\ o\ N,
c c C

Scheme 1.1 B—ether cleavage from etherified B-ether moieties

A major breakthrough, and still the mainstay of the pulping
industry, was the advent of the kraft process. The addition of
Nazs to a soda cook gave dramatically improved yields, pulp
strengths, and pulp qualities compared to the soda process. The
mechanism of kraft pulping is well understood: the HS (Scheme 2)
species reacted through a different mechanism from the HO of the
soda process, giving a large rate increase for the removal of lignin.
This increase in rate meant that reaction times could be shortened.

Hence the cellulose fibres were not exposed to high (1 mol 1_1)

concentrations of NaOH for long periods, which caused degradation of

the reactive end—-groups of the polysaccharides, and consequently a

lower pulp quality.
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The complex, irreqular. polymeric nature of lignin makes these
studies on pulping mechanisms or indeed any lignin reaction
difficult. BAs a result, lignin chemists often utilise low molecular
weight monomeric or dimeric lignin model compounds which replicate,
in part, a particular inter-unit linkage within the polymer. These
compounds have the advantage of being much easier to manipulate and
characterise than lignin, but conversely, results obtained do not

necessarily reflect true lignin properties.

A whole range of chemical and semi-chemical pulping techniques
have been developed and are applied world-wide to a limited extent
which give rise to pulps of certain qualities for specific end-uses,
but few have shown as much promise and attracted as much research

interest as the soda—anthraquinone process discussed below.

HO\’ .--UG O \ L
HO O/Q OH' /© D/@
- Ho0 &
OCHy L Oty =2 =% OCHy
OcHs T 0CHy 7 0CH;
OH 0 0}1‘/ o~
HO 4
=
OCH3 [ O0CHy
O(—) 0(_)

Scheme 1.2 B-ether fragmentation from cleavage of B-—aryl ether
quinone methides (kraft process).



1.3 AQ PULPING CHEMISTRY

In 1977, by a series of logical, yet fortunate steps, Holton
(1977), noted the remarkable effect of anthraquinone on increasing
the rate of alkaline delignification of wood. The soda—-AQ process
was seen to have great potential owing to the high activity of the
catalyst (and hence the low loading required), the high yield of pulp
obtained, and the minimal environmental effects compared to the
frequently used kraft pulping process. There were major economic
drawbacks however; anthraquinone was expensive, it was not fully
recoverable from the pulping cooks and the resulting pulp was not as
strong as a kraft pulp. These factors kept anthraquinone from
replacing the sulphur-based catalysts which had been a mainstay of
the pulping industry for over a century. Used in association with
sulphur catalysts in the form of RQ/kraft and neutral sulphite/aAQ
(NS/AQ) pulping, AQ has become a very viable additive, but at the

expense of its value as a more environmentally aesthetic process.

cmst;o

Anthrahydroqumone

AHQ
= \\ S
NN
Anthrone Anthranol

The potential benefits of the soda—-AQ process have stimulated
much research into the modus operandi of AQ in alkaline
delignification, with a view to modifying the process to enhance its

economic viability. Although no major breakthroughs have been
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established in modifying the performance of AQ, it is no coincidence
that-a resurgence in lignin chemistry, aided by modern instrumental-
techniques, had occurred in parallel with the discovery of the

unusual catalytic effect of AQ.

CARBOHYDRATES o AQ . SOLUBILISED
x E LIGNIN
I D
D U
A c
T T
1 I

STABILISED (o} 0
CARBOHYDRATES N AHQ N LIGNIN
YIELD GAIN RATE GAIN

Scheme 1.3. Catalytic redox cycle of AQ in soda-AQ pulping
(Fleming, 1978).

A commonly cited cyclic scheme (Fleming, 1978) has been put
forward to describe the catalytic mechanism of lignincleavage by
AQ, but this uninformative scheme details none of the chemistry
involved (Scheme 3). The effectiveness of AQ is known to be
two—fold; it promotes the cleavage of B-ether linkages in the
lignin, thereby increasing the rate of delignification, and oxidises
the reducing end groups of the carbohydrates, stabilising them with
respect to the cellulose-destructive end-wise peeling reaction
(Lowendahl, 1977, 1978). Most of the research on the AQ pulping
mechanism has centred on its lignin cleavage reactions and two
conflicting mechanisms have evolved that account for the enhanced
cleavage of the B-aryl ether linkage (accounting for up to 50% of
the intermonomer lignin bonds) but neither is conclusive. Both
mechanisms invoke the participation of quinone methides as the key
lignin intermediates, and reduced forms of AQ as the active

catalytic species, and both studies have utilised lignin model
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compounds as aids to elucidating the mechanisms. The adduct
mechanism {Landucci, 1978)- requires bond- formation between a reduced
AQ species, anthrahydroquinone, and the B-ether quinone methide to
give an intermediate adduct. This adduct subsequently undergoes a
Grob fragmentation to cleave the lignin unit and regenerate AQ
(Scheme 4). However, more than one reduced AQ species is known to
be catalytic. Anthranol (the base-stable enol tautomer of anthrone)
also adds to B-ether QMs, and does so faster than AHQ. The adducts
obtained however cannot undergo the same Grob fragmentation as the
AQ adducts. AHQ and anthranol have been shown to cleave B-ether
linkages at similar rates (Poppius, 1985b), although the mechanism
of anthrone adduct fragmentation is unclear. The adduct mechanism
has some attractive features; 1t is analogous to the well
established mechanism of HS accelerated cleavage of B—ether
linkages in the kraft process. and adducts between 13C labelled
anthrone and acetylated MWL have been observed in situ in the

polymer (Landucci, 1978; Ralph, 1986a).

The single electron transfer (SET) mechanism (Dimmel, 1985a)
involves transfer of an electron from AHQz— or AHQ™ to the
quinone methide which then fragments (Scheme 5). The formation of
AHQ™ (Hocking, 1980) has been observed during pulping and cyclic
voltammetry (in organic solvents) has indicated the occurrence of

SET leading to QM fragmentation (Dimmel, 1985b).

It is unlikely that either mechanism will ever be proved as
adduct formation (or SET) is not thought to be the rate determining

step in soda-AQ pulping. Attempts to prove the SET mechanism and
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disprove the adduct mechanism by a study of steric (Dimmel, 1986)
effects- on the reactions of QMs and reduced AQ species have been:
inconclusive at best, as it is well established that QM formation is
the slow step in the process, masking any other effects from

subsequent faster steps.

l 7 Mol
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Scheme 1.4 Adduct mechanism accounting for the catalytic cleavage
of B-ether linkages Ralph 1986).
Even if one or other of these mechanisms is eventually proven,
the "redox—-cycle" is still incomplete. Some important questions

still remain: for example, what happens to the rest of the AQ?

14

Studies with ~'C labelled AQ show that up to 18% of the catalyst

remains unrecovered in the pulp (Faix, 1980). A range of reduced AQ
derivatives have been extracted from pulps and black liquors
{Gourang, 1979), but it appears that most of the AQ (60%) remains
irreversibly bound to the soluble lignin fragments in the black

liquor, 20% is recovered as free AQ, and 15% recovered as extractable

derivatives (Algar, 1979).
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HO HO
OAr ) OAr
I
AHO-2 * + AHoL
OCH, OCH,
(0] o
HO
CH,OH
i UuOAr
—— E
+ ArOQ
OCH, OCH,
O(—) Of‘)

ArO" + AHQ ?2—s=— ArO® + AHQ®
2AHQ™ + RCHO + 80HP—— 2AHQ™2 + RCOS 4+ 2H,0
Scheme 1.5. SET mechanism accounting for the cleavage of B-ether
linkages (Dimmel, 1985a).

Also of interest is the role of AQ, not in promoting lignin
cleavage reactions, but in preventing lignin condensation reactions.
Recently, Fullerton (1986) has shown that under alkaline pulping
conditions both AQ and HS afford a decrease in the formation of

alkali-stable carbon—-carbon bonded products, which could contribute

to relignification, and hence a slower pulping rate.

Another major area of interest, and one which has been largely
unexplored, is the topic of this thesis. The reactions of the two
next most abundant lignin inter-units, the phenylcoumaran and B-C-1

linkages (accounting for up to 20% of the lignin polymer) with AQ
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and its derivatives have not yet been studied. The overall aim of
“this thesis is to fully characterise quinone methides of B8~C linked -
lignin model compounds and to determine if quinone methides of the
B-C linked lignin model compounds react with reduced forms of AQ
either by forming adducts which then fragment, enhancing
delignification; or if the reactions of these QMs with the AQ
species contribute to the loss of AQ from the pulping cycle as

alluded to previously (Landucci, 1984).

The first step in a study of this type is obtaining a range of
suitable model compounds. Chapter 2 of this thesis evaluates a range
of synthetic routes to lignin model compounds representing
phenylcoumaran (B-C-5), 1,2-diarylpropane-1,3-diol (8-C-1) and
pinoresinol (8-8) lignin sub-units, including a preliminary
investigation into a new general synthesis of B-C-5 and 8-C-1 lignin

model compounds.

Chapter 3 details the characterisation of the stereochemistry of
some of the compounds synthesised in Chapter 2, including the X-ray

crystallographic structures of two B-C-5 lignin model compounds.

The reactions of the quinone methides of the phenylcourmaran
lignin model compounds with AHQ and anthranol is discussed in
Chapter 4. The reactions of the B-C-1 QMs with AHQ/anthranol was
the subject of a MSc thesis carried out in conjunction with this

study (Robinson, 1985).
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Chapter 5 describes the full characteristion by NMR of the new
B-C-1linked quinone methides and examines further aspects of the

formation and reactivity of lignin model quinone methides in general.
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CHAPTER 2

LIGNIN MODEL SYNTHESES

2.1 INTRODUCTION

Studies on the reactions of lignin in alkaline pulping processes
have relied mainly on the use of low molecular weight model compounds
replicating a partial lignin structural unit. These lignin model
compounds can be manipulated and characterised more easily than
native lignin and are of real value to the lignin chemist, especially

if their syntheses are not too time consuming.

It should be noted however, that the structural diversity of
lignin is such that no single compound could possibly serve as a
universal lignin model, hence the extensive range of model compounds
available for the different lignin sub-units. Also important is
that the lignin model compound used in any study should be
appropriate for that study. For example, there are many instances
in the literature where studies have been carried out on model
compounds not possessing the B—CH20H group but it has been shown

that this functionality plays a key role in many lignin reactions.

Footnote: For convenience, a series of fold-out sheets {(at the rear

of this thesis) are included with structures of the

compound numbers referred to in each of Chapters 2 - 5.
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There are many synthetic routes to the whole range of lignin
model compounds, and it is the synthesis of B-carbon linked model

compounds that have been evaluated in this chapter.

2.1.1 Phenylcoumaran Syntheses

Until recently., the only commonly available model compounds
replicating the phenylcoumaran linkage were dehydrodiisoeugenol 1
and dehydrodiconiferyl alcohol 5 (see Figure 1). Compound 1 was
synthesised by the FeCl3 initiated oxidative coupling of
isoeugenol (Leopold, 1950), and 5 was formed from either an enzyme
catalysed dehydrogenative coupling of coniferyl alcohol 4
(Freudenberg, 1952; Katayama, 1978), which lacked any synthetic
control over the product yield and substitution, or through a
multi-step organic synthesis (Nakatsubo, 1979), which was eledant
but time-consuming. Compounds 1 and 5 have the added disadvantage
of containing a non-representative vinylic side-chain which can pose
complications in any reactivity studies, and compound 1 has a B-CH

3

rather than the more representative B-CH_.OH substituent found in

2

native lignin structures. The vinylic side—chain in these models

can easily be hydrogenated to give models 6 and 7.

CHoR CHoR
RCH, <:‘;> RCH, ‘< \
o 0 0CHy | = 0CH;
HO {’ HO~
1R =H 6 R =H
5 R = OH 7R = OH

Figure 2.1. Commonly available phenylcoumaran model compounds.
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Recently. a synthetic route to a phenylcoumaran lignin model
compound 24 (see Scheme 1) has been reported (Brunow, 1984). This
method involved a BF3.Et20 catalysed rearrangement of chalcone

epoxide 15 as the key step, with subsequent NaBH, reduction giving

4
rise to a 38% yield of a 8-5 lignin model 17, which can be

deprotected and dehydrated to give the phenylcoumaran 24.

In the course of our studies, it was necessary to synthesise a
model compound corresponding to a 8-5 model in which the 4'-OH group
was protected to prevent an internal cyclisation to the
phenylcouraran. Compound 26 was obtained from a modification of the

synthesis of 24 (Scheme 1).

2.1.2 Pinoresinol syntheses

At least four methods for the formation of d,l-pinoresinol 37
have been reported in the literature. Two (Freudenberg, 1953;
Kratzl, 1963) require a catalysed coupling of monomeric precursors,
while the previously discussed enzymatic condensation of coniferyl
alcohol 4 (Katayama, 1978) affords d,l-pinoresinol as one of the
products. A rational, high-yield synthesis (Fujimoto, 1982) has
also been reported. This route has the advantage that pinoresinol
derivatives can be prepared with different substituents on the 2
aromatic rings. The synthesis of pinoresinol by the method of
Freudenberg (1953), including some attempted modifications, is

discussed below.
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2.1.3 B-C-1 syntheses

The most commonly available B-C-1 model, 1,2-bis(4-hydroxy-3-
methoxyphenyl)-propane-1,3-diocl 41, has been synthesised by a range
of methods (Brezny, 1977; Kristersson, 1980; Berndtsson, 1980;
Brunow, 1981b; Nonni, 1982; Ahvonen, 1983; Chen, 1985). While 41
has been isolated in many instances as a lignin degradation product
(e.g. Sarkanen, 1971), and is easily synthesised, it is unlikely to
exist in native lignin as a dimer unattached to the lignin molecule.
More representative structures would be etherified at the A4 or B4
positions as in e.g. 50. B-C-1 model compounds with non—equivalent
A and B rings have been synthesised in varying yields and degrees of
difficulty (Nakatsubo, 1975; Brezny., 1977; Kristersson, 1980;
Nonni, 1982; Ahvonen, 1983; ' Chen, 1985; Robinson, 1985; Ralph

1987a).

All the B-C-1 models synthesised have possessed either the
B—CHZOH substituent or a synthetic equivalent of this group. As

yet there are no B-C-1 model compounds available with other

B-substituents such as H or CH3 groups. Although not

representative of native lignin, models possessing such substitution

are as valid as the commonly used B8-ether models 1-(4-hydroxy-3-
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methoxyphenyl)-2-(2-methoxyphenoxy)—-ethan-1-ol (guaiacylglycol-3-
guaiacyl ether), and 1-(4-hydroxy-3-methoxyphenyl)-2-(2-

me thoxyphenoxy)-propan—-1-ol.

Preliminary investigations into the syntheses of a range of new
B-aryl model compounds which can possess a range of B-substituents

are discussed below.

2.2 RESULTS AND DISCUSSION

2.2.1 Phenylcoumaran syntheses

The synthesis of dehydrodiisoeugenol 1, by the method of Leopold
(1950) gave the required product in 50% yield. Hydrogenation with
Pd/C catalyst in methanol gave 95% 6 (Aulin-Erdtman, 1942). Large
(gram) quantities of these two compounds could be prepared easily

and rapidly.

The synthesis of dehydrodiconiferyl alcohol by the enzymatic
condensation method of Katayama (1978) required gram quantities of
coniferyl alcohol 4. This compound is expensive to purchase and is
sensitive to light, heat, and oxygen, and hence is best used soon
after it is prepared. Coniferyl alcohol has been synthesised from a
LAH reduction of ethyl ferulate obtained from the Claisen
condensation of vanillin and monoethyl malonate (Freudenberg,

1952). However, as we had a supply of commercial ferulic acid 2
available, a simpler route was chosen involving the methylation of
ferulic acid 2 with MeOH/acetyl chloride (Fieser, 1967) to give

methyl ferulate 3, followed by LAH reduction to give 4.
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The peroxidase/H o, dimerisation of coniferyl alcohol 4 has

2
been reported to give three lignin model compounds in reasonable

yields (Katayama, 1978): d,l-pinoresinol 37 (10%), dehydrodi-

CH,OH
HO
HO o

OCHg

OCHg
OH

guaiacyl glycerol-R-coniferyl ether

coniferyl alcohol 5 (24%) and guaiacylglycerol-g-coniferyl ether
(20%). The success of the reaction appears to be tied to the
activity of the enzyme. Katayama (1978) reported that using
peroxidase of 58.8 unit/mg, the coniferyl alcohol was consumed
within 3 hours. However, on carrying out a scaled-down preparation
with 90 unit/mg peroxidase, it was 7 hours before the coniferyl

alcohol was consumed, as monitored by tlc. A

H NMR of the product
showed that although small quantities of the required product were
present, a degree of oligo- or polymerisation had occurred, as
evidenced by the broadening of the signals. The mixture would have
required multiple elution preparative chromatography to obtain any

of the required products. This method of obtainihg a phenylcoumaran

model was not pursued further.
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At the time this work was being carried out, Brunow and Lundquist
(1984) published their synthesis of compound 24. This simple, yet
versatile synthesis is a modification of a route to B-C-1 model
compounds (Kristersson, 1980) and with some modifications gave us a

randge of useful model compounds (Scheme 1).

The benzylation of acetovanillone 8 and o-vanillin 10 was
carried out by a heterogeneous method, rather than the phase-transfer
method of Brunow. The condensation of 9 and 11 to give the chalcone
13 proceeded in high yield. It was necessary to use equimolar
quantities of 9 and 11, as chromatographic separation of the product
from starting materials would have been difficult, owing to their
similar tlc Rfs. The required phase-transfer catalyst for the
oxidation of chalcone 13, tetrabutylammonium hydrogen sulphate, was
obtained by reaction of tetrabutylammonium hydroxide with an
equimolar quantity of sulphuric acid and the oxidation of chalcone
13 by the method of Brunow proceeded in high yield. Attempts to use
other methods gave none of the required epoxide. The oxidation of
chalcone 14 to the chalcone epoxide 16 was achieved in high yield
with 1:1 5% aqueous NaOCl:pyridine (Marmor, 1963) rather than the
method involving alkaline hydrogen peroxide in a phase transfer

system (Brunow, 1984).

The BF3.Et20 rearrangement of epoxides 15 and 16 required dry
reagents and solvent, as any traces of water in the reaction resulted
in very low yields of the rearranged product. Care had to be taken
to neutralise the reaction mixture to pH 7 after the borohydride

reduction (Brunow, 1985), as degradation of 17 and 18 occurred in

acidic conditions.
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(i) K,CO3/KI/PhCH,Cl, Me,C=0, 96%; (ii) 1l1:
K2CO3/KI/PhCH,Cl, MepC=0; (iii) 12: Me,S04,/NaOH/H,0,
55%; (iv) 13: KOH, EtOH, 86%; (v) 14: KOH, EtOH, 76%;
(vi) 15: H,0,/NaOH/BuygNHSO4, 100%; (vii) 16:
NaOCl/pyridine, 76%; (viii) 17: BF3.Et0, Et0, 35%;
(ix) 18: BF3.Et;0, Et,0, 61%; (x) 19: Ac,0/pyridine;
(xi)20: Pd/C/H,, MeOH, 100%; (xii) 23: Pd4/C/H;, MeOH;
(xiii) HC1l, CHClz, 100%; (xiv) Acp0/pyridine, 94%; (xv)
26: Pd/C/Hz, MeOH, 95%; (xvi) 27: Ac,0/pyridine, 94%;
(xvii) 28: Pd/C/H,, MeOH, 100%

Scheme 2.1. Synthetic route to 8-5 model compounds

23
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The best yield of 17 was 35% (cf 38% of Brunow). The main
by-product crystallised after purification (yield not recorded) and
was shown to be fluorohydrin 21 (see Figure 2). The formation of
fluorohydrins in BF,.Et.0 rearrangements has been reported

3 2
previously (House, 1956).

1,,._19

H-1F/Hz . 1819/,
5
JoHa-F =09 G F o ubs Yo =
4 ;
3J0HB F=1-5 OCH4 2 g =20
] -
5 - JEs1— =22
JVF =45.9 3 3.182_[:: =7

YB6-F =9

Figure 2.2 Fluorohydrin 21 isolated from synthesis of 17, with
1g-19¢ and 13c-19¢ NMR coupling constants.
Debenzylation of 17 in methanol afforded the non-cyclised
precursor 23, rather than the phenylcoumaran 24 as reported by
Brunow. Phenylcoumaran 24 was obtained by shaking a CHCl3

solution of 23 with dilute aq. HCl. Acetylation of 17 and subsequent

debenzylation gave compound 20.

The BF3.Et20 rearrangement of chalcone epoxide 16 gave the
required product 18 in 61% yield (after recrystallisation). No
fluorohydrin was detected among the by-products. Debenzylation in

the usual way gave the model compound 26 in good yield.

2.2.2 d,1-Pinoresinol Synthesis from Ferulic Acid

The key step in the method of Freudenberg (1953) was the

FeC13- initiated radical dimerisation of ferulic acid 2 to give

dehydrodiferulic acid 29 (Scheme 2). This step was low yield, but
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HO

(i) FeClz/0Op, MeOH, 19%; (ii) AcpO/pyridine, 84%; (iii)
BH3.THF, THF or BF3.Etp0/NaBH,; (iv) LAH, THF, 52%; (v)
Acy0/pyridine, 88%; (vi) 0.5 mm Hg, 230-250°, 60% 37,

30% 38

Scheme 2.2. Synthesis of d,l-pinoresinol 37
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the starting material was readily available. One problem with the
synthesis was that the lactones in 29 must be reopened before the
final product 37 was obtained, requiring three steps (acetylation,

reduction and cyclisation) to accomplish a carbonyl reduction.

It had been reported (Pettit, 1961) that direct reduction of a
lactone to a cyclic ether (without ring opening) was possible by
reaction with NaBH4/BF3.Et20 (effectively "BH3"). This
method was tried on both the free phenolic and diacetylated

lactones, 29 and 30, with both NaBH4/BF .Et,0 and BH,.THF.

3 2 3
The reaction between 30 and BH3.THF appeared to proceed (as
monitored by tlc) but it was not possible to isolate the required

product from what was presumably an organoborane intermediate. This

step was rejected as a possible simplification of the method.

The cyclisation of the hexol 31 was not trivial. Acid catalysed
ring-closure results in observable yields of epipinoresinol 38
(Fujimoto, 1982). Some success had been obtained by reacting the
dibenzyl tetrol with BF3.Et20, but this reaction required that
the phenols be protected, introducing another step into the reaction
scheme (Fujimoto, 1982). Good yields for the cyclisation of 31 have
been reported (Freudenberg, 1953) by molecular distillation, but
this was counterbalanced by the low yield of 31 in the previous LAH
reduction step. Assuming that the cyclisation proceeds via the
p—diquinone methide 34, it was thought that reaction of the hexol
with trimethylsilyl bromide (TMSBr) to form the benzyl bromide 33
(Ralph, 1983c). followed by quinone methide 34 formation (by

reaction with aqueous NaHCO3) and its subsequent cyclisation, may



0CH3 0CHz J

'35 R=H
vy
AcO 0Ac
O

(%) TMSBr, dg—-dmso; (ii) NaHCO3; (iii) TMSBr, dg—-dmso;
(iv) (a) several days (b) AcyO/pyridine

Scheme 2.3. Attempted formation of 37 via a quinone methide
intermediate

27
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have proven to be a facile route to 37. Reaction of the hexol with
TMSBr in dimethyl sulphoxide gave what appeared to be compound 35.
This was likely to have resulted from quinone methide formation in
half only of the hexol, with subsequent nucleophilic attack from the
benzylic hydroxyl group. After a period of several days the compound
was acetylated and it appeared that electrophilic aromatic
substitution at C5 by free bromine in the reaction mixture had

occurred at some stage to give 36 (see Scheme 3).

The cyclisation of 31 to give 37 was eventually accomplished by
the previously reported method (Freudenberg, 1953). The
distillation under vacuum of 0.5 mm Hg and a bath temperature of
230-250°C gave a mixture of 60% 37 and 30% 38. It is uncertain
whether epipinoresinol, 38, is a true constituent of wood lignin, as
it has been shown, for example (Harkin, 1967), that pinoresinol
treated with acid (as in the lignin degradation experiments) gives
epipinoresinoi and it appears likely that the high yield of 38 was
due to the high bath temperature required for the distillation of
3l. It was not possible to carry out the distillation of 31 at the
lower pressure (0.05 mmHg) and hence temperature (160-190°C) used by

Freudenberg (1953).

2.2.3 Attempted B—aryl Syntheses involving Umpolung

Two approaches were evaluated, both non-convergent, to the range
of B-C model compounds shown in Figure 3. The key step in both
syntheses involved the acylation or alkylation of a 2-lithio-1,3-

dithiane (Seebach, 1975).
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Abstraction of the benzylic proton from the dithiane 42 with
n-BuLi in THF at -78°C gave a stabilised carbanion, and it was first
envisaged that the addition of 2-(4-benzyloxy-3-methoxyphenyl)-
2-1lithio-1,3-dithiane 44 to a range of substituted benzaldehydes
(Scheme 4) would provide useful precursor compounds to a range of
B-C-1 and B8-C-5 lignin models. In some preliminary attempts, the
addition of 44 to 3,4-dimethoxybenzaldehyde 43 (veratraldehyde) and
2,3—-dimethoxybenzaldehyde 12 proceeded smoothly and in high yield
provided all reagents, solvents, and glassware were carefully dried.
The protected B-hydroxy ketones 45 and 46 crystallised from the

unpurified product on trituration with ethanol.

OCH
O R3
O OCH; OCH3

OH OH
R R1 R2 R3

24 CH,OH 23 CH,OH OH

69 H 26  CH,OH oCH, H

10 CHy 41 CcH,0H H OH
50 CH,OH H OCH,
51 cH, oH
52 cH, OCH,
53 cH, H OH
54 CH, H OCH,,
55 H OH
56 H ocH,
57 H H OH
61 H H OCH,

Figure 2.3. B-C model compounds



~N
[es]
o

wv)
<: 7
A S

— (a2 m
o = a2 e N
) & Z
o - Il
Ve
a2 (O34
Lm— e k
I ”~
m ; m.§r
= = 5
S & o o
\
=4 N D =0 N o
S = S o =/ O
£ E o B 1 i
[ea]
= N8 . 8
< Q) == <m
~
>
R
~~
>
A
m m
5 o S
S & o &
=N 2 e N £
o) o
=/ S w = 3
T
a < ]
guv o (%] O
4 -
o
~ =
= =
> Nt
A d
e m
X - o
[ -
o & a &
&= £ 9 2= \ O
(W] w U
o — m — o
<l 5 <
/\ I 0 -
£ /e« Ou'l)
o
= &l =

30

n-BuLi, THF, -78°C; (ii) THF, -78°C; 45, 33%, 46, 64%;
(iii) s0OCl, or SOCl, /CHCl; or SOCl, /pyridine or

CCls /PPhs, Et,0; (iv) Mg/Et,0; (v) CH,=0; (vi) MeI;

(vii) Hp0; (viii) (a) HgO/BF; .Et,0, (b) PA/C/H,

Scheme 2.4.

44 to benzaldehyde derivatives

Attempted synthesis of B-C models involving addition of
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The next step in the synthesis, conversion of a benzyl alcohol
to a benzyl halide, proved extremely difficult., and resulted in this
method being discarded as a useful synthesis. A convenient reagent
for displacement of alcohols by halides is thionyl chloride.

However, reaction of 45 or 46 with neat SOCl.,, SOCl, in

2" 2

chloroform (Buehler, 1970), or SOClzlpyridine (Buehler, 1970)

failed to give the required products 47 and 48. The reaction of 45
with neat SOCl2 did result in halogenation, but at the expense of
the loss of the dithiane protecting group, probably by reaction with
the liberated HCl. Compound 49 was, however, unsuitable for further
reaction as the carbonyl functionality would have created
difficulties in the Grignard formation. The two other attempts with
fSOC12 (SOC12/CH013 and SOClzlpyridine) in reaction with 45,

resulted in the isolation of an unusual by-product 59, apparently
resulting from aryl group migration. Compound 59 was identified by
1 13

H and C NMR. A proposed mechanism for this reaction is shown

in Scheme 5.

To overcome the problem of carbocation formation via acid
catalysis, a milder halogenation method was evaluated, utilising
PPhB/CX4, X = Cl or Br (Hooz, 1968). This method, involving
several SN2 displacements, supposedly gives non—acidic

halogenation of alcohols by the following mechanism:

+ -
: o+ - - ¥
Ph3P CX4 > Ph3P CX3 X

+ +
-— + — -— —
Ph3P CX3 R-OH -> Ph3P OR + HCX3

Ph3P+—0-R + X -> PhP=0 + RX



32

OCH; 0CHs

’ \ / OCH; OCHB
C &
_— +)
_
s N s Y

\ 47—~0EH3 OCH3

0Bz 0Bz

Scheme 2.5. Mechanism for formation of 59

This method was limited to some extent by the solubility of the

alcohol 45 in CCl,, and also diethyl ether (for the reaction with

4
CBr4). but in all cases the only product obtained from the reaction
was the rearranged compound 59. This route to the 8-C models was

discarded.

An alternative route to the B-C lignin model compounds appeared
more promising. Addition of dithiane 44 to the substituted benzyl
halides 60 and 62 (Scheme 6) gave up to 60% yields of the addition
products 63 and 64. Deprotection of 63 by the method of Fujimoto
(1982) gave the a-keto model 65, in quantitative yield. Reduction

of 65 with NaBH, to give 66, followed by debenzylation gave a 90%

4
vield of the B-C-1 model 67. It was envisaged that similar
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(i) n-BuLi, THF, -78°C; (ii) 63: THF, -78°C, 30%;
(iii)64: THF, -78°C, 30%; (iVv) HgO/BF; .Et,0, dioxane,
100%; (v) NaBH4, EtOH, 100%; (vi) Pd/C/H,, EtOH, 100%;
(vii)CH,=0, K,CO3, dmso; (viii) MeI, K,CO;, dmso; (ix)
NaBH4, EtOH; (x) Pd/C/H,; (xi) HC1

Scheme 2.6. Route to B-aryl lignin models involving additon of 44
to substituted benzyl chlorides.
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reactions with suitably substituted precursors to give 55-57 would
be equally successful. The phenylcoumaran model 70 would be obtained

by reaction of 55 with dilute acid.

Aldolisation and alkylation of 68 proved to be difficult.
Several methods were tried to accomplish the enol reactions,

including H C=O/K2C03/EtOH. CHBI/KZCO3/EtOH. and

2
CHax/tBuOK/tBuOH. but none of these methods gave the required
product. Also attempted was the alkylation of the pyrollidine
enamine with CH3I in benzene (with and without catalysis by

p—-toluenesulphonic acid) under Dean-Stark reflux (Heyl, 1953).

It is likely however, that the alkylation would be accomplished
by the method of Lundquist (1960). Subsequent to the completion of
this work, it was found that the desoxybenzoin 1,2-bis(4-hydroxy-3-
methoxyphenyl)-ethanone was alkylated by either formaldehyde or
methyl iodide-when reacted with K2C03 in dimethylsulphoxide. It
is envisaged that these methods, when applied to appropriately
substituted ketones would give rise to the 8-C models 23, 26, 41,

50-54 and the phenylcoumarans 24 and 70.

2.3 EXPERIMENTAL

2.3.1 Spectroscopic Techniques

1H NMR spectra for all compounds in this thesis were determined

in CDC13, d6—acetone, d6—benzene, de—dimethyl sulphoxide or

CCl4 on a Varian T-60A CW, a JEOL FX90Q FT or a Bruker AC200 FT

spectrometer, with Me4si as an internal reference. CW spectra
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were recorded with a sweep time of 250 seconds and a sweep width of
500 Hz. 90 MHz spectra were recorded with an 800 Hz spectral window
and 8K data points resulting in J values accurate to 0.1 Hz. 200 MHz
spectra were recorded with a 2500 Hz spectral window and 16K data
points, resulting in J values accurate to 0.30 Hz (zero-filling to
32K data points resulted in J values accurate to 0.15 Hz). Commonly,
Lorentzian-Gaussian resolution enhancement was applied to the 200 MHz
spectra.

13

C NMR spectra were determined in CDCl_, d_-acetone,

3" 76

d6—benzene or d6—dimethy1 sulphoxide on either a JEOL FX90Q FT
spectrometer (operating at 22.5 MHz) or a Bruker AC200 FT
spectrometer (operating at 50.1 MHz). 22.5 MHz spectra were
obtained with broadband decoupling, while 50.1 MHz spectra were
obtained with WATLZ-16 (Shaka, 1983) decoupling, to minimise
dielectric heating and improve resolution and sensitivity.
Assignment ambigquities were resolved where possible by either INEPT
(Doddrell, 1980) pulse sequencing using T = 1/4J and a delay

(A) = 3/43 to give methylene resonance inversion and quaternary
resonance suppression; or DEPT (Doddrell, 1982) pulse sequencing
using 8 = 135° to give methylene resonance inversion, or 8 = 45° to

give methine resonances only. Quaternary resonances were identified

where necessary by the method of Bendall (1983).

For convenience, a tabulation of the assignments of a range of

13C NMR shifts of lignin model compounds and precursors used in

this thesis is included in the Appendix.
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2951 spectra were recorded on a Bruker AC200 FT spectrometer
(operating at 39.8 ‘MHz) using a broadband proton decoupled 2-»981
DEPT (Doddrell, 1981, 1982) pulse sequence with 1/2J delays of 72 ms
and a 0 pulse of 17° (optimised). 2981—1H coupling constants

were determined from the 2951 satellites in 1H NMR spectra.

Mass spectra were obtained on a Hewlett—-Packard HP 5985
spectrometer operating under EI ionisation with probe sample
injection. Accelerating EMF was 70 eV and the inlet was heated from

ambient temperature to 300°C at the rate of 28°C/min.

High resolution mass spectra were obtained on the Kratos

instrument of the Ruakura Agricultural Research Centre.

2.3.2 BAnalytical Techniques

Tlc was carried out on silica gel coated glass or aluminium
sheets. Plc was carried out on l-mm silica gel coated glass
plates. Flash column chromatography was carried out under the

conditions optimised by still (1978).

Unless otherwise stated, all compounds exhibited a single spot

by analytical tlc (visualised by UV light or phosphomolybdic acid in

ethanol).

Melting points (uncorrected) were obtained on a Reichert

Thermopan hot—stage melting point apparatus.
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2.3.3 General Synthetic Methods

Acetylations

‘The compound was dissolved in an excess of pyridine/acetic
anhydride 1:1 and stirred overnight. The reaction mixture was then
poured into HZO' extracted with Et20 or EtOAc, washed twice with

5% HZSO4. water, saturated NaHC03. and saturated NaCl. The
organic layer was dried over anhydrous MgSO4 and the solvent

removed under reduced pressure.

LiAlH4 Reductions

LiAlH4 was added to anhydrous ether or THF. To this was added
dropwise a solution of the compound to be reduced in anhydrous ether
or THF. After reduction, the reaction was stopped by careful
addition of THF/HZO and the aluminium salts dispersed with
saturated NH4C1 for phenolics, or saturated potassium tartrate for
non-phenolics. The mixture was extracted with Et_O or EtOAc,

2

washed with NH4C1 or saturated sodium potassium tartrate, Hzo
and saturated NaCl. The organic layer was dried over anhydrous

MgSO4 and the solvent removed under reduced pressure.

2.3.4 Synthetic Methods

Dehydrodiisoeugenol (1)

To a solution of isoeugenol (20 g, 0.12 mole) in ethanol (200 ml)
and H,0 (80 ml) was added a freshly prepared solution of
FeC13.6H20 (46.4 g, 0.17 mole) in H20 (80 ml). The reaction
mixture was stirred for a few minutes and seeded with a few crystals
of 1. The reaction was left at 4°C for 24 hours during which time a
pink solid precipitated. This was filtered and recrystallised from

ethancl/H C (45%) to give 1 as off-white crystals (10 g, 50%).
2
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1y mr (200 Mz, CDCL,) §: 1.40 (3H,d,3 = 6.8 , HY), 1.88
(3H, dd, J = 6.0, 0.5, HY') 3.48 (1H, dq, J = 6.8, 8,8, HB), 3.88
(3H, s, OCH,), 3.90 (3H, s, OCH,), 5.11 (1H,d, J = 8.8, HQ,
5.67 (1H, s, ArOH), 6.11 (1H, dq, J = 16.2, 6.0, H8'), 6.37 (IH,
aa, J = 16.2, 0.5, Ha), 6.7-7.0 (5H, m. ArH).
13¢ \MR (50 Mz, cpCl,) &17.8 (Cy), 18.3 (CY), 45.6 (CB),
55.9 (OCH,). 93.7 (C@). 109.0 (A2), 109.4 (B2), 113.4 (B6), 114.2
(A5), 119.9 (A6), 123.4 (c8'), 131.0 (Ca'), 132.0 (Al), 132.1 (Bl),

133.3 (B5), 144.1 (B3), 145.8 (A4), 146.6 (B4), 146.7 (A3).

Methyl ferulate (3)

Ferulic acid 2 (50 g, 0.257 mole) was dissolved in methanol
(500 ml). To this was added acetyl chloride (25 ml, 0.32 mole) and
the mixture stirred for 30 hours. The solvent was removed under
reduced pressure to give 3 as a clear yellow oil (53.5 g, 100%).

'H NMR (200 MHz, CDC1y) & 3.38 (3H, s, OCH,), 3.90 (3,

S, OCH3), 5.99 (1H. br s, ArOH), 6.28, (1H, 4, J = 16.0 H ), 6.90

(1H, 4, J56 = 8.1, H5), 7.01 (1lH, 4, J26 = 1.8, H2), 7.06 (1H,
dad, J56 = 8.1, J26 = 1.8, H6). 7.60 (1H, 4, J = 16.0, Ha).
13

C_NMR (50 MHz, CDC13) 86: 51.6 (OCH3). 51.6 (coogu3),
109.5 (c2), 114.8 (c6), 115.2 (c5), 123.0 (cB8), 127.0 (cl), 125.0

(ca), 146.7 (c4), 148.1 (c3), 167.7 (CY).

Coniferyl alcohol (4)

Methyl ferulate 3 (8.76 g, 0.042 mole) in anhYdrous THF (60 ml)

was added dropwise to a stirred solution of LAH (3.19 g, 0.084 mole)
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in anhydrous THF (60 ml) in the usual way. The reaction was stopped
and worked up in the normal manner to give coniferyl alcohol 4 as a
clear colourless oil (7.2 g, 95%). This was compared with an

authentic sample, and shown to be identical by co-tlc and 1H NMR.

Attempted enzymatic synthesis of dehydrodiconiferyl alcohol (5)

Coniferyl alcohol 4 (6.75 g, 0.038 mole) was dissolved in

acetone (27 ml) and gradually added to H20 (675 ml) with stirring.
Peroxidase (90 units/mg, 3.6 mg) in Hzo (27 ml) was added rapidly
with vigorous stirring. The resulting milky yellow solution was
stirred at room temperature until the coniferyl alcohol was consumed
(monitored by tlc). After 7 hours the reaction mixture was extracted
wth chloroform, the aqueous layer saturated with NaCl and extracted

4 times with CHCl3. The combined fractions were dried over

anhydrous MgSO4 and the solvent removed under reduced pressure to

give a yellow/brown oil (6.1 g). NMR analysis showed the mixture to

be primarily a polymeric mixture and no attempt was made to purify

the products.

Dehydrodihydrodiisoeugenol (6)

Dehydrodiisoeugenol 1 (1.0 g, 3.07 mmole) was dissolved in
methanol (50 ml). To. this was added 5% Pd/C (2.5 mg) and the

mixture was stirred under H2 for 30 minutes. Workup gave 6 as a

clear, colourless oil (1.0 g, 99%). This was crystallised from pet.

ether (100-120°C) to give 6 as white needles m.p. 89-91°C.
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lgﬁyﬂg (200 MHz, CDC13) §: 0.97 (3H, t, J = 7.4, HY'), 1.37
(34, 4, J = 6.8, Hy), 1.65 (2H, m, HB8'), 2.56 (2H, dd, J = 8.0,
J =7.4 Ha'), 3.45, (1H, dq, J = 9.8, J = 6.8, HB), 3.88 (6H, s,
OCH3). 5.08 (l1H, 4, J = 9.8, Ha), 5.64 (1H, S, ArOH), 6.50-7.00

(6H, m, ArH)

Acetovanillone Benzyl Ether (9)

Acetovanillone 8 (110 g, 0.602 mole) was dissolved in acetone
(500 ml1). To this solution was added powdered K2C03 (84.72 g,
0.613 mole), potassium iodide (11.53 g, 0.07 mole) and benzyl
chloride (77.61 g, 0.613 mole). The mixture was refluxed for 48
hours and the inorganic solids filtered off. The solvent was
removed under reduced pressure to give a yellow solid (148 g, 96%
yield), which was recrystallised from hot ethanol to give pale
yellow crystals, m.p. 88°C.

'H NMR (60MHz, CDCL,) § :2.50 (3H, s, CHy), 3.90 (3, S,

ocu3). 5.20 (2H, s, CHZPh), 6.80-7.60 (3H, m, Ar-H).

2-benzyloxy—3-methoxybenzaldehyde (11)

To a solution of 2-hydroxy-3-methoxybenzaldehyde 10 (30 g, 0.197
mole) in acetone (250 ml), was added benzyl chloride (25.33 g, 0.201
mole), powdered anhydrous K2C03 (27.78 g, 0.201 mole) and KI
(3.77 g, 0.0227 mole). The mixture was refluxed overnight and the
inorganic material filtered off. The filtrate was evaporated under

reduced pressure to give a dark oil (50 q).
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A portion of this oil (10 g) was distilled under vacuum and the
fraction distilling at 120-160°C was collected. This crystallised
on standing to give a mass of white crystals. These were
recrystallised from hot ethanol to give white needles.
'H NYR (60 MHz, CDC1.) 8: 3.80 (3H, s, OCH,), 5.18 (2H, s,

CﬂzPh), 7.00-7.20 (3H, m, Ar-H), 7.20-7.60 (5H, m, benzyl Ar-H).

2,3-dimethoxybenzaldehyde (12)

2-hydroxy-3-methoxybenzaldehyde 10 (10.0 g, 65.7 mmole) was
dissolved in a solution of NaOH (2.76 g, 69 mmole) in water (26 ml).
The solution was cooled to 10°C in an ice-bath. Dimethyl sulphate
(8.3 g, 65.7 mmole) was added dropwise over 1 hour, while stirring
vigorously. The solution was refluxed for 2 hours, then cooled.
Water (100 ml) was added and the mixture extracted with chloroform,
which was dried over MgSO4 and the solvent removed under reduced
pressure to give a dark oil (11.0 g). This oil was shown by 1H
NMR and tlc to contain equal quantities of the required product and
starting material. The oil was re-reacted under identical
conditions, and workup gave a brown oil (11.2 g). This o0il was
dissolved in diethyl ether, and washed with NaOH (8 x 4 ml,
1 mol—l_l) to remove any remaining phenolics. The ether layer was
dried over MgSO4 and the solvent removed under reduced pressure to
give a brown oil (8.7 g, 80% yield). Attempts to crystallise this
oil failed, and it was vacuum distilled to give a clear, colourless
oil (6.0 g, 55% yield) which crystallised on standing to give white
crystals m.p. 46-48 °C (lit 54 °C, Dictionary of Organic Compounds,

1965) .
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1H NMR (60 MHz, CDC13) §: 3.88 (3H, s, OCH3). 3.98 (3H, s,

OCH3), 6.80-7.50 (3H, m, Ar-H), 10.40 (1H, s, HC=0).

1-(4-benzyloxy—3—-methoxyphenyl )—-3-(2-benzyloxy—-3—-methoxyphenyl)—

2-propen—1-one (13)

To a solution of 11 (3.52 g, 14.8 mmole) and 9 (3.79 g, 14.8
mmole) in ethanol (120 ml), was added a solution of KOH (30 g) in
H20 (30 ml) dropwise over 1 hour. The reaction was stirred
overnight, with a yellow oll separating out. The ethanol was
distilled off under reduced pressure to give a dark brown solution.
This was neutralised with 2 mol/l1 HCl and the solution was extracted
with chloroform. The organic layer was removed under reduced
pressure to give a yellow oil (7 g, 100%). This was crystallised
under cold ethanol and the crystals recrystallised from hot ethanol
to give yellow plates (6 g, 86%), m.p. 83-87°C.

'H NMR (60 MHz, CDCl,) §: 3.95 (3H, 5, OCH;), 4.00 (3H, s,
OCH3), 5.10 (2H, s, benzyl CHZPh). 5.30 (2H, s, benzyl CHZPh).
6.95 (1H, 4, J=16 Hz, HB), 6.90-7.70 (16H, m, Ar-H), 8.10 (1lH, 4,
J=16 Hz, Hy).

139__N_Ml_? (22.49 MHz, CDC1l,) § : 55.4 (3,3' OCH,), 70.2
(A4-benzyloxy CHZ)' 74.9 (B2-benzyloxy CHZ)' 110.8 (A2), 111.8
(B4), 113.7 (A5), 119.8 (B6), 122.5 (B5), 122.9 (R6), 123.9 (B),
126.9 (benzyl 3,5), 127.6 (benzyl 3',5'), 128.1 (benzyl 2,4,6),
128.2 (benzyl' 2,4,6), 129.1 (Al), 131.1 (Bl), 136.0 (benzyl 1),

136.8 (benzyl 1), 138.8 (Y), 147.0 (B2), 149.7 (A3), 152.8 (R4),

153.1 (B3), 188.3 (a-C=0).
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+
Mass Spectrum (probe, EI, 70eV) m/z : 480(M°, 0.4), 374(9),

373(31), 241(11), 176(9), 92(9), 91(100).

1-(4-benzyloxy—3-methoxyphenyl)-3—(2,3-dimethoxyphenyl)-2-propen—-1-

one (14)

Acetovanillone benzyl ether 9 (5.40 g, 21 mmole) and
2,3-dimethoxybenzaldehyde 12 (3.50 g, 21 mmole) were dissolved in
ethanol (168 ml). A solution of KOH (42.4 g, 760 mmole) in water
(42 ml) was added dropwise over 1 hour and the solution was stirred
for a further 4.5 hours, during which a yellow oil separated from
the reaction mixture. The reaction mixture was decanted off the oil,
which was extracted into chloroform, dried over MgSO4 and the
solvent removed under reduced pressure to give a yellow oil (8.6 g,
100%). The oil was crystallised from hot ethanol to give yellow
crystals (6.5 g, 76% yield), m.p. 94-95°C.

"H NMR (60 MHz, CDCl,) & 3.80 (6H, s, OCH ), 3.90 (3, s,
OCH,), 5.18 (2H, s, CH,Ph), 6.70-7.80 (11H, m, Ar-H), 7.40 (1H,

d, J=16 Hz, HB), 8.08 (lH, d, J=16 Hz., HY).

B¢ wm (22.5 Mz, cpcl,) s : 55.8, 55.9 (A3,B3-0CH,), 61.6
(B2 ~0CH3). 70.7 (benzyl CH2). 111.3 (A2), 112.2, (B4), 114.0
(r5), 119.6 (B6), 122.8, (A6) 123.2 (B5), 124.1 (cB), 127.2 (benzyl
C3, C5), 128.0 (benzyl C4), 128.6 (benzyl C2, C6), 129.2 (al), 131.6
(B1), 136.2 (benzyl 1), 138.7 (Cy), 148.8 (B2), 149.6 (A3), 152.8

(r4), 153.1 (B3), 188.7 (@-C=0).
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Mass spectrum (probe, EI, 70 eV) m/z: 404(Mt. 12), 373(13),

254(19), 91(100).

Tetrabutylammonium hydrogen sulphate

To a solution of aqueous tetrabutylammonium hydroxide (2.5 ml,
40% w/v) was added H2504 (sp. gqr. 1.84, 200 pl). The mixture
was stirred for 1 hour and the water removed under reduced pressure

to give colourless crystals, m.p. 168-171°C (cf. 169-171°C, Aldrich

Catalogue).

1~(4-benzyloxy—3-methoxyphenyl)-3-(2-benzyloxy—-3-methoxyphenyl)-2,3-

epoxypropan—l-one (15)

Chalcone 13 (8.14 g, 16.9 mmole) was dissolved in CH2C12

(40 ml). To this was added a mixture of aqueous H202 (8 ml, 30%
w/v, 68 mmole) and NaOH (25 ml, 3 mol/1). The mixture was cooled in
an ice-bath and solid tetrabutylammonium hydrogen sulphate (0.6 g)
was added over 1 hour with vigorous stirring. The reaction mixture
was stirred for 2 hours at room temperature. The product was
extracted into CH,Cl, which was washed with 5% NH4CI solution.

2772

The organic layer was dried over MgSO, and the solvent removed

4

under reduced pressure to give a yellow oil (8.7 g, 100%).

ly aMR (60 MHz, CDC1,) &: 3.90 (3H, s, OCH,), 3.95 (3H, s,

OCH3). 4.10 (1H, d, J=2 Hz, HR, 4.22 (1H, 4, J=2 Hz, HY). 5.00
(2H, s, benzyl CHZ). 5.18 (2H, s, benzyl CHZ)' 6.60-7.60 (16H,

m, Ar-H).
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13C NMR (22.49 MHz, CDC13) é: 55.58 ), 55.7, 55.9 (A3,B3

OCH3). 59.8 (vy). 70.6 (A4-benzyloxy CH2). 75.1 (B2-benzyloxy

CHZ)' 110.5 (A2), 112.0 (B4), 112.5 (A5), 117.0 (B6), 123.2 (Aa6),
124.4 (B5), 127.1 (benzyl 3.5), 128.1 (benzyl 2,4,6, benzyl'3,5),
128.5 (benzyl'2,6), 128.8 (Al), 130.0 (Bl), 136.0 (benzyl 1), 136.8
(benzyl 1'), 146.5 (B2), 149.6 (A3), 152.4 (A4), 153.0 (B3), 191.4

( a-C=0).

Mass Spectrum (probe, EI, 70 ev) m/z: 496(M}, 0.4), 241(21),

92(9), 81(100).

1-(4-benzyloxy—3—-methoxyphenyl)—-3—-(2,3-dimethoxyphenyl)-2, 3-epoxy-

propan—-1l-one (16)

Chalcone 14 (20 g, 0.0495 mole) was dissolved in pyridine
(160 ml). To this was added a solution of NaOCl (5.4% in water,
160 ml) and the mixture stirred for 3 hours. The yellow solution
was poured into water (200 ml) in a separation funnel and extracted
with ethyl acetate. The organic layer was washed several times with
saturated aqueous NH4C1 and dried over Mgso4. The solvent was
removed under reduced pressure to give a brown oil which crystallised
on standing. The solid was recrystallised from hot ethanol to give
16 as white needles (15.8 g, 76% yield), m.p. 123-~124°C.

lﬂ_N_m; (60 MHz, CDC13) §: 3.79 (3H, s, OCH3). 3.88 (3H, s,
OCH3), 3.94 (3H, s, OCH3). 4.20 (1H, d, J=2 Hz, HB), 4.32 (1H,

d, J=2 Hz, HY). 5.21 (2H, s, CHZPh). 6.70-7.70 (11H, m, Ar-H).
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3. wRr (22.5 mhHz, CDC1,) § : 54.9, 55.3, 55.4 (A3, B2, B3

OCH3). 59.5, 60.5 (CB, Cvy),70.2 (benzyl CHZ)' 110.1 (A2), 111.8
(B4), 112.3 (A5), 116.5 (B6), 122.7 (A6), 124.0 (B5), 126.8 (benzyl
Cc3, C5), 127.6 (benzyl C4), 128.1 (benzyl C2, C6), 128.4, 129.1 (al,
Bl), 135.6 (benzyl Cl), 147.6 (B2), 149.6 (A3), 152.0 (A4), 152.7

(B3), 191.0 ( a-C=0).

1-(4-benzyloxy—3-methoxyphenyl)—-2—-(2-benzyloxy—-3—-methoxyphenyl)-

propane—-1,3-diol (17)

Et20 (550 ml, freshly distilled over LiAlH4) was added to
chalcone epoxide 15 (8.7 g, 17.5 mmole, partially insoluble). To
this was added BF3.Et20 (22 ml, 175 mmole, freshly vacuum
distilled over CaHz). The mixture was refluxed for 2 hours and
stopped by careful addition of water (vigorous reaction). The
mixture was poured into a separation funnel and washed with water
(150 ml). The ether layer was dried over MgSO4 and removed under
reduced pressure. The resulting deep red oil (9.1 g) was dissolved
in dioxane (140 ml) and to this was added NaBH4 (2 g) in NaCH
(50 ml, 1 mol/1). The reaction mixture was stirred overnight and
acidified to pH = 6.5 with 5% H,50,. The product was extracted
into Et20 (2 x 150 ml) and washed with saturated NaHCO, (2x) and

H20 (2x). The ether layer was dried over MgSO4 and the solvent

removed under reduced pressure to give a clear yellow oil (8.8 g).

Multiple elution flash column chromatography (ethyl acetate :
methylene chloride 5 : 2) of a portion (4 g) of this oil gave a
fraction (1.5 g, 35%) containing the required product 17, and a pure

fraction (yield not recorded) containing pure fluorohydrin 21. Both
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fractions crystallised on standing and were recrystallised from
Etéo/pet. ether to give 17 as white crystals m.p. 94-96°C and 21
as white plates m.p. 120-122°cC.

1y aMR (60 Mz, cpcly) &:1.88 (1H, br s, J-OH), 2.60 (1H, br
s, @OH), 3.62 (3H, s, OCH3). 3.90 (3H, s, OCH3). 3.30-4.00 (3H,
m, HR Hy's), 4.60 (1H, 4, J=11 Hz, benzyl CH), 5.00 (lH, 4, J=11
Hz, benzyl CH), 5.00 (1H, 4, J=6 Hz, Ha). 5.10 (2H, s, benzyl
CH2}. 6.60-7.30 (6H, m, Ar-H), 7.30-7.60 (10H, m, benzyl Ar-H).
13c v (22.49 Miz, CDCl,) §: 47.7 (@, 55.5, 55.6 (A3,B3
OCH3), 63.8 (y)., 70.9 (Ad4-benzyloxy CHZ)' 74.4 (B2-benzyloxy
CHZ)' 74.9 (@), 110.2 (A2), 111.0 (B4), 113.4 (A5), 118.7 (B6),
120.7 (a6), 123.9 (B5), 127.1 (benzyl 3,5), 127.7 (benzyl' 3,5),
127.8 (benzyl 4,4'), 128.2 (benzyl 2,6), 128.3 (benzyl' 2,6), 133.0
(B1), 135.7 (Al), 137.1 (benzyl 1), 137.8 (benzyl 1')., 146.7 (B2),

147.4 (A3), 149.4 (A4), 152.8 (B3).

Mass Spectrum (probe, EI, 70 eV) m/z: 482 (Mt—ﬂzo, 0.05),

209(15), 208(16), 150(8), 137(11), 136(10), 121(12), 116(12),

92(16), 91(100).

1-(4-benzyloxy—-3-methoxyphenyl)—2-{2,3-dimethoxyphenyl)-propane—

1,3-diol (18)

Crystalline chalcone epoxide 16 (15.0 g, 0.0357 mole) was added
to diethyl ether (1200 ml, distilled over LiA1H4). Freshly
vacuum—distilled BF3.Et20 (44.4 ml, 0.357 mole) was added and

the chalcone epoxide dissolved to give a bright red solution. The
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reaction was refluxed for 40 minutes and stopped by the careful
addition of water (300 ml). The mixture was transferred to a .. .
separation funnel and the ether layer was washed with water (300 ml),
and dried over MgSO4. The ether was evaporated under reduced
pressure to give a bright red oil. The oil was dissolved in dioxane
(300 ml) and to this was added dropwise a solution of NaBH4 (4 g,
0.106 mole) in NaOH (100 ml, 0.1 mol/l). The reaction was stirred
overnight and carefully neutralised to pH = 7 with 5% HZSO4.

The mixture was extracted with diethyl ether, and the extract was
dried over MgSO4 and the solvent evaporated under reduced pressure
to give a white solid (16 g). This was recrystallised from
CH2C12/pet. ether to give white crystals (9.2 g, 61% yield),

m.p. 122.5-123.5°C.

'H NMR (60 MHz, CDC1,)§ : 2.50 (2H, br s, OH), 3.55 (3H, s,
OCH3), 3.60 (3H, s, OCH3), 3.78 (3H, s, OCHB), 3.20-4.20 (3H,
m, HB, HY's), 4.90 (1H, 4, J=6 Hz, Hy), 5.05 (2H, s, CHZPh).
6.60-7.60 (11H, m, Ar-H).

¢ NMR (22.49 MMz, CDC1)) §: 47.8 (CB), 55.6, 55.7
(A3—0CH3, BB—OCH3), 60.5 (BZ—OCH3), 63.8 (Cy), 71.0 (benzyl
CHZ)' 74.8 (ca), 110.5 (A2 ), 111.0 (B4). 113.7 (A5), 118.8 (B6),
121.1 (R6). 123.7 (B5), 127.3 (benzyl C3, C5), 127.6 (benzyl C4),
128.4 (benzyl c2, c6), 132.7 (Bl), 135.9 (Al), 137.1 (benzyl Cl),

147.3 (B2), 147.7 (A3), 149.3 (A4), 152.6 (B3).

Mass Spectrum High resolution molecular ion not observed but

Nﬁ-HZO measured at m/z = 406.1795; calculated m/z for

+ =
C,eH, O (MP-H 0) = 406.1780.
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Compound 19

Compound. 17 was acetylated in the usual way to give 19 as a
clear, colourless oil.

1g_gﬂg (60 MHz, CDC13) §:1.85 (6H, s, OCOCH,4), 3.70 (3H,
s, OCH3). 3.85 (3H; s. OCH3). 3.60-4.00 (1H, m, HR). 4.00-4.40
(2H, m, HY's), 4.60 (1H, 4, J=11 Hz, benzyl CH), 5.00 (1H, 4, J=11
Hz. benzyl CH), 5.10 (2H, s, benzyl CHZ)' 6.10 (1H, d, J=6 Hz,

Hqg), 6.60-7.30 (6H, m, Ar—-H), 7.30-7.60 (10H, m, benzyl Ar-H).

1-(4-hvdroxy—3—-methoxyphenyl )—-2—-(2-hydroxy—-3-methoxyphenyl)-propane—

1,3-diacetate (20)

Compound 19 (25 mg, 0.042 mmole) was dissolved in MeOH (5 ml).
To this was added a catalytic amount of 5% Pd/C and the reaction
mixture was stirred for 3 hours under a balloon full of Hz.
Debenzylation progress was monitored by tlc (ethyl acetate : pet.
ether 1:1). The reaction mixture was filtered through celite and
the solvent removed under reduced pressure to give 20 as a clear
colourless oil (17 mg, 100%).

'H NMR (60 MHz, CDCl.)g§ : 1.85 (3H, S, Y-OCOCH,), 1.90
(3H, s, a—ococn3). 3.30 (1H, m, HB). 3.80 (3H, s, OCH,), 3.85
(3H, s, OCH3). 4.00-4.40 (2H, m, HY's), 5.62 (1H, br s, Ar—OH),

5.80 (1H, s, Ar-OH), 6.15 (1H, d4, J=8 Hz, Ha), 6.60-6.90 (6H. m,

Ar—-H).
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1-(4-benzyloxy—-3—methoxyphenyl)-3-fluoro-3—(2-benzyloxy—-3—

methoxyphenyl)-propane-1,2-diol (21).

Compound 21 was a white crystalline solid: m.p. 120-122°C;

1 . N
H NMR (200 Miz, CDCl,) §: 2.09 (1H, dd, J . . = 5.4 Hz,

Jog-p = 0-9 Hz, B-OH), 2.24 (1H, dd, J

OH-¢ Jou-F =
1.5 Hz, a-OH), 3.81 (3H, s, OCH3). 3.89 (3H, s, OCH3), 4.06 (1lH,

= 4.9 Hz,

dddd, JBF = 25.6 Hz, JBa = 6.8 Hz, JB"OH = 5.4 Hz, JBY = 2.4

Hz, HB8), 4.74 (1H, d4dd, Ja = 6.8 Hz, J = 4.9 Hz, Ha), 4.97

B &-OH

(1H, 4, J = 10.9 Hz, B ring benzyl CH), 5.04 (1H, d, J = 10.9 Hz, B
ring benzyl CH), 5.12 (2H, s, A ring benzyl CHZ)' 5.98 (1H, 44,

JYF = 45.9 Hz, JYB = 2.4 Hz, Hy), 6.70-7.20 (6H, m, Ar—-H),
7.30-7.50 (10H, m, benzyl Ar-H).

Mass Spectrum (probe, EI, 70 eV) m/z: 518(MT. 0.1), 256(5),

242(3), 238(3), 227(3), 165(3), 137(4), 92(8), 91(100), 65 (10).

Compound 22

Compound 21 was acetylated in the usual way to give 22 as a
clear, colourless oil (98%).

lH NMR (60 MHz, CDC13) §: 1.60 (3H, s, orOCOCHB). 1.90
(3H, S, B_OCOCHB)' 3-75 (BH' S OCH3)’ 3.80 (BH. S, OCH3)'
5.08 (2H, s, benzyl CH,). 5.15 (24, s, benzyl CH,). 5.40-6.40
(34, m, He, HR, Hr), 6.60-7.60 (16H, m, Ar—H).

13. mRr (22.49 muz, CDC1,) 6: 20.1 (a-OCOCH.), 20.8
&3—OCOQH3), 55.7, 55.8 (A3.B3 OCH3), 70.8 (Ad4-benzyloxy CHZ)'

3 _ 2 = )
72.5 (4, JQF = 7 Hz, @), 73.6 (d, JBF 18 Hz, B)., 74.3
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(2'-benzyloxy CHZ)' 86.7 (4, 1JYF = 178 Hz, vy), 111.3 (A2),
112.8 (B4), 113.4 (A5), 118.8 (d, 3J6.F

123.1 (B5), 127.2 (benzyl 3,5), 127.7 (benzyl 4), 128.4 (benzyl

2,6), 129.5 (Al), 129.6 (4, 2J1'F

137.8 (benzyl 1'), 144.0 (d. 3J2F =9 Hz, B2), 148.1 (A3)., 149.2

(p4), 152.0 (B3), 168.7 (d-OQOCHa). 169.7 (B~OQOCH3).

= 9 Hz, B6), 120.3 (Aa6),

=20 Hz, Bl), 136.9 (benzyl 1),

Mass Spectrum (probe, EI, 70 eV), m/z: 602(Mt, 0.3), 394(3),

343(4), 155(4), 153(3). 151(3), 72(7), 91(100), 43(7).

1-(4-hydroxy—3—-methoxyphenyl)-2-(2-hydroxy—-3—-methoxyphenyl )—-propane-

1,3-diol (23).

Compound 17 (63 mg, 0.126 mmole) was dissolved in MeOH (5 ml).
To this was added 5% Pd/C (2 mg), and the reaction was stirred under
a balloon full of H2 for 3.5 hours, with the extent of
debenzylation being monitored by tlc (ethyl acetate : pet. ether
3:2). The reaction mixture was filtered through celite and the
filtrate evaporated under reduced pressure to give a yellow oil (40
mg, 100%) which crystallised on standing to give white crystals of
23 which were almost insoluble in chloroform or acetone. The
crystals of compound 23 slowly dehydrated to give an oil which was a
mixture of 23 and 24.

i MR (60 Mz, cpcl,) §: 2.20 (1H, br s, Y-OH) 2.60 (1H, br
s, @-OH), 3.60 (lH, m, HR, 3.60-4.00 (2H, m, HY's), 3.70 (3H, s,
OCH3), 3.80 (3H, s, OCH3). 5.05 (1H, d, J =6.5 Hz, Ha). 5.80

(2H, br s, Ar-OH), 6.60-7.00 (6H, m,Ar-H).
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13C NMR (22.49 MHz, CD013/d6—acet0ne/d6—DMSO. side—chain

carbons only) §: 49.8 (B) 62.5 (y). 71.7 (a).

2,3-dihydro—3-hydroxymethyl-2-(4-hydroxy—-3-methoxyphenyl)-7-

methoxybenzofuran (24)

The mixture of 23 and 24 described above was dissolved in
CHCl3 and 2 drops of HCl (1 mol/l) added. The mixture was

vigorously shaken, dried over MgsSO, and the solvent removed under

4
reduced pressure to give a light yellow oil (38 mg, 100%).

1§_ggg (60 MHz, CDCl,) §: 2.10 (1H, br s, Y-OH), 3.60 (IH,
m, HB), 3.80 (3H, s, OCH;), 3.90 (3H, s, OCH,), 3.80-4.00 (2H,
m, HY's), 5.65 (1H, 4, J =7 Hz, Ha), 5.85 (l1H, br s, Ar-OH),
6.70-7.00 (6H, m, Ar-H).

13g_§ﬂg (22.49 MHz, CDC13) §: 53.7(B), 56.0 (A3,B3 ocu3),
64.1 (y), 87.9 (@), 108.9 (A2), 112.2 (B4), 114.4 (A5), 116.4 (B6),
119.4 (A6), 121.4 (B5), 127.9 (Al), 133.1 (Bl), 144.6 (B2), 145.7

(Ad4), 146.7 (A3), 148.3 (B3).

Mass Spectrum (probe, EI, 70 eV) m/z: 302(Mt. 60), 285(12),

284(67), 283(10), 272(56), 271(12), 270(20), 269(100), 253(24),
252(28), 243(22), 241(12), 239(14), 234(1ll), 225(13), 224(12),
223(11), 213(14), 211(20), 209(11), 197(25), 196(10), 183(16).
181(19), 169(22), 168(17), 153(15), 152(15), 151(15), 150(13),
141(15), 139(20). 137(36), 129(10), 128(24), 127(12), 115(18),

77(18).
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Compound 25
Compound 24 (38 mg, 0.126 mmole) was acetylated in the usual way.

Workup gave 25 as a clear, colourless oil (45 mg, 94%).

1y amr (200 MHz, CDC13) §: 2.05 (3H, s, Y“OCOCH3). 2.31

(3H, s, Ar—OCOCHS), 3.80 (1H, m, HB), 3.81 (3H. s, OCH3). 3.91

(3H, s, OCHB). 4.30 (1H, 44, J =11.1 Hz, J i =7.6 HZ, H%),

YN, BY

4.45 (1H,d4d., J =11.1, J = 5.5), 5.50 (lH, 4, J =6.9 Hz,

Y1Ys Y2B
Ha)r 6-70—7-10 (6Hr m, Ar—H).

1-(4-hydroxy—3-methoxyphenyl)-2-(2,3-dimethoxyphenyl)—propane-1, 3-

diol (26)

Compound 18 (94 mg, 0.22 mmole) was dissolved in MeOH (50 ml).
To this was added 5% P4d/C (2 mg). The reaction flask was flushed
with N, and the reaction was stirred under a balloon full of H,
for 2 hours. The catalyst was removed by filtration through celite.
The filtrate Qas evaporated under reduced pressure to give the
required product as a light yellow oil (70 mg, 95% yield).

1

H NMR (60 MHz, CDC13) §: 2.60 (2H, br s, OH), 3.62 (3H, s,

OCH 3.66 (3H, s, OCH3). 3.80 (3H, s, OCH3). 3.30-4.40 (3H,

3)'
m, HB, Hy's), 4.90 (1lH, 4, J=6 Hz, Ha), 6.60-7.00 (6H, m, Ar-H).

13c NMR (50 MHz, CDC13) §: 48.2 (cB8), 55.7, 57.8
(A3,B3—OCH3). 60.7 (BZ—OCH3). 63.9 (CY), 75.1 (Cq), 109.4 (A2),
111.1 (B4), 114.2 (A5), 119.5 (A6), 121.0 (B6), 124.0 (B5'), 132.8

(Al), 134.3 (B1l), 145.2 (A4). 146.5 (R3), 147.8 (B2), 152.8 (B3).
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Mass Spectrum High resolution molecular ion not observed, but

Nﬁ~H20 measured at m/z = 316.1296; calculated m/z for

+
C18H2005 (M —H20) = 316.1311.

1-(4-benzyloxy-3—-methoxyphenyl)—-2—-(2,3~-dimethoxvphenyl)-propane-1, 3—-

diacetate (27)

Compound 15 (100 mg, 0.236 mmole) was acetylated
(Aczo/pyridine) to give a light yellow oil (113 mg, 94% yield).
Multiple elution preparative tlc of this oil (EtOAc/pet. ether) gave
the required product (94 mg, 74% yield).

' MR (200 MHz, CDC1,) 5 : 1.80 (3H, s, Y-OCOCH_), 1.86
(3H' S, 0."—OCOC§3)' 3-68 (3Hl S, OCHB)' 3-80 (3H. S, OCHB)’
3.85 (3H, s, OCH3), 4.05 (2H, m, Hyy . B), 4.25 (1H, 44, JBY2 =
5.8 Hz, JYlY? = 9.8 Hz, H'&), 5.60 (1H, s, Ar-oH), 6.05 (1H, d,

JgR = 5.8 Hz, Ha), 6.70-7.05 (6H, m, Ar-H).

1-(4-hydroxy—3-methoxyphenyl)—-2-(2,3-dimethoxyphenyl)-propane-1,3-

diacetate (28)
Compound 27 (20 mg, 0.039 mmole) was dissolved in MeOH (5 ml).
To this was added a catalytic amount of 5% Pd/C and the reaction
flask was flushed with N2. The mixture was stirred under H2 for
1 hour. The catalyst was filtered off through celite and the solvent

removed under reduced pressure to give the required product as a

light vellow oil (16 mg, 100% yield).

1H NMR (200 MHz, CDC13) §: 1.80 (3H, s,YLococg3). 1.86

(3H, s.a—ococ33), 3.68 (3H, s, OCH3). 3.80 (3H, s, OCHs' 3.85
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(3H, s, OCH3), 4.05 (2H, m le. B), 4.25 (1lH, 44, Jm2 = 5.8

Hz, JWiYQ = 9.8 Hz, HYZ), 5.60 (1H, s, Ar-OH), 6.05 (1lH, d,‘Ja

B
= 5.8 Hz, Hyo) 6.70-7.05 (6H, m, Ar-H).

13: wr (22.49 MHz, cocl3)6 : 20.7 (Y—ocogﬂ3). 21.0

(u—OCO§H3), 42.1 (cB), 55.6, 55.8 (A3-0CH., B3-0CH3). 60.6

3
(B2-OCH,), 64.7 (cy), 75.5 (ca), 110.0 (B4), 111.2 (A2), 114.2

(a5), 120.3, 120.3 (A6, B6), 123.6 (B5), 130.6 (Al), 131.9 (Bl),
145.6, 146.3, 147.8, (A3, A4, B2), 152.5 (B3), 169.8 (0-OCOCH,),

170.7 (y-OCOCH,).

Dehydrodiferulic Acid (29)

A solution of ferulic acid 2 (40 g, 0.2059 mole) in methanol

(400 ml) was added dropwise to a scolution of FeCl .6H20 (125 g,

3
0.45 mole) while bubbling a stream of oxygen through the reaction

mixture. The reaction was left stirring (with O, supply) for 6

2
hours. Concentrated HCl1 (200 ml) was then added and the mixture
heated to 50-60°C. A purple precipitate formed and the supernatant
turned yellow. The precipitate was filtered off and crystallised
from hot ethanol to give off-white crystals m.p. 205-210°C (7.5 g,
19% yield).

1

IR (nujol mull, KBr windows): v c=0 1780 cm

1y NMR (200 MHZ, acetone-d) § :3.87 (6H, s, OCH,), 4.06

(2H, t, J = 0.94, HB), 5.78 (2H, s, Ar-OH), 6.87 (2H, 4, J = 8.0,

H5), 6.91 (2H, dd, J = 8.0, 1.9, H6), 7.04 (2H, 4, J = 1.9, H2).
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13C NMR (50 MHz, acetone—d6) §:49.1 (B), 56.4 (OCH3). 83.2
(Cq), 110.4 (C2), 116.1 (C5), 119.6 (c6), 130.9 (cl), 148.3, 148.8

(c3,c4), 176.0 (Y-C=0).

Mass Spectrum (Probe, EI, 70 eV), m/z: 386(M+, 49), 206(10),

190(52), 177 (15), 153(11), 152(29), 151(100), 147(10), 137(18),

124(10).

Dehydrodiferulic acid diacetate (30)

Compound 29 (3.0 g, 7.77 mmole) was dissolved in a mixture of
pyridine (20 ml) and acetic anhydride (20 ml), and stirred overnight.
The mixture was poured into water in a separation funnel, extracted
with ethyl acetate and washed with 5% HZSO4 (2 x 100 ml1) and
saturated aqueous NaHCO3 (2 x 100 ml). The product crystallised
out of the ethyl acetate in the separation funnel, so the mixture
was filtered to recover the product, which was washed with water and
dried to give pure white crystals m.p. 223-225°C (2.04 g, 84% yield).
The ethyl acetate layer was dried and the solvent removed under
reduced pressure to give a yellow solid (600 mg). This was
crystallised to give more white solid (400 mg, total yield 94%).

1y NMR (200 Mz, acetone-d,): 2.16 (6H, s, OAC), 3.07 (2H,
ddd, J = 7.1, 4.3, 3.9 HB), 3.75 (6H, s, OCH3), 3.85 (2H, dd,

J =9.2, 3.9, HYi). 4,21 (2H, 44, J = 9.2, 7.1, HYQ)' 4.72 (2H,
d, J = 4.3, Ha), 6.90-7.10 (6H, m, ArH).
139_5&3 (50 MHz, acetone-dﬁ): 20.5 (Ar—OCOQHB), 48.9

(C8), 56.5 (OCHB). 82.4 (Cg), 111.0 (c2), 118.5 (C5), 124.2 (C6),
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138.3 (Cl), 141.4 (c4), 152.8 (c3), 169.0 (Ar—OQOCH3), 175.7

(y-Cc=0).

LiAlH4 Reduction of 30

The dilactone 30 (3.0 g, 6.356 mmole) dissolved in dry distilled

THF (250 ml), was added dropwise to a solution of LiAlH4 (1.7 g,
44.5 mnole) in dry THF (150 ml) and refluxed overnight under
nitrogen. The reaction was stopped by the careful addition of water
down the condenser and the reaction mixture poured into saturated
aqueous NH4CI in a separation funnel. The organic layer was
separated, dried with HgSO4 and the solvent removed under reduced
pressure to give a yellow oil. This was crystallised from
acetone/ether to give pure white crystals of 31, m.p. very broad
(1.3 g, 52%).

13§_NHE (50 MHz, ds—dmso) §: 44.9 (cB), 55.3 (OCH3), 59.0
(cy), 71.5 (ca), 110.1 (c2), 14.5 (C5), 118.5 (ce6), 136.0 (Cl),

144.7 (c4), 146.9 (C3).

Acetylation of 31

The hexol 31 (5 mg, 0.0133 mmole) was acetylated in the usual

way. Workup gave 32 as a yellow oil (7 mg, 88%).

1y aR (200 Mz, acetone-d) §: 1.98 (6H, s, Y-OCOCH,),

2.11 (6H, s, G—OCOCH3). 2.23 (6H, s, Ar—OCOCHB). 2.60 (2H, dadd,

Igy" 6+80 Jg = 7.05, Jg = 5.0, HB), 378 (6H, 5, OCH,),
4.21 (2H, ad, Hy ., = 11.7, Jy g = 7.0, Hy), 4.26 (24, 4d, Jy .,
= 11.7, J.,, = 5.0, Hy), 5.99 (24, d. J; = 6.8, Ha), 6.79
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(24, 44, J.,. = 8.3, J,. = 2.0, H6), 6.94 (24, 4, H,, = 2.0,

56
H2), 6.98 (2H, 4, J

26
= 8.1, HS5).

26

56

13¢ nug (50 MHz, acetone—d6)6 : 20.4 (y-OCOCH,). 20.7

(a—ocogH3), 20.8 (Ar—OCOQHB), 41.9 (cB), 56.2 (OCH3). 62.2
(cy), 74.8 (ca), 111.3 (C2), 119.0 (c5), 122.0 (c6), 138.9 (Cl),
40.3 (c4). 152.1 (C3), 168.9 (Ar-OCOCH,), 170.0 (a~OCOCH,).

171.0 (¥-OCOCH,).

Compound 35

Compound 31 (8 mg, 0.02 mmole) was dissolved in d6—dmso
(0.5 ml in @ 5 mm NMR tube). TMSBr (30 yl, 0.2 mmole) was added and
the tube shaken. A bright yellow colouration resulted which faded
slowly. The 1H NMR spectra showed no evidence of the bromide
formation. The resolution of the spectrum was poor due to the
viscosity of the solvent. The mixture was poured into H, O and

2

extracted with CHC13. The solvent was removed under reduced
pressure to give a yellow oil (8 mg). This was tentatively

identified as compound 35.
13. \mr : (50 Mz, d,-dmso)§: 53.2 (CB), 56.3 (OCH,;), 59.9
(cy). 81.5 (ca), 109.1 (C2), 109.5 (c5), 121.8 (C6), 135.2 (cl),

142.8 (c4). 148.4 (C3).

Compound 36

Acetylation of 35 in the usual way gave a compound believed to be 36
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1
H NMR (200 MHz, d_-—acetone) &: 1.88 (6H, s, Y-OAc), 2.26

6
(6H' S, AI"‘OAC). 2-56 (2H1 m. HB)' 3-90 (6H' S, OCH3)' 4-25 (4H.
dd, g = 5.0, 3.0, Hy's), 5.08 (2H, d, J = 8.0, HQ), 7.17 (24, 4,
J =1.3, H2 or 6), 7.30 (2H, d, J = 1.3, H6 or 2).

13

C NMR (50 MHz, d_-acetone) §: 20.2 (¥OaAc), 20.6

6
(Ar—-oaAc), 51.4 (cB), 56.8 (OCH3), 66.1 (CY), 83.6 (ca), 110.9
(c2), 117.5 (c5), 123.2 (c6), 143.1 (c4), 153.7 (c3), 168.1

(Ar-OAc), 170.9 (vyOAc), missing or obscured, Cl.

d,l-pinoresinol (37)

Hexol 31 was vacuum-distilled at 0.5 mm Hg and the fraction
distilling at 230-250°C was collected. This was shown by 13C NMR
to be a 2:1 mixture of 37 and 38. The lH NMR spectrum was too
complex to fully interpret as there were three different types of
aliphatic ,B and resonance present in the spectrum. The mixture

was acetylated to give a mixture of 2:1 pinoresinol diacetate 39 and

epipinoresinol diacetate 40.

Compound 39
13C NMR (50 MHz, d6~acetone)6: 20.4 (ar-oac). 55.3 (cB),
56.1 (OCHB). 72.5 (Cy), 86.1 (Ca), 111.0 (C2), 118.6 (C5), 123.4

(c6), 136.0 (Cl), 141.7 (c4), 152.2 (c3), 168.9 (Ar—oOac).

Compound 40

13C NMR (50 MHz, d_-acetone, DEPT spectrum only) §: 20.5

6
(A-Ar-oac), 20.6 (B-Ar—-OAc), 50.5 (aB), 51.3 (BB)., 56.2 (OCH3).

70.2 (AY), 71.6 (BY), 82.3 (Ba). 83.7 (Ax), 110.7 (A2)., 111.3 (B2),
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118.3 (a5), 119.0 (B5), 123.2 (B6). 123.4 (A6). B assignments are

for epimeric carbons.

2-(4-benzyloxy—3—methoxyphenyl)—-1,3-dithiane (42)

The synthesis was carried out following the method of Fujimoto
(1982). To a stirred solution of 2-methoxy—-4-benzyloxybenzaldehyde
(20.0 g, 82.6 mmol) in dioxane (85 ml), was added ZnCl2 {2.27 g,
16.9 mmol) and conc. HCl (2 ml). The mixture was cooled in an
ice-bath. Propane-1,3-dithiol (8.7 ml, 87 mmol) was added and the
solution stirred for 10 minutes. A white precipitate formed which
was washed with EtOAc, saturated NaHCO3 and Hzo. and dried to
give a white mass of crystals (27.4 g, 100%). This was
recrystallised from EtOAc to give white needles.

1

H NMR (200 MHz, CDC13) 8 1.95 (2H, m, -CHZ—). 2.80 (4H,
m, -SCH,~). 3.86 (3H, s, OCHj). 5.11 (2H, s, CH,Ph), 5.11 (1H,
s, H), 6.70-7.16 (3H, m, Ar-H), 7.15-7.50 (5H, m, Ar-H).
139_@ (50 MHz, CDCl,) & 25.2 (-CH,~), 32.3 (-SCH,~).
51.3 (ca), 56.1 (OCH3), 71.0 (benzyl CHZ)' 111.4 (c2), 113.8
(c5), 120.1 (c6), 127.4 (benzyl 3,5), 128.0 (benzyl 4), 128.7

(benzyl 2,6), 132.3 (Cl), 137.1 (benzyl 1), 148.3 (C3), 149.7 (C4).

3,4-dimethoxybenzaldehyde (43)

To a solution of NaOH (11.05 g, 0.276 mole) in H20 (100 ml)
was added 4-hydroxy-3-methoxybenzaldehyde (40.0 g, 0.23 mole) and
the mixture stirred until the suspended material dissolved. The

reaction mixture was cooled in an ice-bath, and dimethyl sulphate
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(25 ml, 0.263 ml) was added dropwise over 1 hr. On completion of

the addition, the mixture was refluxed with stirring for 2 hr.

The mixture was cooled and extracted into diethyl ether. The
organic layer was washed 5 times with 4% NaOH, and once with HZO'
then dried over MgSO4. The solvent was removed under reduced
pressure to give a clear, colourless oil (33.0 g, 75%) which
crystallised on standing. The crystals were recrystallised from
EtZO/pet. ether (40-60°C) to give white needles m.p. 40-42°C (lit.
42-45°C, Aldrich Cataloque).

1y NMR (200 MHZ, CbCl,) 63 3.77 (3H, s, OCH,), 3.81 (3H,

§. OCHy), 6.75-7.35 (3H, m. Ar-H), 9.74 (1H, S, HC=0).

139_N_m; (50 MHz, CDCIB) §: 55.5 (OCH3), 55.8 (OCH3).

108.8 (c2), 110.4 (c5), 126.4 (c6), 130.1 (Cl), 149.5 (C3), 154.3

(c4), 190.5 (HC=0).

Compound 45
The dithiane 42 (1.0 g, 3.106 mmol) was dissolved in anhydrous
THF (Dried over Na/Ph2C=O. 20 ml) in a 3-neck flask and cooled,

with stirring to -78°C (dry ice/acetone).

n-BuLi, standardised by the method of Kofron (1976) (2.0 ml,
3.32 mmol) was added dropwise over 30 min, to give the 2-1lithio-1,3-
dithiane 44. The mixture was stirred under N2 at -78°C for
30 min, then a solution of compound 43 (0.50 g, 3.105 mmol) in

anhydrous THF (5 ml) was added dropwise over 30 min. The mixture
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was allowed to warm to room temperature (ca. 4 hr) and poured into
HZO' The mixture was extracted with EtOAc and washed with
saturated aqueous NaCl. The organic layer was dried over anhydrous
Mgso4 and the solvent removed under reduced pressure to give a

yellow oil (1.5 g).

The oil was triturated with ethanol, with heating to give white

crystals which were recrystallised from ethanol to give white plates
(500 mg, 33%).

4 NMR (200 MHz, CDC1.) g 1.80 (2H, m, ~CH,-), 2.65 (4H,
m, ~SCH,-). 2.90 (1H, d, J = 6.0, 8-OH), 3.54 (3H, s, OCH,) .
3.70 (3H, s, OCH3). 3.81 (3H, s, OCH3), 4.88 (14, 4, J = 6.0,
HB), 6.20-6.90 (4H, m, ArH), 7.10-7.50 (7H, m, ArH).

l3g_y_m_; (50 MHz, coc13) §: 24.9 (-CH,-), 27.3 (SCHZ).
27.4 (SCH,), 55.5 (OCH;). 55.8 (OCH,;), 56.1 (OCH;) . 66.5
(cae), 70.9 (benzyl CH2), 80.8 (c8), 109.2 (B2), 111.4 (A2), 113.0
(a5), 115.0 (B5), 120.9 (m6), 123.5 (B6), 127.3 (benzyl 3,5), 127.9
(benzyl 4), 128.6 (benzyl 2,6), 130.1 (Al), 130.2 (Bl), 137.1

(benzyl 1), 147.6 (A3), 147.6 (B3), 149.0 (B4) 149.7 (A4).

Compound 46

The 2-lithio-1,3-dithiane 44 (1.0 g, 3.106 mmol) was formed by
the method described previously for compound 45. 2,3-Dimethoxy-
benzaldehyde 12 (0.5 g, 3.106 mmol) in THF was added with stirring
at -78°C. The mixture was allowed to warm to room temperature.

After 4 hours, the mixture was poured into water, extracted with
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EtOAc, and the organic layer dried over anhydrous MgSO The

4
solvent was removed under reduced pressure to give a yellow oil
(1.5 g). The oil was triturated (with heating) with ethanol to give
white crystals. These were used as seeds for the remaining material,
which was crystallised ffom diethyl ether/pet. ether (40-60°C) to
give yellow plates (970 mg, 64%).
' NMR (200 MMz, CDC1.) §: 1.90 (2H, m,~CH,~), 2.72 (4H,
m, -SCH,-), 3.33 (1H, d, J = 6.0, B-OH), 3.63 (3H, s, OCH;),
3.68 (3H, s, OCH3), 3,78 (3H, s, OCHB)' 5.16 (2H, s, CHZPh).
5.38 (1H, 4, J = 6.0, HB), 6.40 (1H, d4d, J = 5.9, 3.5, ArH), 6.80
(3H, m, ArH), 7.20 (1H, 4, J = 2.3, H2) 7.25-7.50 (6H, m, ArH).
13g_ggg (50 MHz, CDCl;) §: 24.9 (-CH,-), 27.3 (scuz);
27.5 (SCHZ). 55.9, 56.1 (A3,B3—OCH3). 60.8 (BZ—OCH3). 66.3
(Cy). 71.0 (benzyl CHZ)' 75.7 (CcB8), 112.4 (A2), 113.2 (B4), 114.8
(a5), 121.7 (mr6), 122.4 (B6), 123.3 (BS5), 127.4 (benzyl 3,5), 127.9
(benzyl 4), 128.6 (benzyl 2,6), 130.6 (Bl), 131.0 (Al), 137.2

(benzyl 1), 147.5 (B2), 147.8 (A3), 149.1 (a4), 152.8 (B3).

Compound 49

Compound 45 (10 mg, 0.02 mmol) was reacted with neat socl,
(0.5 ml) for 5 minutes. The SOCl2 was removed under reduced
pressure to give a yellow oil (8 mg).

4 NMR (200 MHz, CDCL,) & 3.89 (9H, s, OCH,), 5.12 (2H,
S, CHZPh). 5.16 (1H, s, HB), 6.60-7.15 (3H, m, ArH), 7.20-7.50

(5H, m, ArH), 7.52 (2H, m, H2, H6).
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13c NMR (50 MHz, CDCI3) §: 56.1 (ocu3), 56.2 (ocu3),

62.2 (cB), 71.0 (benzyl CH2). 110.2 (B2), 111.5 (a2), 111.7 (a5),
113.7 (B5), 121.1 (A6), 123.8 (B6), 127.3 (benzyl 3,5), 128.0
(benzyl 4), 128.7 (benzyl 2,6), 131.0 (Bl), 131.4 (Al), 136.8

(benzyl 1), 149.1 (B3), 149.3 (A3), 150.2 (B4), 153.4 (A4), 190.1

(ac=0).

Reaction of 45 with SOClz/pyridine (Compound 59)

Compound 45 (20 mg, 0.041 mmol) was dissolved in CHClB_(Z ml).
To this was added pyridine (4 pl, 0.049 mmol) and SOCl2 (3.25 ul,
0.045 mmol) and the mixture stirred for 45 min. The mixture was
poured into HZO and extracted into CHC13. The organic layer was
dried over MgSO4 and the solvent removed under reduced pressure to
give a clear, colourless oil (20 mg), which was identified as
compound 59.

1y »R (200 Mz, cocl,) & 2.15 (2H, m, —CH,~), 3.56 (3H,
S. OCH3). 3.62 (3H, s, OCHS), 3.70 (4H, m, -SCHZ-), 3.80 (3H,
S, OCH3). 5.05 (2H, s, CHzPh), 6.50-6.90 (6H, m, ArH), 7.30-7.50
(5H, m, ArH).

Bc mr (50 mHz, cocly) & 28.7 (-cH,-), 32.1 (SCH,),
55.8 (OCH3). 70.9 (benzyl CH2). 110.4 (B2), 113.1 (A2), 114.6
(A5), 115.1 (BS), 123.5 (m6), 123.5 (B6), 127.3 (benzyl 3,5), 127.8
(benzyl 4), 128.5 (benzyl 2,6), 129.9 (aAl), 130.0 (Bl), 134.1
(Ca)<—>134.7 (cB), 137.1 (benzyl 1), 147.3 (B3), 148.1 (B4), 148.1

(a3), 148.8 (a4).
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Reaction of 45 with PPhg/CBr4

Compound 45 (20 mg, 0.041 mmole) was added to ether (5 ml). As
dissolution of 45 was incomplete, a drop of dioxane was added. To
this was added CBr4 (27.2 mg, 0.082 mmol) and PPh3 (21 mg,

0.082 mmol) and the mixture stirred for 3 hours. The mixture was
poured into H20 and extracted into CHC13. The organic layer was
dried over MgSO4 and the solvent removed under reduced pressure to
give 59 as a clear yellow oil (also CBr4/Ph3P=O and PPh

present). 1H and 130 NMR data as above for 59.

3

3,4-dimethoxybenzyl chloride (60)

3,4-dimethoxybenzyl alcohol (2.0 g, 11.9 mmol) was dissolved in
CHCl3 (20 ml1). To this was added dropwise a solution of SOCl2
(0.91 ml, 12.4 mmol) in CHCl, (20 ml) over 10 min. The mixture
was stirred (vigorous evolution of gas) for 2 hr. The volatiles
were removed under reduced pressure to give a royal blue oil (2.2 g,
100%). This was decolourised with activated charcoal to give 60 as
a clear, colourless oil (since 60 darkened on exposure to light, it
was kept in a light-tight container).

13

C NMR (50 MHz, CDC13) §: 46.7 (Ca), 55.8 (OCH3). 110.0

(c2), 111.8 (c5), 121.2 (C6), 130.0 (Cl), 149.1 (C3), 149.2 (c4).

2,3-dimethoxybenzyl chloride (61)

2,3-dimethoxybenzyl alcohol (2 g, 11.9 mmol) was chlorinated by
the above method (see compound 60). Removal of the solvent gave a

clear oil (2.2 g, 100%).
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L3¢ ymr (50 Mz, CDCl,) & 41.2 (Ca), 55.8 (3-OCH,), 61.2
(2-0CH;), 113.0 (c4), 122.0 (C6), 124.2 (C5), 131.6 (Cl), 147.5

(c2), 152.8 (C3).

2-benzyloxy—3-methoxybenzyl chloride (62)

2-benzyloxy—3-methoxybenzyl alcohol (1.0 g, 4.10 mmol) was
chlorinated by the method for compound 60. Removal of the solvent
gave 62 as a clear, colourless oil.

Yc mR (50 MHz, cDCl,) 8: 41.5 (Ca). 56.0 (ocH,), 5.2
(benzyl CHZ)' 113.2 (c4), 122.4 (c6), 124.5 (C5), 128.3
(benzyl 4), 128.5, 128.6 (benzyl 2,3,5,6), 132.0 (Cl), 137.8

(benzyl 1), 146.3 (C2), 153.0 (C3).

Compound 63

The 2-lithio-1,3-dithiane 44 (1.0 g, 3.106 mmol) was formed by
the method described previously for compound 45. 3,4-Dimethoxy-—
benzyl chloride 60 (520 mg, 2.80 mmol was added dropwise with
stirring at -78°C. The mixture was alowed to warm to room
temperature. After 4 hours the mixture was poured onto water,
extracted with EtOAc, and the organic layer dried over anhydrous
MgSO4. to give a yellow oil (1.50 g). The o0il was triturated with
EtOAc to give a brown oily solid (400 mg, 30%) which was shown to be
compound 63.

1y aMr (200 MHZ, cpcl,) §: 2.04 (24, m, ~CH-), 2.75 (4H,

m, _SCHZ_)' 3.26 (2Hr S, HB), 3-62 (3H: S, OCH3)1 3.85 (3Hy Sy

OCH3), 3.90 (3H, s, OCH3). 5.26 (2H, s, CHZPh), 6.12 (1H, 4,
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J=1.8, H2 or 2'), 6.5 (1H, dd, J = 1.8, 6.8, H6 or 6'), 6.73 (1H,
d, J =6.8, H5 or 5'), 6.80 (lH, 4, J = 6.8, H5' or 5), 7.25-7.50
(74, m, ArH).

Yc MR (50 MHz, CDC1,) §r 25.1 (-CH,-), 27.5 (-SCH

2—).

55.3, 55.6, 55.7 (OCH3). 51.1 (cB). 59.8 (Cca), 70.7 (benzyl

CHZ)' 110.0 (a2), 111.7 (B2), 113.6 (A5), 114.0 (B5), 122.1 (A6),
123.2 (B6), 127.2 (benzyl 3,5), 127.8 (benzyl 4), 128.4 (benzyl
2,6), 133.4, 133.4 (Al, Bl), 137.1 (benzyl 1), 147.3 (A3), 147.9

(B3), 148.9 (B4), 149.4 (a4).

Compound 64

The formation of 64 was accomplished as in the synthesis of 63,
except that 2-benzyloxy-3-methoxybenzyl chloride 62 (720 mg,
2.80 mmol) added in place of 60. Workup gave a yellow oil (1.5 g).
1H NMR showed a 50% yield of the addition product 64. The
separation of 64 from 44 and 62 was difficult, as 64 could not be
encouraged to crystallise from the reaction mixture. A small-scale
separation by plc (eluted in CHC13) gave a 30% yield of 64.

13¢ »r (50 Mz, cDCly) & 27.9 (-SCH,~), 32.3 (=CH,),
44.1 (CB), 56.0 (OCHB). 60.0 (Ca), 71.0 (A4-benzyl CHZ). 74.1
(B2-benzyl CHZ)' 111.6 (A2), 113.4 (A5), 113.4 (B4), 121.9 (a6),
122.6 (B6), 124.6 (B5), 127.4, 127.6, 127.9, 128.3, 128.6 (benzyl,

2,3,4,5,6,2',3',4',5',6") 129.6 (Al), 134.5 (Bl), 137.3 (benzyl 1),

138.3 (benzyl 1'), 147.1 (B2), 147.2 (A3), 149.2 (A4), 152.6 (B3).
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1-(4-benzyloxy-3—methoxyphenyl)-2-(3,4-dimethoxyphenyl)—-ethan—1-one

(65)

Compound 63 (100 mg, 0.212 mmol) was dissolved in THF/HZO
(5 ml:1 ml). To this was added BF3.Et20 (70 ul) and the mixture
stirred under N2 for 1 hr. The mixture was extracted into CHCl3
and washed with NaHCO3. The organic layer was dried over anhydrous

Mgso4, and the solvent removed under reduced pressure to give 65
as a brown oil.

lH NMR (200 MHZ, cocl3) §: 3.84 (6H, s, OCH3), 3.90 (3H,
s, OCH3), 4.14 (2H, s, HB), 5.20 (2H, s, CHZPh), 6.70-6.90 (5H,
m, ArH), 7.20-7.50 (5H, m, ArH), 7.55 (2H, m, AZ,16).

13¢ »R (50 Mmz, CDCl,) 6:44.8 (CB), 55.9,56.1 (OCH,),
70.9 (CHZPh). 111.3 (B2)<—>111.5(A2), 112.3 (A5)<->112.6 (BS),
121.5 (B6), 123.3 (A6), 127.2 (benzyl 3,5), 127.6 (Al), 128.2
(benzyl 4), 128.8 (benzyl 2,6), 130.1 (Bl), 136.3 (benzyl 1), 148.1

(B3), 149.2 (A3), 149.7 (B4), 152.6 (A4),196.6 (a-C=0)

Mass Spectrum (probe, EI, 70 eV) m/z: 392 (MT. 13), 242(13),
241(74), 151(23), 91(100). High resolution molecular ion at m/z
+
392.1611; calculated M* for C24H24O5 = 392.1624.

1-(4-benzyloxy—3-methoxyphenyl)-2-(3,4-dimethoxyphenvyl)—-ethan—-1-ol,

(66)
Compound 65 (40 mg, 0.10 mmol) was dissolved in ethanol. To
this was added NaBH4 (20 mg, 0.5 mmol) and the reaction stirred

overnight. The mixture was extracted into EtOAc, washed with NaCl,
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and the organic layer dried over MgSO4. The solvent was removed
under reduced pressure to give 66 as a clear, colourless oil (40 mg,
100%) .

1&1‘1@ (200 MHz, CDCl,) §: 2.93 (2H, d., J . = 6.0, HB),
3.79 (3H, s, OCH3). 3.84 (3H, s. OCH3). 3.88 (3H, s, OCH3).
4.77 (lH, t, J = 6.0, Ha), 5.15 (2H, s, CH2Ph), 6.50-7.00 (6H, m,
ArH), 7.20-7.50 (5H, m, ArH).

3¢ WMR (50 MHz, CDCL,) 6: 45.7 (C8), 55.9, 56.0, 56.1
(OCH3), 1.2 (CHZPh). 75.2 (Ca), 109.9 (A2), 111.4 (B2), 112.9
(B5), 14.0 (A5), 118.3 (Aa6), 121.6 (B6), 127.3 (benzyl 3,5), 127.9
(benzyl 4), 128.6 (benzyl 2,6), 130.6 (Bl), 130.6 (Al), 137.2

(benzyl 1), 147.6 (A3), 147.9 (B3), 148.9 (B4), 149.8 (A4).

1-(4-hydroxy—3-methoxyphenyl)-2-(3, 4-dimethoxyphenyl)—ethan—-1-ol (67)

Compound 66 (30 mg, 0.076 mmol) was dissolved in methanol
(20 ml)., and debenzylated in the normal way to give 67 as a light
yellow oil (20 mg., 87%).

3¢ NMR (50 mHz, cDC1,) &: 45.7 (CB), 55.9, 56.0 (OCH,),
75.3 (Ca), 108.7 (A2), 111.4 (B2), 112.9 (B5), 114.2 (A5), 119.0

(n6), 121.6 (B6), 130.6 (Bl), 136.0 (Al), 145.1 (A4), 146.6 (A3),

147.9 (B3), 148.9 (B4).

1-(4-acetoxy—3-methoxyphenyl)—-2-(3,4-dimethoxyphenyl)—ethyl acetate

(68)

Acetylation of 67 gave 68.
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11-{ NMR (200 MHz, CDC13) §: 2.04 (3H, s, ¢ -0OAc), 2.30 (3H, s,

AL"‘OAC)- 2.98 (1Hr dd' JBld= 6.6' JB 132 = 13.91 HB].)' 3.10 (IHI
Jﬁz(y= T3 JBZBI' = 13.9, HBZ)' 3.767 (3H, s, OCH3), 3.772

(3H, s, OCH3), 3.772 (3H, s, OCH3), 3.84 (3H, s, OCH ), 5.87 (1H, dd,

dd,

JaB1 = 6.6, JGBZ = 7.3, Ha), 6.50-7.00 (6H, m, Ar-H).
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CHAPTER THREE

THE STEREOCHEMISTRY OF B8-5 LIGNIN MODEL COMPOUNDS

3.1 TINTRODUCTION

In the course of our studies (Ralph, 1987a) on the reactions of
B-5 lignin model compounds with anthrahydroquinone and anthranol, we
needed to know the stereochemistry of the lignin model compounds
used. Although lignin is a racemic polymer, there is a large number
of substructures possessing 2 adjacent asymmetric carbon atoms, Ca

and C8. This feature gives rise to erythro/threo stereoisomerism.

For compounds with two adjacent asymmetric carbon atoms, the

ervythro/threo nomenclature is a convenient way to assign relative

stereochemistry. A problem exists however in assigning chemically

similar groups, since the erythro/threo nomenclature is only valid

for adjacent asymmetric carbons where there are two pairs of
equivalent groups and the third pair is different. Hence for
1,2-diarylpropane—1,3-diols (representing 8-5 and B8-1 linkages), the
two aromatic substituents and the two hydrogen atoms are logically
chosen as the two chemically similar pairs; the two conformations
are shown in the Fischer projections in Figure 1. For lignin models
of the guaiacylglycerol-B- guaiacyl ether type (representing the

B-0-4 linkage in lignin), the 0¢-OH and the B-OAr are chosen as one

Footnote: A paper detailing the majority of the work in this chapter
has been accepted by Holzforschung for publication
(Ede, 1987a).
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equivalent pair, the other being the protons. The appropriate
Fischer projections are therefore those shown in Fiqure 2. Some
confusion about these descriptions is apparent in the literature.
In a recently published paper (Chen, 1985), 8-1 model compound

isomers were misassigned, since the assignments were based on the

B-ether erythro/threoc nomenclature. The unambigquous R/S

nomenclature is given in Figures 1 and 2.

YCHoOH CHoOH

— L 3 W -

S \>~0H H————< 2—OH
OCHg4 OCHg
OH OH
erythro threo
RS/SR RR/SS

Figure 3.1. Fischer projections for 8-1 and B8-5 models

TCH,OH CHgOH
CHgQ OCH3
H—F3—0 e Wl
H——1——OH H——+——OH
® [
7N 0CH;g Z\OCHg

OH OH
erythro threo
RS/SR RR/SS

Fiqure 3.2. Fischer projections for B8-0-4 models

The stereochemistry of the propyl sidechains in the 8-5 model
2 .23 synthesised by Brunow (1984), had been assigned as erythro
1
based on comparisons of the "H NMR coupling constants of the

tetra—acetate with a range of previously synthesised compounds
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(Kristersson, 1980; Ahvonen, 1983). These assignments were, in
turn, based on comparisons of 1H NMR coupling constants with -
related compounds (Nakatsubo, 1975; Ferrand, 1975) whose
stereochemistries were determined from NMR spectra of the
corresponding phenylboronates or acetals.

While 1H NMR is an excellent diagnostic tool in most cases, it
is not always reliable for extrapolating stereochemical assignments
over a number of syntheses. 1H NMR coupling constants in
aliphatic systems-depend, in part, on the torsional angle between
vicinal protons. If the molecule exists in an unusual conformation
in solution, incorrect stereochemical assignments can result.
Further evidence should be obtained to be certain of stereochemical
assignments. The syntheses of the acetals (Ralph, 1983c) or
phenylboronates (Nakatsubo, 1975) are simple and rapid, and by
"locking" the molecule into a six-membered ring, the dihedral angles
implied by the 1H NMR coupling constants allow an unambiguous

assignment in most cases.

This chapter discusses the synthesis and characterisation of
phenylboronates 1-3 of the B-5 lignin model compounds 2.17, 2.18,
and 2.26 as a means of identifying the stereochemistry of these
compounds. The preparation of phenylboronates or acetals is only
possible if a 1,3-propanediol is present. For phenylcoumaran models
such as dihydrodehydrodiisceugenol 2.6, which have two adjacent
asymmetric carbons, some confusion as to the stereochemistry has
been present in the literature. Conflicting stereochemical

predictions have been derived from NMR (Ludwig, 1964) and chemical
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(Aulin-Erdtmann, 1963) evidence. We sought to resolve this conflict
unambiquously by an X-ray diffraction crystal structure

determination of dihydrodehydrodiisoeugenol.

Although the chemical and NMR evidence for the stereochemistry
of 2.26 confirms the erythro conformation, little is known of the
conformations of the B-C linked models. Along with the crystal
structure of 2.6, an X-ray structure of the B8-C model 2.28 is
presented. Although lignin is not a crystalline polymer, these
structures may aid our understanding of the conformation of lignin

sub—-units.

3.2 RESULTS AND DISCUSSION

3.2.1 synthesis of 8-5 Model Compounds

Compounds 2.17, 2.18, and 2.26 were synthesised as described in
Chapter 2. All syntheses gave single, pure isomers. lH NMR
spectra showed that the B and Y proton resonances were obscured by
the methoxyl resonances, particularly in compounds 2.18 and 2.26.
More suiltable spectral dispersion was obtained from 1H NMR spectra
of the acetates of 2.18 and 2.26, but an unambigquous assignment of
stereochemistry of any of these was not possible based on NMR
evidence, particularly without the other isomer on which to base

comparisons. Dihydrodehydrodiisoeugenol 2.6 was obtained as

described in Chapter 2.

Footnote: Since compounds 2.17, 2.18, 2.26 and 1-3 contain no

substituent in what in lignin units would be the 1
position on the B ring, the B ring is labelled starting

from the 8-C linkage as in conventional nomenclature.
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3.2.2 Synthesis of Phenylboronates

.Phenylboronates..1-3.(see Figqure 3) were synthesised from models

2.17, 2.18 and 2.26 by the method of Nakatsubo (1975). They were

obtained as single isomers in quantitative yield.

3.2.3 Characterisation of Erythro Phenylboronates

200 MHz 1H NMR spectra of 1-3 showed sufficient dispersion of
the Ha, HB, and Hy resonances for an unambiquous stereochemical
assignment. For an ideal chair conformation, protons on adjacent
carbons are oriented either axial-axial (with a 180° dihedral angle
and J ~ 10 Hz), axial equatorial (60°, J ~ 3 Hz), or equatorial-

equatorial (60°, J ~ 3 Hz). In compounds 1-3, J__ = 4 Hz and J
= Bqu B\gx

= 10-12 Hz. The ¢B coupling constant suggests either an axial-

equatorial or equatorial-equatorial orientation, but the large JBY
ax

indicates that HB8 must be axial, hence Ha must be equatorial. This
leads to a unique (for phenylboronates of lignin model compounds)
axial-equatorial arrangement of the aromatic rings A and B on Ca and

CR and hence an erythro configuration.

1 R1=R2=CH2Ph
g?? Ry=Rp=H 2.18 Ry= CHoPh, Ro=CHg 2 Ry=CHyPh, Ry=CHjz
. Ri= Ry = CHoPh 26 R=H, R,=CH - =
217 R=Ry=CHj 2.26R 2=CHa 3 Ry=H, Ry=CHj,

Figure 3.3. B8-5 lignin model compounds and phenylboronates
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An interesting result of this confiquration is seen in the 1H
NMR spectra. The A ring protons appear to be in the shielding
region of the phenyl ring attached to the boron or the B ring, as
evidenced by the unusual shifts in 2 of 6.11, 6.74, and 6.55 ppm for
protons A2, A5, and A6 respectively. The B ring proton B6 is also

extensively shielded (8§ B6 = 5.92 ppm). This spectral dispersion of

the aromatic protons allows correlation of the 1H and 13C

chemical shifts by use of 2D-NMR. 13C—1H NMR shift correlation

spectroscopy (Bax, 1981) allows assignment of the 13C chemical

shifts based on correlations with the appropriate proton signals.
These can be assigned on the basis of their multiplicities and
coupling constants (see Fiqure 4). 1In particular it is possible to
distinguish between carbons A2 (111.19 ppm) and B4 (111.32 ppm)

since proton A2 is a d, &= 6.11, J26 = 2.1 Hz and B4 is a dd, 8=

6.81, J45 = 6.0 Hz, J46 = 2.7 Hz.

It is even possible from the 2D-spectrum of 2 to fully assign

the methoxyl signals in the 13C and 1H spectra. This is aided

by the shielding of (presumably) the A3-OCH. in the 'H NMR

3
spectrum, and a down—-field shift of 5 ppm in the resonance of the

sterically crowded B2 methoxyl in the 13C NMR spectrum.

Since 13C nuclei are relatively insensitive to the shielding
effects of the diamagnetic aromatic ring currents, it is expected
13

that the "“C shifts in the non-complexed lignin models may also be

assigned from this data.
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3.2.4 Attempted Synthesis of threo-2.18

It was possible to obtain low yields of threo 2.18 by NaBH4

reduction of @-ketone 4 (see experimental section), which was

obtained by oxidation of erythro 2.28 with 2,3-dichloro-5,6-dicyano—

1,4-benzoquinone (DDQ, Becker 1961).

NaBH4 reduction of 4 in methanol/OH gave a 10:45:45 ratio

of threo-2.18:erythro-2.18:erythro boric acid complex of 2.18.
Reaction of the crude mixture with phenylboric acid gave 10:90 threo
2:erythro 2. It was not possible to effect the separation of the
two isomers chromatographically as the threo isomer degraded on the

silica gel.

It was thought that partial conversion of erythro to threo may

be obtained by isomerising erythro 2.18 with BF,.Et.,O in the

3 2
presence of paraformaldehyde to form the acetal (Ralph, 1983c;
Brezny, 1978); 1H NMR examination of the crude reaction mixture

showed that >90% conversion to the threo acetal 5 had occurred.
Although this compound was unstable on silica gel, it was possible
to isolate it by preparative layer chromatography pure threo 5 (see
Figure 5). Attempts to remove the acetal to give threo 2.18 by

reaction of 5 with FeC13/SiO2 (Kim, 1986) were not successful.

218 BF3.Et,0,(CH,0)n

Ry=CHyPh, Ry=CHjs
5

Figure 3.5. sSynthesis of threo acetal 5.
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3.2.5 Characterisation of threo-5

The major evidence for the threo conformation is "the large

(10 Hz) value for Jaﬁ which is consistent with a diaxial

arrangement of Ha and HB8 on the six—membered ring. The 13C—lH

shift correlation spectrum of 5 confirmed the chemical shift
assignments. In this case, it was shown that the shielded methoxyl
resonance in the 1H NMR spectrum was due to the B2-OCH_ (cf

3
compound 2).

3.2.6 Crystal Structure of Dihydrodehydrodiisoceugenol 2.6

Colourless needles of 2.6 suitable for a crystallographic study
were obtained by recrystallisation from petroleum ether
(100—-120°C). BRnalysis (see Figure 6) showed that the crystal

contained molecules of C held together within the

20H24O4

crystal by hydrogen bonds involving the hydroxyl group, as shown in

the stereographic projection of the unit cell (Figure 7).

Fiqure 3.6. X-ray structure of 2.

{e)]
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Fiqure 3.7. Stereographic projection of unit cell of 2.6.

It is clear from Fiqure 6 that the dihydrobenzofuran ring of 2.6
is twisted from planar, giving rise to a torsional angle of ca. 145°
for H7 and H8 (Ha and HB in conventional nomenclature). The erythro
(transoid) stereochemistry is also clear. The torsional angle may

explain the Jag = 9.7 Hz observed in the 1H NMR spectrum. Based

B
on a simplistic Karplus treatment, a threo (cisoid) conformation
would be expected from a large coupling constant (implying a
dihedral angle of 0° or 180°). The Karplus equation however, was
derived for substituted ethanes and is not valid for a highly
substituted 5-membered ring containing a heteroatom. It should be
noted that the solution conformation (giving rise to the 1H NMR

coupling constants) may not necessarily be identical to the

solid-state arrangement.
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3.2.7 cCrystal Structure of 1-(4-hyvdroxy—-3—-methoxyphenyl)—-2-(2,3-

dimethoxyphenyl )-propane—1,3—-diacetate (2.28)

Colourless needles of 2.28 suitable for a crystallographic study
were obtained from slow evaporation of chloroform. Analysis showed

that the crystal contained molecules of C held together

221260
within the crystal by hydrogen bonds involving the hydroxyl group,
as shown in the stereographic projection of the unit cell. The

molecules were oriented "head-to—-tail" to achieve this arrangement.

Figure 3.8. X-ray structure of 2.28 showing atom labelling.

The configquration of 2.28 is somewhat unusual, as it has adopted
a folded arrangement. Simplistically a confiquration would be
expected with the 2 aromatic rings trans (see Newman projections in
Figure 10) to minimise steric interaction, rather than that observed

in the crystal structure.
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Figure 3.9. Stereographic projection of 2.28 showing "folded"
structure.

H

D

OH

ACOCHZ

Cbserved X-Ray Structure Structure Minimising Aryl
Group Interaction

Figure 3.10. Newman projections of 2.28.



3.3 CONCLUSIONS

The synthesis of the phenylboronates 1-3 of B-5 lignin models

2.17, 2.18 and 2.26 has shown that the stereochemistry is indeed

83

erythro as previously reported (Brunow, 1984). The evidence for the

confiquration (coupling constants in a 6-membered ring) is more

conclusive than that obtained from non-rigid propane-1,3-diacetates.

Unfortunately, final confirmation from the phenylboronate of an

independently synthesised threo isomer was not available.
In the case of dihydrodehydrodiisoeugenol 2.6, where NMR
evidence did not fit well with chemical evidence, the X-ray

structure proved the chemically predicted transoid configuration.

3.4 EXPERIMENTAL

The 13C—1H shift correlation spectra (Bax, 1981) were

obtained on a Bruker AC200 using the Bruker pulse program XHCORR.

Parameters: 1 K data points in F (130) domain, 256 data points

2

zero-filled to 512 in Fy (IH) domain, recycle delay = 2 s, 96
scans for each experiment, with 256 experiments. Lorentzian-
Gaussian resolution enhancement was applied in both domains.

Correlation peaks were obtained for all non—quaternary carbons.

3.4.1 Crystal and Molecular Structure of 2.6

A colourless needle was obtained by recrystallisation from
petroleum ether (100-120°C). Preliminary precession photography

indicated a monoclinic space group. Lattice parameters were



obtained from the setting angles of 25 reflections centred on an
Enraf-Nonius CAD4 diffractometer using monochromated Mo-Ka

X-radiation.

Crystal Data

C20H2404. Mr = 328; Monoclinic, space group P21/a (a

non-standard setting of P21/c), a = 22.229(3), b = 5.008(1),

1819.1 83 p
C

for Z = 4. F(000) = 696e, (Mo—-Kg) = 0.5 cm—l, T = 23°C.

fi
]

c = 16.811(2), 8 = 103.60(1), V 1.197 g cm >

Intensity data were collected in the range 0.5°<6<25° using an
w-20 scan technique. The data were corrected for Lorentz,
polarisation and absorption (by an azimuthal scan method). Of the
2211 unique reflections 1140 had I>20(I) and were used in all

calculations.

The structure was solved by direct methods (Sheldrick, 1976).
In the final full-matrix least-squares refinement, non-ring atoms
were assigned anisotropic temperature factors, ring atoms were
treated isotropically, and hydrogen atoms were included in
calculated positions with common isotropic temperature factors for
each type of hydrogen. The refinement converged with R = 0.0694,
R, = 0.0692 where w = 3.0[e>(F) + 0.001F2] ! with no
parameter shifting by more than 0.1c0 . A final difference map

showed no peaks greater than 0.24 eﬂ"3.

84
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Lists of bond lengths, bond angles, atomic positions, thermal
parameters, hydrogen atom positions, and structure factors are

included in the Appendix to this Thesis.

3.4.2 Crystal and Molecular Structure of 2.28

A colourless needle (0.30 x 0.15 x 0.10 mm) was obtained from
slow evaporation of a chloroform solution. Preliminary precession
photography indicated triclinic symmetry. The space group Pj was
assumed and confirmed by the successful refinement. Lattice
parameters were obtained from the setting angles of 25 reflections
centred on an Enraf-Nonius CAD4 diffractometer using unmonochromated

Mo-Ka X-radiation (0.7107 %).

Crystal Data

022H2608' Mr = 418.44, triclinic, space group Py,

7.998(3), b = 16.460(2), c = 8.404(1), @= 99.49(1),

i

a

3

8 = 99.17(2), Y= 86.16(2), V = 1068.2 8-, D_=1.276 g cm_

for z = 2, DO = 1.29 gcm—3. F(000) = 444e, Mo-KQ) = 0.5 cm—l.

T = 20(1)°C.

Intensity data were collected in the range 1.5<@§<18° using an -
w—-20 scan technique. The data were corrected for Lorentz,
polarisation and absorption (by an azimuthal scan method). Some
degradation of the crystal was observed under X-rays. Of the 2340
unique reflections, 1250 had I>20(I) and were used in all

calculations.

The structure was solved by direct methods (Sheldrick, 1976).

In the final full-matrix least-squares refinement, the skeletal
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carbon atoms were treated isotropically, with the acetate methyls
and carbonyls, the methoxyl methyls, the phenolic oxygen and the
JBB—methoxy oxygen were assigned anisotropic temperature factors.
Hydrogen atoms were included in calculated positions with common
isotropic temperature factors for each type of hydrogen. The
phenolic hydrogen appeared as the highest peak in the penultimate
difference map and was included, but not refined. The refinement
converged with R = 0.0764, Rw = 0.0703, where w = 2.34 [UZ(F) +
0.0006 15‘2]_1 with no parameter shifting by more than 0.15 e.s.d.

A final difference map showed no peaks greater than 0.34 e 3_3.

Lists of bond lengths, bond angles, thermal parameters, hydrogen

atom positions and structure factors can be found in the Appendix.

3.4.3 Synthetic Methods

Compounds 2.17, 2.18, 2.6 and 2.28 were synthesised as described

in Chapter 2.

Phenylboronates 1-3 were synthesised by the method of Nakatsubo

and Higuchi (Nakatsubo, 1975).

Compound 1

1y avR (200 MHz, cDCl,) §: 3.51 (3H, s, A3-OCH,), 3.90
(3H' S, B3_OCH3)I 3-96 (1Hl dddl J(YB = 4-91 JB.Ye = 4.0' JBYa
= 12.2, HB8), 3.98 (1H, dd, JYeYa = 12.2, JYeB = 4.0, HYe),
4.19 (44, JYa"k = 12.2, JY&B = 12.2, H"g), 4.96 (1H, 4, J =

11.3, B2-benzyl CH), 5.08 (2H, d, Ad4-benzyl CHZ)' 5.12 (1H, 4, J =

11.3 B2- benzyl CH), 5.37 (1lH, br 4, JQB = 4.9, Ho), 5.88 (1H, a4,
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J56 = 7.3, J46 = 2.1, B6), 6.09 (1H, 4, J

(lH, 44, J

2 = 2.1, A2), 6.50

56 8.2, J26 = 2.1, B6), 6.75 (1H, 4, J56 = 8.2,

a5), 6.81 (1H, 4d, J45 = 8.5, J56 = 7.3, B5), 6.84 (1lH, dd,

86 = 2.1, B4), 7.20-7.60 (13H, m, Ar-H), 7.90 (2H,

I
co
Ut
(W]

|

a7

o

[}
[}

~J

w

[}
|

= 1.7, boron phenyl H2, H6).
13: yur (50 iz, cbcly) 6: 40.5 (CB), 55.7 (A3-OCH,),

55.8 (B3—OCH3). 62.0 (Cy). 71.1 (A4-benzyl CHZ)' 74.8 (B2-benzyl
CH2), 75.8 (Ca), 111.3 (A2, B4), 113.4 (A5), 118.6 (a6), 120.3
(B6), 123.7 (B5), 127.3 (A4-benzyl C3, C5), 127.7 (boron phenyl C3,
C5), 127.8 (A4-benzyl C4), 128.0 (B2-benzyl C4), 128.2 (B2-benzyl
c3, C5), 128.3 (B2-benzyl C2, C6), 128.5 (Ad4-benzyl C2, C6), 130.8
(boron phenyl c4), 131.3 (Al), 131.6 (Bl), 134.1 (boron phenyl C2,
C6), 137.1 (RAd4-benzyl Cl), 137.5 (B2-benzyl Cl), 145.8 (B2), 147.4

(A3), 148.6 (A4)., 152.6 (B3).

Mass Spectrum (probe, EI, 70eV) m/z: 586 (M', 3), 149(22),

121(11), 91(100. High resolution molecular ion at m/z 586.2539;

calculated m/z for C B = 586.2527.

37 Has Y

Compound 2

1y amr (200 Mz, cDCl,) 8: 3.49 (3H, s, A3-OCH,), 3.84

(3H, s, B2—OCH3), 3.86 (3H, s, BB*OCHa). 4.07 (1H, dadd, J

ag -
4.2, J = 10.2, JB = 4,0, HB), 4.19 (1lH, dd, J =
Bya eq ) ( yaye
105, JYeB = 4.0, HYe)' 4.31 (1H, d4d, JYaYe = 10.5, JYaB =

10.2, Wé)' 5.07 (2H, s, benzyl CH2), 5.53 (1H, br 4, JGB

4.2, Hao), 5.92 (1H, 44, Jae = 2.7, Jgg = 6.72, B6), 6.11 (1H, 4d,

J26 = 2.1, A2), 6.55 (lH, dd, J_,. = 8.3, J,. = 2.1, R6), 6.74

56 26
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(lH, 4, J_,. = 8.3, A5), 6.77 (1H, d4, J_.. = 6.7, J,. = 6.0,

56 56 45

B5), 6.81 (lH, 4d, J45 = 6.0, J46 = 2.7, B4), 7.20-7.60 (8H, m,

Ar-H), 7.93 (2H, dd, J .

7.7. J = 1.6, H2, H6 on boron phenyl).
13: wR (50 mHz, CDC1,) §: 40.5 (CB), 55.6 (A3-OCH,) 55.8
(B3-OCH,). 60.9 (B2-OCH;), 61.9 (Cy). 71.1 (benzyl CH,). 75.9
(Ca), 111.2 (A2), 111.3 (B4), 113.5 (A5) 118.6 (Bm6), 120.1 (B6),
123.6 (B5), 127.3 (benzyl C3, C5), 127.7 (boron phenyl C3, C5),
127.8 (benzyl Cc4), 128.5 (benzyl C2, C6), 130.8 (Al), 130.9 (boron
phenyl Cc4), 131.5 (B1), 134.1 (boron phenyl C2, C6), 137.1 (benzyl

cl), 147.3 (B2), 147.4 (A3), 148.7 (A4), 152.6 (B3).

Mass Spectrum (probe, EI, 70eV) m/z: 510 (NF. 17), 165(14),

164(100), 151(13), 149(33), 121(23), 97(14), 91(66). High
resolution molecular ion at m/z 510.2239; calculated m/z for

C31H3106B = 510.2214.

Compound 3

1y aMr (200 mHz, CcDCL,) §: 3.53 (3H, s, A3-OCH,), 3.87

(3H, s, BZ—OCH3). 3.88 (3H, s, BB—OCH3), 4.11 (1H, ddd, JaB =

4.4, J

= 10.8, JaYe = 4.0, HB), 4.16 (1H, dd, J 4.0,

BYa B8Ye ~

Iate = 10.8, HYe). 4.33 (1H, dd, Java = 10.8, Ivate = 10.8,

HY,). 5.49 (1H, brs, Ar-OH), 5.52 (IH, br 4, J o = 4.4, Ha),

8

5.94 (1H, dd. Ja6 = 3.0, Jgg = 6.4, B6), 6.115 (1H, d, J = 1.90,

a2), 6.535 (1d, d4d4, J.. = 8.2, J,_. = 1.9, A6), 6.77 (1H, 4,

56 26

J = 8.2, A5), 6.79 (1H, dd, J,. = 8.2, J.. = 6.4, B5), 6.82

56

(1H. 44, J45 =8.2, J

7.945 (2H, dd, J = 7.7, J = 1.6, H2, H6 on boron phenyl).

45 56

46 - 3.0, B4), 7.35-7.60 (3H, m, Ar-H),
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13 wr (50 MHz, CDCL,) §: 40.6 (CB), 55.7 (A3-OCH,),

55.8 (B3-OCH,), 61.0 (B2-OCH,;), 61.9 (¢¥), 76.0 (ca), 109.9

(a2), 111.3 (B4), 113.6 (A5), 119.4 (A6), 120.1 (B6), 123.6 (BS),
127.7 (boron phenyl C3, C5), 130.3 (Al), 130.9, 130.9 (boron phenyl
c4), 134.1 (boron phenyl C2, C6), 144.9 (A4), 145.6 (A3), 147.3

(B2), 152.6 (B3).

1-(4-benzyloxy—3—methoxyphenyl )—-2-(2,3-dimethoxyphenyl)—-3~

hydroxypropan—-l-one (4)

Compound erythro 2 (500 mg, 1.179 mmole) was dissolved in
dioxane (25 ml). To this was added DDQ (481 mg, 2.122 mmole) and
the reaction was stirred overnight. The mixture was poured into

ethyl acetate and extracted with saturated NaHCO3 until no colour

remained in the organic layer. The organic layer was then dried
over Mgso4. and the solvent removed under reduced pressure to give
a pale orange o0il (490 mg, 98%). This was crystallised from

CH2012/pet. ether to give pale orange crystals m.p. 74-76°C.

1y MR (200 MHz, cpcl,) & 2.85 (M, br s, -OH), 3.81 (3H,

Sr OCHa)p 3-83 (].H' dd, J'Yl’Yz = 11-15 JY].,B = 4-7: H-Yl)' 3.85

(3H, s, OCH3). 3.94 (3H, s, OCH3). 4.27 (1H, dd4, J = 11.1,

Y1Y2
JYZB = 8.4, HYZ). 5.11 (2H, s, benzyl CHZ)' 5.19 (1H, 44,

JBYl = 4,7, JBYz = 8.4, HB), 6.60-7.00 (4H, m, Ar-H), 7.20-7.40

(5H, m, Ar-H), 7.55 (lH, dd, J_.. = 6.5, J,. = 2.0, A6), 7.57

56 26
(lH, 4, J = 2.0, A2).

130 \mR (50 Muz, CDC1,) & 48.2 (8), 55.1 (OCH,), 55.3

(OCH3), 60.7 (B2-OCH,, 64.0 (Y), 70.0 (benzyl CHZ). 110.9

3'



(B4), 1l11.2 (A2), 111.7 (a5), 119.7 (B6), 122.9 (A6), 123.9 (B5),
126.8 (benzyl 3,5), 127.5 (benzyl 4), 128.1 (benzyl 2,6), 129.1
(A1), 130.4 (Bl), 135.9 (benzyl 1), 145.7 (B2), 148.7 (a3), 152.0

(p4), 152.6 (B3), 198.1 (a-C=0).

Mass Spectrum (probe, EI, 70eV) m/z: 422 (Nﬁ, 0.8), 242(11),

241(61), 164(13), 91(100). High resolution molecular ion at m/z

422.1738; calculated m/z for c25H2606 = 422.1729.

Compound 5
Compound erythro 2 (80 mg, 0.189 mmole) was dissolved in

CH2C12 (5 ml). To this was added BF3.Et20 (8 mg,

0.047 mmole) and paraformaldehyde (10 mg, 0.340 mmole) and the
reaction was stirred for 2 hours at room temperature. The mixture

was poured into CHCl3 and washed with saturated NaHCO3. The

chloroform solution was dried (Mgso4) and removed under reduced
pressure to give a clear oil (80 mg, 98%). Preparative layer
chromatography (60% ethyl acetate:pet. ether) gave threo-8 (37 mg,

46%) .

1 13

H NMR (200 MHz, CDC13, C correlations included) § :

3.31 (3H, s, B2-OCH,, 60.5), 3.74 (3H, s, OCH,, 55.8), 3.77 (3H,

3 3

= ‘) = =
s, OCHg, 55.9), 3.78 (1H, ddd, Jgy; = 2, Jgy, = 3.3, Jgy

= = 7
9.8, B, 41.8), 3.83 (1lH, dd, JYlYQ 9.7, JYlB 2, H\i, 71.8,
(cY)), 4.11 (1H. 44, Jyéyi =9.,7, JYZB = 3.3, HYZ' 71.8 (CY)),
4.77 (1H, d"JuB =9.8, a, 83.1), 4.99 (1H, d, J = 6.4, acetal

H__, 94.1), 5.04 (2H, s, benzyl CH

70.9), 5.31 (1H, d,
ax

2'

J = 6.4, acetal Heq' 94.1), 6.50-6.80 (5H, m, A2, B4, A5, A6, B6,

90



110.6, 111.0, 113.7, 119.2, 120.0). 6.99 (1H, dd, J45 = J56 =

7.9, B5, 123.7), 7.20-7.40 (5H, m, benzyl Ar-H, 127.7, 128.0, 128:.4):

13C NMR (50 MHz, CDC13. non-correlated quaternary carbons)g§:

131.2 (Aal), 133.0 (B1)., 137.1 (benzyl Cl), 147.5, 147.6 (B2, A3),

149.3 (A4), 152.9 (B3).

Mass Spectrum {(probe, EI, 70 eV) m/z: 436 (Nﬁ, 5)., 165(13),

164(100, 149(22), 91(27). High resolution molecular ion at m/z

436.1883; calculated m/z for C26H2806 = 436.1886.

91
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CHAPTER FOUR

REACTIONS OF B-5 LIGNIN MODEL QUINONE METHIDES WITH

ANTHRAHYDROQUINONE AND ANTHRANOL

4.1 INTRODUCTION

A great deal of activity has been directed toward the study of
the reactions of anthrahydroquinone (AHQ) and anthranol (reduction
products of anthraquinone, AQ) with quinone methides of the B8-aryl
ether type. It is primarily the reactions of this lignin unit which
are responsible for the accelerated cleavage of the lignin

macromolecule in alkaline—-additive pulping.

Although there is considerable speculation (Poppius, 1984;
Dimmel, 1985a) as to whether adducts between AHQ (or anthranol) and
B-ether quinone methides are intermediates in the catalytic cleavage
of B-ether bonds under soda—-AQ pulping conditions, there is no doubt

that such adducts are readily formed (Landucci, 1982).

B-Aryl ether quinone methides are not the only quinone methides
which can form under pulping conditions; any free-phenolic unit with
an a—-leaving group (OH, OAr, or OR) can form quinone methides

(Miksche, 1980). 1Indeed, when anthranol, 13C labelled at the 9

Footnote: A paper detailing the majority of the work in this chapter
has been accepted by the Journal of Wood Chemistry and
Technology for publication (Ralph, 1987a).
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and 10 positions, was reacted in base with acetylated milled-wood
lignin (conditions which generate lignin quinone methides readily at
room temperature), anthranol-lignin adducts were obtained (Landucci,
198la; Ralph, 1986a). Only two of a multiplicity of peaks in the

13

C-10 region of the "“C NMR spectrum could be attributed to adducts

with B-aryl ether units (Ralph, 1986a).

We wished to know if other quinone methides could also trap AHQ
or anthranol. If so, it is of interest to determine, firstly. how
the presence of AHQ and other species affects the reaction pathways
of the B-aryl units and, secondly, whether reactions involving
B-aryl quinone methides may help account for the considerable loss

of "AQ" from the pulping cycle (Landucci, 1984).

The main objective of the work described in this paper was to
determine if quinone methides from 8-5 linked structures react with
AHQ and anthranol and to characterise any adducts formed. The
results of this study and those of the reaction of 8-C-1 lignin

model quinone methides have been published recently (Ralph, 1987a).

4.2 RESULTS AND DISCUSSION

4.2.1 Model Compounds

The most readily available phenylcoumaran models are
dehydrodiisoeugenol 2.1 (Leopold, 1950) and its reduction product
dihydrodehydrodiisoeugenol 2.6 (Fig. 1). Use of 2.6 rather than 2.1
removes the complication of further reactions of the vinyl side
chain which are not characteristic of the phenylcoumaran moiety of

lignin.



94

Although the use of these easily synthesised models is valuable
in developing methods for the study of adduct formation, it is
preferable to use a more representative model such as 2.24 which
possesses the hydroxymethyl group present in most lignin side
chains. The presence of this group markedly influences the course
of important reactions. A model representing a ‘ring-opened’' 8-C-5
unit (which could not cyclise to a phenylcoumaran) was also required
in our studies. Compound 2.26 and its derivatives were used for

this study (Ralph, 1987, and Chapter 2).

A base-stable t-butyldimethylsilyl protecting group in compounds
4, 7, and 9, increased the stability of the quinone methides with
respect to polymerisation and removed the possibility of retro-aldol
reactions. In addition, this protecting group may prove to be a
useful lignin derivatisation reagent. 2981 NMR spectroscopy of

trimethylsilylated spruce lignin has been shown to be a viable aid

to lignin structural elucidation (Brezny, 1986).

4.2.2 Aanthranol and AHQ Adducts with Quinone Methides of B8-5 Models

Alpha-aryl ethers such as compounds 2.1, 2.6, 2.24, 1 and 4

(Fig. 1) are known (Miksche, 1980) to reversibly generate quinone
methides at a significant rate even at 10°C in 1M NaOH (Scheme 1).
Therefore, attempts to form adducts from quinone methides 10-1

(Fig. 2) were made by addition of models 2.1, 2.6, 2.24, 1 and 4

directly to solutions of anthranol or RHQ in base. These reactions

gave products as summarised in Table 1.
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The anthranol adduct 22 from dehydrodiisoceugenol 2.1 polymerised
slowly on standing to give- the-polystyryl derivative 34.

Polymerisation could be prevented by addition of trace quantities of

butylated hydroxytoluene.

TABLE 4.1 — Approximate yield (%) data for adduct reactions.@

Model Anthranol AHQ
Adductb Starting Stilbene Adduct Starting Stilbene
material material

2.1 22 70(97:3) 30 0 0 100 0
2.6 23 70 30 0 0 100 0
2.24 0 0 100 0 0 100
2.28 27 90(75:25)° 0 0 0 .

1 28 50(90:10) 50 0 - - -
4 30 50(80:20) 50 0 . = -
9 31 95(50:50)% 0 0 - - =

a Conditions: 2 eq anthranol or AHQ; 1M NaOH (except 0.3 M for 1
to minimize hydrolysis of the Y-OAc group); 50°C; 1 hr (15 min
for 2.28).

b Ratio of erythro:threo isomers (in brackets) determined from H-1
NMR after acetylation.

c 75% yield after flash chromatography.

d 80% after flash chromatography. Isolated erythro 41% and threo
39% as pure fractions.

Product not observed.
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Generation of the quinone methide 15 from the ring-opened 8-5
model 2.26 at moderate temperatures required -the-a-OH to be replaced
with a better leaving group. Attempts to form 5, the a-bromide,
from 2.26 using bromotrimethylsilane (Ralph, 1983c) were
unsuccessful due to spontaneous loss of formaldehyde, and formation
of stilbene 20 from the bromide. However, quinone
methide 16 could be generated in situ from the free phenolic
diacetylated model 2.28 in base. As there was no possibility of
quinone methide 16 reverting to a phenylcoumaran by an internal
cyclisation, the yield (Table 1) of anthranol adduct was
substantially higher from model 2.28 than from the true

phenylcoumarans 2.1, 2.6, 2.24, 1 and 4.

Silylated model 7 could be brominated using bromotrimethyl
silane (Ralph, 1983c) in chloroform. Treatment of this solution
with aqueous potassium carbonate gave relatively stable solutions of
quinone methide 17. Alternatively. quinone methide 17 was generated
from the free-phenolic o-acetate 9 in base. Reaction of anthranoil
with quinone methide 17 gave adduct 31 (after acetylation) in very
high yield as a 50:50 mixture of erythro and threo isomers. Unlike

the parent acetylated adducts 29, these were readily separated by

tlc.

A further point is apparent from Table 1. Whereas anthranol
adducts form readily from these quinone methides, attempts to form
the corresponding AHQ adducts (e.g., R'=OH of 22, Fig. 3) using both
aqueous and organic solvents, at temperatures ranging from 0°C to

80°C, were unsuccessful, presumably for a combination of steric and
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electronic reasons. It has been noted previously (Landucci, 1982)
that AHQ adds less readily than anthranol to B-aryl ether-quinone
methides and it has also been shown (Landucci, 1982) that, in

competition studies, anthranol adducts are formed in overwhelming

preference.

4.2.3 Stereochemistry and NMR Spectra of Adducts

Despite the high kinetic stereoselectivity observed (Landucci
1982; Poppius 1985a) for threo adducts from B-ether quinone
methides (e.g., 14-15), both adduct isomers can be detected from

attack of anthranol on most of the B-aryl quinone methides (Fig. 4;

Table 1).

The B-5 adducts 22-31 (Figure 3), like the B-aryl ether adducts
(Landucci, 1982; Ralph, 1983a, b; 1984) have fascinating NMR
characteristics due to their conformations in solution. For
example, in the ervthro isomer of 29 (which is analogous to the
threo isomer in B-ether adducts because of the convention of group
assignments, Figure 5) the A-ring is clearly situated over the
anthracenyl ring system, as is evidenced by the highly shielded ring
A methoxyl and the ring A protons (Figure 4). However, the minor
threo isomer is quite unlike the erythro isomer (Ralph, 1983a) of
B-ether adducts in that ring A protons are more intensly shielded.
The threo y-acetate methyl chemical shift is also anomalous,
appearing at §2.0 compared with a normal shift of §1.8. This methyl
group is presumably in a deshielding region of the anthracenyl ring
system and/or the other aromatic rings. In addition, the B-ring

methoxyl protons experience substantial shielding, indicating their
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positions within the shielding regions of the anthracenyl ring
system and/or ring A. Conformations of erythro- and threo-28
postulated from the information in their spectra, are shown in
Figure 6. Selected NMR data for these adducts are given in Tables 2

and 3.
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erythro threo

Figure 4.6. Postulated conformations of erythro and threo isomers
of 28




TABLE 4.2 - Selected 'H NMR data for adducts

Adduct Isomer(l) Solv.(Z) MHz Methoxyls Acetate methyls Aromatic protons a B 7 10 tBu MeSiMe
A3 B3 B2 A4 B2 A2 RS A6

22 e A 200 3.35 4.00 = L = = 5.37 6.40 5.51 . . 0.93 4.4
25 e A 200 3.29 3.93 2.22 2.47 - 5.48 6.53 5.48 (3.47-3.87) 0.89 4.48
28 e C 200 3.35 3.98 w 2,24 2.50 1.88 5.60 6.55 5.60

t c 200 3.19 '3.64 & 2,10 2.30 1.92 *? ? ? .
29 e [ 200 3,28 3.94 4.10 2:.15 ~ 1.70 5.50 6.50 5.55 2 4 ]

.t c 200 3.08 3.60 3.72 2.10 = 2,02 5.28 6.22 5.20 " 5 P "

31 e c 200 3.28 13.95 4,05 2.20 - - 5.50 6.55 5.60 ' . . ¥ 0.70 -0.30, -0.40

t <] 3:18 3.55 3.65 2.00 - - 5.35 6.21 5.20 " i 5 4 1.00 ©0.04, 0.06

(1) e = erythro, t = threo

(2) € = cpCl3, A = acetone-dg

Indicates resonances which are not resolvable due to coincident chemical shifts and/or to line broadening caused by hindered
rotation.

201



TABLE 3 - Selected !3c NMR data for adducts

Adduct Isomer(l) salv.(?‘) MHz Methoxyls Acetate methyls ca Cc8 cy Cl0 c9 Acetate C=0 SiMe SitBu
22 e c 22.5 55.6, 56.0 - 62.0 33.9 21.6 45.9 183.6 - - -
25 e C 22.5 55.5, 56.0 20.6 62.0 34.2 22.6 45.6 183.1 168.7 - -
28 e e 22.5 55.4, 56.2 20.6, 20.6. 20.6 58.4 38.4 67.7 45,1 182.9 167.8., 168.6, ~ -
171.0
e A 50 56.4, 56.4 20.4, 20.6, 20.6 58.6 39.3 68.1 45.6 183.0 168.4, 168.4,
168.5
£(3) A 50 ? 20.5, 20.8, 58.1 ; 67.7 45.9 182.9 168.5, 168.5, = -
168.5
29 e Cc 50 597+ 55:94 20.5, 20.6 59.1 37.9 675 45.1 183.1 168.6, 170.4 = =
61.2 (B2)
£(4) c 50 55.2, 55.6, 20.4, 21.0 57.9 37.9 67.5 45.2 182.7 168.4, 171.1 - -
60.4 (B2)
e A 50 55.6, 55.9, 20.4, 20.6 59.4 39.0 68.1 45.6 183.1 168.5, 170.5 - &=
61.5 (B2)
t A 50 55.3, 56,1} 20,3, 21.0 58.4 375 68.0 45.5 182.9 168.3, 171.2 = =
60.7 (B2)
31 e o 50 55.5, 55.6, 20.5 58.4 40.7 65.9 45.1 183.3 168.6 -5.9, ~6.0 25.8
61.4 (B2)
e A 50 55.6, 55.9, 20.4 58.7 41.9 66.7 45.6 183.2 168.5 -5.6; -5.7 26.2
61.5 (B2)
t(5) c 50 55.3, 55.5, 20.5 56.8/57.7 39.2 65.8/67.3 44.7/44.9 182.9/183.1 168.5 -3.6, -5.8 25.9
60.5/.6 (B2) “
t A 55:3: '55.7. 20.3 58.8 40.0 66.6 45.2 183.1 168.4 =32 —=8:7 26.2
60.7 (B2)
(1) e = erythro, t = threo
(2) ¢ = CDC13. A= acetone—d6
(3) From a 90:10 e:t mixture -
(4) From a 75:25 e:t mixture 8

(5)

Two rotamers

frozen out on NMR time scale
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The 13C NMR C-10 chemical shifts of these adducts in
acetone—-d6 allow a more complete-analysis of the C-10 region of
the 13C NMR of the anthranol-lignin adduct reported previously
(Ralph, 1986a). Figure 7 is a highly expanded plot of the C-10
region of the anthranol-lignin adduct on which is shown the
positions of B-aryl ether, phenylcoumaran, and B-C-1 adducts. There

is little doubt that adducts between these three unit types account

for most of the resonances in this region.

Several of the adducts exhibited hindered rotation phenomena
(Landucci, 1982; Ralph, 1984) in their proton and 13C NMR
spectra. The effect of temperature on the spectra of these adducts
was far more complex than that observed for certain B-aryl ether
adducts (Ralph 1984), and indicated that the behaviour was not
simply due to rotation about a single bond. One compound, threo-31,
was fully resolved at ambient probe temperature into two rotamers
(60:40 ratio)'on the 13C NMR time-scale (Figqgure 8). The broader
resonances from the major rotamer indicate that either the T

2
relaxation times are shorter or that further fluxional behaviour is

occurring in the major rotamer that is not significant in the minor

rotamer.

The observed stereoselectivity of anthranol attack could
reasonably be attributed to the quinone methide conformations.
Figure 9 shows the two major conformers expected (Ralph, 1984) for
B-aryl quinone methides. If the conformation does not significantly
alter the charge density at the alpha carbon and R is sterically
less demanding than Ar (as expected for R = Me, CH

OH, CH.,0Ac),

2 2
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Figure 4.7. 13¢c nMR (acetone-dg) of the C-10 region of an
anthranol-lignin adduct (Ralph, 1986a) and chemical
shifts of model adducts (e = erythro, t = threo,

8 = B-aryl ether, P/C = phenylcoumaran)
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A would be the major conformer. Attack from the less hindered side
would lead to the-erythro adduct. As R becomes larger (e.g.,
CHZOSitBuMeZ), rotamer B becomes significant, resulting in

more threo product. This argument assumes partly that the reaction
is under kinetic control. Further experiments have shown the

possibility of thermodynamic control of the reaction. This is

discussed in Section 4.2.6.

R Ar

Figure 4.9. Major conformers of B-aryl quinone methides

For reasons that are not clear, these B-aryl quinone methides,
particularly theY —acetylated QMs, are markedly less stable toward
polymerisation than B8-aryl ether quinone methides and, at modest
concentrations, are observed only transiently at room temperature.
Attempts to characterise them by NMR techniques (Ralph, 1983) are

discussed elsewhere (Ede, 1987b, Chapter 5).
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4.2.4 The Phenvlcoumaran Quinone Methide: Competition Between

Anthranol Adduct Formation and the Reversal Reaction to thé~

Phenylcoumaran

Formation of quinone methides from phenylcoumarans 2.1, 2.6,
2.24, 1, and 4 in base 1is clearly reversible (Scheme 1). The
assumed steady state quinone methide concentration is too low to be
detectable by conventional UV-visible or NMR spectroscopy. The
reverse reaction to the phenylcoumaran must therefore be very

rapid. Nevertheless, nucleophiles such as anthranol, obviously

compete for the quinone methide.

In order to ascertain how effectively anthranol can compete with
the quinone methide reversal reaction, the ®-iodide 33 was prepared
from dihydrodehydrodiisoeugenol, 2.6, by treatment with
jodotrimethylsilane in chloroform. It was assumed that, on
treatment with base, the phenolic TMS group would rapidly hydrolyse
and that the quinone methide 11 would rapidly form by elimination of
iodide. The phenylcoumaran 2.6 was isolated in high yield from such
a reaction. Addition of the iodide 33 to a solution of anthranol in
base and workup within 5 minutes gave a ratio of adduct 23 to
phenylcoumaran 2.6 of approximately 10:90. Since only traces of
adduct 23 were detected when phenylcoumaran 2.6 is reacted with
anthranol under the same conditions for 5 minutes, it is concluded
that anthranol attack is about 10% as rapid as the recyclisation

reaction.



108

4.2.5 The Phenvlcoumaran Quinone Methide: Competition Between

Adduct  Formation and the Retro—Aldol Reaction

During much of this work, quinone methides were most
conveniently generated from free-phenolic acetates or
t-butyldimethylsilylated compounds, but the use of these derivatives
precludes one very important reaction — the retro-aldol elimination
of formaldehyde. To relate the results of model studies to
reactions involving lignin itself, it is essential that the model

contains the hydroxymethyl group.

Despite its surprising effectiveness at trapping quinone
methides (Ralph, 1985b) not even anthranol could compete against the
retro—aldol elimination of formaldehyde from quinone methides 12
(Scheme 1) or 15 to give stilbenes. The reaction therefore follows
the same course as in the absence of the additive (Scheme 1)

(Gierer, 1970).

This point illustrates the pitfalls of using inappropriately

substituted or derivatised models. Acetylated models (Landucci,

1982; Gierer 1979), or acetvylated lignin itself (Landucci, 198la;

Ralph. 1986a) are frequently used to allow in-situ generation of

quinone methides at room temperature. But the protection afforded

to the hydroxymethyl group by acetvlation means that formaldehyde

loss by a retro—aldol reaction cannot compete in subsequent gquinone

methide reactions. This is not so critical in the case of B-aryl

ether quinone methides since anthranol and AHQ can add to quinone
methide 18 efficiently before the retro—aldol reaction (to give the

styryl ether) can occur (Ralph, 1985b). However, in phenylcoumaran
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and B-C-1 models, the retro—aldol reaction entirely dominated the
reaction of representative quinone methides--12 or 15 (with the
B—CHZOH substituent) whereas adducts readily formed from the
acetylated quinone methides 13 or 16, or the silylated derivatives
14 or 17. Thus, reactions on acetylated milled-wood lignin with
anthranol, where adducts other than B-ether adducts appear to be
observed in the C-13 NMR spectra (Landucci, 198la; Ralph, 1986) may

not be representative of reactions of the underivatised quinone

methides.

4.2.6 Reversibility of the addition of anthranol to the B-C-5

lignin model guinone methides

The high stereoselectivity observed for the addition of
nucleophiles to quinone methides has led to a belief that the
addition is non-reversible. Predominantly threo isomers have been
observed for the addition of amines (Ralph, 1983c), water in dioxane
solution (Nakatsubo, 1976), and anthranol and AHQ (Landucci, 1982),
to B-ether lignin model quinone methides. Decreased stereo-—
selectivity was observed when the addition of nucleophiles to the
QMs was carried out under conditions which would form the more

reactive carbonium ion instead. Ratios of erythro:threo in the

products were typically 1l:1 in these cases.

Recently it was observed that both erythro and threo adducts

were formed on the addition of anthrone, l0-methylanthrone and
10-phenylanthrone to the quinone methide of 1-(4-hydroxy-3-
methoxyphenyl)-2-(2-methoxyphenoxy)-l-propanol. As the amount of

erythro isomer increased as the reaction time increased, the
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addition was assumed to be thermodynamically controlled, with the

threo isomer being formed faster (Poppius; '1985a).

It was then necessary to determine if the ratio of isomers we
observed from the addition of anthranol to the B-C-5 lignin model

OMs reflected kinetic or thermodynamic control of the reaction.

It became apparent from a simple NMR tube experiment that for QM
17, the addition of anthranol was reversible. Pure erythro adduct
32 was dissolved in CHCl3 in an NMR tube. Two drops of 1

mol—l_l NaOD in DZO were added and spectra were recorded over 24
hours. At the end of the time period, a small amount of the threo
adduct 32 could be detected in the spectrum (Fig. 10). Over a

period of days, the ratio of threo:erythro gradually increased, but

at the same time the S/N of the adduct resonances decreased, along
with an increase in the AQ resonances. Also noticeable was the
formation of a white suspension in the aqueous layer. These
observations are consistent with the erythro adduct reversing to
anthranol and QM 17 with the anthranol oxidising to AQ, leaving QM

17 to gradually polymerise (see Scheme 2).

Further evidence for the thermodynamic control of the reaction

was dained from examining the erythro:threo ratio observed from

addition of QM 17 to anthranol; after 2 minutes reaction the ratio

of erythro:threo was 9:1, after 1 hr the ration was 1:1.
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4.3 CONCLUSIONS

Adduct formation between B-aryl quinone methides and anthranol,
but not AHQ, occurs readily and reversibly, but only when the
possibility of formaldehyde elimination from the quinone methide is
removed. Consequently, the reactivity of lignin phenylcoumaran and
B-C-1 units in soda-AQ pulping is not expected to be altered by
their additon reactions with AQ species. Conversely, it is not
expected that AQ losses can be attributed to reactions of its

reduction products with B-aryl quinone methides.

4.4 EXPERIMENTAL

4.4.1 General Methods

Acetvylations

Unless otherwise stated, acetylations were carried out following

the method described in Chapter 2.

Preparation of TBDMS derivatives

The primary alcohol (1.0 eq), t-butyldimethylsilyl chloride
(1.5 eq), and diazabicyclo[5.4,0]Jundec-7-ene (DBU, 1.4 eq) in
CH2C12 (10 ml/mmole alcohol) were stirred for 40 minutes at 40°C

(Aizpurua, 1985). The products were extracted into CH,Cl. and

2772
washed three times with saturated aqueous NH4C1. The organic
phase was dried over MgSO4 and the solvent removed to give the

silyl ethers in ca. 95% yield after purification.
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Ouinone Methides

Quinone methides- 6—-15 were generated in situ either from the

free phenolic phenylcoumarans 2.1, 2.6, 2.24, 1 and 2, or from the

free phenolic ag-acetylated derivatives 2.29 and 5 (Landucci, 1982).

Anthrahydroquinone (AHQ and AHQz_l

Solutions of AHQZ_ were prepared in aqueous 1 M or 0.3 M NaOH

containing, or free from, sodium dithionite (Landucci, 1982).

Anthranol

Solutions of the anion of anthranol were prepared by refluxing a
mixture of anthrone in 1 M or 0.3 M NaOH (20-50 ml) under nitrogen
until dissolution was complete (about 1 hour). The solutions were

then cooled to the required temperature.

AHO or Anthranol Adducts

To a solution of AHQ or anthranol (2 eq) in base (at the
temperature given in Table 1) was added the quinone methide
precursor in solid form or as a solution in a small volume of
CH2C12. After the stated time, the mixture was neutralised with
5% H,SO0, and extracted with CHCl3 (2 X). The chloroform

2774

extract was dried over MgsSO, and the solvent removed.

4

4.4.2 sSynthesis of B-5 Models

Unless described below, the lignin models were prepared

according to the methods in Chapter 2.
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2,3-dihydro-3-acetoxymethyl-2-(4-hydroxy—-3-methoxyphenyl )-7-methoxy

benzofuran (1) ein e [l e G E -

Compound 2.25 (40 mg, 0.092 mmole) was dissolved in methanol
(5 ml). To this was added pyrollidine (18.2 4l 0.37 mmole) and the
reaction was stirred for 1 hr (Mansson, 1982). The mixture was
extracted with CHCl3 and washed with 5% H2804 and water. The
organic layer was dried over MgSO4 and the solvent removed under
vacuum to give 1 as a clear, colourless oil (33 mg, 90% yield).

'H NMR (200 MHz, CDCl, §: 2.00 (3H, 5, Y-OCOCH;) 3.30
(1H, m, HB), 3.78 (3H, s, OCHB). 3.88 (3H, s, OCH,), 4.36 (1H,
dd, J

8Y1 BY2
= 11.1, YZ)' 5.72 (1H, d, JaB =6.9, Hg), 5.80 (1H, s,

= 7.6, J.YlY2 = 11.1, Yl). 4.47 (14, d4d, J = 5.5,

J
YLY2
Ar-OH), 6.8-7.2 (6H, m, Ar-H).

1-(4-benzyloxy—-3-methoxyphenyl)-2-(2-benzyloxy—-3—methoxyphenyl)-3-

(t-butyldimethylsiloxy)-propan—1l-ol (2)

Compound 2.17 (200 mg, 0.40 mmole) was t-—butyldimethylsilylated
in the normal way. Workup gave 2 as a clear oil (250 mg, 100%).
'EmR  : (200 MMz, cDCL,): ~0.09 (6H, s, SiMe,). 0.86
(9H, s, “Busi), 2.83 (1H, d, J = 3.7, ¢-OH), 3.67 (3H, s, OCH,),
3.60-3.70 (3H, m, HB8, HY's), 3.86 (3H, s, OCH;)., 4.53 (1H, d,
J = 11.1, benzyl CH), 4.93 (1H, 4, J = 11.1, benzyl CH), 5.07 (1H,
dd, J = 4.6, Jo-OH = 3.7, Ha), 5.11 (2H, s, CHZPh), 6.50-7.10

uB
(6H, m, ArH), 7.30-7.50 (10H, m, ArH).
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1-(4-hydroxy-3-methoxyphenyl)-2-(2-hydroxy-3-methoxyphenyl)-3-

(t-butvldimethylsiloxy)-propan—1-ol--(3)

Compound 2 was debenzylated in the normal way to give 3 as a

clear oil (88%).
1y NMR (200 Mz, CpCly) 8: ~0.04 (6H, s, SiMe,), 0.88 (9H,
s, "Busi), 3.48 (1H, m, HB), 3.60-3.90 (2H, m, (HY's)., 3.78 (3H,

s, OCH3). 3.88 (3H, s. OCH3), 5.20 (1lH, 4, Jy

g 6.5, Ha),

6.60-6.90 (6H, s, OCHB).

2,3—-dihydro—3—-(t-butyldimethylsiloxymethyl)-(4-hydroxy—3-

methoxyphenyl)—7-methoxybenzofuran (4)

Compound 3 was shaken with 5% H2804 to give 4 as a clear,
colourless oil.

1§_§M§ (200 MHz, CDC13) §: 0.04, 0.06 3H, (2 x 3H, 2s,
siMe,), 0.89 (9H, s, SiBu*), 3.65 (1H, m, HB), 3.84 (3H, s,
OCH3). 3.90 (3H, s, OCH3). 3.80-4.00 (2H, m, HY's), 5.55 (1H, d.
Jyg = 9-8 Hz, Hq), 5.60 (1H, s, Ar-OH), 6.80-7.00 (6H, m, Ar-H).

139_§ng (50 MHz, CDCl,;) &: -5.31, -5.28 (SiMe,), 18.3
(Me,CS1) . 25.9 (MesCSi), 54.2 (B), 56.0 (OCH3), 65.5 (y), 87.9
(o), 108.7 (A2), 112.1 (B4), 114.3 (A5), 117.1 (B6), 119.1 (A6),
121.2 (B5), 128.0 (Al), 133.7 (Bl), 144.5 (B2), 145.7 (A4), 146.7

(A3), 148.3 (B3).
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1-(4-hydroxy-3-methoxyphenyl)—-2-(2,3-dimethoxyphenyl )})-1-bromo—-propan—

3-0l1 (5) Yo
Attempted bromination of 2.26 using bromotrimethylsilane (Ralph,

1983) gave only the stilbene 20, presumably via HBr and formaldehyde

elimination from bromide 5.

1y NMR (60 Mz, cDCl,) 6: 3.80 (9, s, OCH), 6.40-7.20

(84, m, ArH and vinyl H).

1-(4-benzyloxy—3-methoxyphenyl)-2-(2,3-dimethoxyphenyl)—-3-(t-butyl-

dimethylsiloxy)—-propan—1-ol (6)

Compound 2.18 (100 mg, 0.244 mmol) was t-butyldimethylsilylated
in the normal way. Workup gave 6 as a clear, colourless oil
(123 mg, 96%).

lH NMR (200 MHz, CDC13) §: -0.03 (3H, 4, SiMe), -0.02 (3H,
s, SiMe), 0.85 (9H, s, "Busi), 3.38 (3H, s, oCH,), 3.63 (3H, s,
OCH3)' 3-50_3.70 (ZH' m, H'Yll HB)' 3-76 (3H, S, OCH3)’ 3.92
(1H, dd. J.EB = 6.5, JhYé = 9.3, Hyé), 5.03 (2H, s, CHPh), 5.12

(1H, 4, JaB = 5.1, Ha), 6.60-7.00 (6H, m, ArH), 7.10-7.60 (5H, m,

ArH).

13 ¢ MR (50 MHz, CDC1,) §: -5.6 (SiMe,), 18.2 (Me,CS1),

25.9 (Me3g31), 46.8 (cB), 55.7, 55.8 (ocu3). 60.6 (BZ—OCH3).

64.8 (Cvy), 71.1 (CHZPh), 74.6 (ca), 110.7 (B4)., 110.8 (A2), 113.7
(a5), 119.0 (A6), 121.7 (B6), 123.4 (BS5), 126.6 (benzyl 3,5), 127.3
(benzyl 4), 128.2 (benzyl 2,6), 132.7 (Al), 136.0 (Bl), 137.3

(benzyl 1), 147.2 (A3), 147.7 (B2), 149.3 (A4), 152.6 (B3).
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Mass Spectrum High resolution molecular ion not observed, but

Mt—Hzo measured at m/z = 520.2617; calculated m/z for

C31H400551 = 520.2645.

1-(4-hydroxy—-3—-methoxyphenyl)-2—-(2,3-dimethoxyphenyl)-3—-(t-butyl-

dimethylsiloxy)-propan—1-ol (7)

Compound 6 was debenzylated in the usual way to give 7 as a

clear oil (97 mg., 96%).

Ly R (200 Mz, cpcly) §: -0.049, -0.043 (2 x 3H, 2s,

SiMe,), 0.88 (%H, s, Butsi), 3.65 (3H, s. OcH,), 3.65 (1H, m,
HB)’ 3.68—3-78 (2Hl m, HYIS)' 3.76 (3H' S, OCH3)' 3.85 (BH' S,
OCH,), 5.14 (1H, d, J = 4.5 Hz, Hy), 5.55 (IH, s, ArOH), 6.60-7.00

(6H, m, Ar-H).

1-(4-benzyloxy—3—methoxyphenyl)—l-acetoxy—-2—-(2,3-dimethoxyphenyl)—3-

(t-butyldimethylsiloxy)-propane (8)

Compound 6 was acetylated in the normal way to give 8 as a clear
oil (100%).

' NMR (60 MHz, CDC1, §: 0.18 (6H, s, SiMe)), 1.00 (%, s,
“Busi), 2.04 (3H, s, @-OAc), 3.74 (3H, s, OCH,), 3.70-4.00 (3H,
m, HB, HY's). 3.85 (3H, s, OCH3). 3.88 (3H, s, OCHB). 5.30 (2H,
S, CHZPh). 6.34 (1lH, d, JGB = 6.4 Hz, Ha), 6.80-7.40 (6H, m,

ArH), 7.40-7.80 (5H, m, ArH).
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1-(4-hydroxy—-3—-methoxyphenyl)—l1-acetoxy—-2-(2,3-dimethoxyphenyl)—3—

(t-butyldimethylsiloxy)-propane (9)

Compound 8 was debenzylated in the usual way to give 9 as a
clear oil (88%).

1y aMr (200 Mz, cocly) & 0.15, 0.18 (2 x 3H, 2s,
siMe,), 1.05 (%H, s, Bu'si), 1.98 (3H, s, 0-OCOCH,). 3.82 (3H,
s, OCH3). 3.86 (1H, m, HB), 3.94 (3H, s, OCH3)r 3.90-4.10 (2H,
m, HY's), 3.98 (3H, s, OCH3), 6.00 (1H, s, Ar-OH), 6.34 (1lH, d,
J .= 7.8, Hy), 6.80-7.40 (6H, m, Ar-H).

as

Mass Spectrum High resolution molecular ion not observed, but

+
M. - CH3COOH measured at 430.2169; calculated m/z for

C24H340681 = 430.2175.

4.4.3 anthranol Adducts

Conditions, yields and erythro:threo ratios are given in Table

1l; selected NMR data are given in Table 2 and 13C NMR data in

Table 3.

Adduct 22

Prepared from model 2.1. The erythro isomer was isolated by
flash chromatography using chloroform as eluant. Acetylation gave
adduct 24. On standing, compound 24 spontaneously polymerised,
presumably to the styrene polymer 34 as indicated by the line

broadening, the loss of the allylic methyl resonance, and the

appearance of a new (broad) aliphatic methyl resonance ( §ca. 1).
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Adduct 23

Prepared from model 2:6. The erythro isomer was isolated by

prep. tlc using EtOAc:hexane as eluant. Acetylation gave adduct 25.

Adduct 26

Prepared from model 1. Attempts to separate threo and erythro

isomers were unsuccessful.

Adduct 27
Prepared from model 2.28. Acetylation gave 29. Small scale
separation on analytical tlc plates using multiple elution with

EtOAc-hexane gave 300 pg pure erythro adduct.

Mass spectrum (probe, CI, isobutane) m/z: 595((M+H*), 48),

416(13), 400(37), 356(11), 340(100), 238(1l1).

Adduct 28

Prepared from adduct 26.

Adduct 30

Prepared from model 4, followed by acetylation.

Mass spectrum (probe, CI, isobutane) m/z: 623((M+H+), 64),

428(13), 368(59), 355(57), 326(15), 314(28), 299(16), 285(22),

283(18), 257(100), 243(48).
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Adduct 31

Prepared from model 9, followed by acetylation. The 29Si-NMR

spectra also showed hindered rotation features. Threo-31 (CDC13,
39.8 MHz) : 6 19.96, 19.99; ervthro-31 §19.39 (broad).

T

Mass spectrum (probe, CI, isobutane) m/z: 667((M+H+), 100),

472(13), 443(20), 340(72).

4.4.4 Competition for the Quinone Methide Between Anthranol Adduct

Formation and Reversal to the Phenylcoumaran

Model 2.6 (160 mg, 1.0 eq) in CDCl3 was treated with

trimethylsilyl iodide (117 mg, 1.2 eq) for 3 minutes to give the

a—iodide é}_(as evidenced by lH NMR, & 5.5, JuB ca. 10 Hz).

This solution was rapidly added to a solution of anthranol (190 mg)
in aqueous base (1 M NaOH), stirred for 5 minutes, then neutralised
and extracted with CHC13, etc., as in the general method for

adduct formation. The resultant product mixture was approximately

10% anthranol adduct 22 to 90% phenylcoumaran 2.6 by 1H NMR.

4.4.5 Anthrone Adduct Reversibility

Adduct 32
Adduct erythro 31 (12 mg, 0.018 mmol) was dissolved in
methanol. To this was added pyrollidine (36 pl, 0.072 mmol) and the
reaction stirred for 1 hr. The mixture was extracted with CHCl3
and washed with 5% H2804 and water. The solvent was removed
under reduced pressure to give 32 as a clear oil (7 mg, 64%).

1H NMR clearly showed the loss of the phenolic acetate resonance.
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Isomerisation of adduct erythro 32

“"Adduct erythro-32 was dissolved in CDCl,_, in a 5-mm NMR tube,”

3
and the 1H spectrum recorded. To this was added a drop of
NaOD/DZO and the tube was shaken periodically over a period of 24

hours. The 1H spectrum recorded after 24 hours showed the

presence of a small (<5%) amount of the threo adduct 32.

After 1 week, the S/N of the adducts (erythro and threo 32) had

decreased markedly from the initial spectra. The AQ resonances had
increased significantly, and the white suspension formed in the

aqueous layer indicated the presence of the QM polymer.

Reversibility of the Addition of Anthrone to OM 17

oM 17 (in CDC13) formed by the method of Ralph (1983) was
added to a solution of anthranol in a 1:1 mixture of 1 mol 1_1
NaOH and dioxane maintained at 40°C under oxygen—free N2.

A sample was withdrawn after 2 minutes and extracted with
CHC13. The organic layer was dried and the solvent removed. The

resulting oil was acetylated in the usual way. 1H NMR analysis

showed a 9:1 ratio of erythro-3l:threo—-31. This procedure was

repeted after 1 hr. 1H NMR analysis showed a 1:1 ratio of

erythro—-31: threo—3l.
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CHAPTER FIVE

SYN AND ANTI LIGNIN MODEL QUINONE METHIDES: ASPECTS OF THEIR

FORMATION, CHARACTERISATION AND DIFFERENTIAL REACTIVITY WITH AMINES

5.1 INTRODUCTION

It is well established that p—quinone methides (QMs) are key
intermediates in alkaline—additive wood pulping reactions. They
have also been implicated as the biosynthetic precursors of lignin,

lignans, neolignans, and flavanoids (Taylor, 1967).

Quinone methides derived from lignin model compounds undergo
addition reactions with nucleophiles (Scheme 1) such as water,
hydroxide ion, hydrosulphide ion, alcohols, acids, amines, thiols
anthranol, and anthrahydroquinone (Leary, 1977a, b; Hemmingson,
1975, 1979; Ralph 1983c). It is reactions of this type which are
believed to be important in delignification reactions occurring in

pulping processes.

The characterisation of quinone methides has in general relied
on the limited structural information available from UV
spectroscopy., or the presence of stabilising groups on the

methylenecyclohexadienone moiety to obtain species long lived enough

Footnote: Papers detailing the majority of the work in this chapter
are in preparation for submission to the Journal of
Organic Chemistry and Organic Magnetic Resonance (Ede,
1987b; Ralph 1987b).



for NMR studies (Grunanger, 1979). However, some lignin model
quinone methides—-are surprisingly stable and are amenable to more
informative study by both 1H and 13C NMR spectroscopy

(Zanarotti, 1983, 1985; Ralph, 1983c,d).

Although the characterisation and reactivity of lignin model

123

quinone methides have been well documented, the chemistry of the S¥YN

and ANTI isomers (Fig. 1) of 2-methoxy substituted lignin model.

quinone methides (Ralph, 1983d) has received little investigation.

H.. R
1
6 2
3
4 ~OMe R ?u
o) H
SYN
‘Nu ( -
H., R OCHg
(=)
6 k 2 O
. A (eg. Nu= OH~ SH- AHQZ™)
MeO 4
@)
ANTI

Scheme 5.1. Addition of nucleophiles to quinone methides.
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CH0 QCHg OCH
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‘ N OCHg IB\
"z = OCHg
e | |
Ry Hawe \CHQOSII—{-— Rugg éHQOSIE—-}—
5
6
OCHg OCHg
o) o)
R
6 7 H
8 D

107 110 1IN 1=

Figure 5.1. Quinone methides.

This chapter deals with QMs derived from lignin model compounds
representing the 1,2-diarylpropane-1,3-diol ("8-aryl") and the
l-aryl-2-aryloxypropane-1,3-diol ("B8-aryl ether") moieties known to
be present in wood lignin. The new B-aryl QMs have been
characterised by 1H and 13C NMR, and some previous 13C NMR
assignments corrected (Ralph, 1983d). Factors leading to the
preferential (2:1) formation of the SYN isomer over the ANTI isomer
of the B-aryl ether and B-aryl QMs have been evaluated. A simple
NMR tube experiment was devised to determine the relative rate of

addition of orimary amines to the QM isomers.
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5.2 RESULTS

5.2.1 Lignin Model and Quinone Methide Syntheses

The l-aryl-2-aryloxypropane-1,3-diol model derivatives 10-19
(Kratzl, 1959; Nakatsubo, 1975; Ralph, 1981, 1983c; Landucci,
1981b, 1982) and their quinone methides 1-5 were synthesised by

previously described methods.

Compounds 23 and 24 (phenolic precursors of QM 6) were prepared
by the following method: t-butyldimethylsilylation of threo-1-(4-
benzyloxy-3-methoxyphenyl)—-2-(3,4-dimethoxyphenyl)-propane-1,3-diol
(Ralph, 1987) to give threo-1-(4-benzyloxy-3-methoxyphenyl)-2-(3,4-
dimethoxyphenyl)-3—(t-butyldimethylsiloxy)-propan-1-ol 21 followed
by debenzylation to give threo—1-(4-hydroxy-3-methoxyphenyl)-2-(3,4-
dimethoxyphenyl)—-3-(t-butyldimethylsiloxy)-propan—-1-ol 22. Reaction
of 22 with trimethylsilyl bromide gave a 1:1 mixture of 23 and 24.
Compounds 25 and 26 were obtained by reaction of compound 4.7 with
trimethylsilyl bromide. The a-deuterated ¢-bromides 30 and 31 were
obtained by: LiAlD4 reduction of compound 3.4 to give
erythro—-l-deuterio-1-(4-benzyloxy-3-methoxyphenyl)-2-(2,3—-dimethoxy-
phenyl)-3-(t-butyldimethylsiloxy)-propan—-1-ol 28, then debenzylation
of 28 to give 29 erythro-l-deuterio-1-(4-hydroxy-3-methoxyphenyl)-2-
(2,3-dimethoxyphenyl)-3-(t-butyldimethylsiloxy)-propan-1l-ol).
Reaction of 29 with trimethylsilyl bromide gave a 1:1 mixture of 30

and 31.

A synopsis of the reactions leading to the formation of QMs 1-9

is given in Table 1. It was shown by 1H NMR that the phenolic



TABLE 5.1 - Phenolic precursors leading to QMs 1-9

Phenol structure Entry No. Substitution Reaction oM SYN:ANT L
———————————————— conditions
By By B
10 Br H OH
(a) (1) 1
11 H Br OH
12 Br H H
(b) (i) 2
13 H Br H
R H
14 Br D OH
o CH,Ry {c) (1) 3
Ry Ar' 15 | b Br OH
16 Br D H
(d) (1) 4
17 D Br H
18 OAc H OAc
(e) (i1) a5 2:1
19 H OAC OAC
Rt | 23 | H Br -
Ar CH,0Si—| (f) (ii1) 6
RyAr" 2 R " -
2
25 H Br = (iii) or
(@) 3
26 Br H - (iv) or (v)
RiH |
Ar. CH,0Si- (h) 4.9 | oac H - (ii) 1
RzArm
30 D Br = (ii1) 8
L)
31 Br D -
Arer" (3 32 | - - - (vi) 9
e - QOH O I
OCH, CHO OCH,4 CHO OCH,
(1) NaHCO3/D20/CDC13 (i1) NaO[?/DZO/CDC13 (iii) 1(2c:o3./D2o/cnc13
(1v) K,C0,/D,0/CCL, (v)  K,C0,/D,0/CyDg (vi) ng,o/ccl,
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precursors were quantitatively converted to their quinone methides.
The QMs were stable in solution for at least several hours, some for

days. The QMs polymerised in the absence of solvent (Ralph, 1983c).

5.2.2 NMR Characterisation

The 200 MHz 1H NMR spectra showed in all cases the presence of

two isomers of the QOMs in a ratio of 2:1 SYN-ANTI (+ 5%).
Assignments of the resonances for each isomer of QMs 1-5 have been
reported previously (Ralph, 1983d). The relevant data for the new
QOMs 6-8 is reported in Table 2. A typical spectrum of the
methylenecyclohexadienone/aromatic region of 7 is shown in

Figure 2a. It was interesting to note the magnitude of the 5-bond
coupling constant of 1.5 Hz between H6 and Ha in the ANTI isomer of
7 compared with that of 0.6 Hz for the SYN isomer. This coupling is
analogous to 1,4-trans (SJ = 1.3 Hz) vs. 1.,4-cis (5J = 0.6 Hz)
coupling in 1,3-butadiene (Harris, 1983). Considerable spectral
simplification was evident in the spectrum of the a—deuterated QM 8
(Fig. 2b). The long-range coupling between H3, H5, H6, and HOwas
removed as well as the loss of the HQ resonance.

13

A previous assignment of the ““C NMR shifts of the SYN and

ANTI isomers of QM 2 was shown to be incorrect, as a complete,

unambiguous 13C assignment of QM 2 was made from the correlations

13 1

observed in a 2D NMR C—- "H shift correlation experiment (Bax,

1981). The 2D spectrum is shown in Figure 3. 13C NMR spectra

were obtained of OMs 7 and 8 (as mixtures of SYN and ANTI isomers).
Comparison of the two spectra showed that the Ca signals of 7

(GSYN = 149.1 ppm, SANTT 148.7 ppm) were not present in the
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deuterated analogue 8 due to loss of signal from quadrupolar
broadening, 13C—_NZH coupling and the loss of the heteronuclear
NOE. The assignments were consistent with those from the 2D
spectrum of 2. The 13C assignments of 2, 7 and 8 are reported in

Table 3. CHCI3

A = ANTI
S = SYN

7

B W T

Y/
l B RING
5A 8 sls / \ 3S «AdS 6A 6S 3A
AN A 2a
B [ 1 I T l T ] T l 1 I — ‘ I
7°6  7-4 72 70 68 6°'6 6°4
PPM

Figure 5.2. lH NMR spectra of 7 and 8.



TRABLE 5.2. lH NMR data for QMs 6-8
t a
oM Me,Si Busi OCH, ¥ 8 a H3 H5 H6 B ring . .JBI1 Jﬁzz Jas Jaa s Isq Jea
6 SYN -0.02 0.828  3.77 4.11™  6.559990 g 6199 g ggddd g 4odd g 956,90 9.9 . 2.3 <0.3% 9.7 <o0.3® o.3
-0.01 3.86
3.94
6 ANTI -0.01 0.825  * 4.2 6.6099%  §.30%0  .5899 5 489 6.75-6.90 10.1 1.8 <0.3° 9.7 <0.3° 1.4
7 8N -0.01 0.82 3.85 . 456"  6.509999 g 53dd 5 45994 o 30dd o 55 9,03 8.6 2.2 0.5 8.2 <0.3° 0.5
-0.02 3.83
3.75
7 ANTI -0.01 0.81 " 4.63"  6.649090 g 59dd 5 5,440 g 40dd g gy 703 7.9 . 2.0 <o0.3® 8.3 0.4 1.5
8 SYN -0.01 0.82 3.85 . a.56%d - 6.739 7,059 399 6.82, 7.03€ - 6.5 6.8 2.3 - 9.5 - -
-0.02 3.83
3.75
8 ANTI  -0,01 0.81 o a 4.63dd - 6.29d 7.644d .47d 6.82, 7.03C - 6.5 6.8 2.0 - 9.8 - -

0o

not measurable;

- coupling not present;

HY resonances overlapped by methoxyl resonances;
evidenced by broadening of appropriate signals;
B ring resonances overlapping H6 SYN resonances,

621



TABLE 5.3 - 13¢ MR data for 2 and 1

OM  Mepsi tBusi a 8 7 OCHj Al A2 A3 A4 A5 A6 Bl B2 83 B4 BS B6
2 sw - = 146.5 74.4 21.2 55.1, 55.8 181.0 153.1 104.1 132.0 141.6 128.5 151.1 146.9 112.3 122.9 120.8 117.7
2 ANTI - = 146.4 74.2 21.8 55.1, 55.8 18l.2 152.8 111.9 131.8 132,5 129.7 151.1 146.9 112.3 122.9 120.8 117.9
7 sYN -5.4 18.3, 25.8 149.1 41.9 66.47 55.1, 55.8 181.4 153.0 105.7 132.7 141.9 127.3 134.0 146.6 153.1 111.4 124.39 120.3
7 aNTI -5.4 18.3, 25.8 148.7 41.7 66.53 55.1, 55.8 181.7 153.0 112.8 132.3 134.1 128.9 134.0 146.7 153.1 111.4 124.34 120.1
61.0

0€T
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5.2.3 Reactivity Study

The determination of the relative rates of addition of primary
amines to QMs 3, 4, and 8 (each as a 2:1 mixture of SYN:ANTI
isomers) was conveniently carried out by the 1H NMR method
described in the Experimental Section. This gave the ratio of each
of the isomers of the QM present in solution after the addition of
approximately 10 0.1 mole-equivalent aliquots of the amine. The
results of these experiments are summarised in Table 4. Typical
examples of the 1H spectra obtained are shown in Figure 4. A

graph showing the decrease in [QM] vs. moles amine added is shown in

Figure 5.

TABLE 5.4 — Relative rates of addition of amines to QMs

oM RNH, No. additions kanTI/KSyN
amine

3 R = (CH2)20H 13 1.3 + 0.1

4 R = (CHZ)ZOH 7 1.4 + 0.2

4 R = "Bu 10 1.4 + 0.2

8 R = (CH,),OH 5 1.4 + 0.3




133

M

0-6n
0-3n
3S F6S
3A
LSA_I O'On
II‘IKIII'YTI' ‘ll’!l’]lr
6°5 6-4 6-3 6-2
PPM

Figure 5.4. 14 sSpectra obtained from addition of ethanolamine to
n mmole 4

e SYN

AANTI

ncorresponds to Figure 5.4.
----line expected if kgyn=kanTi

<
9}]
T

Moles QM (x n)

1 | L 1 r— { | I— =g
01 0-2 03 04 05 06 07 08 0.9 1-0
Moles Amine Added (x n)

Figure 5.5. Plot of [QM] vs moles amine added to 4.
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5.3 DISCUSSION

5.3.1 Ouinone Methide Formation

It is widely believed that quinone methide formation is the
rate—determining step in most alkaline-additive wood delignification
reactions (Miksche, 1980), yet little is known of the detailed
mechanism of quinone methide formation. Miksche (1980) has shown
that at pH > 11, rate = k[phenolate anion] for 4-hydroxy-3-methoxy
benzyl alcohols, and that at room temperature the rate of formation
of quinone methides from the phenolate anions of these benzyl
alcohols is negligible — a temperature of 110°C is required before
k = 10—3 minhl. The rate of formation of quinone methides of
4-hydroxy-3-methoxy benzyl acetates or bromides (formed at room
temperature) is much faster (Ralph., 1983c,d) as the elimination of
the acetate or bromide from the phenolate is more facile and at room
temperature appears to be concommitant with phenolate ion
formation. Other studies (Leary, 1977a,b; Hemmingson, 1975, 1979;
Ralph, 1983c; Nakatsubo, 1976; Cook, 1956; 1Ivnas, 1961; Lindgren,
1963) have indicated the pH dependence of the mechanism of addition
of hydroxy compounds to QMs (the reverse reaction of QM formation).
At pH < 4 a benzylic carbonium ion is thought to be the key
intermediate, whereas at intermediate pH a plurality of mechanisms

(OM vs. carbonium ion) may exist.

A theoretical treatment (Murphy, 1981) has indicated that the
1,6-conjugate elimination (an example of which is QM formation) will
have the opposite stereochemistry to that of the SNZ‘ and

1,4-conjugate eliminations, but the study dealt with 1,6-substituted
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hexa-2,4-dienes of defined cis/trans isomerism, rather than those

with a conformationally mobile aromatic group within the conjugated

system.

5.3.2 Ouinone Methide Isomerism

None of the above mechanistic discussons aid in the
determination of the origin of the 2:1 excess of SYN over ANTI
isomers in 2-methoxy substituted QMs. From Table 1, however,

several observations can be made:

(1) comparison of entries (a)-(d) with (e) suggests a non—dependence
of the ratio on the benzylic leaving group.

(2) The ratio was independent of the side-chain stereochemistry
(entries (a) (i)). The ratio also remained unchanged whether
the bromides were isomerically pure (>9:1 12-13) or 1:1 mixtures.

(3) oMs formed in CDCl,, CC14. or CgD, showed no variation

3
in the SYN:ANTI ratio (entry (g)).

(4) The vinylogous quinone methide
2-methoxy-4-(prop—1,3—dienyl-cyclohexa—2,5-dienone 9 (formed via

a free radical mechanism (Zanarotti, 1983)) gave the same 2:1

ratio of isomers as QMs 1-8 (entry (j)).

The above evidence suggests that the 2:1 SYN:ANTI ratio in these
quinone methides is independent of both the side-chain on the
methylenecyclohexadienone moiety, and, as far as can be ascertained,
the solvent. It also appears, from VT 1H NMR epxeriments, that
the ratio is independent of temperature. There was no observable

change in the 2:1 ratio of SYN 7 to ANTI 7 from —10 °C to 80 °C. R
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study (Berg, 1978) with some quinone methides with donor
substituents on the exocyclic carbon has determined that low
barriers to rotation about C4-C exist. This was clearly not the
case for QMs 1-8. It was clear from the VT results that the ratio

did not reflect a pair of interconverting isomers at equilibrium.
The clearly defined preference for the formation of the SYN
isomer in these quinone methides can be accounted for by a range of

mechanisms, but two in particular are of interest.

1. Product control: It has been noted (Ralph, 1983d) that the SYN

isomers of QMs appeared (intuitively) to be more sterically
crowded than the ANTI isomers based on possible interactions
between the 2—OCH3 and the B8 substituents. However, since it
was the SYN isomer which predominated in all QMs studied, the
preference may have arisen instead from some unspecified
electronic effects. Also reported was a steric interaction
between HB8 and H3 in the SYN isomer, and H8 and H5 in the ANTI

isomer of the QMs. this interaction was manifested by:

- Downfield shifts of the H3 SYN and H5 ANTI resonances
relative to the resonances from the non-compressed protons H3
ANTI and H5 SYN in the 1H NMR spectra.

- Corresponding upfield shifts of the C3 SYN and C5 ANTI
resonances, relative to the resonances from C3 ANTI and C5

. 13
SYN in the C NMR spectra.

-~ An homonuclear 1H—1H NOE enhancement of the H3 SYN and H5

ANTI resonances on irradiation of the HB protons.
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For QMs 1-8 the above steric interactions have been observed,
but it is notable that for QMs 1-8 the downfield shift in the
lH NMR resonance of H3 SYN relative to H3 ANTI is less than
the downfield shift of H5 ANTI relative to H5 SYN. These
differences are mirrored in the 13C spectra, with the upfield
shift of the C3 SYN resonance relative to C3 ANTI being less
than that of C5 ANTI relative to C5 SYN. Allied to these
observations are the results of the difference NOE experiment on
OM 8 which showed a 15% enhancement of H5 ANTI compared to a 10%
enhancement of H3 SYN on irradiaton of the HR protons. These
results suggest that the extent of through-space interaction
between HB ANTI and H5 ANTI is greater than that between HB SYN
and H3 S¥YN, i.e., there is more steric crowding in the ANTI

isomer compared to the SYN isomer.

The greater H5 ANTI/HS8 ANTI interaction must be attributed to a
decrease in the internuclear distance between H5 and HB in the
BDNTI isomer compared to HB8 and H3 in the SYN isomer. Such a
decrease could be achieved by a distortion of the
cyclohexadienone ring; for example if the effect of the
2-methoxyl was to cause the C2=C3 bond to be longer than the
C5=C6 bond (the use of a molecular model may aid the reader in
visualising this effect), the ensuing distortion would cause a
decrease in the H5-HB internuclear distance in the ANTI isomer

only.

Thus, if the formation of the QMs was under product development

control (House, 1972), the favoured transition state would be



138
that leading to the more stable (less sterically crowded) SYN
isomer. However, a 2:1 ratio of isomers does not suggest a
large energy difference between the two forms, and since both
isomers are obtained, the two transition states (between the
phenolate and the two QM isomers) may well be able to
interconvert through a common transition state, either by a
rotation around the developing C4-Ca double bond (requires
rotational freedom) or by a microscopic reversibility of the
benzylic group elimination, i.e., if the leaving group were
temporarily enclosed in a cage of solvating molecules, resulting
in several addition-eliminations to give an equilibrium mixture
followed by irreversible elimination of the leaving group to

give the 2:1 SYN:ANTI ratio in the QMs.

Conformational Equilibrium Control: The crystal structures of

2.6 and 2.28 (which are closely related to the phenolic
precursors of QMs 6 and 8) show that the orientation of the A

ring and Ca is as shown in Figure 6. Since this is the lowest
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Figure 5.6. Low energy configurations of precursor compounds and
their relationship to quinone methide isomers.
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energy arrangement in the solid, it is likely (neglecting any
unusual crystal packing interactions) that this..conformation
will also be a low energy rotamer in solution. Formation of the
QoM from the phenolate in the same conformation will give rise
to the SYN QM. A rotation of 180° about Cl-Ca in the phenolate
(also likely to give a low energy rotamer) followed by OM
formation will give rise to the ANTI QM. If the energy of the
transition state of QM formation is lower than the transition
state of Cl-ca rotation in the phenolate, the ratio of the QoM
isomers would reflect the relative populations of the phenolate
rotamers, and the system would be under conformational

equilibrium control (Zefirov, 1977).

In the case of phenols with benzylic bromides or acetates, the
OM formation was qualitatively very fast, but the relative rates of
rotamer interconversion vs. QM formation have not yet been

determined.

5.3.3 Differential Reactivity

Previous kinetic studies (Leary. 1977a,b; Hemmingson, 1975,
1979; Nakatsubo, 1976; Cook, 1956; 1Ivnas, 1961; Lindgren, 1963)
of the reactivity of QMs of this type with nucleophiles have either
directly or indirectly measured the disappearance of the QM with
time, but have not been able to distinguish between the reactions of
the two QM isomers. Thus the previously determined rate constants

have neglected the possibility of differing reactivities of the two

isomers.
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In this study, primary amines were chosen as the most suitable
nucleophiles,-since the rate of reaction with QMs has been
(qualitatively) shown to be very fast, and under the slightly
alkaline conditions used, irreversible (Ralph, 1983c). Alcohols and
thiols react more slowly with QMs than primary amines (Ralph,
1985b), and do so reversibly (Ralph, 1985b; Miksche, 1980), and for
these reasons were not considered. For a qualitative kinetic
analysis, it was important that the product ratio reflects the

kinetic ratio of the isomers.

The reactivity difference between the 2 isomers of 3, 4, and 8

was small but consistent. Since the addition of t-butylamine (a
more hindered but also more basic amine than ethanolamine) to the
OMs showed no observable change in the reactivity ratio, the
reaction was probably not subject to steric limitations. The
greater rate of addition of amines to the ANTI isomers may be
related to the higher strain energy of these QM isomers compared to
the SYN isomers. Greater relief of steric strain in the ANTI isomer
may account for k

ANTI being greater than kS The addition of

YN
very hindered nucleophiles such as anthranol and anthrahydroquinone
to QMs 1-4 proceeds so much more rapidly than most other common

nucleophiles (Ralph, 1985), that the addition may be controlled by

electronic effects or a different mechanism may be at play.

Anthrahydroquinone will not however add to QMs 5-7 (Ralph, 1987a).
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5.4 CONCLUSIONS

Quinone methides (2-methoxy-4-methylenecyclohexa-2,5-dienones)
derived from 1,2-diarylpropane-1,2-diol lignin model compounds have
been characterised by lH and 13C NMR. These and other gquinone
methides have been shown to exist in solution as a pair of
non-interconverting isomers, in a ratio of 2:1 SYN:ANTI. The
isomeric composition has been shown to be independent of both the
benzylic leaving group and the side-chain stereochemistry in the
parent phenolic lignin model compounds. The reason for the
predominance of the SYN isomer in these quinone methides was not
obvious, but may have been a product controlled preference for the
sterically less compressed SYN isomer, although the possibility
existed that the system was under conformational equilibrium

control, with the ratio of the QM isomers reflecting the relative

populations of the solution-state rotamers of the precursor phenols.

It was shown by a simple NMR tube experiment that the ANTI
(minor) isomers reacted with primary amines approximately 40% faster
than the SYN isomers, possibly due to the greater relief of steric

strain in the ANTI isomers.

The results obtained in this chapter have, in part, led to the
necessity for some further studies to obtain a clearer understanding
of the mechanism of QM formation, and the importance of the

mechanism to pulping reactions.
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The rates of formation of quinone methides from benzylic
bromides and acetates should be quantified (possibly by stopped flow
kinetics), and, if possible, a determination of the rates of

formation of the SYN and ANTI isomers.

Determination of the energy barrier to rotation about the
Cl-Cca bond in the phenolate precursors and comparison with the
energy of formation of the QM isomers would be a test of the

conformational equilibrium control hypothesis.

It would be interesting to determine if QOMs formed from benzyl
alcohols exhibited the same 2:1 SYN:ANTI ratio, although, given the
reversibility of OH addition to QMs, this would not be a trivial

experiment.

Also of interest would be determining the relative addition
rates of pulping additives (SH , AHQZ_) to OMs - would they add

to the SYN isomers faster than the ANTI isomers?

Lastly, a largely hypothetical question - would delignification
be more efficient if all guaiacyl derived QMs were ANTI rather than

if they were SYN?

5.5 EXPERTMENTAL

5.5.1 General Syntheses

The quinone methides were synthesised by one of two

methodslz'l3. The parent alcohol (0.2-0.4 mmol) in CDCl3 in a
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5 mm NMR tube was treated with trimethylsilylbromide (1.1 mole
equivalents) then shaken vigorously with saturated.NaHC03/D20

(the formation of QMs 7 and 8 required saturated K COS)' The

2

aqueous layer was drawn off. Alternatively the QM in CDCl3 could
be prepared by shaking the alpha acetylated parent compound with a
drop of NaOH/DZO, then drawing off the aqueous layer. Dry,
degassed QM 8, for NOE studies was formed by the first method, then
filtered through anhydrous magnesium sulphate and degassed by the

freeze—thaw method (Noggle, 1971) at 1 torr, and stored in a sealed

tube.

5.5.2 Specific Syntheses

Compound 22

Debenzylation of 21 (13 mg, 0.024 mmol) dissolved in MeOH (5 ml)

in the usual way gave 22 as a clear oil (11 mg, 100%).

1y NMR (200 MHZ, CbCly) §: 0.11 (6H, s, SiMe,), 0.95 (9H,
s, sitBu), 1.65 (1H, br s, 0—0H), 2.97 (1H, ddd. 3, = 8.3,
Igy,= 4-2. JBYZ = 8.3), 3.74 (3H, 5, OCH;), 3.75 (3H, 5, OCH,),
3.81 (3H, s, OCH,), 4.02 (1H, dd, J = 4.2, J = 10.2, HY,),

3 A 1

4.11 (1H, dd, J_ . = 8.3, J = 10.2), 4.65 (1H, s, Ar—OH),

( YZB Y, ) ( s )
4.98 (1H, d, J__ = 8.3, Ha), 6.40~6.80 (6H, m, ArH).

a8
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Compound 27
Reaction of compound 3.4 (80 mg, 0.187 mmol) with LiAID4 - -
(16 mg, 0.37 mmol) in THF (dried over Na/Ph2C=O. 10 ml) in the
normal way gave 27 as a clear oil (75 mg, 94%).
'H NMR (200 MHz, CDC1;) & 3.69 (3H, s, OCH,), 3.78 (3H,

S, OCH3), 3.85 (3H, s, OCH3). 3.70-3.90 (3H, m, HB, HY's), 5.13

(2H, s. CHzPh), 6.70-7.10 (6H, m, ArH), 7.30-7.60 (5H, m, ArH).

Compound 28 (60 mg, 0.14 mmol)
Compound 27 was reacted with t-butyldimethylsilyl chloride in
the normal way to give 28 as a clear, colourless oil (76 mg, 100%).
' NMR (200 MHz, CDCL) §: ~0.03 (3H, s, SiMe), -0.02 (3H,
s. SiMe), 0.85 (9H, s, 'Busi), 3.38 (3, s, OCH,), 3.63 (3H, s,
OCHB). 3.5-3.9 (3H, m, HB, HY's), 3.76 (3H, s, ocna). 5.03 (2H,
s. CH,Ph), 6.60-7.00 (6H, m, ArH), 7.10-7.60 (5H, m, ArH).
13c NMR (50 MHz, CDC13) §v -b.6 (S:'LMez). 18.2 (Me3g si),
25.9 (Me3g Si), 46.8 (CB), 55.7, 55.8 (A3.B3-—OCH3). 60.6
(B2-OCH,), 64.8 (CY), 71.1 (CH,Ph), 74.6 (t,
Joa-p = 21, Ca), 110.7 (B4), 110.8 (A2), 113.7 (A5), 119.0 (a6), 121.
7 (B6&), 123.4 (B5), 126.6 (benzyl 3,5), 127.3 (benzyl 4), 128.2 (benzy
1 2,6), 132.7 (aAl), 136.0 (B1), 137.3 (benzyl 1), 147.2 (A3), 147.7 (B

2), 149.3 (Rr4), 152.6 (B3).

Mass Spectrum High resolution molecular ion not observed,but

MT~H20) observed at m/z = 521.2700; calculated m/z for

C31H3QOSDSI = 521.2708.
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Compound 29
Debenzylation of 28 (60 mg, 0.11 mmol) in MeOH in the usual way
gave 29 as a clear, yellow oil (52 mg, 100%).
ll—_I__NM_R (200 MHz, CDC13) §: —0.05 (3H, s, SiMe), -0.04 (3H,
s, SiMe), 0.88 (94, s, tBusi), 3.00 (1H, br s, ®-OH), 3.65 (3H, s,
OCHz). 3.76 (3H. s, OCH,), 3.84 (3H, s, OCH,), 3.65-3.84 (3H,

m, HB, Hy's), 5.51 (lH, br s, ArOH), 6.65-7.00 (6H, m, ArH).

5.5.3 Characterisation

All NMR spectra were obtained on a Bruker AC200 FT
spectrometer. 200 MHz 1H spectra were recorded using 16K data
points (resulting in J values accurate to 0.3 Hz), with
Lorentzian—-Gaussian resolution enhancement. The difference NOE
experiment was carried aout using the Bruker pulse program NOEDIFF
with a decoupler power of 60 uw, irradiation for 5 seconds and a
delay after aéquisition of 3 seconds. 50 MHz 13C spectra were
recorded using 32K data points with WALTZ-16 (Shaka, 1983)
decoupling. Exponential line broadening (1 Hz) was applied to
improve S/N. Multiplicity assignments were achieved with the DEPT
(Doddrell, 1982) pulse sequence (€= 135°). The heteronuclear shift
correlation spectrum (Bax, 1981) was obtained using the Bruker pulse
program XHCORR. Parameters were: T, = 0.0037s, T =

1

0.00185s; sweep width in F, = 1250 Hz, in F, = 9615 Hz; 1024

2
data points in F2. with 256 incremented experiments recorded in
Fl (with zero—-filling to 512 data points). Ninety-six scans were

recorded for each increment with Lorentzian—-Gaussian resolution

enhancement applied in both domains.
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5.5.4 Reactivity Studies

The reactivity experiments were carried out in the following

manner. The QM (0.02-0.04 mmol) in CDCl, or C_D_ was treated

3 66

successively with approximately 10 0.1 mole equivalents of a
solution of the amine in CCl4 (200 #1/2 ml). For each addition, a
1H spectrum was obtained and the SYN/ANTI ratio determined from
the H 3,5 and 6 resonances. By scaling each resonance to the
CHCl3 peak (or methylene chloride added as an internal standard) a
fair estimation of the amount of unreacted QM and hence the amount
of reacted amine could be calculated. The low S/N ratios
encountered at low [QM] made the accuracy of the electronic
integrator on the spectrometer uncertain. For reproductibility, all
integrations were performed from peak-height measurements. The

amount of each isomer reacting for each addition could then be

calculated, and hence a ratio for the isomers.
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13 . . . e
I. C NMR shift assignments of a range of lignin model compounds

and precursors synthesised in this thesis.



Com- Solv. Methoxyls a 8 7 Rcetate Acetate carbonyls Benzyl A Ring B ring

pound methyls 5
No. . 2*  ar CHy 1 2-6 1 2 3 4 5 6 1 2 3 4 5 6
r
2.1@ ¢ 55.9 93.7, 5.6 17.8 - - - - - - - 133.3 109.0 146.6* 145.8 114.2 119.9 132.2 146.7%  144.1 122.1 1321 109.4
131,02 123.42 18.32 .
2.3 ¢ 55.6 145.0 123.0 167.7 - - - - - - 127.0 109.5 148.1 146.7 115.2 114.8 - - - - - -
2.6 ¢ 55.7 93.4 45.6 17.2 132.7 108.8 146.5 145.5 113.9 119.7 132.0 145.2 143.6  115.2 136.1 111.6
37.9 24.92 13.72
2.11 ¢ 56.1 190.2 - - - - - - 75.1 137.6 128.3 130.0 153.2 151.1 1i8.1 124.4 119.0 - - - - - -
128.6
128.7
2,136 C 55.4 188.3 123.9 138.8 - - - - 70.2 136.0 126.9, 127.6 129.1 110.8 149.7 152.8 113.7 122.9 131.1 147.0 153.1  111.8 122.5 119.8
74.9  136.8 128.1, 128.2
2.146 C 55.8, 55.9 188.7 124.1 138.7 - - - - 70.7 136.2 127.2 129.2 111.3 149.6 152.8 114.0 122.8 131.6 148.8 153.1  112.2  123.2 119.6
61.6 128.0
128.6
2.15@ ¢ 55.7, 55.9 191.4 55.5 59.8 - - - - 70.6 136.0 127.1, 128.1 128.8 110.5 149.6 152.4 112.5 123.2 130.0 146.5 153.0 112.0 124.4 117.0
75.1 136.8 128.5
2.16@8 C 55.3, 55.4 191.0 54.9 59.5 - - - - 70.2 135.6 126.8, 127.6 128.4 110.1 149.6 152.0 112.3 122.7 129.1 147.6 152.7 111.8 124.0 116.5
60.5 128.1 ;
2.17@ ¢ 55.5, 55.6 74.9 47.1 63.8 - - - - 70.9 137.1 127.1, 127.7 135.7 110.2 147.4 149.4 113.4 120.7 133.0 146.7 152.8  111.0 123.%9 118.7
74.4  137.8 127.8, 128.2
128.3
2.18@ C 55.6, 55.7 74.8 47.8 63.8 - - - - 71.0 137.1 127.3 135.9 110.5 147.7 -149.3 113.7 121.1 132.7 147.3 153.6 1il,0 123.7 118.8
60.5 p 121.6
128.4
2.19 ¢C 55.8, 55.9 75.3 42.3 64.8 20.9, 21.1 170.7 169.8 71.0 137.2 127.4, 128.0 132.2 110.9 148.2 149.6 113.6 120.5 132.0 146.9 152.8 111.4 124.0 119.9
* 74.5  138.1 128.5, 128.6 ‘
2.20 ¢
2.21 ¢ 55.6 73.84 75.6d 88,8d - - - - 70.7 137.0 127.1, 127.6 134.0 110.2 147.6 149.4 113.5. 11g.9 131.1.d 143.9,4 152.2 112.4 124.0 119.4.d
127.9, 128.1
33:3.7  2=2  M=17a.2 74.5  137.1 128.2, 128.3 23=21.6  =6.7 33-8.9

6¥%1



Com- Solv. Methoxyls a 8 T Rcetate Acetate carbpnyls Benzyl A ring B ring
pound methyls =
No. 1° 2° Ar CH2 1 2-6 1 2 3 4 =) 6 1 2 3 4 5 6
#
2.22@ ¢ 55.7. 55.8 _72.5.4 73.6.d 86.7.4d 20.1, 20.8 70.8 136.9 127.2, 127.7 129.5 111.3 148.1 149.2 113.4 120.3 129.6 114.0 152.0 112.8 123.1 118.8
33=7 23=18 132178 74.3  137.8 128.4, 129.5 21=20 33=9 33=9
2.23@ C,A.D 7.7 49.8 62.5 - - - - - - - - - - - - - - ~ - ' - = -
2.24@ C 56.0 87.9 53.7 64.1 = - = - - - - 127.9 108.9 148.3 145.7 1l14.4 119.4 133.1 146.7 144.6 112.2 121.4 116.4
2.26@ c 55.7, 55.8 715.1 48.2 63.9 - = = - - - - 132.8 109.4 146.5 145,2 114.2 119.5 134.3 147.8 152.8 111l.1 124.0 121.0
2.28 C 55.6, 55.8 75.5 42.1 64.7 20.7, 21.0 170.7 169.8 = = = = 130.6 110.0 147.8 145.3 114.2 120.3 131.9 145.6 152.5 111.2 123.6 120.3
2.29 A 56.4 83.2 49.1 176.0 = 6 = = - = L 131.6 111.3 148.6 147.4 113.4 118.6 ot - = = - -
2.30 A 56.3 82.4 48.9 175.7 20.5 = - 169.0 - - - 138.3 111.0 152.8 141.4 118.5 124.2 = = = = = =
2,31 p 55.3 1.5 44.9 59.0 - - = & S - = 136.0 110.1 146.9 144.7 114.5 118.5 - - - - - -
2.32 A 56.2 4.8 41.9 62.2 20.7, 20.4, 170.7 170.0 168.9 = = = 138.9 111.3 152.1 140.2 119.0 123.5 = g - & = -
20.8 -
2,35 D 56,3 81.5 53.2 59.9 = - = L) - - = 135.2 109.1 148.4 142.8 109.5 121.8 - - - - - -
(s)

2.36 R 56.8 83.6 51.4 66.1 20.2, 20.6 170.9 - lé8.) - - - ? 110.9 153.7 143.1 117.5 123.2 hd - - - - -
2.37 A 56.1 86.4 54.8 72.0 = - - - - ] - 1@3.8 110.5 148.1 146.5 115.5 119.5 - - - - W -
2.39 A 56.1 86.0 72.4 20.5 - - 169.0 - - - 139.9 110.9 152.} ' 141.7 118.5 123.4 - - - - - -

55.2

0GT



Com-  Solv. Methoxyls a 8 Benzyl A Ring B Ring -SCHp= -CHz~

pound .

Yo. cHa 1 2-6 r Ty 2 3 4 5 5 1 2 3 4 5 6

242 ¢ 56.1 51.3 - 71.0 137¢1 127.4, 128.0 132.3  11.4  148.3 149.7 113.8 120.1 - - - - = - 32.3 25.2
128.7

2.43 c 55.5, 55.8 190.5 - = = = 130.1  108.8 149.5 154.3 110.4 126.4 - - - - - - - -

2.45 c 55.5, 55.8 66.5 80.8 70.9 137.1 127.3, 127.9 130.1¢ 111.4 147.6 149.7 113.0 120.9  130.2* 109.2 147.6 149.0 115.0 123.5 27.3, 27.4  24.9

56.1 128.6
2.46 ¢ 55.9, 56.1 66.3  15.7 71.0 137.2 127.4, 127.9 131.0  112.4 147.8 149.1 1l4.8 121.7  130.6 147.5 152.8 113.2 123.3 122.4 27.3, 27.5 24.9
60.8 128.6

2.49 c 56.1. 56.2 190.1  62.2 71.0 136.8 127.3, 129.0 131.4  111.5 149.3 153.4 1117 121.1  131.0 110.2 149.1 150.2 113.7 123.8 - -
128.7

2.59 c 55.8 134.1 134.7 70.9 137.1 127.3, 127.8 129.9* 113.1 148.1 148.8 114.6 123.5 130.0+ 110.4 147.3 148.1 115.1 123.5 32.1 28.7
128.5

2.60 c 55.8 6.7 = - - 130.0  110.0 149.1 149.2 111.8 121.2 - - - - S - -

2.61 c 55.8, 61.2 31.2 - ~ - 131.6 147.5 152.8 113.0 124.2 122.,0 - - - - - - - -

2.62 c 56.0 4.5 - 75.2 137.8 128,3, 128.5, 128.6 132.0 146.3 153.0 113.2 124.5 122.4 - - - - - -7 - -

2.63 c 5.3, 55.6, 55.7 59.8 51.1 90.7 137.1 127.2, 127.8, 128.4 133.4 110.0 147.3 149.4 113.6 122.1  133.3 111.7 149.9 148.8 114.0 123.2 27.5 25.1

2.64 c 56.0 60.0 44.1 71.0 137.3 127.4, 127.6, 129.6 111.6 147.2 149.2 113.4 121.9  134.5 147.1 152.6 1'13.4 122.6 124.6 32.3 27.9
127.9, 128.3, 128.6

2.65 c 55.9, 56.1 196.6 44.8 70,9 136.3 127.2, 128.2, 128.8 127.6 111.5% 149.2 152.6 112.3* 123.3  130.1 111.3+ 14s.1 149.7 112.6* 121.5 - -

2.66 c 55.9, 56.0, 56.1 75.2 45.7 71.2 137.2 127.3, 127.9, 128.6 130.6 109.9 147.6 149.8 114.0 118.3  130.6 111.4 147,95 148.3 1128 12L.6 - -

2.61 c  55.9, 56.0 5.3 45.7 - - - - - 136.0 108.7 146.6 125.1 114.2 119.0  130.6 111.4 1479 148.9 1129 121.6 - -

l.
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Com-  Solv. Methoxyls a 8 T Benzyl A Ring B Ring Other St{cH3)2 sictcny)y SiClCHy)3

pound

No, Clip 1 -6 1 2 3 L} 5 [ 1 2 3 1 5 6

3.1 c 5$5.7. 55.8 5.8 40.5 62.0 71.1 137.1 127.3, 127.8, 128.5 131.3 111.1 147.4 148.6 L13.0 1ll18.6 131.6  145.8 152.6 111.3 1219 120.3  127.7, 130.8. 134.11 - = &

74.8 137.5 128.0, 128.2, 128.3 ’

3.2 [ 55.6, 55.8 75.9 40.5 61.9 1.1 13771 127.3, 127.a, 128.5 130.8 11,2 147.4 148.7 113.5 118.6 3131.5  147.3  152.6 111.3 123.6 120.1 127.7.'130.9. 134.11 - - -
60.9

3.3 c 55.7. 55.8 76.0 40.6 &L.0 - - - 130.3 109.9  145.6 144.% 113.6 119.4 130.9 147.3  152,6 111.3 123.6 120.1 127.7, 130.9, 1141} - - -
61.0

3.4 c 55.1, 55.3 198.1 44.2 64.0 70.0 135.% 126.8, 127.5, 128.1 129.1 111.2  148.7 152.0 111.7 122.9 130.4 145.7 152.6 110.9 123.9 119.7 = - - -
60.7

3.5 c $5.8, 55.9 83,1 41.8 71.8 70.9 137.1 127,7, 128,0, 120.4 131.2 110.6 147.6* 149.3 113.7 119.2 133.0  147.5* 152.9 1l10.1 123.7 10.0 94,12 = ol -
60.5

4.4 < 56.0 B7.9 54.2 65.5 - - - 128.0 10B,7 146.7 145.7 114.5 119.1 133.7  144.53  148.3 112.4 121.2 7.1 - -5.31, -5.28 18.3 25.9

4.6 C 55.2, 55.8 T4.6 46.8 64.8 TL.1 137.3 126.6, 127.3, 128.2 132.7 110.8 147.2 149.3 113.7 11%9.0 136.0  142.7  152.6 110.7 123.4 121.7 - -5.6 18.2 25.9
60.6

5.28 c 5%5.7, 55.8 74.6 46.8 64,8 T1.1 137.3 126.6, 127.3, 128.2 132.7 110.8 147.2 149.3 113.7 119.0 136.0  147.7 152.6 110.1 lZJ.l. 121.7 - =5.6 16.2 25.9
60.6 t.Jdc-p = 21)

¢ - Interconvertlble

a = B4-posltion subatituent '

a = 22.5 Miz. otherwise 50.1 MMz

c = CDClz

AR = db~acemn=

n = ds—dmso

1. phenylboronate aromatic carbons (3.1-3.3)

2 - acetal carbon {3.5)

Zs1



ATOM

CeL)
C2)
Ced
ca)
c(s)
Cla)
C(7)
c8)
c(9
c1o)
ci11)
coi)
cr13)
c(14)
C(15)
clié&)
ce17)
c(18)
C{i9)
c(20)
1)
0¢2)
0(3)
004)
M1

0 OODOOO0000OV000000O0000D

XA

. 5&88(3)
. 9670(3)
L 6211(3)
. 67B0(3)
. 6801(3)
. 6255(3)

95111(3)
446748(3)
4846(4)

. 2985(3)

3071(3)
346464(3)
4137(3)
40460(3)
3476(3)
2340(3)
1285(4)
1342(4)
3308(4)
5492(4)
7310(2)
6253(2)
4741(2)

. 3802(2)
L+56(0)

|
[oNeReiel

111
ellel =]

000000000000 C00

Y/B

L1811
. 01501)
. 1032)
. 004 (2)

187(2)

. 2B4(2)
. 28801}

o85(2)
024(2)
334(2)
519(2)
5546(2)
405{1)>
220(1)
1i81(2)
297(2)
085(2)

. 052(3)
. B8923(2)
. 385(2)
. 100(1)
. 291(1)

0. 4240(7)

o

. 736(1)
°-

50009)

0OeO00O000000000000000000D

/¢

L 3023(4)
L 3574(4)
L4117 04)
. 4051 (4)
34846(4)
. 2967(4)
. 2478144)
1247(4)
. 1138(3)
. 1507(4)
2145(4)
2661(4)
2511(4)
1892(4)
1382(95)
0944(5)
1148¢(&)
0601 (&)
3460(5)
4682(5)
4552(3)
4722(3)
2963(2)
3288(3)
48440y

Uit

. 047(2)
. 047(2)
. 048(2)

G54(2)
067(2)
063(2)
05222
056(2)
068(46)
058(2)
0582}
052(2)
045(2)
050(2)
0&64(2)
Q54(3)
065(6)
0561(6)
074(46)
063(6)
026(3)
046(3)

. 050¢1)

065(3)

.0q0(0)

© 0000000

<
3
"3

. 113¢8)

. 093(8)

1&6(1)
1501)
089(7)
0790(7)
101 (4)

. 072¢4)

. 06442

(o]

cocoooo

U33

. 096(7)

108(7)
122(8)
127(8)
088(7)
0B4(6)

. 0B?(4)
. 0468(4)

. 060(3)

.021(7)

. 00&(7)
L0138
. 007(8)
. 000(¢6)
. 02208)
.002(4)
. 017¢3)

. 004(3)

=0.
-@.
-0.
. 028(5)
. 001(5)
=0
=0.

u13

. 002(5)

016(5)
011(4)
012(5)

014(2)
oo2(a)

. 007(3)

uiz

.013¢62

. 0033
. 032(7)
. 0R3(s)
. 034 (6)
L0195
. 003(3?
. Q033

. 014(3)
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I1l.

hydrogen atoms of compound 2.6.

ATOM

H{21)
H{S1)
H{&1)
H{71)
H{81)
H(?1)
H({Z2)
H{23)
H{11i1}
H{151)
H{1&1)
H(162)
H(171)
H{172)
H{181)
H{1i82)
H(183)
H(191)
H({192)
H(193)
H(201)
H{202)
H{203)

XA

cNoleNsReNoNoNolololoRosReRepoNsRoRsRoNoRoNoNe]

. 3R72(3)
. 7202130
L H276(3)
. 9270(37
L A6BS(3)
. 4579(4)
. 52B0O(4)
. 4783(4)
.2712(3)
L3413(3)
. 2392(3)
. 2107{(3}
. 221304)
. 1942(4)
.1141(4)
. 13&65(4)
. 1100(4)
. 3480(4)
. 3008(4)
.3101¢(4)
. 582004
. 93%E4)
. 5494 (4)

Y/B

L0141
. 2982)
L 425(2)
.403¢(1)
L 0R6(02)
L11942)
. 0322)
. 186(02)
L 622(2)
. 04902
. 265(2)
. 463(2)
. 0812
L11502)
. 110(3)
.044(3)
. 209(3)
.011¢2)
L7T714E)
. 001 ()
. B9E2(2)
. 464(2)
. 237(2)

sBeloRoRsRvRcNololoRoRolooRoNoloRNoReRoRoNoRe)

/€

. 3633(4)
. 3441 (4)
. 2968(4)
. 2103(4)
.2171(4)
. 0854(5)
L 12386(5)
. 0799(3)
. 2235(4)
. 0941(5)
. 038B7(5)
. 0233(3)
1126080
.1708(6)
.0741(8)
. 0027 (&)
. 0685(6)
. 3923(B)
. 3609(3)
. 2988(5)
. 9307 (5)
. 4413(5)
. 9102(5)

eNoRoRoReReRoNoReNoRoNvololoRsRoRoNcReReNoNe R

Final positional and thermal parameters of calculated

Uil

. 090
. 070
. 0%0
. 070
. 070
. 130
. 130
. 130
. 090
. 090
. 0R0
. 070
. 0790
. CF0
. 130
. 130
. 130
. 130
. 130
. 130
. 130
. 130
. 130
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1)

CiL)

€1

CCi0)
CL10}
C(10)
Ciil)
Ci1L)
ciiz2)
C(1z2)
Ci13d
C(13)
C{14)
CL15)

—-—=C{2)
~—=L &)
———C {7
———C{1i1)
=G {152
——L{16)
———H{111)
== {12)
= {133
——=01{4)
-——£{14)
———3{3)
—-==C{135)
~==H{ 151}

Iv.

[ R S S R e e el ol ol

Bond lengths for compound 2.6

. 37928)
. 3858
. 4BF{i8)
. 39549)
. 3B7(?)
L2301

. 28(0)

. 4037(8)
. 3671{(81
. 3658
.37
L3827
. 3F0(8)
. FBLO)

Lils)
Ciid)
C{1&)
CL17)
C{17)
CL17)
ciig)
co1a)
(183
C{191
C{19)
C{19)
Ci19)
801

=== {1412
———H{1&Z:
———C {17}

=== {1717
== (172}
———=C{ig;

———~H{181}
———H{18:z}
~=—=H {1833
i » VD A0 W
———H(1%=)
-——H{123)
==} ( 4)

~——H{01)

sl N eNoRoNoRoRe Nl ole R e
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. 9800}
. F80)
SA41(13
. 980}
. 28L(0)
. 9174(%)
. B80)
. 980
. I8
.80}
. 2800)
. 78(0)

434(8)
B29(35)



c(2) ~C{1)

c(2) -C{L

C(&Yy —C(L)

C{11) ~C{10)
c(11) —-C{10)
C(15) —-C10)
C(10) —-C(11)
C(10) ~C{11)
H{111)-C(1i1)
C(11) —-C(12)
Ci11) —C(12)
c(13) -C1a)
c(12) =C13)
C(12) -C(13)
ce14) ~-C(13)
cay ~Ci14)
c(ey -C(14)
cC(13) ~Ct14)
C{10) -C(13)
c1o ~C15)
C{14) -C(13)
C(10) —-C{1&)
Ce10) ~Ciléy

-Clh)
=-C(7)
-C(7)
-C(13)
-L{14)
~-C(14)
~H{111)
~C{1a)
~C{13)
-C{13)
~0{4)
~0{(4)
~C{14)
-0{3)
~-0<{3)
=C13)
-C{195)
~G{15)
~C{14)
-H({151)
-H{1512
-H{1&1)
~H{162)

119,
121,
119,
120.
119,
119.
120.
120.
120,
137,

124,
117.

123.
123,
113.
107.

132.

119,
118.
120.
120,
1087,
108.

2(&4)
4(4)
4(7)
B8(7)
H{7)
b{7)
0(4)
1(7)
0(4)
5(7)
37
7{(6)
3(&)
5(4)
2(4h)
g(6)
7(7)
5{7)
98
&H15)
5{5)
805
VL5

C{10) —-C(18)
H(141)~C(1&)
H{141)~C(1i&)
H(162)-C{14)
C{16)y ~CL17)
C(lh)y —~C(17)
C(146) —C(17)
H(171)~-C017)
H{171)-C(17)
H(172)~C(17)
C{17) ~C(i8)
c{17) =Cuigh
C(17) ~C(18)
H(181)-C(18)
H{181)-C(18)
H{182)-C(18)
H191)~C{19)
H{121)=-C(19)
H{191)~-C(19)
H{192)-C(19)
H{192)-C19)
H193)-C(19)
ceay -0

=L (17
~H(1462)
=-C{17)
—-C{17)
=~H{171)
~H{17:2)
-C013)
-H{172)
-G (18)
~-C(18)
~H{181)
-H(182)
~H{182
-H(182
~H{183)
~H {183}
~H{192)
~H{1%3)
~{31(4)
~-H(193)
~0(4)
~{3(4)
~H {01

1195

109.
107.
107.
107.
107.
115,
109:
107,
107.
11%.
109,
107.
109.
109.
109,
109.
109,
108.
109.
108.
112,
122

D7)
50007
B(&)
8(&)
EAT-N
L&)
()
S50(0)
8(7)
8(&)
3(8)
EAC-%
2(&)
50(0)
50(0)
0000
S0(0)
S50(0)
4(4)
50¢(0)
004)
(Y
204

A
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10FD..10FC i K. L 10FU 10FC
-144..150. -0 1. 288 aug
~120._~115. 201~ 115 =114
.~273 264 ___ 18 U1 _436..-394
SABE 189 0 U 20 0.1 150 144
53..-59 _~18 1 1 293 2355
L1918 =15, WAl 58
.93 -1
.1 . 380 ~359
1171 174
1 260 241
1 130 -11u
1,156 ~-151
-1 .949 =945
1. 228 -247
—1_..423_~a06_
~1.1038-1052
~1.418 421
1353 _-307.
1 . 665 -6d)
Wb =443
-
2 o
2
2 x
2 =294,
2. 217 _3_1,7 315
2 234 224 .499 519
2 . 352 -315 _577_-582
9.. 2.
10 2
112
122
13 7277
18 2
ro3
“i8 1 .2 287 =278,
=17 1.2 .113 113,
15 ool o2 0 1 12
=14 1 2 2231 237
-12 1. 2 207 .258
=111, .2 100 113
=10 1. 2 1337 -330
=9 1 2,100 -9)
-0 1 _2 _Je9 =352 __ .
-7 1 2 1% 1680
=6 1 2 31% 309 _
ing- 11 W
4 2
-3 2.
-2 2,243 =280 4 T
-1 27738y 38y 118_=~128
0 2 1046-1039 122 128 _
S __©e% 1_52_
L2
3
.A.“
5
6
1
8

496
10 lo2
11 81
14
15 71,
18 235
-16 125
-15

-14 ‘00 L% =920
-13 208 213 281 =281
-12 (100106 _ 31a w0
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2
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L) e 8
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Observed and calculated structure factors for 2.6
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