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Abstract
From the seeds of the Acacia latescens and the related species, Acacia plectocarpa
and Acacia cambagei, a complex mixture of sulfur compounds was extracted and
purified using chromatography. These sulfur compounds were highly volatile and
rapidly decomposed when left at room temperature. Eight of these sulfur
compounds were identified through their fragmentation patterns on GC-MS. The
major component, cis-5-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine was isolated and
purified by TLC. Its structure was elucidated by 'H NMR, ' 3C NMR and High
Resolution Mass Spectrometery.

Amino acid analysis of various seed samples was carried out to determine the
concentration of djenkolic acid. Djenkolic is considered as the precursor of the
sulfur compounds generated by the Acacia species. A modified method for the
determination of djenkolic acid suitable for our biological material was developed
and used for all the djenkolic acid determinations.

Investigation into the synthesis of dithiazines using Lawesson's reagent with
diacetamide and an aldehyde was unsuccessful as unwanted side products were
formed. A new synthetic methodology was developed for the preparation of
dithiazine and the synthesis of major compound, cis-5-dihydro-4H-4,6-dimethyl1,3,5-dithiazine. Benzotriazole mediated syntheses of various dithiazines, 5,6dihydro-4H- 1,3 ,5-dithiazine, 5 -methyl-5 ,6-dihydro-4H- 1,3,5 -dithiazine,

5 -propyl-

5 ,6-dihydro-4H- 1,3,5 -dithiazine, 5 -isopropyl-5 ,6-dihydro-4H- 1,3,5 -dithiazine,

111

5-

benzyl-5,6-dihydro-4H-1,3,5-dithiazine were successfully carried out producing good
to moderate yield of the products. The stereoselective synthesis of the component,
cis-5 -dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine, was successfully carried

by

cyclisation of N.N-bis(ethylbenzotiazol- 1 -yl)amine with formaldehyde and sodium
sulfide.
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Introduction

Introduction
The sulfur compounds found in the Acacias studied in the Northern Territory are not
unique to the plant world, yet they are unique in that they have been found in high
concentration in a higher plant with an associated nitrogen bearing sulfur heterocycle,
cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine.
This introduction consists of three sections, the first introducing the reader to the
world of sulfur compounds in nature. Here the occurrence of sulfur compounds both
linear and cyclic are discussed with particular attention being paid to the distribution
of cyclic sulfur compounds similar to those found in the Acacias studied.
The second section of this introduction relates to the occurrence of dithiazines, a
class of compounds, in the volatiles of cooked food, the only 'natural' occurrence of
dithiazines prior to its isolation from Acacia latescens. The syntheses and synthetic
uses of this class of compound are reviewed.
The third section covers the chemistry of the synthetic utility compound
benzotriazole which was ultimately used to synthesise the unique cis-5,6-dihydro4H-4,6-dimethyl-1,3,5-dithiazine originally isolated from the Acacia latescens.

1

Sulfur Compounds in Nature

Sulfur compounds found in nature have a large variety of structures from simple
sulfides and disulfides to more complex polysulfides and cyclic polysulfides.
The sulfur rich and low molecular weight compounds are of interest because of their
intriguing structures, pronounced flavours, and physiological activity which is often
associated with the use of plant extracts in traditional medicine 1, 2' 3
Despite the widespread occurrences of sulfur compounds in nature, cyclic
polysulfides are relatively uncommon and generally considered only being
components of lower order plants.

Sulfur in Lower Plants:- Algae
Sulfur compounds are widely distributed in lower plants as the following examples
show. The brittlewort, Chara globularis, is a freshwater agal species, which exudes a
rank, pungent odour and is known to dominate lotic algal populations4. Two cyclic
sulfur compounds, 4-methylthio- 1 ,2-dithiolane [1] and 5 -methylthio- 1,2,3 -trithiane
[2] have been isolated from C. globularis and have been shown to inhibit
photosynthesis of a laboratory culture of the unicellular green algae Nitzschia palea.
It is thought that the ability to inhibit the photosynthesis of other algae enables the C.
globularis ecological dominance in fresh water ponds4.

2

Ochromonas dancia, another algae of the genera Chrysophyceae, also has unpleasant
odours associated with its growth. Isolated from the volatiles of this algae are
numerous compounds with very low odour thresholds, including a high percentage of
S-methyl esters such as methyl ethanethiolate [3] and methyl propariethiolate [4]
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The biological utility of these compounds has not yet been determined.
Freshly collected Chondria calfornica, a red marine algae, possesses a strong 'sulfur'
odour. Crude extracts of the algae exhibit antimicrobial activity against Vibrio
anguillarium. In an investigation of this physiological property, a number of cyclic
polysulfides were extracted and isolated from the algae, these polysulfides included
lenthionine (1,2,3,5,6-pentathiepane)

[5];

tetrathiepane [7] 6

*

See Appendix 2 for full listing.
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1,2,4-trithiolane [6] and 1,2,4,6-
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These cyclic sulfur compounds are also found in a number of higher plants and their
presence in the alga could easily explain the antimicrobial effects of the extract.
Work done on these compounds revealed them to be effective antibacterial and
antifungal agents for a number of pathogens.
Several other sulfur compounds were isolated from Chondria calzfornica, which also
exhibited antimicrobial activity. They were the oxides of some of the cyclic
polysulfides previously isolated: 4-dioxo-1,2,4,6-tetrathiepane [8], 4-oxo-1,2,4trithiolane [9] and l-oxo-1,2,4-trithiolane [10] 6 There is a possibility that these
oxides are artifacts of the extraction technique used and sulfur compounds are
notoriously prone to oxidation even under the mildest conditions. Wratten6 did not
investigate the origins of these oxides. It is possible that these oxides do exist as
discrete metabolites of the alga.
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Closely related algae, C. nidijica and C. coerulrscens were also examined but neither
the cyclic polysulfides nor the antibacterial activity could be detected6. This indicates
that, Chondria calfornica has a biochemical pathway unique to itself.
The extraction techniques of these cyclic polysulfides from the three alga discussed
are very similar; they involved the maceration of the cellular material and incubation
of the crushed material suspended in an aqueous solution (allowing the sulfur
compounds to form). This is followed by the exhaustive extraction of the aqueous
suspension with a non-polar solvent with a low boiling point (usually diethyl ether or
dichioromethane). Whose use enables the extraction solvent to be removed at lower
temperatures to maintain the integrity of the extracted samples.

Hawaiian species of seaweed belonging to the genus Dictyopteris are rich in C- li
hydrocarbons. The genus is also one of the few genera of seaweed possessing odour
in a wet fresh state7. In 1972 a number of sulfur compounds were found in
Dictyopteris plagiogramma and Dictyopteris australis. It was proposed that these
compounds were the precursors of the C-il hydrocarbons. The sulfur compounds
included bis-(3-oxoundecyl)disulfide [ii] bis-(oxoundecyl)-trisulfide [12] and bis(3oxoundecyl)tetrasulfide [13] 8
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Sulfur Compounds in Higher Plants
Sulfur compounds, both cyclic and linear, are found in a diverse range of higher plant
species. Of the higher plants which contain sulfur compounds, species of the genus
A ilium are the most common and consequently the most rigorously studied. There are
about 500 different species in the genus A ilium of the family Liliaceae9 but only a
few of them are considered to be important commercial vegetables.
Members such as onions, garlic, leek, chives and shallots are commonly used to
flavour foods because of their intense flavours and aromas. The characteristic aroma
of the A ilium species has been attributed to volatile sulfur compounds produced by
these plants 10 11' 9
Since 1892, when Semmier et al investigated the essential oils of onions' I there
,

have been several studies done on the flavour complex of the onion and related
species. In addition to their application as food flavours, the medicinal properties of
garlic and onions have been recognised for centuries in many parts of the world.
Across time and cultures raw garlic and extracts from the plant have been used to
facilitate the cure of many maladies.
Alum, 5-allylcysteine sulfoxide [14] and allicin (diallylthiosulfinate) [15] were steam
distilled from a water-ethanol extract of garlic. They were found to have high
bactericidal activity against a number of pathogenic organisms such as Cholera
(Vibrio cholerae) 3. This gave validity to folklore practices which involved the use of
garlic as a remedy for a range of ills from arteriosclerosis to cholera.
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A significant portion of the volatile oils of the allium genera are sulfur compounds. A
classic example of this is shown in the investigation conducted by Kameoka et at,
who investigated the composition of the steam volatile oil of the Allium cepa12. They
found that the cyclic sulfur compounds cis and trans 3,5-diethyl-1,2,4-trithiolane
[16], [17] alone accounted for approximately 8% of total oil volume. Various other
sulfur compounds were also found in the volatile oil.
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cis 3,5-diethyl-1 ,2,4-trithiolane

trans 3,5-diethyl-1 ,2,4-trithiolane

Sulfur compounds isolated from onions are not limited to cyclic structures. In 1970,
Brodnitz et at, in work on the volatiles of crushed onions were able to isolate and
characterise the lachrymatory factor of raw onion as thiopropanal-S-oxide [18] 11 3

=0
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Thiopropanal-S-oxide

In 1992, 68 sulfur compounds, including alkyl di, tri and tetra sulfides and cyclic
sulfur compounds with one to four sulfur atoms in their ring structures, were
identified by GC/MS in the distilled oil of Welsh onions (A ilium jIstulosum L var.
Maichuon) and scallion (Ailium fistulosum L var. Caespitosum)

9,10•

Species of the

genus Allium aside, numerous examples of sulfur compounds occurring in higher
plants have been recorded.

Several polysulfides*, including 1 ,2,4-trithiolane [6] and 1,2,4,5,7, 8-hexathionane
[19] have been isolated from the beans of Parkia speciosa

1' 13.

Sulfur compounds

extracted from P. speciosa come from half-ripe beans rather than the fully ripe
beans1. The seeds of P. speciosa, either raw or cooked are a favourite food in
Indonesia. Locally they are called either Petch' or 'Petai' beans1.
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1 ,245,7,8-hexathionane

These compounds are of interest because of their potential biological activity. The
potential pharmaceutical application of P. speciosa has its origin in folk medicine
where it was used for conditions of the kidney, urethra and bladder1. Trials with
1,2,4-trithiolane [6] and 1,2,4,5,7,8-hexathionane [19] showed antimicrobial effects
on: Golden staph (Staphylococcus aureus), Streptococcus faecium, Proteus mirabilis
and Thrush (Candida albicans) 1

See Appendix 2 for full listing.

Like the cyclic polysulfides extracted from algae the technique for extracting these
cyclic sulfur compounds from the beans of P. speciosa involved crushing the beans
in a blender while still frozen. This was followed by incubation of the macerated
sample for three hours in distilled water at 45°C. The sample was then centrifuged,
with the solids being extracted with chloroform a number of times. After the
combined extracts were dried the solvent was removed in vacuo (below 50°C) to
yield an oil residue which was subsequently separated by column chromatography.
Special precaution was taken by the researchers to ensure that the temperature of
subsequent work did not exceed 50°C.

The tea prepared from the leaves of the Fij ian tree Dysoxylum richii has been used as
a pain killer in traditional Fijian medicines and was found to contain 2,4,5,7,9pentathiadecane-2,2,9,9-tetraoxide

[20]2.

Similar

compounds,

2,4,5,7-

tetrathiaoctane-2 ,2-dioxide [21] and 2,3,5,7 ,9-pentathiadecane-9 ,9-dioxide [22] have
been isolated from the South African plant Tulbaghia violacea and the Shiitake
mushroom2.
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1,2,4-trithiolane [6] and carbon disulfide have also been identified in the volatile
vapours from the roots of the wattle Acacia puichella along with a large number of
aldehydes, ketone, alcohols and esters14. These compounds are thought to be emitted
by the root cells of the Acacia into the soil surrounding them in minute amounts.
This Acacia has been shown to inhibit mycelial growth in the pathogenic fungus
Phytophthora cinnamomi in field and pot trials. Phytophthora cinnamomi is the
fungus responsible for the die back of Jarrah forests in Western Australia14. Jarrah
grown in association with Acacia puichella shows a resistance to the pathogen. The
Jarrah presumably gaining a degree of protection from the root exudates of the
associated Acacia.
The presence of carbon disulfide was unexpected, as it is an unlikely plant
metabolite. It was not ascertained as to whether the large amount of carbon disulfide
found in the extracted volatiles was an artifact of the extraction techniques used or an
actual component of the root vapour.
Where carbon disulfide has been reported in vegetable tissue it has been described as
an artifact, probably resulting from the thermal decomposition of other sulfur bearing
compounds (Scheme 1). 1,2,4-trithiolane [6] when reported in plants is usually found
in association with other cyclic sulfur compounds such as lenthionine and 1,3,5trithiane, as is the case in Parkia speciosa and Chondria californica.
It seems unusual in the case of A. puichella that it is reported as the lone cyclic
sulfide found in the volatiles. The extreme extraction techniques used (steam
distillation and headspace analyses with vapour transfer done at 160°C) could easily
bring about the decomposition of cyclic polysulfides with ring sizes greater than that
of 1,2,4-trithiolane. Lenthionine found in P. speciosa and the Shiitake mushroom
(Lentinus edodes) has been reported to be the precursor of 1,2,4-trithiolane after

heating15. The steam distillate of the Shiitake mushroom contained only 1,2,4trithiolane, whereas the solvent extraction of the yielded 19 different cyclic sulfur
compounds of ring sizes 5 or more16. Obviously the 1,2,4-trithiolane is thermally
more stable than the other larger rings17

3 CS2

NNIN~
11~ V

(
S~

+CS2

D

=

the possible position of
fragmentation

Scheme 1: Possible fragmentation route for thermal decomposition of large polycyclic sulfur
compounds such as lenthionine and 1,2,4,57,8-hexathionane.

The 1,2,4-trithiolane subunit is a common structural unit in cyclic polysulfides found
in plants. The roots of the plant, Petivera alliacea, have been shown to contain the
substance trithiolaniacin which has been characterised as cis-3,5-diphenyl-1,2,4trithiolane [23] 18
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Other cyclic sulfur compounds have been implicated in the role of plant hormones.
Researchers investigating the growth regulating substances from etiolated young
asparagus (Asparagus officinalis L.) found that the sulfur bearing compounds,
asparagusic acid (1,2-dithiolane-4-carboxylic acid) [24], dihydroasparagusic acid
[25] and S-acetyl dihydroasparagusic acid [26] extracted from the etiolated asparagus
were able to inhibit the growth of root and hypocotyl of lettuce19. The activity of
these compounds was similar to that of abscisic acid [27], an abscission-accelerating
plant hormone.
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Sulfur Compounds in Fungi
The Shiitake mushroom (Lentinus edodes), an edible mushroom very popular in the
orient, has a characteristic sulfurous note to the aroma which forms when the fruit
body of the fungus is ruptured or dried. Fresh unruptured Shiitake mushrooms have
characteristically only a slight sulfurous odour.
Shiitake mushrooms were one of the first food items from which cyclic polysulfides
with ring systems greater than six have been isolated (lenthionine [5]) 20 Recent
work on A ilium species and their cooked flavours have found cyclic systems of this
size in their volatiles.
1 ,2,4,6-tetrathiepane [7], 1 ,2,4-trithiolane [6] and numerous other cyclic polysulfides
have been isolated from the Shiitake mushroom* 6 17' 20 21 These compounds have
also been found to occur in other Basidiomycetes mushrooms of the genus
Micrompohale and Collybia although in lesser amounts'.
Extraction of these sulfur compounds from the Shiitake mushroom started with the
fresh mushrooms being blended in water and allowed to incubate at 30°C for 1-3
hours. After this time the macerated mushroom sample was centrifuged and the
aqueous supernatant and the residual solids were extracted with diethyl ether. It was
found that blending the mushroom directly with chloroform or with an aqueous
solution (that was not at physiological pH range) yielded less of the sulfur
compounds.

*

For full listing see Appendix 2
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Sporidesmin-E [28] is another example of a naturally occurring trisulfide has been
isolated from the fungus Pitomyces chartarum22' 23
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Sulfur Compounds in Animals
Sulfur compounds are not limited to the plant kingdom; they are also found in the
animal kingdom. Low molecular weight sulfur compounds have been shown to play
important ecological functions as scent markers, insecticides and induce feeding
response behaviour4.
A number of animals use communication systems based on chemicals. These systems
are based on the excretions from their supracaudal glands, the anal sac or their
urine24. Several of these compounds have been isolated and characterised, they
include A-3-isopentenyl methyl sulfide [29] and 2-phenylethyl methyl sulfide [30]
from the urine of the red fox (Vulpes vulpes). mustelan [31] which has been isolated
from the anal gland of the mink (Mustela vision) and 3-methyl-1-butanethiol [32]
which is a component of the scent of the striped skunk (Mephitus mephitus) 24
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The annelid worm Lumbriconereis heteropoda contains the insecticidally active
nereistoxin [33]

6

25. It is thought that this compound is used to make the animal
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unsavoury to marine predators. Nereistoxin was completely synthesised in 1965 by
H. Hogiwara et a! (Scheme 2) 25
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Scheme 2: Total Synthesis of Nereistoxin
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Amino Acids

There are currently over 300 natural amino acids identified, with more and more
being discovered as the flora and fauna species of our world are investigated more
thoroughly. Amino acids are the building blocks of life. There are twenty common
amino acids generally found in all living cells. The other amino acids are basically
considered derivatives of these twenty amino acids. Of these twenty common amino
acids, nine are considered essential for human growth and development. Somewhere
along the evolutionary pathway mankind has lost the innate ability to synthesis these
nine amino acids and must be obtained through the diet. These essential amino acids
are histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan and valine. Aside from their structural function in proteins and enzymes,
amino acids have other roles in cell metabolism. Amino acids are used as the
building blocks or raw material for the production of secondary metabolites in both
plants and animals.

Amino Acids and Acacias

Mimosoideae is one of the three widely recognised subfamilies of Leguminosae.
Over 80 non-protein amino acids have been isolated and characterised from species
of the Leguminosae, a larger number of non-protein amino acids than has been found
in any other plant family26

II

Within the Mimosoideae, many uncommon amino acids with limited distribution
within the subfamily have been isolated from the seeds. Among these are a group of
sulfur containing compounds derived from cysteine (e.g. djenkolic acid and Nacetyidjenkolic acid) and several sulfur free amino acids such as albizzine and
mimosine. These uncommon ones are of taxonomic significance27, with the genetic
divergence of species theoretically able to be traced through the presence or absence
of individual amino acids. Several family changes have been suggested for Acacia
species based on the presence of taxonomically significant amino acids26' 28• The Salkyl-cysteine type compounds form prominent portions of seed constituents in the
closely related genera Acacia and Albizzia29'

30

Previous studies of the chemotaxic make up of Acacia seeds with respect to amino
acids have reported only on the fully ripe seeds of the various species. In contrast, the
amino acid analysis reported in this dissertation covers the amino acid spectrum of
the seeds through their various developmental stages. It is thought that this limitation
in previous investigations may be the reason that the ability of some Acacia species
to generate sulfur compounds in the mature seeds has escaped notice.
The ability of some species of Acacias to produce the volatile sulfur compounds may
form yet another basis for chemical taxonomy of Acacia species, i.e. the presence of
an active CS-lyase enzyme present in the seed in the mature stage of its development.

The role of enzymes in the formation of secondary sulfur metabolites.
The roles of enzymes in living things are wide and diverse. They are responsible for
the conversion of the non-volatile allin of garlic to the volatile allicin when the garlic
bulb is crushed (Scheme 3). The lachrymatory factor of onions, thiopropanal- S -oxide,
is generated from a non-volatile substrate when the onion bulb is ruptured.
19
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Scheme 3: Conversion of Alhin to Allicin via enzyme action.

Sulfur compounds characteristic of onions and garlic are derived from non-odorous,
non-volatile substrates, which are not acted on by the enzyme until the body of the
vegetable is ruptured or cut. This trend is seems to be common to the Acacias studied
in this dissertation which generate a range of volatile sulfur compounds. It requires
the physical damage to these Acacia's seeds before the sulfur compounds are
generated, implying that the formation of their volatile sulfur compounds is a defense
mechanism.
Shiitake mushroom also generated sulfur compounds when the fruiting body of the
mushroom was damaged or desiccated (being dried is not a natural process but one
developed for the ease of storage of the mushroom and also ensures the generation of
the sulfur compounds that enhance the flavour of the fungus). Chen et a116 proposed
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the precursor for the sulfur compounds found in the Shiitake mushroom is lentinic
acid (Scheme 4).

CH3SO2(C3H602S2)SCH2 HNHCOCH2CH29HCOoH
9
NH3
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y-Glutamyl Transpeptidase

glutamic acid + y-glutamylpeptide

0
CH3SO2(C3H602S2)9CH2c1HNH2
COOH

Cysteine Sulfoxide Lyase

pyruvic acid + ammonia

0
C113SO2(C3H602S2)SH
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I
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acetaldehyde

H2C
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Cyclic Polysulfides
Scheme 4: Proposed pathway of formation of S-compounds in Shiitake mushroom: 1 lentinic
acid; 2 des-glutamyl lentinic acid; 3 a thiosulfinate, SE-3; 4 methylene disulfide.
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Numerous experiments on the Shiitake mushroom have shown that the formation of
the sulfur compounds is enzyme driven. Whole mushrooms if blanched (95°C, 5mm)
will not generate the characteristic sulfur compounds. If the mushroom is blended in
an aqueous solution that has a pH greater than 9 or less than 5 again the sulfur
compounds are not generated. The blanching deactivates the enzyme by thermal
denaturing of the enzyme's protein. If the formation of the sulfur compounds was just
a chemical reaction the heating of the mushroom prior to maceration should not
effect the formation of the sulfur compounds.
It is known that the roots and germinating seedlings of many species of Mimosaceae
(especially those of the closely related genera Acacia and Albizzia) excrete
substances possessing a pungent onion-like odour, which is organoleptically similar
to lenthionine and related compounds. Such odour formation is especially noticeable
when the endosperm of certain Mimosaceae species, such as Albizzia lophanta and
Acaciafarnesiana, are treated with water29. The "endosperm" quoted here is actually
the germinated plant (grown in the dark) from which the cotyledons, hypocotyl and
roots are collected. In terms of the thesis discussion the term endosperm refers to the
embryonic plant still in the seed and ungerminated.
The smell associated with germination is thought to come about from the interaction
of a CS-lyase enzyme and the S-alkyl cysteines and their sulfoxides of the plants29. A
CS-lyase has been isolated and partially purified from Albizzia lophanta
(commercially known as Acacia lophanta). The cleavage products of this lyase
interaction were identified as the related alkyl mercaptan, pyruvic acid and ammonia
(Scheme 5). CS-lyase activity has also been shown in Acacia georginae29 , Albizzia
ju1ibr1ssi29 and Parkia speciosa31
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Scheme 5: Action of CS-Lyase isolated from Albizzia lophanta on alkyl cysteines

The cleavage products of a disulfide amino acid such as djenkolic acid would result
in the liberation of two moles of ammonia and pyruvic acid for every mole of
djenkolic acid as well as a mole of methanedithiol (Scheme 6).
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Scheme 6: Formation of methanedithiol from the action of a CS-Iyase on djenkolic acid

The methanedithiol formed is highly reactive and will cyclise easily. The
physiological role of these enzymes is not clear. It is accepted that volatile sulfur
compounds are toxic to many fungi, for example, mercaptans and sulfides are toxic
to Colletotrichum circinans and Botrytis allii.
During germination the cotyledons, hypocotyl and radicle of the developing plants
are exposed to the soil, where they are particularly susceptible to invasion by soil
pathogens. The breakdown of S-substituted cysteines by CS-lyases in the germinating
plants releases compounds that have fungistatic or fungicidal activities29 protecting
the seedling.
It was originally considered that the odorous compounds were related to the
formation of unstable methanedithiol, a product (together with ammonia and
pyruvate) of the action of CS-lyase on djenkolic acid orN-acetyidjenkolic acid.
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Further research showed that methanedithiol is only an intermediate, the odorous
compounds were in fact lenthionine, 1,2,4-trithiolane[6], 1,2,4,5,7,8hexathionane[19], 1,2,4,5-tetrathiane and 1,2,4,5,7pentathiocane*.

Sulfur in Amino Acids
Sulfur compounds play an important role in nature not only as secondary or tertiary
metabolites, as the examples above, but also in a more basic role in amino acids.
There are a wide range of sulfur amino acids from the widely distributed protein
amino acid cysteine to the almost unique non-protein amino acids such as felinine
[34] 3 -hydroxy- 1,1 -dimethylpropyl cysteine; found in cat urine, and chondrine [35]
1,4-thiazine-5-carboxylic acid-i-oxide, found free in the alga Chondria crassicaulis.
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Djenkolic Acid
Another non-protein amino acid is djenkolic acid [36], which is especially important
to the research, discussed herein. The history of djenkolic acid starts in Java where
the indigenous people eat Djenkol beans (Pithecolobium lobatum), despite the
possibility of suffering 'Djenkol poisoning' a state which includes abdominal cramps,
lumber pains and painful micturition. The urine of the sufferers contains many

Structures for 1,2,4,5-tetrathiane and 1,2,4,5,7-pentathiocane are given in Appendix 2
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erythrocytes, leukocytes, epithelial cells and coagulable proteins. Also found in the
urine are many small sharp crystals of djenkolic acid, these were first identified in
1933 by Van Veen and Hyman32
H2N

NH2

y

HOOC

COOH
36
Djenkolic acid

Noticing the link between the consumption of the beans and the onset of the
symptom researchers examined the bean and extracted and isolated djenkolic acid.
It is thought that djenkolic acid from the bean dissolves in stomach acid but
precipitates out in the less acidic media of the bladder to form small sharp crystals
that lacerate the bladder and the urinary tracts causing the bloody urine typical of
djenkol poisoning. Djenkolic acid was first synthesised by du Vigneaud et. al. in
1936. The synthesis proceeds from cystine by reduction of the S-S bond with Na in
liquid ammonia followed by reaction with dichioromethane (Scheme 7) 33. Du
Vigneaud later developed34 an improved method of synthesising djenkolic acid using
a condensation reaction of formaldehyde and cysteine (Scheme 8)

32,33

Djenkolic acid,

and it derivatives have also been isolated from a number of species of the genus
Acacia35'36
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Scheme 7: Synthesis of djenkolic acid from cystine
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Scheme 8: Synthesis of djenkolic acid from cysteine and formaldehyde

Processes of Food Flavour Formation

One of the major components of the extractable volatiles found in the Acacia
latescens is cis-5,6-dihydro-4H-4,6-dimethyl- 1 ,3,5-dithiazine [37]. It would be
worthwhile to catalogue the presence of this compound and its various homologues
in nature.
Prior to its isolation in the volatile vapours of the Acacia latescens, the only known
"natural" occurrences of this compound was found in the aromas and volatiles of
various cooked foodstuffs. These 1,3,5-dithiazines are not found in the raw food
matrix prior to cooking. They are generated in situ thermally and contribute greatly to
the aromas of the cooked foodstuffs. The discovery of the dithiazines and other
compounds in the volatiles of cooked meats has lead to a conciderable interest in
their isolation and synthesis24
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Also, the growing demand for high protein dietary supplements and food extenders
has given rise to the need for flavours to make these materials palatable. Thermally
produced imitation meat flavours, often described as processed meat flavours,
possess, to varying degrees, the organoleptic properties of cooked meat. These
compounds are the result of thermal processing of a mixture of food components.
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These synthetically produced compounds have an increasingly wide application, as
food legislation has permitted their use as partial or total meat replacement items in
processed foods24
Sulfur compounds such as the 1,3,5-dithiazines play important roles in the volatile
flavours of cooked meat with their significant organoleptic and olfactory
properties11'37

Formation of cooked meat flavours involves a number of complex processes
instigated by the various constituents of the meat such as amino acids, vitamins
(thiamin), carbohydrates (especially reducing sugars) and fats (glycerides), being
heated together. One such process is called Maillard Browning. The browning
reaction of cooked food can be described as the sequence of events which begins
with the reaction of the amine group of amino acids, peptides or proteins with a
glycosidic hydroxyl group of sugars and terminates with the formation of brown
nitrogenous polymers or melanodins. As well as flavourless melanodins of high
molecular weight, heterocyclic odour compounds are also produced during this nonenzymatic food processing or browning.
Browning is of great importance to the food industry and results can be either
desirable or undesirable. For example the brown crust formation of bread is a
desirable consequence of Maillard browning where as the brown discolouration of
evaporated and sterilised milk is not37
It has been shown that many flavour volatiles are formed from the degradation
products of amino acids and carbohydrates38 . The process of thermal degradation of
amino acids to their component parts is called 'Strecker Degradation', in the case of

sulfur amino acids the degradation products include alkylsulfides, ammonia, and
aldehydes (Scheme 9)
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Scheme 9: Primary products resulting from Strecker degradation of cysteine.

The complexity of these cooking systems is such that researchers have concentrated
on simplified models based on selected components to obtain an overall
understanding of flavour formation39. Other work has concentrated on the isolation
and elucidation of actual flavour components from the actual flavour spectrums of
cooked foods in an endeavour to identify major flavour compounds37'38'40
43,39,44,45

Model Flavour Formation Systems
The volatile constituents of many foods include hydrogen sulfide, ammonia and
lower fatty aldehydes such as ethanal, propanal and butanal. These compounds are
well known as degradation products of amino acids (cysteine and glutathione) and
lipids formed during cooking of proteinacous foods. These simple compounds are the
precursors of thermally produced flavour components46

Thiamin (vitamin B 1)is an excellent source of these precursors, which contribute to
the pleasant aroma of cooked and roasted meat. Its thermal degradation products lead
to numerous, primarily S-containing, flavour compounds. Guntert et al in 1992
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studied the degradation process of thiamine and its resultant flavour products with
relation to pH and time44. Thiamine hydrochloride was kept at 130°C and pH 9.5 for
two hours. At this pH and temperature the degradation of thiamine is conciderable
leading to the formation of hydrogen sulfide, ammonia, formic acid, formaldehyde,
acetaldehyde and acetic acid in relatively large amounts. The degradation products
included trace amounts of 5,6-dihydro-4H-4,6-dimethyl-1 ,3,5-dithiazine [37]. Also
detected was the similar compound, 5 ,6-dihydro-4H-2,4,6-trimethyl 1,3,5 -dithiazine
(thialdine) [38] in concentrations 1000 times greater than the dimethyl dithiazine.

Y CH

CH3

S yS
OH3
38
5,6-dihydro-24,6-trimethyl-1,3,5-dithiazine
Thialdine

Production of these dithiazines have been explained by the following reaction
sequence (Scheme 10) 41• Similar reaction sequences have been proposed by a
number of sources9'38'4 1,42,47
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Scheme 10: Proposed pathway for dithiazines formation from Strecker degredation of aldehydes

Volatile compounds formed from the thermal interaction of 2,4-decadienal with
cysteine or glutathione in aqueous solution was modelled by Zhang

et

alto study

lipid protein interactions and flavour component formation in deep fried foods43. It
was found that in addition to forming "carbonyls" such as 2-pentanone and 1pentene-3 -one through thermal degradation, the 2,4-decadienal also underwent a, J3double bond hydration and retro-aldol condensation to give hexanal and
acetaldehyde. These aldehydes were then free to interact with other degradation
products of the system.
In the cysteine model a number of trialkyl dithiazines were produced, yet no
dithiazines were detected in the glutathione model43. The reason proposed for this
apparent anomaly is that cysteine liberates large amounts of 1-12S and NH3 as part of
its thermal degradation42. These then interact with aldehydes in the system to form
the dithiazines. Glutathione, a short S-bearing polypeptide, releases H2S rapidly but
NH3 is released too slowly to produce significant amounts of N-containing cyclic Scompounds42. Cyclic sulfur compounds were produced in both models although
more predominantly in the glutathione model lending weight to the hypothesis. The
dithiazines produced in the cysteine system are given in Scheme 1142. Of the
possible dithiazines, only thialdine was found when cysteine was itself thermally
31

degraded as its degradation can only lead to the formation of acetaldehyde. The
aldehydes involved in the formation of the other dithiazines must have come from the
degradation of the 2,4-decadiena142

Y

Y"'~~~

s1
..s

5,6-dihydro-2,4-dimethyl-6-penty-4H-1 3, 5-dithiazine

s
~-

HN

5,6-dihydro-2-pentyI-4,6-dimethy-4H-1 3,5-dithiazine
,

s1I
2/
5,6-dihyd ro-2-propyl-4-methyl-6-pentyl-4H-1 3, 5-dith iazine

s Ts
5,6-dihydro-2-methyl-4-butyl-6-pentyl-4H-1 3,5-dithiazine
,

Scheme 11: 1,3,5-dithiazines produced by the thermal interaction of cysteine and 2,4-decadienal
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Dithiazines in Food Volatiles

Besides work done on model cooking systems 5,6-dihydro-4H-1,3,5-dithiazines have
been detected in and isolated from the volatiles of various cooked proteinaceous
foodstuffs. In 1972 Brinkman et at reported the presence of thialdine [38] in the
headspace volatiles of beef broth48 and thialdine recently has been reported in the
volatile compounds formed in cooked eggs49. In all other foodstuffs where
dithiazines have been reported thialdine is common to all.
Kubota et al studied the volatile compounds formed from dry roasting the shrimp
Pleotieus druelleri and detected no dithiazines in the flavour spectrum. However
when the same species of shrimp were boiled the dithiazines thialdine, 5,6-dihydro4,6-dimethyl-4H- 1,3,5 -dithiazine and 5 ,6-dihydro-2,4,6-triethyl-4H- 1,3,5 -dithiazine
[39] were found in significant quantities50

39
5,6-dihydro-2,4,6-triethyl-1 3, 5-dithiazine

These results suggest that the water content in the cooking system has a considerable
effect on the degradation mechanism of amino acids, the starting materials for
dithiazines50
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Dried squid, Loligo edulis edulis, highly prized for their intense flavours produced on
heating are another source of 1,3,5-dithiazines46. As well as thialdine a number of
other 1,3,5-dithiazines were found to be present but only two could be identified with
any confidence. They are given below in Scheme 12.

S::

5,6-dihydro-2,4-dimethyl-6-isopropyl-4H-1 3,5-dithazine

SyS

5,6-dihydro-4,6-dimethyl-4-isopropyl-4H-1,3,5-dithiazine

Scheme 12: Dithiazines isolated from the Flavour volatiles of the Loligo edulis edulis

A

novel bicyclic

1,3 ,5-dithiazine, pyrrolidino [1,2-e]-4H-2,4-dimethyl- 1,3,5-

dithiazine (Scheme 13) has been reported from the aroma concentrate of cooked
small shrimp, boiled clam (Meretrix lusoria) and Corbicula (Corbiculajaponica) 51
This was the only 1,3,5-dithiazine detected in the aroma concentrates. It was found
that very little ammonia is generated with the heating of these shellfish when
compared to other seafood. The major nitrogen-bearing compound generated is 1pyrroline. It was suspected that the bicyclic 1,3,5-dithiazine originated from the
integration of acetaldehyde, hydrogen sulfide and 1-pyrroline. The latter being a
Strecker degradation product of the amino acids proline and ornithine51. This was
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later confirmed by the complete synthesis of the pyrrolidino [1 ,2-e]-4H-2,4-dimethyl1,3,5-dithiazine from acetaldehyde, 1-pyrroline and hydrogen sulfide52

S IS
,-~, N6

pyrroIdino[1 ,2-e]-4H-24-dimethyl-1 ,3, 5-dithiazine
Scheme 13: Pyrrolidino[1,2-el-4H-2,4-dimethyl-1,3,5-dithiazine from Corbicula (Corbicula
japonica)

Dithiazines: A unique class of compounds
Dithiazines are common components in the aromas of processed foodstuffs and due
to the interest sparked by their aromatic olfactory properties have been synthesised in
a number of ways. However, the utilisation of dihydro-4H-1,3,5-dithiazines as
starting material for further synthesises are few.
5,6-dihydro-4H-1,3,5-dithiazines have found synthetic use as starting materials for
the generation of thial S-su1fides53 Takikawa

et

al reported the synthesis of several

aromatically trisubstituted 5 ,6-dihydro- 1,3,5 -dithiazines (2) from the corresponding
aromatic aldehydes, hydrogen sulfide and ammonia. When treated with NCS (Nchiorosuccinimide) or NBS (N-bromosuccinimide) these dithiazines gave the
corresponding 1,2,4,5-tetrathianes (3) (Scheme 14)

53

Of the various aromatic dithiazines used, yields of 60% for the 1,2,4,5-tetrathianes
were typical, the exception being trimethyl substituted dithiazine which was reported
to give a yield of 30% 53. The disadvantage of this method of synthesis is that it is
restricted to the synthesis of the tn-substituted 1,3,5-dithiazines. There is no control
on the position of the substituents, as all substituents are identical. The yields for
these reactions are low to moderate, and are particularly poor when aliphatic
aldehydes are utilised.
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Scheme 14: Synthesis of symmetric dithiazines and their conversion to 1,2,4,5-tetrathianes.

Takikawa et al, in 1983, found that 2,4,6-triaryl-5,6-dihydro-1,3,5-dithiazines reacted
with amines such as liquid ammonia and methylamine at room temperature to form
the corresponding thiobenzamides and dibenzyldisulfides via the unstable
thiobenzaldehydes induced by the amines (Scheme 15). Further reactions have been
based on this formation of the unstable thiobenzaldehydes in situ 54.
When the 2,4,6-triaryl-5 ,6-dihydro- 1,3,5 -dithiazines were combined with
electrophilic reagents such as p-toluenesulfonic acid, trifluoroacetic acid,
hydrochloric acid, boron trifluoride-etherate complex, iodine, iodine monochioride
and iodine monobromide in organic solvents at room temperature or reflux
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conditions they were found to yield a-2,4,6-triaryl-1,3,5-trithianes and n-isomers in
good yields (Scheme 16) 54
S

RyNR R
2NH2 (I)
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Thiobenzaldehyde

Scheme 15: Formation of Thiobenzamides and Dibenzyldisulfides from 2,4,6-triaryl-dihydro1,3,5-dithiazines

R

NyR

y
sys

1

R

>=s H

R

R

R
S

R
*
S

Thiobenzaldehyde

R

R

a-isomer

3-isomer

Yield/%

Yieldl%

R

X-Y (equiv.)

a isomer

j3 isomer

C6H5

p-TsOH.H20

30

26

CH3C6H4

p-TsOH.H20

34

36

CH30C6H4

p-TsOH.H20

7

54

4-C106H4

p-TsOH.H20

15

55

C61-15

CF3COOH

17

16

C6H5

HCI excess

25

30

C6H5

BF3.OET2

25

70

CH3C6H4

BF3.OET2

25

60

CH30C6H4

BF3.OET2

18

67

4-CIC6H4

BF3.OET2

11

57

Scheme 16: Formation of a and 13 isomers of 1,3,5-trithianes from trialkyl 1,3,5-dithiazines using
various electrophilic reagents X-Y

Again in conformational studies, 5-methyl-5,6-dihydro-1,3,5-dithiazine was
derivatised by the addition of an electrophile to the 2 position55. The first step
involved the slow addition of n-BuLi in tetrabydrofuran to the dithiazine to form the

2-Lithium salt. This salt was then slowly added to the appropriate electrophile as
shown in the following scheme (Scheme 17) 55
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2-(phenylthio)-5-methyl-dihydro-1,3,5-dithiazine
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2-benzoyl-5-methyl-dihydro- 1,3 ,5-dithiazine

4

(EtO)CO
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2-carboethoxy-5-methyl-dihydro-1,3,5-dithiazine

5

(C6H50)2C0

35

2-carbophenoxy-5-methyl-dihydro- 1,3 ,5-dithiazine

6

CH3I (2 equiv)

83

2,5-dimethyl-dihydro- 1,3 ,5-dithiazine

Scheme 17: Synthesis of 2-substituted 5-methyl-dihydro-1,3,5-dithiazines

The yields of these reactions are moderate to low. The methodology is intrinsically
cumbersome as the dithiazine has to be prepared prior to the addition of the
electrophile to the 2 position. If the synthesis of the dithiazine was taken into a
account the overall yields would be even smaller. The use of butyl lithium removes
this series of experiments from the realms of bench-top organic chemistry with the
need of specialised equipment.
This series of reactions was entirely based on the compound 5-methyl-1,3,5dithiazine, it does, however, indicate that the 2 position in the ring structure is a
favoured position for lithiation. This could be of an advantage in the subsequent
synthesis of 1,3,5-dithiazines that require a substituent in the 2 position.

j

There is also a synthesis of 4,6-dimethyl-1,3,5-dithiazine which proceeds from N,Nbis-( 1 -ethylbenzotriazolyl)amine through addition formaldehyde and sulfur with the
ejection of the two benzotriazole moieties. This could be expanded to the addition of
other aldehydes, which would mean other substituents in the 2 position. But if the
corresponding aldehyde is unavailable or does not react in this particular reaction
then the lithiation of the 2 position (after protection of the nitrogen) in the dithiazine
ring would allow the addition of other substituents.

Synthesis of dithiazines
A major portion of this dissertation is concerned with the synthesis of various 1,3,5dithiazines so it is appropriate to examine classical methods of dithiazine synthesis
and their synthetic uses. Several methods have been used over the years to synthesise
a variety of 5,6-dihydro-1,3,5-dithiazines. The following are some examples of the
popular techniques used in synthesis of such substances
In a reaction to form thioamides performed by Okajima in 1990, N-ethyl-5,6-dihydro1,3,5-dithiazine was produced. The formation of the target thioamide liberated
thioformaldehyde, which was proposed to have condenced with ethylamine, which
was in excess in the reaction chamber. (Scheme 18) 56
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Scheme 18: Formation of dithiazine via condensation of thioformaldehyde and ethyl amine

This was a one off reaction with no work done to expand the series of 1,3,5dithiazines produced. It wasa limited in application, as the ring system cannot be
substituted.
Takikawa

et al reported yields of approx. 60% for the synthesis of 2,4,6-

trisubstituted 5,6-dihydro-4H-1,3,5-dithiazines where the substituents originated
from various aromatic aldehydes, which were combined with ammonia and hydrogen
sulfide in ethanol at 0°C (Scheme 14) 3. There is no control on the positioning of the
substituents or a choice of the substituents in this reaction mechanism. The
substituents for each of the synthesised dithiazines were identical.
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Angiolini et al as part of a conformational analysis of saturated heterocycles prepared
a series of N-alkyldihydro-1,3,5-dithiazines from formaldehyde, the corresponding
alkylamine, and sodium sulfide or aqueous sodium hydrosu1fide57. The Nalkyldihydro- 1,3,5-dithiazines were produced in yield of approx. 64% except for the
iso-propyl analogue which had a yield of 83% (Scheme 19). This reaction sequence is
of limited use as it only enables the formation of 5-substituted dithiazines, although it
could conceivably be expanded using other aldehydes. An expansion of this
methodology would only lead to tetra-substituted dithiazines, with the substituents in
the 2, 4 and 6 positions being identical and dependant on the aldehyde used, as was
the case with Takikawa et al (Scheme 14 on page 12). Takikawa used ammonia
instead of the primary amines of Angiolini et al.
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Scheme 19: Preparation of 5-substituted dihydro-1,3,5-dithiazines

Takajo et al reported the synthesis of 2,4,6-triaryldihydro-1,3,5-dithiazines in the
general reaction of N, N'-diarylmethylenearylmethandiamines and thioamides58. The
reaction produces 1,3.5-dithiazines in the presence of ammonium acetate in methanol
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(Scheme 20), whereas if an aprotic solvent such as benzene or acetonitrile is used the
reaction yields N-arylmethylene- 1 -thioacylamino- 1 -arylmethylamines (Scheme 21)
instead of dithiazines.
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Scheme 20: Production of 2,4,6-triaryl-1,3,5-dithiazines
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Scheme 21: Synthesis of N-arylmethylene-1-thioacylamino-1-arylmethylamines

Once again the reaction above is limited to the tn-substituted 1,3,5-dithiazine
produced. There is no possible avenue for mono or di substituted dithiazines to be
produced. Also the reaction is limited to the production of aromatically substituted
ring systems, due to the intrinsic limitations of the starting materials.

In 1980 Howes et al synthesised via a Mannich reaction a series of N-substituted 5,6dihydro-1,3,5-dithiazines from a variety of dithiolates, formaldehyde and primary
amines (Scheme 22) 59. When salts of primary diamines were used the product was
bis-dithiazines (Scheme 23).
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Scheme 22: Condensation of primary amines with formaldehyde and various dithiolates
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Scheme 23: Condensation of primary diamines with formaldehyde and various dithiolates

The primary amines used in this reaction could be unsubstituted or substituted with
various groups. However, secondary amines such as dimethylamine did not yield a
Marmich product, indicating the formation of a cyclic structure is favoured59
While this reaction gives you some options of the substituent on the 2 carbon of the
dithiazine ring system, it is dependent on the stability and availability of the
dithiolates. This method could be extended to give a variety of different substituents
in the 4 and 6 positions of the dithiazine ring by altering the aldehyde used in the
reaction sequence. It is easy to envisage the production of 5,6-dihydro-4H-4,6dimethyll,3,5-dithiazines in Scheme 22 if the formaldehyde listed was substituted

with acetaldehyde. The use of primary amines, resulting in N-substituted dithiazines,
does not yield the class of dithiazine required to synthesis the target compound of this
investigation. The use of ammonia or ammonium chloride could be possible.

In 1977 Giordano et al reported the synthesis of 4H-1,3,5-dithiazines, the only
difference between this class of compound and those being studied is the presence of
a double bond in the ring system between the 5 and 6 positions [40] 60
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4H-1 ,3,5-dithiazine

These 4H-1,3,5-dithiazines were produced from the three component system
thioamide, aldehyde and thione. The method consisted of the room temperature
addition of a boron trifluoride etherate complex to a solution of the aldehyde,
thioamide and thione in chloroform (Scheme 24). Generally the trimeric forms of the
thione are used since they are generally easier to prepare and are more stable than the
corresponding monomers.
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Scheme 24: Formation of 4H-1,3,5dithiazines from thione/aldehyde/thioamide system

Better yields were obtained using N-(hydroxymethyl)-thioamids, instead of
thioamides and formaldehyde (Scheme 25).
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Scheme 25: Alternative synthesis of 4H-1,3,5-dithiazine from N-(hydroxymethyl)thioamides

Moderate to good yields are obtained for this methodology. This methodology allows
the option and control of the substituents in the positions 2, 4 and 6 on the dithiazine
ring by choosing the appropriate starting materials with the only difficulty being the
presence of the double bond. This could however be reduced by a variety of methods
to yield the 5,6-dihydro-4H-1,3,5-dithiazines targeted by this study.

Most of the methods reported above involved the Mannich condensation of amines
with a pair of aldehydes to yield an adduct followed by the ring cyclisation using a
variety of sulfur bearing compounds.

47

Chemistry of Benzotriazoles

4
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1 -Benzotriazole

In an endeavour to synthesise cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine, it
was decided to utilise the chemistry of benzotriazole and its substituted derivatives
with the intent of being able to synthesise the dithiazine in better yields and to
overcome the lack of stereoselectivity which plagued the other mentioned
procedures.

H3

CH3

(i

S

S

cis-5,6-dihydro-4H-4,6-dimethyl- 1,3 ,5-dithiazine

Benzotriazole has a bicyclic ring structure composed of a benzene ring and a triazole
ring. It is prepared by the action of nitrous acid on o-phenylenediamine. When first
synthesised, in the 1900s,
benzotriazole's potential use in synthetic organic chemistry
was not fully realised. However, in the last 10 to 15 years many varied ways in

M
.

which it can be exploited have been developed, as can be seen by the proliferation of
reports from Katritzky's group concerning the use of benzotriazole and its
derivatives61-63

Benzotriazole is cheap and easily recycled, more importantly it is easily removed
from reaction residues due to its solubility in aqueous acids and base, whereas most
of its derivatives are not.

Most benzotriazole derivatives are crystalline solids and very stable

Benzotriazole is an excellent synthetic auxiliary, this characteristic coming from the
interplay of five types of reactivity possessed by the benzotriazole molecule as
discussed below.

1. Behaviour as a Leaving Group
A benzotriazol- 1 -yl is a leaving group 64 of the same character as cyano, RU-, RS-,
RS(0)- and RS(02)-. These are all good leaving groups only when activated, either
by having an electron donor substituent attached to the same sp3-hybridised carbon
atom or by an electron acceptor i.e. when the leaving group is attached to a carbon
which also carries an attached double bond to either a nitrogen or oxygen.
Significantly these groups do not act as leaving groups when attached to an
inactivated carbon. The halogens and tosylate behave as leaving groups in all three
situations but such compounds are usually so reactive as to be difficult to isolate. A
benzotriazol- l-yl group will act as a leaving group similar to that of halogens and
tosylates in leaving reactivity but the benzotriazolyl compounds formed have been

ELI

found to be very stable and easily isolatable in comparison to their halogen and
tosylate analogues.
It is easy to form compounds of the form Bt-CH(R)-X and react these with
nucleophiles to give Nu-CH(R)-X. Reactions of this type have been carried out with
a wide number of nucleophiles including if (hydrides), Grignards and alkylzincs,
CN, Aryl (reactive aromatics), heteroaryls, and NR2 (amines and amides). Reactions
of this type are known as a-heteroalkylations 65 (Scheme 26).
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Scheme 26: HeteroaJkylation and benzotriazoIyaIkvlation of benzotriazolyl compounds

The activation of a benzotriazol-1-yl as a leaving group by a heteroatom with a lone
pair of electrons is mediated by the hetero atom's ability to stabilise the charged
intermediate produced by the loss of benzotriazole. It has been show in recent years
that this stability can be conferred through a conjugated system where the
heteroatom can be attached two or more atoms away from the carbon attached to the
benzotriazol-l-yl group 62 (Scheme 27).
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Scheme 27: Heteroatom stabilising charged intermediate in a conjugated system

This came to the fore in benzotriazole chemistry of benzene to give substituted
aromatic compounds 62 (Scheme 28).
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Scheme 28: Charged intermediate stabilisation in an Aromatic conjugated system.

2. Behaviour as an Electron Donor
In benzotriazole the three nitrogens of the ring are all sp2 -hybridised which means
that although the lone pair of the 1-nitrogen forms part of the aromatic electronic
system it is also available for conjugation with a carbocation center on the a-carbon
atom of the substituent 64 Thus, in suitable systems of type Bt-CH(R)-X, the X
group can act as a leaving group and react with nucleophiles to give compounds of
the form Bt-CH(R)-Nu. Reactions of this type are known as abenzotriazolylalkylations 62'66(Scheme 26 on page 50).

Some of the cleavage reactions are competitive. Either Bt- or the X group will be
eliminated in a replacement reaction. The general rule is that if X = OH, halogen and
carbamate then the -Bt is retained and for X = Amino, amido, alkoxy, acyloxy and
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alkylthio BtH can be eliminated. Mixtures of both these reaction types can occur in
some instances depending on reaction conditions and the substituents.

3. Behaviour of an Activator of Proton Loss
The considerable aromaticity of the benzotriazole ring and the presence of two
electron attracting pyridine-like nitrogen atoms make the hydrogen on a carbon
directly attached to the 1- or 2- position of the benzotriazole ring acidic.
Deprotonation leads to a reaction of the type Bt-CHXY -> Bt-C XY. The carbanion
can be captured by a large number of electrophiles, which greatly enhances the range
of a-benzotriazolylalkylations and a-heteroalkylations 64 Significantly the
benzotriazole moiety diverts the incoming electrophile regiospecifically into the
adjacent a-position in allylic systems. This deprotonisation is easily achieved usually
with the addition of butyllithium (BuLi) or lithium diisopropylamide (LDA) at -78°C
under an inert gas in tetrahydrofuran 67-70 (Scheme 29).
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Scheme 29: Carbanion formation during lithiation of the benzotriazole moiety
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Behaviour as a Radical Stabiliser
Recently it has been found that radical centers are stabilised when attached at the 2position of benzotriazole 64

Behaviour involving Ring Scission
In nearly all synthetic applications of benzotriazole the ring remains intact but there
are exceptions. Recently, synthetically useful applications of ring cleavages have
been developed 64,71-73

Benzotriazolyl compounds exist in two isomeric forms benzotriazol-l-yl and
benzotriazol-2-yl isomers (Scheme 30).
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Benzotriazol-1-yl
isomer

Scheme 30: Different isomers of benzotriazolyl compounds

The two isomers exhibit slight differences, which have been investigated by such
groups as Katritzky and Avila 74. It has been found that simple 1- and 2- alkyl
benzotriazoles showed significantly different reactivity patterns to LDA (Lithium
diisopropylamide) at -78°C in THF (tetrahydrofuran). They also have different
biological activities as plant-growth regulators. 1 -alkylbenzotriazoles are of wide
interest due to their biological activities as herbicides, insecticides and acaricides 75
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Katritzky has developed a method to produce all or mainly the 1 -alkylbenzotriazole
isomers via regiospecific substitutions of benzotriazole

75

The 1-N and 2-N isomers of benzotriazole molecules can be distinguished
spectroscopically 76 with their different absorptions in the infra red and ultra violet
regions. The isomers also have characteristic fragmentation patterns in mass
spectroscopy. Typically, 1-substituted benzotriazole gives (M-N2) and mlz 104 ions
while 2-substituted compounds give mlz 105 ion 76

Benzotriazole can be used as a synthetic auxiliary to prepare a wide range of
compounds. For example it can be used to produce:

Nitrogen Compounds: Primary, secondary and tertiary amines 77[Katritzky, 1990
476]7879, hydroxylamines 80, hydrazines 81, amides 8286, nitriles 87, thioamides 88,
1,3-diamines 83, quinolines 89,90, amino esters, polyfimctional amino compounds,
functionalised indoles 71

Oxygen compounds: alcohols 91, ethers 92,93, esters 68, carboxylic acids 67,91, f'aians
94 ketones 70,93 functionalised methyl ketones 95, 3-substituted
2-cycloalkentones

Taking 1-(chloromethyl)benzotriazole [41] (Scheme 31) as an example, this
compound can undergo numerous nucleophilic substitution reactions with carbon,
nitrogen, oxygen, phosphorous and sulfur nucleotides [42]. The ability of the N-alkyl
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group of the benzotriazole molecule to undergo regiospecific lithiation further
increases the variety of structure to be produced [43].
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ci
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OH, Benzotriazolyi, 1-Morpholinyl, SP(0)(OET)SPr, H, OEt, OPh, SPh, SBz,

S02Ph, PyrCL, N3, CN, Ph, Me, P(Ph3)CLE = Me-, PhCh2-, CH2=CHCH2-, p-MeC6H4CH-

Scheme 31: Conversion of 1-(chloromethyl)benzotriazole to various atkyl-benzotriazoles

Transformation of aldehydes to ketones:
Benzotriazole has been used to mediate the transformation of aromatic and
heteroaromatic aldehydes to ketones. Several alternative methods exist for such a
conversion but they suffer limitations such as:
the production of toxic gases.
requiring expensive reagents
have the need of heavy metal complexation with metals
such as mercury to drive the reaction to completion,
have only been reported with limited applications (i.e.
one or two compounds only).

Benzotriazole does not suffer any of these deficiencies. As shown in Scheme

32,

the

intermediate 1 -(1 -ethoxyaryl)benzotriazole [44] is simply formed by mixing the
required aldehyde

[45]

with benzotriazole, absolute ethanol, triethylformate and a
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catalytic amount of sulfonic acid in THE Treatment of [44] with n-butyllithium in
THF at -78°C for a short period gave anion [46]. Addition of the electrophile
(alkyihalide) and subsequent hydrolysis with HCl gives the desired ketone 97 [47].
The reaction can be further generalised by the use of different classes of electrophile
such as aldehydes, ketones and imines to produce a variety of a-hydroxy arylketones
[48], [49] or amino substituted aryl ketones [50] 97
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Scheme 32: Benzotriazole mediated conversion of Aromatic Aldehydes to Aromatic Ketones, cxHydroxy and Amino substituted Aryl Ketones.

Another example is the use of N-formylbenzotriazole as a formylating agent of
oxygen and nitrogen compounds as shown in Scheme 33. Traditional methods of
formylation suffer limitations requiring multi step reactions, expensive catalysts, and
work with very hydrophobic or unstable reagents. N-formylbenzotriazole [51] is a
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stable and easily accessible material that reacts readily at room temperature with a
variety of alcohols and amines 82•

(
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51 CHO

:N / N
51
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+ R—OH

Ri
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R—OCHO + BtH

Et, PhCH2, Ph, 2-pyridyt, 2-N0206H4, 2-thiazotyl

R2 = Et, H
R

=

Bu, PhCH2, 1 ,2,3,4-tetrahydro-1-naphthyl, 1-naphthyl

Scheme 33: Reactions of N-formylbenzotriazole with Amines and Alcohols
Benzotriazole is not limited to the role of synthetic auxiliary with many of it
derivatives are finding increasing number of roles in industry and pharmacology in
their own rights.

Benzotriazole compounds have been used in industry as antioxidants for oils,
pesticides, acaricide 75,98,99 and corrosion inhibitors 78
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Reactions of Aldehydes

It has long been known that benzotriazole will react with formaldehyde to form 1hydroxymethylbenzotriazole. Even leading research groups into benzotriazole
chemistry such as Katritzky's still refer to methods dated back to the 1950s for the
synthesis of 1-hydroxymethylbenzotriazole 100,79• Katritzky's group has pioneered
the chemistry of benzotriazole with aldehydes. Prior to 1987 only four other
aldehydes had been condensed with benzotriazole in such a manner 79. They were
able to show that the condensation with benzotriazole is general, at least for aliphatic
aldehydes. This not to say that aromatic and heteroaromatic aldehydes do not form
condensation adducts with benzotriazole, although no reactions have been observed
with benzaldehyde and p-methylbenzaldehyde 61,79 Benzotriazole and the
appropriate aliphatic/aromatic aldehyde will react with the evolution of heat and soon
solidify to produce 1:1 benzotriazole aldehyde adducts (Scheme 34).
Infra red spectra of the adducts lack the carbonyl absorption peaks and usually
contain a strong absorption band at 3 100-3200 cm-' caused by the strongly hydrogen
bonded -OH group of the adduct. Examination of the 1 H NMR spectra of the
produced adducts shows there is an equilibrium between the 1 -benzotriazolylalkanol
and the starting material in solution (Scheme 34). The equilibrium position can be
determined by comparison of the peak intensities of the characteristic aldehyde
proton resonance at ca 9 ppm and the characteristic adduct signals from the protons at
the a-carbon, ca 6.5 ppm 61,79
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Scheme 34: Reactions of Benzotriazote with Aldehydes.

The portions of starting material and product largely depend on the concentration of
the solution and the particular solvent being used 79. Because of this equilibrium the
recrystalisation of these adducts (usually done in diethyl ether) require the addition of
starting aldehyde (Ca 10%), to prevent the co-precipitation of benzotriazole with the
adduct 9
The reaction of aldehydes and benzotriazole is important because the 1benzotriazolylalkanol products are intermediates in a wide range of reactions.
Conversions of the 1 -benzotriazolylalkanol to the corresponding 1 -(1haloalkyl)benzotriazole 65 (Scheme 35) facilitates the production of many different
functionalised compounds, examples of which can be seen in Scheme 33.
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Scheme 35: Conversion of 1-benzotriazolylalkanol to the corresponding 1-(1haloalkyl)benzotriazoles

Aldehydes react with alcohols under acidic conditions to form an alkoxyalkyl
carbonium ion [52]. This ion undergoes electrophilic attack of the N-3 of the
benzotriazole system to produce the more stable ion [53], which on deprotonation
gives the product [54]. The same alkoxyalkyl carbonium ions are intermediates when
acetals [55] are used as starting materials. This is exceedingly valuable when the
starting aldehydes are unstable in their native form, such as chioroacetaldehyde 79
(Scheme 36).
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Scheme 36: Formation of 1-alkoxyalkylbenzotriazoles

1 -alkoxyalkylbenzotriazoles [54] of aromatic and heteroaromatic aldehydes using
ethanol (R2

=

CH3CH2) as the corresponding alcohols have been used to convert

these aldehydes into functionalised ketones 97 [48], [49], [50] as shown in Scheme
32.
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Reactions with amine (primary, secondary and tertiary)

Amines and aldehydes will react together to form adducts via the loss of water. This
reaction type is known as aminomethylation or Mannich reaction and is easily
reversible and exists in an equilibrium state (Scheme 37).
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+
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Scheme 37: Condensation of Amine with Aldehyde : formation of a Schiff base

It has been known for some time that 1-hydroxymethylbenzotriazole will react with
aromatic primary amines. There are a number of examples of this type of addition
reaction in the literature in which one or both hydrogens of the primary amine are
replaced 97

It has been found that this reaction type is general and will occur with a wide range of
1-(1-hydroxyalkyl)benzotriazoles [56], hence with a wide range of aldehydes

97

(Scheme 38) Thus, benzotriazole, an aldehyde, and a primary aromatic amine will
react together to form aminomethylbenzotriazoles [57].
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Scheme 38: Condensation of aldehyde, benzotriazole and aromatic amine.

It has been found that primary aromatic amines will react with 1-(1hydroxyalkyl)benzotriazoles 97 (Scheme 38) in ratio of 1:1 to form the
monobenzotriazol- 1-ylalkylamines. In contrast, primary aliphatic amines, when
reacted with l-hydroxymethylbenzotriazole (Scheme 39) tend to form the tertiary
amine bis-(benzotriazol-1-ylmethyl)amine

[59]

as the major product, the

corresponding monobenzotriazol-l-ylmethylamine [58] as a minor by-product which
makes their crystallisation difficult 97
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Scheme 39: Preparation of mono- and bis-(benzotriazol-1-ylmethyl)amines

Adducts of these types have been prepared in ethanolic solution, using a Dean and
Stark method or in water at 20°C 101 The order of addition of the reactants appears
to be important with the use of water as a solvent. Benzotriazole should be first
mixed with the amine and the aldehyde is then added. It has been found that any
other addition order give lower yields and less pure products 79

It was found that with the use of water as a solvent and with the use of the correct
stoichiometric ratio (2:2:1) the tertiary amine bis-(benzotriazol-1-ylmethyl)amine

.

[59,60] was produced exclusively and in high yield (Scheme 40). In water, if the
stoichiometric ratio 2:3:2 (benzotriazole, formaldehyde, amine) was used the reaction
produced predominantly aminals of type [61] (Scheme 40). In the same study it was
found that sterically hindered aliphatic amines could be forced to produce the mono
derivative [62] when the reaction was carried out in ether.
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Scheme 40: Derivatives formed by different Stoichiometric Ratios

Aldehydes besides formaldehyde have been used successfully to prepare mono
condensation products with benzotriazole and aromatic amines 79 (Scheme 38).
However, complex mixtures are formed when benzotriazole and aliphatic aldehydes
are heated with aliphatic amines ''

Aliphatic aldehydes besides formaldehyde have been shown to react with secondary
amines (both aromatic and aliphatic) and benzotriazole to produce isolatable adducts
although the use of only i-propyl- and propyl-aldehydes has been reported 102 These
are produced by the azeotropic distillation of the water produced from a benzene
solution that contains all three constituents in equimolar amounts. The adducts
produced are oils or low melting point solids that are unstable and hydrolyse easily
with weak acids (e.g. silica gel) 102 making their isolation difficult.
Adducts formed from formaldehyde, benzotriazole and secondary amines readily
form and are stable.

Aminomethylbenzotriazoles posses interesting biological activities

'

and other

worthwhile properties in their own right. They are also synthetic intermediates in the
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production of amines of a higher order than the one used as starting material
103,79,102,

as well as other nitrogen bearing structures.

The reaction of amines and aldehydes are not limited to the use of mono aldehydes.
Takahashi et al was able to react o-phthaldehyde in a double Mannich condensation
with a variety of primary amines (anilines) to form isoindole derivatives 104

Sulfur containing compounds
Compared to the amount of work on hetero compounds containing nitrogen and/or
oxygen the amount done on sulfur bearing compounds is small but this is a rapidly
growing field.
Benzotriazole has been used to convert primary thioamides to the corresponding
secondary analogues (Scheme 41). Traditionally direct N-alkylation of thioamides is
rare owing to the strong nucleophilicity of the S-atom in the thiocarbonyl group. But
the benzotriazole stabilised cation BtCH2 leads to exclusive N-alkylation 88,105
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Scheme 41: N-alkylation of Thioamides via Benzotriazole intermediates.

Displacement of Benzotriazolyl Moiety via Thiols
Benzotriazole has been reported to be removed in heteroalkylation reactions using
sodium thioalkoxides62'65'88 (Scheme 42) and thiols using zinc (II) bromide as a
catalyst62 (Scheme 43).
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Scheme 42: Removal of Benzotriazol-1-yl moiety via Sodium thioalkoxides.
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There is no reference in the literature to the displacement of benzotriazole from bis(benzotriazol- 1 -ylalkyl)amines. The use of in situ generated dithioacetals for the
displacement of benzotriazole has also not been reported.

Benzotriazolylthioalkyation
ct-Benzotriazolyl thioesters have been shown to be effective thioalkylating reagents
for Grignard and electron rich aromatic compounds. This valuable reactivity is due
to the good leaving-group property of benzotriazole and the ability of sulfur to
stabilise the ct-cation106
The incorporation of a thioalkyl group into a benzotriazole derivative can be
accomplished in a number of ways. One method follows the same synthetic route for
incorporating amines into their N- [1 -(benzotriazol- 1 -yl)alkyl derivatives. 1- [a(phenylthio)benzyl]- and 1-[(4-methylphenyl)(phenylthio)-methyl] benzotriazole, are
both readily prepared from benzotriazole, thiophenol and an aldehyde. The
aldehydes reported in this paper are benzaldehyde and 4-methy1benza1dehyde65
(Scheme 44)
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Scheme 44: Incorporation of thioalkyl group to the a-methylene carbon of a benzotriazole
compound.

The replacement of a halogen group attached to the c-methylene groups of an
alkylbenzotriazole is facile and readily achieved with moderate reaction conditions.
1 -(chloromethyl) benzotriazole reacts with sulfur nucleophiles at 20°C in methanol
or

DMSO to form 1-phenylthiomethyl-, 1 -phenylsulfinylmethyl-, and

1 -(phenylsulfonylmethyl)benzotriazoles, which were later lithiated and a number of
electrophiles incorporated into their structure'°° (Scheme 45). These exchanges are
not limited to the aryl thiols e.g. 1,2-bis(benzotriazolyl)- 1 ,2-dichloroethane reacts
with the sodium salt of ethanedithiol to give the 2,3-bis(benzotriazolyl)-1,4dithiane71 (Scheme 46).
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Scheme 46: Facile exchange using alkyl thiol and ring formation

A method for preparing 1 -(mercaptomethyl)benzotriazole has been developed by
adapting the method of synthesis of thiols from organic halides and trithiocarbonate.
The reaction of I -chloromethyl)benzotriazole with an aqueous solution of
trithiocarbonate yields 1 -(mercaptomethyl)benzotriazole in an 89% yield (Scheme
47). This thiol is a stable solid and can be conveniently used as a shelf reagent. A
side product of this reaction is di-(benzotriazol- l -ylmethyl)sulfide (approx. 10%)106

S
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BtCH2CI

Bt—CH2 -S--C—SNa
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(BtCH2)2S
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SH
Scheme 47: Production of 1-(mercaptomethyl)benzotriazole from 1-(chloromethyt)benzotriazole
and trithiocarbonate.

1 -(Mercaptomethyl)benzotriazole can also be prepared by an alternative method, the
reaction of benzotriazolylmethyl dithiocarboxylates with Grignard reagents in
diethyl ether. This method lacks the yield of the previous method (42%), and
requires more rigorous laboratory tecimiques (dry solvents and working with
Grignard reagents) when compared to the previous method and generates a major
by-product.
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1 -(Mercaptomethyl)benzotriazole, can act as a synthetic utility for the synthesis of abenzotriazolyl thioesters. It is of particular value in cases where the thiols required
for the previous methods ( Scheme 42,Scheme 43, Scheme 44 and Scheme 45); are
not readily available or are unstable. 1 -(Mercaptomethyl)benzotriazole condenses
with itself under basic conditions which precludes most substitution reactions of the
type : BtCH2SH + RX

BtCH2SR except for the substitution of reactive

halogen atoms'06 (Scheme 48).
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Scheme 48: Examples of Substitution reactions with 1-(mercaptomethyl)benzotriazole

1 -(Mercaptomethyl)benzotriazole also adds easily to activated double bonds to form
further a-benzotriazolyl thioesters (Scheme 49)
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Scheme 49: Addition of 1-(mercaptomethyl)benzotriazole to activated double bonds

2-Substituted thiazoles have been produced via 1-(cyanomethyl)benzotriazole and
Lawesson's reagent (Lawesson's reagent being a sulfonating compound that will
replace carbonyl oxygen with sulfur)
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Far less is known of the chemistry of thionylated and sulfonylated
benzotriazoles108'°9 than their nitrogen counterparts but interest is growing because
of their biological importance. Sulfonyl derivatives are herbicidal, insecticidal and
mutagenic. Some are used as tickicides and fungicides, others as activators for
sodium perchlorate bleaching 98

The amine adducts of benzotriazole (BtH), aldehyde and ammonia provided the
answer to the problem of forming a stable adduct between ammonia and aldehydes.
In previous experiments it was possible to form a solid adduct between ammonia and
acetaldehyde but there was no success with other aldehydes. The formation of stable
adducts of BtH and ammonia meant that it would be possible to displace the
benzotriazole with hydrogen sulfide and to complete ring formation with another
aldehyde (different to the one in the adduct) as shown in the reaction scheme below
(Scheme 50)
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Scheme 50: Proposed reaction pathway for the formation of 5,6-dihydro-4H-4,6-dimethyl-1,3,5dithiazine from Bis(1-ethylbenzotriazole)amine.

In an endeavour to gain some understanding of the mechanism and synthesis of these
reactions, a series of homologues were produced by forming adducts of
benzotriazole, formaldehyde and various alkylamines. The resulting adducts then
could be cyclised to substituted dithiazines as shown below (Scheme 51).
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Scheme 51: Proposed synthesis of substituted dithiazines
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Methodology

Methodology
This section covers the methodology of the experiments conducted during the course
of this PhD program. The first section comprises the collection of plant material
(mainly seeds and their pods) from various species of Acacia indigenous to the
Northern Territory and the extraction of these seeds, with the intent of identifying the
sulfur compounds found therein. This is followed by the techniques used to isolate
and identify the cis-5 ,6-dihydro-4H-4,6 -dimethyl- 1,3,5 -dithiazine discovered in the
extracts of the Acacia latescens. The next section covers the amino acid analysis
carried out to determine whether any significant changes occurred in the seeds'
amino acid profile with regards to the generation of the volatile sulfur compounds.
The last section describes the new syntheses developed for various dithiazines using
benzotriazole chemistry. These syntheses also includes the preparation of the cis-5,6dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine isolated from the Acacia latescens.
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Investigation of Acacia Species

The Acacia seeds and their attributes will be discussed in terms of their
developmental stages. The development of the seeds has been broken down into three
separate stages. For simplicity we shall distinguish these stages as:

An immature seed is one that is a fertilised seed that is embryonic but with out a
cotyledon (green spot). The development of a cotyledon can be distinguished by
holding the seed pod in question up to a bright light source. If the cotyledon is
present it shows as a dark spot in the developing seed. Prior to the development of
the cotyledon the seeds consists of a permeable seed coating, a liquid endosperm and
the embryonic plant. Seeds are usually <2mm in length and have no colour to them.

A mature seed, for the purpose of this discussion, is one that has a developing or
fully developed cotyledon but with out the hardened testa or desiccation. Seeds are
usually greater than 2mm in length and the cotyledon are dark green in colour with
the seed coating firming.

A ripe seed is, as one would expect, a fully developed seed with a hard black testa, in
which desiccation has occurred.
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Collection of Plant Material
The seedpods of various stages of development were collected by hand from the
various species as shown in Table 1. Once picked, the pods were kept on ice in sealed
plastic bags until they could be transferred to a -20°C freezer (within 4 hours for
locally collected plants and 24 hours for plants collected on field trips) where they
were stored until use.
Table 1: Collection Sites of Acacia Seeds by Species
Species
Acacia latescens

Acacia plectocarpa
Acacia auriculiformis
Acacia cambagei
Acacia holosericea
Acacia helicophylla
Acacia gonocarpa
Acacia torlosa
Acacia dunnii

Date Collected

Location

23/08/94
As required
As required
As required
As required
As required
As required
As required
August 1995
August 1995
August 1995
August 1995
August 1995
August 1995
August 1995
August 1995
August 1995
August 1995

Edith Falls
Stuart Highway
Stuart Highway
Myilly Point
Darwin
Lee Point
Cas Campus
Lee Point
Cas Campus
Bar Tablelands
Bar Tablelands
Myilly Point
Edith Falls
Cas Campus
Casuarina
B. Tablelands
Cas Campus
Myilly Point

Coordinates
140 13' S
140 11' S
120 95' S
120 27' S
120 27' S
120 20' S
120 22' 5
120 20' S
12° 22' 5
190 68' S
190 60' 5
120 27' S
140 13' S
120 22' S
120 22' S
190 68' S
120 22' S
120 27' S

Cas Campus: Casuarina Campus of the Northern Territory University
B. Tablelands: Barkley Tableland Region
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1320 20' E
1320 03' E
1320 30' E
1300 49' E
1300 52' E
1300 54' E
1300 52' E
1300 54' E
1300 52' E
1350 54' E
135°
E
1300
E
1320 20' E
1300 52' E
1300 52' E
1350 54' E
1300 52' E
1300 49' E

Screening of Acacia species for the ability to generate sulfur
compounds.

Screening started with the collection of mature seed from the species being
investigated. The species examined are givien in Table 1 on page 77.
25 grams of the mature seeds from each species were ground in 20mL of distilled

water and allowed to incubate for 10 minutes. The aqueous mixture was filtered and
the filtrate extracted with ether (2 x 20mL), the residue was also extracted with ether
(2 x 20mL). The ether extracts were combined, washed once with distilled water
(30mL) and concentrated brine (20mL) and then dried over anhydrous magnesium
sulfate. The magnesium sulfate was removed by filtration and the volume of the
filtrate reduced to 5mL under vacuum at 10°C. The reduced samples was stored at
20°C until analysis (within 24 hours) by GC/MS was completed.

-

Extraction of Volatile Sulfur Compounds from Acacia Samples

The seedpods were removed from the freezer and, while still frozen, the seeds were
removed from the pods. The seeds or pods (25 g) were macerated in a small amount
of water (45mL) using a stainless steel Waring blender. The macerated sample was
allowed to sit for at least 30 minutes in a sealed container to allow the sulfur
compounds to develop. They were then extracted with diethyl ether (2 x 50mL) for 4
hours at 4°C. The combined extracts were dried using magnesium sulfate, filtered
with 0.45 j.tm filter and then concentrated to approx. 4mL under reduced pressure at
10°C using a rotary evaporator. The concentrated samples were kept at -20°C in
airtight containers until analysis on the GC/MS (Table 4, Table lOTable 11).
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Cold extraction of mature Acacia seeds of the Acacia latescens and
Acacia plectocarpa.

The seedpods were removed from the freezer and while still frozen the mature seeds
were removed from the pods. The frozen seeds (25 g) were macerated in a small
amount of chilled water (45mL) using a stainless steel Waring blender. The
macerated sample was allowed to sit for 2 minutes in a sealed container to allow the
sulfur compounds to develop. Once the aroma of the sulfur compounds could be
detected by smell the macerated seeds were extracted with chilled diethyl ether (2 x
50mL) for 10 minutes at 4°C. The combined extracts were quickly dried using
anhydrous magnesium sulfate, filtered though a chilled 0.45tm filter. The samples
were analysed directly using GC/MS.

Determination of Location of Sulfur compound generation.

Three species of Acacia (A. latescens, A plectocarpa and A. cambagei) found to
produce sulfur compounds when their seeds were crushed were examined to
determine which portion of the seed and/or seed pod actually generated the sulfur
compounds.
Fresh mature Acacia seeds (where possible) were chilled down to 4°C by placing the
pods in a 4°C refrigerator overnight. Once chilled the seeds were carefully dissected
to remove the seed coat from the embryonic plant. Care was taken not to lyase the
cotyledon of the embryonic plant when the seed coating was being removed, as this
was found to cause the generation of the sulfur compounds. Once separated the two

Me

different sections were rinsed in a small portion of dichioromethane to remove any
sulfur compounds that may have formed during the separation, which would
contaminate the results. The washed portions were drained of the solvent and patted
dry with paper toweling, this was followed with the samples being ground in a small
amount of water (5mL) and allowed to sit in a sealed container at room temperature
for 30 minutes. After this period the macerated plant material was removed via
filtration (Whatman No 1) and the resulting filtrate was extracted with
dichioromethane (3 x 1OmL). The macerated plant material was also extracted with
dichioromethane (2 x 1OmL). The extracts were combined, washed with concentrated
brine solution, dried with anhydrous magnesium sulfate and reduced in volume under
reduced pressure at 10°C to an approximate volume of 5mL. This concentrate was
kept at 4°C until analysed by GCMS (Table 9 on page 155).

EJ!

Purification of cis-5,6-dihyd ro-4H-4,6-dimethyl-1 ,3,5-dithiazine
from the Volatile Sulfur extract of Acacia latescens
Trials of various solvent systems showed that the dithiazine present in the Acacia
latescens could be separated from the other cyclic sulfur compounds found in the
trees seeds by preparative thin layer chromatography with toluene as mobile phase.
Approximately 200g of seed were extracted using the general method for the
extraction volatile sulfur compounds from Acacias. The resulting solution, was then
chromatographed on preparative (2mm) glass backed TLC plates of fluorescent silica
gel (Merck Silica Gel 60 PF254+366) using toluene as the mobile phase. The
chromatographic bands corresponding to the desired compound (Rt

=

0.23) were

pooled and re-extracted with diethyl ether. The combined sample was once again
chromatographed with toluene and the desired compound collected (Rt = 0.23).
The purified compound was extracted from the silica gel with diethyl ether and the
solvent removed under reduced pressure and low temperatures. The sample was then
stored at -10°C until analysis.
Mpt: 80.5- 80.9°C. 'HNMR (CDC13): 1.26 (d) 6H JHH = 6.6 Hz; 3.91 (d) 1H JHH =
13.8; 4.50 (d) 1H JHH = 13.8, 4.26 (m) 2H JH. = 6.8 Hz. 'C NMR (CDC13): 22.96
(s), 33.51 (s), 60.34 (s). Coupled 13C NMR (CDC13) 22.65 (q) JCH 123.2 Hz; 33.28

(t) JCH 156.4 Hz; 60.23 (d) JCH 153.28 Hz. Infra red: 3300(w), 670(w) cm 1 . Mwt:
149.0328 AMU (149.0333 calculated) by High Resolution Mass Spect.
Mass Spectra: 44 (100), 45(19), 56 (24), 60 (27), 70 (32), 71(40), 103 (13), 149(35),
151(3).

Amino Acid Analysis
Constant boiling point (109°C) HC1 was prepared by distillation of a solution of
concentrated HC1/deionised water, 9:11 v/v in an all glass distillation apparatus.

Amino Acid Standard Solution
For each amino acid sample run there was two standard samples analysed as well.
A standard amino acid solution was prepared fresh every week, by placing the
amounts of amino acids listed in Table 2 below into a 100mL volumetric flask. After
the addition of approximately 50mL of distilled water to the flask 1mL of constant
boiling point hydrochloric acid was added to aid in the soluting of the amino acids.
All amino acids used were dried and stored in a desiccator over a drying agent to
ensure constant water content in the amino acids. The standard solutions were placed
in darkened container to exclude light and stored at 4°C until required.

Table 2: Amounts used in Amino Acid Standard Solutions

Amino Acid

Amount

Amount

mg/100mL

Amino Acid mg/mL

of

L-Serine

200

2

L-Glycine

200

2

L-Valine

200

2

L-Cysteine

200

2

L-Proline.HC1

262

2

L-Methionine

200

2

L-Lysine.HC1

249

2

L-Glutamic acid.HC1

248

2

L-Cystine

200

2

L-Djenkolic acid

400

4

Free

Amino Acid Analysis of Crushed and Non-Crushed Samples

Frozen seedpods were removed from the -20°C freezer and the seeds were removed
from their pods.
While, still frozen, approximately 5g of the seed material to be analysed was placed
in a mortar and pestle and covered with liquid nitrogen. Once the sample had reached
equilibrium, (i.e. reached the temperature of liquid nitrogen) the sample was crushed
and ground for 3 minutes with the pestle until a fine powder was obtained.

Non-crushed samples are defined as those samples that are introduced to the constant
boiling point hydrochloric acid immediately after the 3-minute grinding under liquid
nitrogen while the powered plant material is still frozen.

Crushed samples are samples that have been ground while frozen, then allowed to
reach room temperature and sit for 30 minutes before being introduced to the
constant boiling point hydrochloric acid and subsequent degassing.

The fine powdered sample(0.2g, approx. 15mg of protein) was weighed directly into
the hydrolysis tube, which contained 1 0mL of 6M HC1. Standard samples were
obtained by adding 1 and 2mL portions of the amino acid standard solution to
hydrolysis tubes containing 1 0mL of 6M HC1. These standards were treated in
exactly the same way as the plant material samples. The screw cap was placed on
immediately and the sample was ultrasonicated to ensure that all the plant material

was completely wetted with the acid. The sample was then placed on ice until it
could be degassed.
Degassing of the sample to be hydrolysed was achieved by attaching the hydrolysis
tube to a 3-way valve system (Scheme 52) where one arm was connected to a
vacuum source maintained at 20mmHg. The other arm was attached to a supply of
dry nitrogen. The sample was evacuated by opening the valve leading to the vacuum.
During the initial evacuation of the hydrolysis tube it was quite common for the
sample to froth. This was especially true in samples containing a large amounts of
saponins, and caused a foam of acid/plant material to rise towards the exit of the
hydrolysis tube, which risked the loss of sample material to the vacuum system.
Introducing a small flow of dry nitrogen, which caused the bubbles to collapse,
prevented the foaming. Once the foam had collapsed the vacuum was then quickly
reestablish by closing off the source of nitrogen. It was found that repeating this
procedure twice was sufficient to dampen the foam formation for most samples.
After 5 minutes the vacuum was turned off and the system flushed with dry nitrogen.
The nitrogen was then turned off and the system opened to vacuum again. This
flushing with nitrogen and purging was repeated twice and the degassing continued.
This flushing of the system was repeated at five-minute intervals during the 15minute degassing period for each sample. Once the degassing period was completed
the vacuum was closed off and a slight over pressure of nitrogen was established by
opening the nitrogen valve. The hydrolysis tube was then removed from the stopcock
and quickly sealed to prevent any oxygen from entering the tube. During the entire
degassing procedure the sample was kept in an ultra-sonic bath to facilitate bubble
formation and to reduce the 'bumping' of the sample by rapid expulsion of dissolved

air. Once the sample had been removed from the degassing system it was placed in a
dry heating block and heated at 110±2°C for 24 hours (±5mm).

To Vacuum
Source

4-

4-

From Nitrogen
Source

lant material in Hydrolysis
olution

Scheme 52: Set-up of Three-way valve used in degassing hydrolysis Solution
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After the hydrolysis period the sample was removed from the heat source and quickly
chilled to 0°C. The cooled sample was then filtered through a disposable 0.45tm
Teflon 25mm syringe filter to a 1 50mL quickfit conical flask. The filter was rinsed
with 5mL of distilled water and the wash was added to the conical flask. The
combined filtrates are then reduced to dryness on a rotary evaporator at
60±2°C/5mmHg. Once dry the residue was resuspended with l0mL of 0.1M HCI.
This solution was then applied to a ion exchange column (7mL, Dowex 50 (x8) 100200 mesh H form) at a rate of 1mL/min. The column was then washed with 3 x
10mL of deionised water at rates of 1,3 and 5mL/min. 10mL of 80% ethanol was
then passed through the column at 1mL/min, followed by 2 x l0mL water washes at
5mL/min. Once washed the amino acids were eluted off the column with 2 x 10mL
7M NH40H followed by a 10mL rinse of deionised water. The basic eluent was
collected in a 150mL quickfit conical and reduced to dryness on a rotary evaporator
at 60°C/5mmHg.
To the dry eluent 15mL of 3M HCl in Butanol* was added. The sample was
ultrasonicated for at least one minute. A small magnetic stirrer was introduced to the
reaction vessel and a drying column was attached to the reaction vessel. It was then
heated for 15 minutes at 1 00d2°C with stirring in an oil bath. The reaction of the
butanol esterification of amino acids is given in Scheme 53.

3M HCl Butanol was made fresh within 24 hours prior to its use. The reagent solution was prepared
by placing 200mL (162g) of anhydrous n-Butanol in a round bottom flask and chilling it in a ice/salt
bath. Dry hydrogen chloride gas was bubbled into the stirred, chilled solution until 21.9g (0.6 moles
of HCI) of the gas had been absorbed into the solution. The concentration of the solution was
confirmed by titration against standardised NaOH solution.

At completion of the reaction time the sample was once again reduced to dryness on
a rotary evaporator at 60°C/5mmHg. 1 0mL of anhydrous dichioromethane was then
added and removed under vacuum to azeotrope any remaining butanol from the
sample. The dry sample was then suspended in 2mL of anhydrous dichioromethane
and 1mL of trifluoroacetic anhydride (TFAA) was added and mixed. The solution
was then pipetted into two 5mL-culture tubes and sealed with Teflon lined lids. The
tubes were then heated at 150°C for 5 minutes. After the heating period the reaction
tubes were placed in iced water to quench the reaction and to enable transfer of the
solution to a 1 0mL volumetric flask. The reaction pathway for the trifluoroacetylation
of amino acids is given in Scheme 54. The solution was made up to volume with
anhydrous dichioromethane and placed in the freezer until analysis. A flow chart
summary of the amino acid analysis is given in Scheme 55.
Due to time constraints each sample run consisted of two standards and six plant
samples. With eight samples it was possible to take the hydrolysed samples from the
heating block to analysis on the GC in a 13-hour period.

H2N

000H

+

H

o0c

n-C4H9OH. HCI
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004H9

F
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Scheme 53: Reaction pathway involved in the butanol esterification of amino acids
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Scheme 54: Reaction Pathway involved in the Trifluoroacetylation of the Amino acids

A flow chart detailing the above methodology is give in Scheme 55.

RITM

Sample Preparation
Seeds removed from pods and ground frozen

Sample Hydrolysis
6M HCI, 11000, 24hrs

Filter and evaporate to dryness

Take up sample in 10mL 0.1M HCI and
apply to Cation Exchange resin

Wash with 2 x 10mL of chromatography water followed by 15
mL of 80% ethanol.
Elute Amino Acids with 7M NH 40H
Evaporate NH40H eluent under vacuum at 60°C

Esterify Amino Acids
3N HCl/Butanol, 10011C, 15mm
Evaporate n-Butanol. 3M HCI under vacuum at 60°C,
Azeotrope dry with Dichloromethane

Acetylate Amino Acid
TFAA102H012, 150°C, 7mm

GO/MS Analysis

Scheme 55: Flow Chart Protein Hydrolysis, Clean-up and Derivatisation Procedures

Prehydrolysis Oxidation Procedure for Amino Acid Analysis

Performic acid was prepared by adding 1mL of 30% hydrogen peroxide to 9mL of
88% formic acid, this was allowed to stand at room temperature for one hour before
being cooled to 0°C in an ice bath before use. Performic acid was used to oxidise
cystine and methionine to cysteic acid and methionine sulfone respectively prior to
hydrolysis.

Standard solutions containing 5mg of cystine, methionine and djenkolic acid were
placed into 150mL quickfit conical flasks and placed in an ice bath. Then 10mL of
cold performic acid was added, and the flask swirled gently, sealed, and allowed to
stand for 16 hours (overnight) in an ice bath. After the oxidation period 1 mL of
chilled 48% hydrobromic acid solution was added to the sample. The addition was
done in a fumehood and the flask gently swirled and kept in the ice bath. After 6
minutes the flask was removed from the ice bath and allowed to come to room
temperature. The samples were then rotary evaporated to dryness at 60°C/5mmHg.
The dry samples were then hydrolysed by addition of 10mL of 6M HC1, transferring
to a 15 x 150mm-culture tube with a Teflon lined screw top lid. After hydrolysis at
110°C for 24 hours the HCl was removed by rotary evaporation and treated in the
same manner as the usual samples.
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Synthetic Chemistry

Preparation of 2,4-bis-4-methoxyphenyl-1,3,2,4dithiadiphosphetene-2,4-disulfide (Lawesson' s reagent)
OH3
2

+

P4s10

CH30ks

S

POcH3

11

—a

Lawessons Reagent

22.2g (0.1 mol) of phosphorous pentasulfide was added to 108g (1 mol) of anhydrous
anisole. This mixture was refluxed at 155°C for 6 hours until all the phosphorous
pentasulfide had been consumed. The initial colourless solution turned to a bright
yellow colour as the reaction proceeded. Moisture was strictly excluded from the
reaction with a self-indicating silica gel drying tube attached to the reflux condenser.
At the end of the reflux period the solution was allowed to sit at room temperature
(26°C) overnight. The resulting precipitate was separated from the reaction mix by
filtration and washed with anhydrous toluene (25g, 66%). The resulting product was
a white/pale cream powder with a Mpt of 227°C (Lit Mpt 228-229°C) 110
(NB. the product emits a very penetrating odour).

Attempted Synthesis of Bis-(1-thioacetaldehyde)amine
Diacetamide, l.olg (0.01 mol) was suspended in anhydrous toluene in a quickfit
conical flask. To this solution was added 4g of Lawesson's reagent; the flask was
then stoppered with a drying tube and place in a 100°C oil bath.

S

H
-.

N

00

+ CH3O—

D--P(P-_ D_oCH3
S

-

H
N
ii
S S
I

The solution was stirred for 6 hours. After which the reaction solution was allowed to
cool to room temperature. Once cool it was poured into water and the aqueous
mixture was extracted with diethyl ether (3x50m1). The combined ether extracts were
dried over anhydrous magnesium sulfate and the ether removed under vacuum.
The crude product was analysed by GC/MS.

C-'-,

Preparation of Ammonia Adduct of Acetaldehyde

H

2 H

+NH3
"-k

N
OH3 ____H

CH3

OH

H

I

OH3

OH

20g (0.45m01) of acetaldehyde was mixed with 30mL anhydrous acetone. The
resulting mixture was chilled to -15°C on a salted ice bath.
Once chilled, ammonia gas was bubbled through the solution for 3 hours. The
interaction of the aldehyde and ammonia is exothermic. If the temperature of the
reaction mixture is allowed to rises above -5°C a bright yellow solution results,
which contains none of the desired product.
If the temperature of the reaction mixture is kept below -5° the ammonia adduct, a
white crystalline solid, precipitates out of solution in the reaction vessel. The
resulting adduct is filtered off under vacuum and washed with chilled anhydrous
hexane, 15.2g, 64 %, Mpt. 95°C (decompose). Lit Mpt 97°C". The prepared adduct
was temperature and light sensitive and was stored in a darkened bottle at -10°C.

94

Synthesis of 5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine from
Acetaldehyde/Ammonia Adduct

H
CH3

I

H
N

CH3

H

I

OH OH

CH3

H2S/CH21 2
'.

CH2Cl2

H
1-1
N yCH3 cH3 yNyCH3
SS

SS
CH3

3 grams of the acetaldehyde/ammonia adduct* (0.028 moles) was placed in 30mL of
chilled anhydrous dichioromethane. To this solution was added 11.5 grams of
diiodomethane (0.043 moles). This solution was stirred in an ice bath for 5 minutes.
Hydrogen sulfide was then introduced to the solution and when twice the required
amount of the gas (3.81g, 0.112 moles) had been absorbed by the solution, it was
stirred for a further hour at 0°C and then allowed to come to room temperature.
Stirring was continued for a further 24 hours.
After this period the organic preparation was washed with water (2 x 30mL) followed
by a concentrated brine wash (1 x 30mL). The washed organic layer was then dried
over anhydrous magnesium sulfate.The dried solution was then reduced under
vacuum and analysed on GC/MS.

Because of its instability, if the adduct was not prepared immediatly before use it was necessary to
wash it with chilled anhydrous ether to remove any acetaldehyde resulting from breakdown in storage.
*
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Benzotriazole Synthetic Chemistry
Synthesis of 1-Hyclroxymethylbenzotriazole

"N
a
lN

+

________

HAH

N/
OH

9m1 of 37% formaldehyde was added to a 500m1 round bottom flask containing
11.91g (lOOmmol) of benzotriazole and 250m1 of toluene. The mixture was refluxed
with a Dean-Stark water trap. When 8m1s of water was collected (appox. 1 hour) the
mixture was removed from the heat and allowed to cool to room temperature.
On sitting a crystalline material precipitated out of the solution. The solution was
then placed on ice for a further hour to ensure complete precipitation. The crystalline
mass was filtered (Whatman 40 filter paper) under vacuum and dried with 30 minutes
of aspiration.
The dried crystalline material was dissolved in dichloromethane (350mL) and the
organic solution was washed twice with a 10% sodium carbonate solution (50mL)
followed by 50mL of concentrated brine. After drying over anhydrous magnesium
sulfate and subsequent filtration the solvent was removed by rotary evaporation at
40°C. The resulting crystalline residue was then recrystallised from absolute ethanol.
Yield: 85%. Mpt: 147-149°C (Lit Mpt 150-152°C) 100 1H NMR (CDC13): 8.07(d),
1H; 7.70(d), 1H; 7.55(t), 1H; 7.40(t), 1H; 6.13(d), 2H, 3,95(t), 1H. 'C NMR
(CDC13): 70.88, 109.85, 120.05, 124.60, 128.16.

M.

Modification of the Synthesis of 1-Hydroxymethylbenzotriazole
11.91g (lOOmmol) of 1H-benzotriazole was added to a slight excess of formaldehyde
solution, l2mL (160mmol, 32% formalin). The benzotriazole dissolved with stirring
into the aqueous formaldehyde solution with the evolution of heat to form a brown
coloured solution. With further stirring (approx. 2 mm) a crystalline material
precipitated out of the solution. This crystalline material was filtered (Whatman 40
filter paper) under vacuum and dried by aspirating for 30 minutes. The dried material
was dissolved in dichloromethane and washed with a 10% sodium carbonate solution
(2 x 50mL) followed by 50mL of saturated brine solution. After drying over
anhydrous magnesium sulfate and subsequent filtration the solvent was removed by
rotary evaporation at 40°C. The resultant crystalline mass was recrystallised from
absolute ethanol. Yield: 90%, Mpt: 147-149°C (Lit Mpt: 150

-

152°C) 100 'H NMR

(CDC13): 8.07 (d), 1H; 7.70(d), 1H; 7.55(t), 11-1; 7.40(t), 1H; 6.13(d), 2H; 3.80(s), lH.
13

c NMR (CDC13): 70.88, 109.85, 120.05, 124.60, 128.16

General reaction of 1-hydroxymethylbenzotriazole with
aliphatic/aromatic amines.

N

2

NH2R

CCN

a
N-N
\\
/1
NN
N N

I

I

OH
R = H, CH3, CH7CH2CH3, CH(CH3)2, CH2C6H5

1-Hydroxymethylbenzotriazole (20mm01), glacial acetic acid (lOmmol), absolute
ethanol (30mL) and an aliphatic/ aromatic amine (12mmo1) were refluxed together
for 2 minutes and poured into ice water. The mixture was then extracted with
dichloromethane (2 x 50mL) and the extracts washed with water and dried (MgSO4).
Evaporation under vacuum at

50°C

yielded the crude bis-N,N-(l-

methylbenzotriozyl)-N-alkyl amine. The crude product was then recrystallised using
the appropriate solvent. (Table 17 on page 208)

Synthesis of bis-N,N-(1-methylbenzotriozyl)amine

2

I

"N
N'
LOH

NH3

'-N
I I 'NN'
1L N N

II

I

H

1-Hydroxymethylbenzotriazole (2.98g, 20mm01), glacial acetic acid (0.57mL,
lOmmol), absolute ethanol (30mL) and ammonia (0.708g, 12mmol) were refluxed
together for 2 minutes. The solution was then poured onto ice and extracted with
dichioromethane (2 x 50mL). The extracts were washed with 10% sodium carbonate
solution (1 x 30mL), water (2 x 30mL), then a saturated brine solution before being
dried over anhydrous magnesium sulfate. Evaporation under vacuum at 50°C yielded
a precipitate which was recrystallised from absolute ethanol to give bis-N,N-( 1methylbenzotriozyl)amine 1.61g (5mmol). Yield: 50 %. Mpt: 173-174°C (Lit Mpt
177-178°C) 100• 'H NMR (CDC13): 5.69(d), N-CH2-N. 13C NMR (CDC13): 64.23,
109.83, 118.34, 120.10, 124.28, 127.95, 133.33, 146.16ppm
Anal. Calc. for C14 H,3N7: C: 60.20; H: 4.69; N: 35.10. Found: C: 60.05; H: 4.78;
N: 35.28

Bis-N,N-(1 -methylbenzotriozyl)-N-methylamine

2

OC

'N NH

2CH3

N

\\

/1

NN
N
N' N

ip

OH
CH3

1HydroxymethyIbenzotriazoIe (2.98g, 20mm01), glacial acetic acid (0.57mL,
lOmmol), absolute ethanol (30mL) and methylamine (0.37g, 12mmol) were refluxed
together for 2 minutes. The solution was then poured onto ice and extracted with
dichioromethane (2 x 50mL). The extracts were washed with 10% sodium carbonate
solution (1 x 30mL), water (2 x 30mL), then a saturated brine solution before being
dried over anhydrous magnesium sulfate. Evaporation under vacuum at 50°C yielded
a yellow oil which on sitting at 4°C for 6 hours crystallised to give the crude adduct
which when recrystallised from absolute ethanol gave Bis-N,N-(1methylbenzotriozyl)-N-methylamine 2.61g, Yield 70 %. Mpt: 84-88°C (Lit Mpt 8890°C) 100• 1 H NMR (CDC13): 2.55 (s) 3H, 5.62(s) 4H, 7.42 (t) 2H, 7.56 (t) 2H,
7.68(d) 2H, 8.11(d) 2H.
Anal. Caic. for C15H15N7: C: 61.42; H: 5.15; N: 33.43. Found: C: 61.62; H: 5.28;
N: 33.48
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Bis-N,N-(1 -methylbenzotriozyl)-N-propylamine

2 O NN

NH,CH2CH2CH3

C

fl fl
N' N
N

LOH
CH2CH2CH3
1-Hydroxymethylbenzotriazole (2.98g, 20mm01), glacial acetic acid (0.57mL,
lOmmol), absolute ethanol (30mL) and n-propyl amine (0.708g, 12mmol) were
refluxed together for 2 minutes. The solution was then poured onto ice and extracted
with dichioromethane (2 x 50mL). The extracts were washed with 10% sodium
carbonate solution (1 x 30mL), water (2 x 30mL), then a saturated brine solution
before being dried over anhydrous magnesium sulfate. Evaporation under vacuum at
50°C left a brown oil, which on sitting at 4°C for 6 hours crystallised to give the
crude adduct (1.81 g). The crude product was recrystallised from absolute methanol to
yield Bis-N,N-(1-methylbenzotriozyl)-N-propylamine 1.61g (5mm01), Yield: 50 %,
Mpt: 102-107°C (Lit Mpt 106-108°C) 100, 'H NMR (CDC13): 0.79 (t), J= 7.2Hz,
3H; 1.61 (m), J= 7.4Hz, 2H; 2.82 (t), J= 8Hz, 214; 5.63 (s), 2H; 7.44 (t), J= 7.2Hz,
1H; 7.531 (t), J= 6.8Hz, 1H; 7.69 (d), J=8.2Hz, 111; 8.10 (d), J= 8.2Hz, 1H. 13C
NMR (CDC13): 11.11, 20.54, 52.35, 64.23, 109.83, 118.34, 120.10, 124.28, 127.95,
133.33, and 146.16ppm
Anal. Caic. for C17H19N7: C: 63.53; H: 5.97; N: 30.51. Found: C: 63.48; H: 6.05;
N: 30.37
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Bis-N,N-(1 -methylbenzotriozyl)-N-iso-propylamine

NH2CH(CH3)2
2

N

N:
O

C
:
N'

N'
LOH

CH(CH3)2

1 -Hydroxymethylbenzotriazole (2. 98g, 20mmo1), glacial acetic acid (0.5 7mL,
lOmmol), absolute ethanol (30mL) and iso-propyl amine (0.709g, 12mmol) were
refluxed together for 2 minutes. The solution was then poured onto ice and extracted
with dichloromethane (2 x 50mL). The extracts were washed with 10% sodium
carbonate solution (1 x 30mL), water (2 x 30mL), then a brine solution before being
dried over anhydrous magnesium sulfate. Evaporation under vacuum at 50°C yielded
a yellow/brown oil which on sitting at 4°C for 12 hours crystallised to give the crude
adduct which was recrystallised from ethyl acetate/hexane (1:1) to give Bis-N,N-(1methylbenzotriozyl)-N-iso-propylamine 2.41g, Yield 75%. Mpt: 74-78°C (Lit Mpt:
78-79°C) 100• 1 HNMR (CDC13): 1.07 (d) 6H, 3.72 (m) 1H, 5.69 (s)
13C

NMR (CDCL3): 21.61, 52.12, 64.01, 110.10, 118.23, 120.20, 124.36, 128.11,

133,54 and 146.17ppm
Anal. Calc. for C17H19N7: C: 63.53; H: 5.97; N: 30.51. Found: C: 63.62; H: 5.78;
N: 30.48
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BisN ,N-( I-methylbenzotriozyl)-N-iso-propylamine
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Bis-N,N-(1 -methylbenzotriozyl)-N-benzylamine

O

e5l' N

2

NH2CH2C6H5

"N

N-

CCN
N' N

LOH
CH2C6H5

1-Hydroxymethylbenzotriazole (2.98g, 20mm01), glacial acetic acid (0.57mL,
lOmmol), absolute ethanol (30mL) and benzyl amine (1.284g, 12mmo1) were
refluxed together for 4 minutes. The solution was then poured onto ice and extracted
with dichioromethane (3 x 50mL). The extracts were washed with 10% sodium
carbonate solution (1 x 45mL), water (2 x 30mL), then a brine solution before being
dried over anhydrous magnesium sulfate. Evaporation under vacuum at 50°C yielded
a reddish oil, which on sitting at 4°C for 12 hours semi -crystalli sed to give the crude
adduct. The crude product was recrystallised from ethyl acetate/hexane (1:1) to give
Bis-N,N-( 1-methylbenzotriozyl)-N-benzylamine 2.85g. Yield: 50% Mpt: 102-107
(Lit Mpt 108-109 C) 100 . 'H NMR (CDC13): 3.96 (s), 5.63 (s), 5.77 (d), 7.35 (m),
7.90 (d), and 8.1(m). 13C NMR (CDC13): 54.52, 63.49, 109.97, 118.44, 120.05,
124.36, 126.83, 127.94, 128.24, 128.66, 128.88, 129.33, 133.43, 136.50 and
146.loppm
Anal. Calc. for C21H,9N7: C: 68.28; H: 5.1; N: 26.54. Found: C: 68.31; H: 5.10;
N: 26.58
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Bis-N,N-( 1-methylbenzotriozyl)-N-benzylamine
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Synthesis of Bis-N,N-(ethylbenzotriazol-1-yl)amine

N
2

" N + 2 JJ + NH3
,\

N
H

OH3 H

CDC:N

N")Q

2.38g benzotriazole (20mmo1) was added to 10mL of water. To this solution was
added 0.61mL of 28% ammonia solution (lOmmol). This was then stirred for 30
minutes. During this time the benzotriazole dissolved into the aqueous ammonia
solution. Once the benzotriazole was completely dissolved the solution was chilled to
4°C and 1.12mL of acetaldehyde (22mmo1) was added with stirring. As the aldehyde
was added an oily suspension formed and settled to the bottom of the flask. With
continued stirring the oil formed a pale brown solid which solidified on the magnetic
stirrer. This solid was then dissolved in dichioromethane and washed with a 10%
sodium carbonate solution (2x 1 5mL) followed by two washes of high purity water (2
x 20mL) then once with a saturated brine solution (20mL). The organic layer was
then dried with anhydrous magnesium sulfate. The dried solution was then filtered
and the organic solvent removed under reduced pressure at 40°C. The crude material
(yield 70%) containing the following three possible configurational isomers of the
product was used for next cyclisation step. Attempts to isolate the three pure isomers
proved unsuccessful and cumbersome.

p
l~
N

N N ,N

'
GJ"N N"JJ,
N

1\
H
N
N

H

(b)

(a)

(c)

Isomers of Bis-N,N-(ethylbenzotiazol-1-yl)amine
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Synthesis of N-alkyl-5,6-dihydro-411-1,3,5-dithiazines

R

R
H2S/CH-,O
N-'

I

,N N

+ 2

CH2CI7 (Solvent)

S

[a
N

S

H

CN'

R = H.CH3,CH(CH3)2,CH,CH7CH3,CH2C6H5

General Procedure
5mmo1 of the Bis-N,N-(methylbenzotriazolyl)alkyl amine was dissolved into 1 5mL
of dichioromethane. This solution was then chilled to 0°C in an ice bath. To the
chilled solution 7mmo1 of formaldehyde was added and the hydrogen sulfide was
introduced into the suspension with stirring until an excess of hydrogen sulfide was
achieved. The solution was allowed to warm to room temperature (24°C), sealed and
stirring continued for 6 hours. After this period the organic layer was separated and
washed with water (3 x 20mL), 10% sodium carbonate solution (3 x 20mL) and
finally a saturated brine solution before being dried over anhydrous magnesium
sulfate. The product was then analysed on GC/MS. If traces of benzotriazole were
detected, the washes with sodium carbonate and brine were repeated until the
contamination was removed. The organic solvent was then removed under reduced
pressure at 30°C to yield a crude product. Purification was facilitated by flash column
chromatography using ethyl acetate:hexane (1:1) as the solvent system.
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5,6-Dihydro-4H-1,3,5-dithiazine

H

H
H2S/CH20
± 2

I

I

,N

N

fl1N

CH2C12 (Solvent)

Bis-N,N-(methylbenzotriazolyl)amine (1.61g, 5mmo1) was suspended in 30m1 of
chilled dichloromethane and to this solution was added 0.21g of formaldehyde
(7mmo1, 0.56mL of 37% formaldehyde). The solution was cooled to approximately
0°C in a salt/ice bath and hydrogen sulfide was introduced into the solution with
stirring. Addition of hydrogen sulfide at 0°C was continued for approximately 4
hours after which time the reaction vessel was sealed and allowed to return to room
temperature. Stirring was continued for 6 hours. The organic layer was washed and
dried, and the solvent was removed under reduced pressure yielding a colourless oil
which was analysed by GC-MS. This oil was highly volatile and decomposed rapidly.
Only a 13% yield of the crude material was obtained which on GC-MS analysis gave
two major molecular ion peaks at m/z 121 and m/z 75. Attempts to isolate the pure
products were unsuccessful.
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5-Methyl-5,6-dihydro-4H-1,3,5-dithiazine
CH3

CH3
H2S/CH2O

OJ
~N

N

I

CH2C12 (Solvent)

r— ~

S___S

+ 2

H

Bis-N,N-(methylbenzotriazolyl)methyl amine (1.465g, 5mm01) was suspended in
30m1 of chilled dichioromethane and to this solution was added 0.21g of
formaldehyde (7mm01, 0.56mL of 37% formaldehyde). The solution was cooled to
approximately 0°C in a salt/ice bath and hydrogen sulfide was introduced into the
solution with stirring. The solution was cooled to approximately 0°C in a salt/ice bath
and hydrogen sulfide was introduced in to the solution with stirring. Addition of
hydrogen sulfide at 0°C was continued for approximately 4 hours after which time
the reaction vessel was sealed and allowed to return to room temperature. Stirring
was continued for 6 hours. The organic layer was washed and dried and the solvent
was removed under reduced pressure yielding a colourless oil which was purified by
flash chromatography. Yield: 0.45g (59%). Mpt 61-62 (Lit 63-65) 57. GC-MS
molecular ion peak mlz 135. 'H NMR (CDC13): 2.66(s) 3H, 4.06(s) 2H, 4.4(s) 4H.
Anal. Calc. for C4H9NS2: C: 35.52; H: 6.71; N: 10.36. Found: C: 35.62; 11: 6.65;
N: 10.35
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5-Propyl-5,6-dihydro-4H-1,3,5-dithiazine
CH,CH7CH3

C31

CH,CH2CH3
H2S/CH,0
+

,N N

1

CH2C12 (Solvent)

S_S

,
-

I

1

"N
H

N

Bis-N,N-(methylbenzotriazolyl)-N-propyl amine (1.605g, 5mmo1) was suspended in
30mL of chilled dichloromethane and to this solution was added 0.21g of
formaldehyde (7mmo1, 0.56mL of 37% formaldehyde). The solution was cooled to
approximately 0°C in a salt/ice bath and hydrogen sulfide was introduced into the
solution with stirring. Addition of hydrogen sulfide at 0°C was continued for
approximately 4 hours after which time the reaction vessel was sealed and allowed to
return to room temperature. Stirring was continued for 6 hours. The organic layer was
washed and dried and the solvent was removed under reduced pressure yielding a
pale yellow oil which was purified by flash chromatography. Yield: 0.60g (73%),
Mpt: 29.5-30.5 (Lit 30-31) 112 Mass Spectral Data: 42(76), 56(36), 70(44), 84(100),
117(27), 163(35).
1

H NMR (CDC13): 4.57 ppm (s), 4H, S-CH2-N; 3.97 ppm (s), 2H, S-CH2-S; 3.50ppm

(t), 2H, CH2; 1.69ppm (m), 2H, CH2; 1.03ppm (t), 3H, CH3. 13C NMR (CDC13):
58.29 ppm, 50.73 ppm, 33.67 ppm, 20.4ppm, and 11.68ppm.
Anal. Calc. for C6H13NS2 C: 44.12; H: 8.18; N: 8.45. Found: C: 44.13; H: 8.02;
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5 -Propyl-5 ,6-dihydro-4H- 1,3 ,5-dithiazine
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5-Isopropy1-5,6-dihydro-4H- 1,3,5-dithiazine
CH(CH3)2

CH(CH3)2
H,S/CH,0

N

,N N \ j

CH2C1, (Solvent)

C~

+ 2

fll,N

S_S

1 :
0
1 N N 11;~"

Bis-N,N-(methylbenzotriazolyl)isopropyl amine (1.605g, 5mmo1) was suspended in
30m1 of chilled dichioromethane and to this solution was added 0.21g of
formaldehyde (7mm01, 0.56mL of 37% formaldehyde). The solution was cooled to
approximately 0°C in a salt/ice bath and hydrogen sulfide was introduced into the
solution with stirring. Addition of hydrogen sulfide at 0°C was continued for
approximately 4 hours. After this the reaction vessel was sealed and allowed to return
to room temperature. Stirring was continued for 6 hours. The organic layer was
washed and dried, then the solvent was removed under reduced pressure to yield a
pale yellow oil. which was purified by flash chromatography.Yield : 0.60g (73%),
Mpt : Oil (Lit 33-35) 112 Mass Spectral Data: 42(76), 56(36), 70(44), 84(100),
85(59), 117(27), 163(35). 'H NMR (CDC13): 4.5 ppm (s), 4H; 4.1 ppm (s), 21-1;
3.75ppm (quin), IH, JHH = 6.4Hz; 1.2ppm (d), 6H, JHH 6.414z.
13

C NMR (CDC13): 56.2 ppm, 44.9 ppm, 33.6 ppm, and 20.4ppm.

Anal. Calc. for C6H13NS2 C: 44.12; H: 8.18; N: 8.45. Found: C: 44.13; H: 8.02;
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5-Benzyl-5,6-dihydro-4H-1,3,5-dithiazine
CH2C6H5

N—
,N N

~I CN
C

CH7C6H5
H2S/CH20
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CH2C12 (Solvent)
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Bis-N,N-(methylbenzotriazolyl)benzyl amine (1.84g, 5mm01) was suspended in 30m1
of chilled dichioromethane and to this solution was added 0.21g of formaldehyde
(7mmo1, 0.56mL of 37% formaldehyde). The solution was cooled to approximately
0°C in a salt/ice bath and hydrogen sulfide was introduced into the solution with
stirring. Addition of hydrogen sulfide at 0°C was continued for approximately 4
hours after this the reaction vessel was sealed and allowed to return to room
temperature. Stirring was continued for 6 hours. The organic layer was washed and
dried and the solvent was removed under reduced pressure to yield an almost
colourless oil. Yield: 0.34g (33%) Mpt:3 103-104 (Lit 107) 79. Mass Spectral Data:
42(98), 65(24), 91(74), 118(52), 133(100), 165(39), 178(8), 211(53). 'H NMR
(CDC13): 7.3-7.41 ppm (m), 5H; 4.4 ppm (s), 4H; 4.1 ppm (s), 2H; 4.2 ppm (s), 2H.
'°C NMR (CDC13): 137.3. 129.3, 128.6, 127.6, 57.7, 53.1, and 33.8ppm.
Anal. Calc. for C,0H13 N52: C: 56.83; H: 6.20; N: 6.63. Found: C: 56.92; H: 6.35;

N: 6.82.
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-dithiazine

Synthesis of cis-5,6-dihydro-4H-4,6-dimethyl- 1,3,5-dithiazine from
Bis-N,N-(ethylbenzotiazol-1-yl)amine
H
N'

O N

jjO

Na2S.9H20/CH2 0
+

0H2012 (Solvent)

S

''N

2

O:N'
H

N
H

Bis-N,N-(ethylbenzotriazol- 1 -yl)amine (a mixture of isomers), 3 .0g (1 Ommol) was
dissolved in to 25mL of dichioromethane and chilled to 0°C. To the chilled solution
was added 0.3g of formaldehyde (lOmmol, 0.94mL of 32% formalin) and the
solution stirred.
Separately 7.5g of sodium sulfide nanohydrate (30mm01) was dissolved in 30mL of
water. The aqueous and organic solutions were combined and kept at 0°C for 5 hours
with continuous stirring, then allowed to come to room temperature (24°C) where
stirring was continued for approx. 16 hours. The two layers were separated and the
organic portion washed with 10% sodium carbonate solution (3 x 20mL), water (2 x
15mL) followed with a concentrated brine wash (1 x 20mL) before being dried over
anhydrous magnesium sulfate. The solvent was then removed under reduced pressure
(10°C) to yield a colourless oil. Analysis of the crude product via GC/MS indicated
that a small amount of another dithiazine as well as the target compound had been
formed. The crude product was purified by using flash chromatography on a 25mm x
75mm silica column using ethyl acetate: hexane (1:4) as the solvent system. Yield:
20%, Mpt: 81 8 1.5°C (decom). 'H NMR (CDC13): 1.27 (d) 6H JHH = 6.6 Hz; 3.89
-

(d) 1H Jj-ii-i = 13.8 Hz; 4.52 (d) lH JHH13.8HZ, 4.33 (m) 2H JHH = 6.8 Hz. 13C NMR
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(CDC13): 22.99 (s), 33.45 (s), 60.42 (s). Mass spectra data: 44 (100), 45 (23), 56 (22),
60 (29), 70 (35), 71(42), 103 (12), 149(34).
Anal. Caic. for C5H11NS2: C: 40.23; H: 7.43; N: 9.38. Found: C: 40.42; H: 7.32;
N: 9.45
433ppm

\

H3C
\
1.27ppm

3.89ppm
H

4.52ppm
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Instrument Parameters
Infra Red Spectra
All JR spectra were collected on a Mattson Polaris FTIR Spectrometer using sodium
chloride disks. The compounds analysed were mulled in either Nujol or HCBD
where the sample was solid or obtained as a neat film if the sample was liquid. All
spectra were collected between 500 cm' and 4000 cm- '

Nuclear Magnetic Resonance Spectrometry
Nuclear magnetic resonance spectra were obtained on a Varian Gemini 200
Spectrometer operating at 200 MHz and a constant temperature of 25°C. The
chemical shifts were referenced to an internal standard of Tetramethylsilane (TMS).
Both '3C NMR and 'H NMR spectra were collected where possible of all samples.
Samples were run in a number of deuterated solvents, including dimethyl sulfoxide
(DMSO), chloroform (CDC13) and acetone ((CD3)2C0). The solvent is given for
each spectra reported.
For experiments conducted on the isomerism of various 1,3,5-dithiazines
synthesised, the deuterated solvents were made acidic by adding 0.2mL of D20 with
0.05mL of trifluoroacetic anhydride (TFAA).
All deuterated solvents were supplied by CIL (Cambridge Isotope Laboratories. MA

01801 USA).

122

Melting Points
Rough melting points were determined using a Reichert-Jung Heizbank heating
bench. Reported melting points were determined with a Gallenkamp Melting Point
Apparatus. All melting points quoted are uncorrected.

Gas Chromatography/Mass Spectrometry
Initial analysis on the sulfur compounds extracted from the Acacia latescens were
obtained on a Hewlett Packard 5890A Gas Chromatograph and Hewlett Packard
5970 series mass selective detector arranged in series. The various spectra were
collected and manipulated on a Hewlett Packard 59970 MS ChemStation Version
3.1.1. The samples were injected onto a HP-i Cross-linked Methyl Silicone Gum
column, 12m x 0.2mm x 0.33tm-film thickness. The Royal Darwin Hospital
Pathology Department donated the access to their GC/MS. At a later date analysis
was later conducted on a Varian Saturn 3 GC/MS with similar results.
This system consisted of a Varian Star 3400CX Gas Chromatograph in series with a
Varian Saturn Mass Spectrometer. Samples were injected onto a SGE BPX5-1.0
colunm (30m x 0.25mm x 1.0 tim-film thickness).
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GC/MS Parameters for Volatile Sulfur Compounds Analysis from Acacia
Species on Saturn System: Temperature Program A

Injection Port Temperature: 280°C

Temperature Program
Segment

Transfer Line Temperature: 280°C

Temp

Rate

Time

Total Time

°C

(°Clmin)

(mm)

(mm)

1

120

0,0

3.0

3.0

2

290

15.0

11.3

14.22

3

290

0.0

12.0

26.33

Manifold Temperature: 270°C
Injection Volume: 3mL
Flow Rate: 10mL/Min
Column Head Pressure: 13 psi (0.91
kg/cm2)

GC/MS Parameters for Benzotriazole Synthesis Analysis on Saturn System:
Temperature Program B

Injection Port Temperature: 280°C

Temperature Program
Segment

Transfer Line Temperature: 280°C

Temp

Rate

Time

Total Time

°C

(°C/min)

(mm)

(mm)

1

120

0,0

3.0

3.0

2

290

15.0

11.3

14.22

3

290

0.0

12.0

26.33

Manifold Temperature: 270°C
Injection Volume: 3mL
Flow Rate: 1 0mL/min
Column Head Pressure: 13 psi (0.91
kg/cm2)
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GC/MS Parameters for Amino Acid Analysis on Saturn System: Temperature
ProgramC

Injection Port Temperature: 280°C

Temperature Program
Segment

Transfer Line Temperature: 280°C

Temp

Rate

Time

Total Time

°C

(°Clmin)

(mm)

(mm)

1

120

0,0

3.0

3.0

2

290

15.0

11.3

14.22

3

290

0.0

12.0

26.33

Manifold Temperature: 270°C
Injection Volume: 3mL
Flow Rate: 1 0mL/min
Column Head Pressure: 13 psi (0.91
kg/cm2)

Chromatography Parameters for analysis of volatile sulfur compounds from the
Acacia latescens: Temperature Program D

Temperature Program
Segment

Injection Port Temperature: 250°C

Temp

Rate

Time

Total Time

°C

(°C/min)

(mm)

(mm)

1

37

0,0

2.0

2.0

2

250

20.0

11.3

12.65

3

250

0.0

6.0

18.65

Transfer Line Temperature: 250°C
Injection Volume: 3mL
Flow Rate: 1 0mL/min
Column Head Pressure: 13 psi (0.91
kg/cm2)
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Results and Discussion

Results and Discussion
The presence of the sulfur compounds in the Acacia of the Northern Territory was
brought to our attention by an amateur botanist in Darwin, Brian Woods. He
appeared at our lab one day with a hand full of green seeds he had collected from the
environs of Darwin. With a gleeful smile he proceeded to crush a number of these
seeds and place them under our collective noses. "What compounds cause this God
awful stench?" he inquired, as the (now very familiar) noisome smell of Acacia
latescens permeated the room. "SULFUR! !" was the first answer he received... "Get
them in the bloody fumehood! ! !" followed quickly.
From this humble introduction to the volatiles of Acacia latescens a project was
born.

This discussion is divided into a number of sections, covering different aspects of the
research conducted for this dissertation. Firstly the extraction, identification and
isolation of the sulfur compounds found in the various species of Acacia studied.
The origins of the sulfur compounds are investigated through the examination of the
amino acid spectra of the Acacia seeds through their various developmental stages.
This and the results obtained are discussed in depth.
This is followed by a section, which covers the synthesis of the dithiazine isolated
from the Acacia latescens, including the successful methodology using benzotriazole
chemistry.
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Collection of Plant Material

This project is based on natural resources and was subsequently subjected to
environmental factors which affected the collection of samples.
Acacia plectocarpa was originally collected exclusively from the Casuarina Campus
of the Northern Territory, until the trees of this species was invaded by a boring type
insect that attack the newly forming seed pods, causing them to swell and decay,
producing no seeds. This infestation spread to every tree on the Casuarina Campus
and has lead to the death of a number of the trees being sampled. An alternative site
was found in the local area (Lee Point), this site being native scrub on Crown Land.
Sampling of the A. plectocarpa was started on the university campus because the
ease of sampling and because it was assumed that the site was protected and the trees
would be cared for (watered). The alternative site used later in the study, Lee Point,
suffered a number of bush fires that lead to the lack of samples at certain periods.
Acacia cambagei, found in central Australia, was difficult to collect. Three field trips
were conducted at different times of the year, over a two year period, but it was only
possible to collect mature seeds, as the seeds had yet to ripen on any of the field trips.
The distance and expense of the field trips limited our ability to return at regular
intervals to collect a range of developmental states.
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Extraction of Sulfur compounds

A series of solvent extractions were trialed on the Acacia latescens in an attempt to
maximise the efficiency of the extraction of the sulfur compounds from the seeds. It
was found that although diethyl ether extracted the sulfur compounds most
efficiently, it also extracted a significant amount of chlorophyll from the seeds.
This necessitated the additional clean up step of passing the extracted sample
through a small column of silica gel to remove the chlorophyll before analysis.
Methanol, as a solvent, successfully extracted the sulfur compounds, but it also
extracted a large number of other compounds such as sugars and lipids which
interfered with the peaks of the sulfur compounds. In addition, the higher
temperature that was required to remove methanol would have been detrimental to
the sulfur compounds. The sulfur compounds present in Acacia latescens were very
volatile and sensitive to elevated temperature.
Similar reasons are given for the exclusion of chloroform as an extraction solvent,
although it did extract the sulfur compounds (along with some chlorophyll), its high
boiling point making it an unsuitable solvent.
As chloroform was effective, a trial on dichioromethane was conducted. This solvent
gave comparable results to that of diethyl ether. It has a sufficiently low boiling point
to allow swift removal of the solvent at room temperature or lower. Like diethyl
ether and chloroform it extracted only the sulfur compounds of interest from the
macerated seeds (with some chlorophyll) and required only the simple cleanup step
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of passing the extract through a small column of silica gel (Merck Silica Gel 60 P).
The only properties of this solvent not in its favor were the cost and its toxicity.
Aqueous acid and base extraction of the macerated seeds were also trialed. Both of
these extractions failed to remove the sulfur compounds. This would not be
unexpected, once the non-polar nature of the majority of the cyclic sulfur compounds
found in the Acacia latescens was established. However, the dithiazine, later
identified as cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine, should be extractable
in both acid and base due to the nature of the amine group within its structure. It was
found that the dithiazine was extracted with both procedures but the extracts
contained a number of compounds, which interfered in the chromatogram of the
dithiazine. The extra steps (neutralisation, re-extraction and washing) would also
contribute to losses of the targeted dithiazine, making both these tecimiques of less
value than the diethyl ether extraction.
It was decided that diethyl ether was solvent of choice. Diethyl ether extracts only the
sulfur compounds targeted including the dithiazine. It has a low boiling point
facilitating easy removal of the solvent and it was a cheaper solvent for the bulk
extraction undertaken in this study, the aspect of the use of this solvent not in its
favour was the necessity of a clean up of the extracted sample.

Identifaction of sulfur containing compounds in A. latescens

The start of this investigation into the chemical components of the Acacia latescens
was a diethyl ether extraction of the mature Acacia latescens seeds. This extract was
concentrated at room temperature at reduced pressures. Low temperature was used to
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ensure that the volatile sulfur compounds were not lost during the reduction of
solvent volume.
The concentrate obtained was initially analysed by GC/MS at Royal Darwin Hospital
and later at Northern Territory University. The chromatogram obtained showed 8
compounds, which had molecular ion peaks (Mt) and associated (M+2) peaks that
had ratios indicative of compounds containing sulfur (Table 3).

Table 3: Ratio of Molecular ion Peak of sulfur bearing compounds to their (M+2) peak.

Number of Sulfur Atoms I (M+2)/Mx 100

*:

1

1

4.21%

2

1

8.42

3

1

12.63

4

1

16.84

5

1

21.05

*

data supplied by CRC Handbook of Chemistry and Physics 73rd Ed.

The above table takes into account only the effect of the sulfur isotopes on the
(M+2) ratio. Hydrogen, carbon and nitrogen do not have any naturally occurring
(M+2) isotopes and hence do not effect the calculations of the (M+2) sulfur ratio.
Oxygen does have a naturally occurring (M+2) isotope with a natural abundance of
0.20%. This is a relatively small contribution to a compound's (M+2) abundance,
and does not effect the determination of the sulfur content.
For example the compound of molecular formula C2H4S5 (lenthionine, Mwt 188)
would be expected to have an (M+2)/M ratio of 21.05%. This would not be
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significantly effected by the addition of one or more oxygen atoms. For example a
compound of molecular formula CH20S5 (Mwt 188) would have a (M+2)7M ratio
of 21.25%.

Once identified as containing sulfur these compounds were further investigated. A
total of 8 sulfur bearing compounds were found in the diethyl ether extracts of the
Acacia latescens (Table 4).
Table 4: Sulfur compounds extracted from the mature seeds of the Acacia lalescens
Compound

Mwt

Ret Time

% area

1

dimethyithiolsulfide

126

7.724

7.2

2

1,2,4-trithiolane

124

7.808

20.2

3

1,2,4-trithiane

138

8.346

11.1

4

cis-5,6-dihydro-4H-4,6-dimethyl- 1,3,5-dithiazine

149

9.79

46.2

5

1,2,4,5-tetrathiane

156

11.584

4.5

6

1,2,4,6-tetrathiepane

170

13.826

3.5

7

tetrathiocyclooctane

184

14.270

2.3

8

lenthionine

188

15.193

0.6

Five of these compounds were positively identified via their fragmentation patterns
(Table 5), the 1,2,4-trithiolane (Rt
1,2,4,6-tetrathieparie (Rt

=

=

7.80mm), 1,2,4,5-tetrathiane (Rt

13.82mm), tetrathiocyc lo octane (Rt

=

=

11.58mm),

14.27mm) and

lenthionine (1,2,3,5,6-pentathiepane) (Rt = 15.193) have all been previously isolated
from other plant or fungi sources.' 21206 '3.
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Table 5: GC-MS fragmentation pattern of sulfur compounds extracted from the mature seeds of

the Acacia latescens

1

Compound

Mwt

dimethylthiolsulfide

126

Fragmentation Pattern
44(7), 45(77), 46(44), 47(100), 64(5), 78(12), 92(63),
93(17), 126(25), 128(3)

2

1,2,4-trithiolane

124

45(84), 46(35), 47(9), 59(19), 60(21), 64(5), 78(97),
92(17), 124(100), 126(15)

3

1,2,4-trithiane

138

45(72), 46(35), 47(10), 59(41), 60(20), 64(37), 78(51),
92(17), 138(100), 140(13)

4

cis-5,6-dihydro-4H-4,6-

149

dimethyl- 1,3,5-dithiazine

5

1,2,4,5-tetrathiane

44(100), 45(19), 56(24), 60(27), 70(32), 71(40),
103(13), 149(35), 151(3)

156

44(20),

45(100),

46(75), 47(8),

64(14),

78(16),

110(28), 124(7), 156(31), 158(5)

6

1,2,4,6-tetrathiepane

170

44(8), 45(78), 46(51), 60(35), 61(14), 64(9), 78(100),
93(11), 124(68), 170(92), 172(16)

7

tetrathiocyclooctane

184

44(14), 45(79), 46(49), 47(15), 59(26), 60(43), 64(13),
74(14), 78(89), 92(10), 124(100), 126(14), 138(8),
170(44), 184(79), 186(15)

8

lenthionine

188

44(10),

45(74), 45(47), 47(10),

60(13),

64(18),

78(100), 80(11), 96(6), 110(9), 124(66), 126(11),
142(89), 144(19), 170(13), 188(42), 190(9)

The compound with a Rt of 8.346min and Mwt of 138 was identified by its mass
fragmentation pattern alone. The M7(M+2) ratio (12.3%) indicated it had 3 sulfur
atoms within its structure. This gave a formula of C3H6S3.
Three structures were possible from this molecular formula: 1,2,4-trithiane, 1,2,3trithiane and 1,3,5-trithiane. The possible structure of 1,3,5-trithiane was eliminated
by comparison of the fragmentation pattern obtained from the Acacia with the
fragmentation spectra reported for 1,3 ,5-trithiane13
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The fragmentation pattern of the the extracted compound was very similar to that of
1,3,5-trithiane (Scheme 56), with the notable exceptions of the presence of two
daughter ions m/z 78 and m/z 60 (not seen in the spectra of 1,3,5-trithiane), and the
relatively high abundance of the daughter ion m/z 64 (S2 ). No fragmentation pattern
for 1,2,3-trithiane was available.
Table 6 below gives the reported fragmentation pattern of both 1,3,5-trithiane13 and
extracted compound along with their relative abundance (only daughter ions of a
relative abundance of greater than 8% are given).
Table 6: Fragmentation pattern of 1,3,5-trithiane and extracted compound (Rel Abund.)

I Unknown Compound

1,3,5 -trithiane13
138(100)

1

138(100)

92(21.7)

1

92(17)

64(8.5)

1

78(51)

46(22.5)

I

64(37)

45(20)

I

60(20)
59(41)
46(3 5)
45(72)

The daughter ions of m/z 60 and m/z 78 are complimentary fragments. In the 1,2,4thrithiane these fragments can occur throught the cleavage of C-S bonds. In 1,2,3trithiane these fragments must involve the cleavage of S-S bonds which require
conciderably more energy than the cleavage of C-S or C-C bonds and would not be
expected to form a significant portion of the mass spectrum.
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An indicator that the compound found in the Acacia latescens has a disulfide group
is the prominence of the m!z 64 daughter ion S2t This daughter ion is formed
through two pathways in the fragmentation of the 1 ,2,4-trithiane (Scheme 57), either
directly from the parent ion or from subsequent fragmentation of the mlz 92 daughter
ion. Both pathways involve the cleavage of only C-S bonds. With 1,2,3-trithiane this
daughter ion could be formed via fragmentatios which while possible are
unfavourable due to the necessity of breaking S-S bond when there are easier bonds
to break. Hence it would be expected in the fragmentation spectra of 1,2,3-trithiane
(Scheme 58) that the mlz 64 daughter ion would not be a prominent ion in the
spectra unlike the in the spectra of the unknown compound. It would also be
expected that the 1,2,3-trithiane would have a prominent m!z 96 daughter ion
representing the S radical (Scheme 58). This daughter ion is significant in the
reported spectra of cyclic sulfur compounds containing 3 adjacent sulfur atoms such
as 1enthionine20. This daughter ion was absent from the spectra obtained for the
unknow compound. On the basis of these arguments it was concluded that the
unknown compound with Rt = 8.346min was 1,2,4-trithiane.
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Scheme 56: Proposed fragmentation pattern of 1,3,5-trithiane.
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Scheme 57: Proposed fragmentation pattern of 1,2,4-trithiane.
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Scheme 58: Proposed fragmentation patteren of 1,2,3-trithiane
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[S3

] mlz 96

-

It was noticed during a preliminary extractions of the Acacia latescens that if the
macerated seeds were extracted immediately with chilled ether an additional peak
appeared in the chromatograpm of the extract. The methodology of the extraction
was modified to maximise the extaction of this compound. The macerated seeds
were only allowed to sit for a maximum of two minutes untill the smell of the sulfur
compounds could be detected after which they were extracted for a short period of
time with chilled diethyl ether. With the modified extraction the concentration of the
other sulfur compounds are low as there is no preconcentration.
This additional compound's peak occured with a Rt (7.72 minutes) less than that of
1,2,44rithio1ane, and with a molecular ion of mlz 126. The (M+2)/ M ratios
indicated the presence of three sulfur atoms. Its even mass indicated no nitrogen (or
an even number of nitrogen) in its formula. Hence it had a molecular formula of
C2H6S3.
This could only be represented as a linear structure, with five structures being
possible;

dimethyltrisulfide,

methyithiolmethyldisulfide,

dimethylthiolsulfide and methyldisulfidemethyl thioether.
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ethyltrisulfide,

SH

S

CH3

SH

OH2

OH2

ethyltrisulfide

H3C

S

SH

S
OH2

dimethylthiolsulfide

H3

S

SH

OH3

OH2

dimethyltrisulfide

methylthiolmethyldisulfide

H3C

OH2

SH

methyldisulfidemethyl thioether
Scheme 59: Possible Linear Structures for formula C2H6S3

For one of these structures, dimethyltrisulfide, a fragmentation pattern is
available113. This compound's fragmentation pattern exhibits an (M-l5) daughter
ion (mlz 111) of 25% of the M peak representing the loss of a methyl group from
the parent compound. This daughter ion can not be seen in the spectrum of the
compound found in Acacia latescens and was therefore discounted. Another three of
the possible structures have a terminal methyl group and it would be expected that
the fragmentation of these possible compounds would contain an m!z ill daughter
ion resulting from the loss of the labile methyl group. Hence, they were discounted
as possible structures for the compound isolated from the Acacia latescens.
The only other structure possible is the dimethyithiolsulfide. This structure would
give the appropriate fragmentation pattern (Scheme 60). The terminal thiol groups
would produce a daughter ion of mlz 93, which is consistent with the fragmentation
spectra obtained for the compound extracted from the Acacia. It is therefore

1.)

proposed that the compound extracted from the Acacia latescens (Rt

=

7.72mm) is

dimethyithiolsulfide.
Dimethyithiolsulfide is thought to be the precursor of all the sulfur compounds found
in Acacia latescens and Acacia plectocarpa excluding the dithiazine.
This linear precursor is "trapped't by the use of cold temperature during extraction as
well as the almost immediate extraction which inhibits any enzymatic activity or
spontaneous chemical reactions sufficently for it to be observed in the extract.
The dimethyithiolsulfide was not seen in the extracts of the Acacia cambagei
because the "cold trapping" of the linear compound was not attempted on the mature
seeds of Acacia cambagei due to limited samples.
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1
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2SH
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OH2

CH2

]
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]

-H
-CHSH

[Hs
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[>1mIz78

is I

SH
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Scheme 60: Proposed Fragmentation pathway for Dimethyithiolsulfide
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m1z92

mlz 45

Out of the 8 compounds identified as containing sulfur, the final one was unusual in
that it had an uneven molecular mass of 149. An uneven molecular mass is indicative
of the compound containing an odd number of nitrogen atoms. The characterisation
of this compound deserves separate treatment.
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The Structure Determination of 5,6-dihyd ro-4H-4,6-dimethyl-1,3,5dithiazine : Mass Spectral Evidence.

The analysis of the volatile sulfur compounds of the unripe seeds of Acacia latescens
lead to a number of sulfur containing compounds being detected. As discussed
earlier, 7 of these compounds were identified on the basis of their molecular weight
and fragmentation patterns..
The GC/MS chromatogram of the extract contained one large peak (Rt = 9.79mm),
which was the largest by a factor of two (based on peak area) and which did not
correspond to any known cyclic sulfur compound previously found in plants or fungi.
This compound with an (M+2) /M ratio of 8.2% must contain 2 sulfur atoms. But
with a mwt of 149, must contain an odd number of nitrogen atoms. This made the
compound very unusual as none of other sulfur compounds extracted from the
Acacia species examined contained nitrogen.
To account for these factors and the molecular mass of 149, it was deduced that the
molecular formula for the compound would be C5H11NS2 (calculated 149.0333
AMU).
Useful information about the structure of this compound was obtained before the
compound was isolated in its pure state. The mass spectral fragmentation pattern of
the compound indicated it was a cyclic structure with no attach alkyl groups, this was
deduced from the absence of the characteristic M-15 daughter ion in the mass
spectrum of the compound. An M- 15 daughter ion is indicative of straight or
branched chains.
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The presence of thiol groups in the structure was discounted by the absence of the M33 daughter ion, which is characteristic of thiols.
The first daughter ion of the mass spectrum of the isolated copmpound is that of mlz
103, which represents the loss of mlz 46 from the parent ion. This can be accounted
by the loss of a [CH2S] fragment. This is a typical fragmentation pathway for cyclic
sulfur compounds (Scheme 56 Scheme 58).
-

A number of structures were proposed for the compound based only on the
fragmentation pattern and the molecular formula. Three possible contenders are
shown in Scheme 61

S —\

N

U
1 2-dithio-3-azocine

CH
1 ,2-dithio-4-azocine

1 ,3-dithio-5-azocine

Scheme 61: Proposed structures for compound based on mass fragmentation

These structures accounted for the molecular mass of the compound, and for the lack
of the (M- 1 5) and (M-3 3) daughter ions as well as for the maj or fragments found in
the mass spectrum of the compound.

The technique of thin layer chromatography was chosen as a means of separation of
this compound from the remainder of the compounds extracted from Acacia
latescens. After a series of solvent systems were trialled it was found that the
unidentified compound could be separated from the cyclic sulfides with toluene as
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the mobile phase on silica gel plates. The compound was purified and its structure
was determined through as series of spectral analyses including infra red
spectroscopy and both proton and 13C NMR.
The JR spectrum of the dithiazine showed a weak single peak at 33 00cm-1 .This is
typical of a secondary amine or hydroxy group. Since the compound contains no
oxygen the latter could be dicounted' 14.Furthermore, the lack of absorbance between
2600and 2550 cm 1 indicated that no —SH groups were present.114. This was all the
useful information that could be derived from the spectrum, as disulfide stretching
vibrations are weak and situated between 400-500cm 1, outside the range of sodium
chloride optics114.The stretching vibrations assigned to C-S linkage occurs in the
region of 700-600cm 1, but are usually weak and highly variable in position. Such an
absorption peak for the compound was not detected, making this absorption band of
little value in the structural determination of the compound.

A purified sample of the dithiazine was sent to the Australian National University's
Research School of Chemistry to be analysed using the low energy chemical
ionisation teclmique (NH3), and with a lower electron voltage of 50eV. The results
gave a molar mass of 149.0328 AMU, the calculated mass for the molecular formula
C5H11NS2 is 149.0333 AMU. This confirmed the proposed molecular formula as
determined by the analysis in Darwin.
A problem was encountered with analysing the dithiazine on the chemical ionisation
system. The crystalline sample was placed in to the ionisation chamber on a probe.
The dithiazine was so volatile at the vacuum levels required for the technique that
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there was little sample left to analyse by the time the ionisation process was initiated,
thus giving a weak spectrum.

Stucture Determination of 5,6-dihydro-4H-4,6-dimethyl-1 ,3,5dithiazine: NMR Evidence.

The results of the 1 H and 13C NMR for the purified compound were:

1H

NMR: 1.26 (d) 6H J HH = 6.6 Hz; 3.91 (d) 1H JHH= 13.8; 4.50 (d) 1H JHH=13.8,

4.26 (m) 2H JHH = 6.8 Hz.
'3C NMR: 22.96 (s), 33.51 (s), and 60.34 (s)
Coupled 13C NMR: 22.65 (q) JCH =123.2 Hz; 33.3 (t) JCH 156.4 Hz; 60.2 (d) JCH

C NMR Evidence

13

The carbon spectrum of the dithiazine indicated that there were 3 different types of
carbon present in the molecule. This did not fit any of the structures proposed after
examination of the fragmentation pattern (Scheme 61).
An attempt was made to run a DEPT experiment on a sample of the isolated
compound but a satisfactory result was not forthcoming, as it was not possible to
obtain a J value for the compound that encompassed the entire range of coupling
constants found in the molecule. The J values for the compoud ranged from 125160Hz, a range too broad to enable one single value of J in the experiment
parameters to completely decouple the spectrum of the molecule.

It was then decided to run a fully coupled carbon experiment; the resulting spectrum
gave a quartet at 22.65ppm, J CH = 123.21Hz; a triplet at 33.23 ppm, J CH = 156.40Hz;
and a doublet at 60.23ppm, J CH = 153.28Hz. This indicated that the compound had at
least one methyl group attached as the quartet at 22.65ppm indicated a CH3 group.
The doublet at 60.2ppm indicated the presence of a CH group while the triplet at
33.3ppm indicated the presence of a CH2 group. The molecular formula of the
compound showed 5 carbon atoms in the structure, yet the carbon spectrum indicates
that there are only 3 types of carbon atoms which indicated that the structure of the
compound was symmetric.
This NMR evidence was consistant with the structure of the compound being 5,6dihydro-4H-4,6-dimethyl- 1,3 ,5-dithiazine.

H3C%6

8

H5
,, N

OH3

Y4

1s.,.,_____s

3

2
5,64hydro-4H-4,6-dimethy!-1 ,3,5-dithiazine

'H NMR Evidence

The proton spectrum of the isolated compound was compared to the theoretical one
of the proposed structure deduced from the 13C NMR data.
The proposed structure would be expected to generate a doublet from C-7 and C-8
with an integration value of 6H in the area normally associated with aliphatic protons
-1-2ppm. This is consistant with the actual spectrum obtained for the isolated
compound which has a doublet at 1.26ppm. The proton on the C-4 and C-6 carbons
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of the proposed structure would be expected to give a multiplet of integration 2H.
Again this is consistant with observed spectrum of the isolated compound which has
such a multiplet at 4.26ppm.
The identical coupling constants of these two resonances in the spectrum of the
isolated compound indicated they are from adjacent protons, which is consistant with
the proposed structure. This was confirmed by decoupling the 1 .26ppm resonance,
this cause the resonance at 4.26ppm to collapse to a doublet.
Addition of deuterated water to a sample of the isolated compound dissolved in
DCC13 caused the multiplet at 4.26ppm collapsed to a quartet indicating the
resonating proton was adjacent to a labile proton. This is consistent with the
proposed structure, as the protons on C-4 and C-6 are adjacent to a secondary amine.
There is no indication of an amine being present in the isolated compound from its
proton spectrum; this could be explained as amine protons are rarely seen in proton
spectrums due to their weak intensities and broad peak profiles.
The carbon atom, which has the proton that resonates at 4.26ppm, was shown to be
attached to a methyl group and a secondary amine this leaves one bond to the carbon
unaccounted for. The carbon must be attached to an atom with no protons. To satisfy
these criteria and the molecular formula of the isolated compound the additional
atom must be sulfur. Which is consistent with the proposed structure.
0-4 or 0-6
H (CH3

CH

.
-

..

-

I
-S
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0-7 or 0-8

The protons on C-2 in the proposed structure would normally be expected to produce
a singlet, with an integration value of 2 protons. The singlet would be expected
because there are no protons on the adjacent sulfur atoms. This singlet does not
appear in the spectrum of the isolated compound. Instead there are two doublets at
3.91ppm and 4.50ppm. These doublets have the same coupling constant of 13.811z
indicating the protons they represent are adjacent. These observed couplings could be
simply accounted for by Geminal coupling of the protons on the -2 if one of the
protons (a) is equatorial and the other () is axial as shown in Scheme 62
A COSY experiment conducted on the isolated compound showed no evidence of
direct coupling of the protons on C-2 to the methyl groups attached to C-4 and C-6.

axial proton
H

H1
equatorial
proton

7

f
OH3
NH

Scheme 62 : Diagram of proposed compound showing the protons of C2 in axial and equitorial
positions

The cis configuration (Scheme 63) of the proposed structure would cause the two
protons attached to C-2 to be in two different environments enabling them to couple
with one another and to produce two doublets each representing one proton. In the
trans configuration of the proposed structure (Scheme 63) both proton 13 and proton
a would be in the same chemical environment, they would therefore be chemically
equivalent and not be able to undergo geminal coupling.
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The coupling constants of the two doublets at 3.9lppm and 4.21ppm in the isolated
compound are the same (13.8Hz), indicating that they are coupled to one another.
The size of the coupling constant is similar to those recorded for geminal
coupling' 15
The resonance at 3.91ppm was irradiated to decouple the 13 proton attached to C-2.
This caused the resonance at 4.26ppm to collapse to a singlet, thus confirming the
presence of geminal coupling between the a and 13 protons of C-2.

H13

H
7

H13
OH3

OH3 OH3 __-t Ha

L

H
N H3C
H

cis configuration

trans configuration

Scheme 63: Cis and trans configuration of the proposed 1,3,5-dithiazine

In the cis configuration only the proton f3 comes in close proximity with the methyls
attached to C-4 and C-6 (Scheme 65). In the trans configuration both proton a and 13
can interact with one of the methyl groups making them equivalent (Scheme 64),
which would result in no geminal coupling between the two protons.
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HC
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H
Scheme 64: Both the a and 13 protons are in identical chemical environments in the trans
configuration of the dithiazine

13
CH3

CH3
S

H'

±

H3C
H13 H

H

H

Ha

Scheme 65: In the cis configuration the protons of C-2 are in chemically different environments.

Hence the existence of geminal coupling between the protons on C-2 indicate that
the isolated compound is cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3 ,5-dithiazine.

Once the structure of the isolated compound had been deduced by NMR experiments
to

be

cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3, 5-dithiazine, the mass spectral

fragmentation pattern of the compound was still confusing as the methyl groups of
the compound could be expected to fragment off, yet no evidence of this was found.
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Once the compound had been identified a literature search revealed a number of
papers on this particular 5,6-dihydro-4H-1,3,5-dithiazine and its homologues.
Analysis of the literature data and that of the tri and tetramethyl dithiazines reported
in this thesis show other mass spectral fragmentation pathways other than the one
proposed dominate40'60'46
The most labile fragment in 5,6-dihydro-4H-1,3,5-dithiazines was found to be
SCR1 R I which involves the carbon in position 2 and its attached alkyl groups R1 and
R'1 as shown in process A (Scheme 66).

H
R3 N..,.R2

H
R3 N... R2

SS

R'1

SX.S

R1

R'1

Process A

Process B

Scheme 66: Fragmentation Processes of Dithiazines

In 5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine the attached R 1 and R'1 groups are
hydrogen so it would therefore be expected to observe daughter ion of (M-46)
(103amu). This daughter ion is present mass spectrum of the 5,6-dihydro-4H-4,6dimethyl-1,3,5-dithiazine and is the largest daughter ion (See Table 5, pg133).

Further analysis of the mass spectral data of the various homologues shows that the
daughter ion representing the fragment (M-[S2CR1 R1 ]) is always present and
obviously represents a stable ion (Process B, Scheme 66). This daughter ion is
always in association with a fragment that is 1 AMU less which would represent the
loss of HS-C-S(Ri, R'1) from the molecular ion. This may be caused by the
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spontaneous loss of a hydrogen atom to form a stable daughter ion of the remaining
charged fragment (Scheme 67).
CH3

N

OH3
vs.V

'./
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H
I
H—C—C—NC—CH3

Ii

+

H

m/z71

H

0H2

0—NC—CH3
m/z 70

Scheme 67: Spontaneous Loss of Hydrogen atom in 4,6-dimethyl-1,3,5-dithiazine.

The mlz 70 and mlz 71 daughter ions in the mass spectral fragmentation pattern of
the isolated dithiazine may actually be formed stepwise with the initial loss of a
R1R'SC fragment to form the intermediate daughter ion (in this case mlz 103). This
intermediate daughter ion then further fragments with the loss of SH to the mlz 70
daughter ion (Scheme 68).
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Scheme 68: Fragmentation pathway to the formation of the

m/z 70

mlz

70 daughter ion

For the 2,4,6-trisubstituted-1,3,5-dithiazines (Table 7), when R2 or R3 is greater than
iso-Pr the loss of R1 SCH is greatly reduced (<5%) and the daughter ion representing
the loss of HSCHR1 S becomes the base peak of the spectrum, indicating it is a very
stable fragment. This stability could be caused by the presence of the large alkyl
group attached to the fragment. The alkyl group is electron donating (inductive
effect) which would stabilise the positive charge (which is probably centred on the
nitrogen). From the daughter ion of mlz 103 the loss of S is possible but highly
unlikely, as it would leave as a free radical. This fragmentation trend has been shown
true for all the dithiazine homologues produced by this research endeavour and those
of others (Table 7 & Table 8).

152

Table 7: Various trisubstituted 1,3,5-dithiazines synthesised

Compound A46 B46 C46 D46 E46 F43 G43 H43 143

-

R1

Me

R2

Me Me Me Me Me Me Me Me Bu

R3

Me

H
N.R2

R3

Me

Et

Et

Me

Me

i-Pr

i-Pr

Me

Pent

Me

Me

Pent

Pr

Pent

A:

5,6-dihydro-4H-2,4,6-trimethyl- 1,3,5-dithiazine

B:

5,6-dihydro-41-I-6-ethyl-2,4-dimethyl-1,3,5-dithiazine

C:

5,6-dihydro-41-1-2-ethyl-4,6-trimethyl-1,3,5-dithiazine

D:

5,6-dihydro-4H-2,4-dimethyl-6-iso propyl-1,3,5-dithiazine

E:

5,6-clihydro-4H-4,6-dimethyl-2-iso propyl- 1,3,5-dithiazine

F:

5,6-dihydro-4H-4,6-dirnethyl-2-pentyl-I,3,5-dithiazine

G:

5,6-dihydro-4H-2,4-dimethyl-6-pentyl- 1,3,5-dithiazine

II :

5,6-dihydro-4H-4-niethyl-6-pentyl-2-propyl- 1,3,5-dithiazine

I:

5,6-dihydro-4H-4-butyl-2-methyl-6-pentyl- 1,3,5-dithiazine

y

S

S

T

Me

Pent

Table 8: Mass spectra of various 5,6-dihydro-411-2,4,6-trialkyl-1,3,5-dithiazines

A46
Mwt

B46

C46

D46

E46

F43

G 43

H43

143

163

177

177

191

191

219

219

Fragment

163 (12)

177 (18)

177 (10)

191 (16)

191 (10)

219 (30)

219 (34)

247 (25)

261 (12)

Mass (% of

103(7)

117 (10)

103(9)

131 (10)

103 (13)

130(57)

127 (22)

126 (100)

168(100)

Base)

71(20)

85(22)

74 (8)

99(15)

88 (4)

97 (24)

126 (100)

100 (42)

112(25)

70 (14)

84 (23)

71(25)

98 (21)

71(34)

71(100)

112 (16)

98 (58)

95 (26)

60 (15)

74 (8)

70(16)

84 (26)

70(25)

70(82)

100 (73)

72 (46)

82 (30)

56 (10)

70 (28)

60 (6)

72 (77)

60 (4)

60 (50)

70 (42)

70 (54)

67 (33)

44 (100)

60 (12)

56 (9)

60 (13)

56 (8)

59 (23)

60 (39)

60 (62)

60 (44)

42 (5)

58 (80)

44 (100)

55 (20)

55 (6)

57 (28)

59 (28)

55 (75)

55 (64)

44(100)

41(6)

44 (100)

44 (100)

41(12)

Fragments generated via pathway B (Scheme 66) shown in bold

247

261

Sulfur compounds in other Acacia species

Following the discovery of volatile sulfur compounds in Acacia latescens and
subsequent isolation and identification of the unusual cyclic sulfur compound cis5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine, never before seen in a natural'
system, it was thought that an extension of the project to include other Acacia
species was warranted. A number of Acacia species were screened for sulfur
compounds (Table 9). The screening procedure consisted of "on site" analysis with a
human olfactory system, followed by further analysis by GC/MS after extraction of
the seeds.
Table 9: Occurrence of Sulfur Compounds in Acacia sp.

+++: large amount detected;

++:

medium amount detected;

+:

small amount

detected. nd: not detected
Acacia Species

Sulfur Compounds Detected

Acacia latescens

+++

Acacia plectocarpa

++

Acacia cambaggei

+

Acacia auriculaformis

nd

Acacia holosericea

nd

Acacia dunnii

nd

Acacia torlosa

nd

Acacia helicophylla

nd

Acacia gonocarpa

nd
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Of the nine species of Acacia that were screened, only two additional species were
found to produce sulfur compounds when their mature seeds were macerated. These
species were the Acacia plectocarpa and Acacia cambagei.
Table 10: Sulfur compounds extracted from mature the seeds of the Acacia plecrocarpa

Compound

Mwt

Ret Time

% area

dimethylthiolsulfide

126

7.724

1.1

1,2,4-trithiolane

124

7.808

52.2

1,2,4-trithiane

138

8.346

39.1

1,2,4,5-tetrathiane

156

11.584

5.0

1,2,4,6-tetrathiepane

170

13.826

1.2

tetrathiocyclooctane

184

14.270

0.6

lenthionine

188

15.193

trace

Table 11: Sulfur compounds extracted from the mature seeds of the Acacia cambagei

Compound

Mwt

Ret Time

% area

1,2,4-trithiolane

124

7.808

52.2

1,2,4-trithiane

138

8.346

39.1

1,2,4,5-tetrathiane

156

11.584

10

1,2,4,6-tetrathiepane

170

13.826

2.2

Acacia plectocarpa are endemic to the "Top End" of the Northern Territory while
Acacia cambagei is a native to the Central Australia region. Acacia cambagei was
included in the screening when two roving members of the Geographical Information
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Services (GIS) Department of the Northern Territory University brought its identity
to our attention.
Of the three species found to generated sulfur compounds Acacia latescens produces
the most sulfur compounds both in number and amount. It was found that neither
Acacia plectocarpa or Acacia cambagei contained cis-5,6-dihydro-4H-4,6-dimethyl1,3,5-dithiazine.
Acacia plectocarpa contained all the other sulfur compounds found in Acacia
latescens, although the relative percentage of each compound was different. In
Acacia cambagei only four compounds were detected, and all these were in small
amounts. It is believed that if sample masses used for extractions could have been
increased then further compounds would be detected. Unfortunatly, total plant
material for the Acacia cambagei was limited and the extraction masses could not be
increased.
Acacia latescens, being the original tree species of interest was sampled from a wide
variety of sites to check if any geographical difference in the composition of the
volatile sulfur compound spectrum produced by this species existed. The species is
wide spread through out the northern half of the Northern Territory and is widely
planted in and around Darwin (Table 1 on page 77). No geographical variation was
noted either in the actual sulfur compounds generated by Acacia latescens or in the
ratio in which they are generated.
The seeds of the three species of Acacia that generate sulfur compouds were
examined at three different stages of development : immature, mature and ripe (for
definitions of these developmenatal stages refer to on page 76)
It was found that Acacia latescens was only able to generate the sulfur compounds
when its seed was in the mature stage of development. When the seeds were
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considered immature (no cotyledon) no trace of the sulfur compounds could be
detected in the extracts of macerated seeds. No sulfur compounds could be detected
when fully ripe seeds were macerated.
This was also found to be true for Acacia plectocarpa, with only the mature seeds
developing the sulfur compounds. In the case of Acacia cambagei, only seeds in the
mature stage were available. No immature or ripe seeds were collected so no
comment can be made as to whether the immature or ripe seeds of this species
generate sulfur compounds.

It was established that the sulfur compounds of the species Acacia latescens, Acacia
plectocarpa and Acacia cambagei were being generated in the endosperm of the
seeds. This was established by the careful removal of the seed casings of mature
seeds of these species from their endosperm These results are consistant with the
developmental stage of the seed during which the sulfur compounds are generated. In
the immature stage, the cotyledon has yet to form and in the ripe stage the cotyledon
is descicated. Extractions of the leaves and pods of the Acacia latescens and Acacia
plectocarpa were also conducted but no evidence of sulfur compound generation was
found.
Organoleptic properties of the Acacia latescens, Acacia plectocarpa and Acacia
cambagei differ greatly. It is proposed that this difference is due to the presence of
the cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine which is only present in the
seeds of the Acacia latescens. Differences also occur in the distribution ratio of the
other various sulfur compounds found in the three plants. In the Acacia latescens the
dominant compound is the dithiazine. The next largest component is the compound
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1 ,2,4-trithiolane. This 1 ,2,4-trithiolane is common to all three plants and is the
dominant compound in both the Acacia plectocarpa and Acacia cambagei.

Evidence for the Enzymatic formation of the Sulfur compounds

It was observed that the sulfur compounds could not be smelt immediately when the
fresh mature seeds were crushed and there was a lag time before they could be
detected. This indicated that the sulfur compounds were actually being produced at
the time of rupture instead of being continuously present in the seeds.
The extraction techniques used in this project take this into account, with the
macerated seeds being allowed to sit at room temperature in a sealed container to
allow the sulfur compounds to be generated.
It seemed obvious that the sulfur compounds were being generated by the seed in
response to the rupturing of the seed casing and endosperm. This generation of the
sulfur compounds could be either an enzymatic process or a chemical reaction of
substrates present in the seed. The rupturing of the seed and presumably exposure to
air could activate either.
Empirical evidence initially suggested that the process is enzymatically driven.
It was found that maceration of the Acacia seeds in an extraction solvent such as
diethyl ether or dichioromethane instead of water resulted in a severe reduction in the
amounts of the sulfur compounds isolated. (Small quantities of sulfur compounds
were generated, this was expected as the extraction solvent would not be able to
reach all parts of the seeds immediately)
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This reduction in the amount of sulfur compounds extracted with "immediate
extraction" could be considered evidence for the presence of an enzymatic system for
the formation of the sulfur compounds isolated as they are not present within the
seeds prior to the maceration of the whole seed.
Maceration of the seeds with an acidic or basic aqueous solution followed by
extraction with diethyl ether also resulted in little or no sulfur compounds being
detected.
Extraction in a non-polar solvent (such as dichloromethane or diethyl ether) is
thought to hinder the enzyme involved in the formation of the sulfur compounds.
The solvent either renders the enzyme inoperable by denaturing the three
dimensional structure of the protein or interferes with the various co-enzymes
involved in the process of sulfur compound formation.
The maceration of the seeds in acidic and basic conditions also led to the reduction in
the production of the sulfur compounds. This is understandable as enzymes only
work efficiently in and about physiological pH. The lowering or raising of the pH
from this optimal range causes the enzyme to become inactive, usually due to the
disarrangement of its three dimensional structure. The effect of pH on the activity of
CS-lyase enzymes was shown by Chen ez' a116 in their experiment with the
generation of sulfur compounds from the Shiitake mushroom. It was established that
the optimum pH for the CS-lyase they were studying was -9.0. Deviation from this
optimum pH by only one pH unit lead to 50% reduction in enzyme activity with
activity falling away even quicker as the pH moved further away from optimum.
At all times during the extraction of the sulfur compounds from the Acacia seeds the
temperature did not exceed 25°C and exposure to air was limited. These precautions
were undertaken to prevent the loss of these very volatile sulfur compounds and to
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reduce the amount of oxidation occurring during the extraction procedures. The
extractions were undertaken at room temperature as it was believed that a lower
temperature would hinder the evolution of the sulfur compounds. Once extracted the
removal of solvents was conducted at the lowest temperature and pressure possible
that achieved efficient removal of the solvents, once again to ensure that loss of the
volatiles was minimised. The extracts were filtered to remove chlorophyll and any
particulate matter.
The sulfur compounds are proposed to be secondary metabolites that are generated
over time from a sulfur-bearing precursor.
The fact that these sulfur compounds are metabolites of an enzymatic system that is
activated by the rupture of the seed's casing is not unusual. The Shiitake mushroom
(Lentinus edodes) and the reed Parkia speciosa of Indonesia also generate the same
cyclic sulfur compounds* that have been found in the Acacia species (except for the
cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine, which has only been isolated from
the Acacia latescens) Both of these organisms have been shown to generate their
sulfur compounds via a CS-lyase enzyme from a non-volatile precursor. In the case
of the Shiitake mushroom it has been shown that the precursor is Lentinic
acid l6,21,15 while the precursors of the Parkia speciosa are thought to be S-alkyl-L-

cysteines in particular dichrostachinic acid and djenkolic acid31'1
The germination of many species in the Mimosaceae is associated with the
generation of volatile substances possessing a pungent odour which are
organoleptically similar to that of lenthionine29'1

*

For a complete listing of sulfur compounds isolated from these sources see Appendix 11

The presence of S-alkyl cysteine lyases has been established in the germinating
seedlings of Acacia georginae, Albizzia julibrissin and Albizzia lophanta
(commercially known as Acacia lophanta). 29,116

Defense mechanisms in Acacias

In plants, secondary metabolites are defined as those compounds synthesised by the
organism which have no recognised role in the maintenance of fundamental life
processes. Examples of secondary compounds are certain terpenes, quinones,
cartenoids, flavoniods and possibly alkaloids. This excludes the intermediates and
end products of primary metabolic pathways and those pigments used as carriers of
substrates (for example, coenzyme A), and/or electrons (such as the photosynthetic
pigments). Primary metabolic pathways may vary among species of organisms, such
that a given compound, which acts as a primary metabolite in one species, may act in
a secondary role in a different species117 . As most animals are mobile, they often
depend, to an extent, on their mobility to obtain food, attract mates and evade
predators. Most plants lack mobility, and must therefore rely on their evolved
alternative strategies to survive. This includes the synthesis of secondary compounds,
which serve to deter potential predators, to discourage other competing plant species,
to attract pollinators, to attract symbionts, or to further the plant's interest in any
other way. Not all secondary compounds serve ecological roles. Some may be just
the end products of aberrant biosynthetic pathways or excretion products 1 17
The foul tasting, often toxic alkaloids and taimins present in various parts of the
tree's structure, the use of bark as an outer physical coating of the tree's surface and
the occurrence of thorns are all traits which can be considered to be standing
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defenses of plants. These are defenses that are present through out the life of a plant
as continual protection against the attack of organisms intent on utilising the solar
energy stored by the plant.
Not all defense mechanisms of plants are standing defenses. In addition to the usual
defenses found in plants, a number of chemical and structural defenses are
responsive and only appear following damage by herbivores (e.g. phytoalexins,
protease inhibitors, increased thorniness and wood lignification)

A seed's defenses are different to that of the parent tree. A tree's measure of fitness is
the number of new adult trees produced, whereas a seed's measure of fitness is
whether it stays viable to become a seedling.
The defense of it's seeds are high on a tree's budgetary listing. The cost of the loss of
developing seeds is probably higher than the loss of the equivalent mass of foliage
owing to the greater reduction of fecundity (the ability to produce more adults)
represented by such a loss.
To that end many seeds as they ripen develop a hard outer shell which protects the
embryonic tree from the physical rigors encountered, e.g. passing through the
digestive tract of various herbivores or surviving seasonal fires
It is proposed that the production of the sulfur compounds in the developing Acacia
seeds is a secondary non-standing defense mechanism that has been developed by a
number of species of acacia. This defense is obviously responsive as it only becomes
active when the seed's casing has been ruptured, either on a macro or micro scale.
In the course of this research project the seeds examined had been ruptured on a
macro scale (blending). The physical equivalent of this in nature would be the
consumption of the whole seeds by various herbivores.
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This would result in the wholesale production of the sulfur compounds, which have a
noxious odour and presumably a foul taste. This obviously would not save the seeds
being consumed but would likely deter the grazer from continuing with its meal,
hence preserving the rest of the trees seed reservoir, unless the grazer has developed
a taste for the seeds, and their unusual flavour. As a personal observation the author
has noticed on a number of occasions large flocks of the Sulfur Crested Cockatoo
(Cacatua galerita) feeding on the unripe seeds of the Acacia latescens. The
generation of sulfur compounds does not seem to deter these birds.
This may be because the Acacia latescens seeds are large and easily accessible,
whereas the seeds of the other Acacias have physical characteristics that might deter
grazing by these birds. A. plectocarpa have a waxy covering to the pods of their
seeds, A. auriculaformis seeds are very small while they are developing and the
prominent aril that is associated with these seeds is yet to develop. The pods of A.
holosericea in their immature and mature stages are full of saponins (the immature
seed pods of these trees are locally know as "bush soap", a good lather can be
produced by vigorously rubbing these pods in water118)
On the micro scale, normally the seed casing of the seeds and indeed the seedpod
itself will prevent the invasion of pathogens into the developing seeds. When the
seeds are fully ripe the black hard testa is impervious to water and oxygen and any
non-boring pathogen. But if the developing seed is broached, either by a boring
insect or accidental incision (grazing scars, hail damage), the seed may still be viable
but is now exposed to a large plethora of pathogens that could readily prey on the
seed, rendering it unviable.
The presence of the CS-lyase, which is activated presumably by the presence of
oxygen generates the sulfur compounds at the site of penetration. These sulfur
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compounds, as mentioned in the introduction, have anti-microbial and antifungal
properties in a large general spectrum 14,1

Amino acid analysis (discussed in detail later) showed that the Acacia species
studied utilise djenkolic acid in the seeds to form these cyclic sulfides. This
utilisation only occurs within a short period of the seeds development. In the early
development stage (immature) the djenkolic acid is present but rupture of the seed
casings does not induce the production of the cyclic sulfur compounds.
Only when the seed is fully formed but has yet to develop a hard outer casing
(mature) is the developing seed able to produce these sulfur compounds.
If this is considered in terms of the cost to the tree as a whole it is possible to explain
this phenomena. At the stage when the seed is immature the parent plant has yet to
invest too much into the seed and can 'afford' to lose the developing seed. Once the
cotyledon has started to develop, i.e. the seed is mature, the investment which the
plant has contributed to the seeds is considerable in terms of material and energy. At
this stage of maturity the seed does not have the protective testa that develops when
it is fully ripe so the tree has a substantial investment that is physically under
protected. This is the situation for most seeds as they develop although, in fruit trees,
the developing seeds are encased in the flesh of the fruit. The plant does not make
these fruit attractive to grazers until the seeds are fully developed. The plant then
'pumps' sugars into these fruits to make them palatable to herbivores.
The sulfur compound producing Acacias of this study seem to have overcome this
under-protection or at least have provided their seeds with a secondary defense
mechanism. The proposed CS-lyase present in the seeds utilises djenkolic acid and
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possibly its derivatives (this was not able to be determined in this study due to the
method used for amino acids analysis).
The enzyme in A. latescens and A. plectocarpa and A. cambagei does not develop or
becomes activated until the seeds are at a stage where they need extra protection.
Every compound in a seed should have the trait that it can be used either in the
metabolism of the seedling or in the defense of the seedling. The fact that the
djenkolic acid content of the seeds analysed remains relatively constant throughout
the development of the seeds from immaturity to the stage of full ripeness indicates
that the djenkolic acid can be utilised by the seedlings of these plants. What use that
may be will not be discussed here except to point out that on a number of occasions
the author has noted sulfurous notes emanating from the roots of newly germinated
seedlings of a number of acacias. This phenomenon has been noted in a number of
papers dealing with the metabolism of Acacias and related genera. 14,1,29 These
sulfur compounds have been attributed to the presence of CS-lyases in the
germinating seeds.
It is possible that the three sulfur producing Acacia species utilise a CS-lyase in their
germination. This would explain the presence of the CS-lyase in the mature seed.
Somewhere in the genetic past of these species the CS-lyase that, for other species,
only becomes active once the seed is germinating has also become activated in the
mature stage of the seed development.
This early activation of the CS-lyase enzyme can easily be seen as beneficial to the
plant. The ability to generate sulfur compounds at points of rupture provides a
defense to the otherwise unprotected seed. The CS-lyase becomes inactivated when
the seed ripens (possibly due to the desiccation).
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It was once thought early in the project that the cyclic sulfur compounds isolated
from A. latescens and other species could be a means of storage of excess sulfur or
are actually waste metabolites. This was quickly discarded when it was realised that
the sulfur compounds were not being stored in the seeds but actually being produced.
There is a definite time lag between the crushing of the seeds and the evolution of the
sulfur compounds, which would not occur if they were being used as storage
compounds. The fact that the sulfur compounds are not produced in the seeds unless
they are subjected to an outside force (rupture, invasion by insects) clearly indicates
that they are not being used as a storage sink for excess sulfur (For notes on plant
physiology see Appendix I).
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Methodology and Results of Amino Acid Analysis of Acacias

Once it was determined that three species of Acacia generated sulfur compounds
when their mature seeds were crushed it was decided to determine the origin of these
sulfur compounds.
In previous studies, it has been shown that sulfur compounds similar to those
generated by the Acacia are generated via the action of a CS-lyase on sulfur bearing
amino acids.
An amino acid analysis of the seeds of the three species of Acacia that generate
sulfur compounds was undertaken with Acacia dunnii, a species that does not
generate sulfur compounds, being included to provide comparative data.

Methodology

One of the main drawbacks of using the butanol/TFAA methodology for the amino
acid analysis is the final product (analyte) stability, in respect to both temperature
and time. The reference for the methodology used blithely recommends "prompt"
analysis with the possibility that the samples may be retained for short periods of
time if kept below O0 Cl9

This was found to be the case. To ensure the consistency of the data obtained the
samples had to be analysed almost immediately with the analyte being in an ice bath
until just before injection. Storage of 2-4 hours was possible but longer storage

168

brought doubt into the results, in particular those of the amino acid of interest,
djenkolic acid.

Variability in the response of cysteine and cystine in standard samples prompted an
investigation of alternative techniques for determining the levels of these amino
acids in plant samples. It was suspected that these amino acids were sensitive to the
procedure used in the derivatisation of the sample, especially during the hydrolysis.
Destructive oxidation of these amino acids during hydrolysis is especially prevalent
when all the oxygen has not been excluded from the hydrolysis mix. Great pains
were taken to ensure the exclusion of oxygen but the discrepancies within the
standards indicate that other measures had to be taken.

One such alternative method attempted was the pre oxidation of the amino acids in
the plant matrix prior to hydrolysis and derivatisation. 119
It is known that by oxidising the sulfur amino acids to their corresponding oxides it
increases their ability to withstand the rigors of the hydrolysis and derivatisation
steps of the analysis.
The oxidation method chosen had to be effective on pre hydrolysed samples,
oxidising the sulfur amino acids while still in the plant matrix.
The pre oxidation of the sample was achieved using performic acid (the excess of
which was removed with hydrobromic acid). This oxidation method readily converts
cystine and cysteine to cysteic acid (Scheme 69) and methionine to the corresponding
sulfone (Scheme 70). Although there have been no reports for this method being
used on djenkolic acid it was expected that the oxidation process would yield the
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corresponding disulfone of djenkolic acid (Scheme 71), analogous to that of
methionine.

NH2
[Hooc

]2

Cystine

Performic acid

NH2 0
C*j
OH
H00

11

NH2
H000

Cysteic acid

SH

Cysteine

Scheme 69: Conversion of Cystine and Cysteine to Cysteic acid via Performic acid oxidation
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Scheme 70: Conversion of Methionine to Methionine sulfone via Performic acid oxidation
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Scheme 71: Proposed sulfone formation via Performic acid oxidation of djenkolic acid
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Scheme 72: Actual product produce with the performic oxidation of djenkolic acid

This method of pre-oxidation was chosen as it has been shown to be effective119 for
a broad range of sample matrix types, including Soya Bean. Soya Bean, being a seed
and of the Leguminosae family has a similar protein content and structure to that of
acacia seeds. This oxidative method does not effect other common amino acids (such
as Glycine and Proline) thus eliminating the need to run two parallel analysis, one for
sulfur bearing amino acids and one for the others.

Trials of the pre-oxidative methodology both in standards and matrix samples
showed that the responses for methionine and cystine/cysteine were excellent with
their corresponding oxides derivatising to give analytes giving well shaped peaks,
and occurring at retention times that would not interfere with the other amino acids
being analysed.
However, chromatograms of trials attempted on djenkolic acid standards showed
multiple peaks instead of the expected one. It was expected that the djenkolic acid
would oxidise in a similar manner to that of methionine due to their similar
structures, producing a sulfone (Scheme 71), which would be stable to hydrolysis
and react with the derivatising reagents in a similar fashion to other amino acids, as
the oxides of cystine and methionine did. The chromatogram of the supposed oxide
of djenkolic acid contained the peak that corresponded to that of the derivatised
cysteic acid. The retention time and the fragmentation pattern of both the cystine
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derivative after the oxidation and that of the major by-product of the djenkolic acid
oxidation were the same.
The other peaks were not identified but are suspected breakdown products of the
djenkolic acid and derivatised portions of such. The formation of a disulfone, as this
methodology would entail would be sterically strained due to the close proximity of
the two sulfur atoms. Oxides of djenkolic acid are known but they are the mono
oxides, where only one of the sulfur atoms is oxidised.
Because of this, the method of pre-oxidising the plant matrix was abandoned. The
main objective of this analysis was to determine the levels of djenkolic acid
throughout the seeds developmental stages as whole or crushed seeds. If the
oxidative method could not distinguish between djenkolic acid and cystine it would
be of no particular value. Initial trials also investigated the use of differing hydrolysis
methods as well as derivatisation methods.
Hydrolysis of the plant material was trialed at 145°C for four hours, an alternative
method which has been shown to have similar results to that of the classic hydrolysis
methodology of 110°C for 24 hours119. Zumwalt et al have shown that this
alternative hydrolysis technique gave comparable results for all the 15 common
protein amino acids analysed for. Yields for valine and isoleucine were higher than
those of the 11 0°C/24hr hydrolysis, a fact which is easily explained as these amino
acids have peptide bonds that are difficult to hydrolyse. At higher temperatures the
lysis of the bonds is more complete. If it had been possible to analyse for djenkolic
acid by this method it would have greatly reduced the analysis time. It was found that
hydrolysis at 145°C for four hours worked for all of the standard amino acids as
expected, but djenkolic acid was destroyed and not detectable in standards and plant
material samples alike. This technique was regrettably discarded although it is now
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suspected that the degassing technique used was not stringent enough for the
elevated temperatures. Enough oxygen may have remained in solution for the
destruction of the djenkolic acid but it would also be expected that other amino acids
would suffer the same plight.

Previous analyses of djenkolic acid in Acacia species have been completed by a
number of research teams including Evans et a136 . These research groups were more
interested in the free amino acids found in the Acacia seeds. Hence their analyses
involved the extraction of seed meals for prolonged periods of time in an ethanolic
solution.The extracts were then concentrated and chromatographed to reveal the
amounts of the various free amino acids in the plants. This research was conducted in
an endeavour to give a chemotaxic basis for the various family and subgenera of the
Acacia family. Their research was successful in this endeavour with strong
correlations between the presence and concentration of various free amino acids in
the seeds of various Acacia species and their taxonomic classification.
This taxonomic research was conducted on the ripe seeds of the species investigated
and gave no concern to the free amino acid content of the developmental stages of
the Acacia seeds so concentration levels of djenkolic acid quoted (Table 15, pg 192)
can be assumed to come from the fully developed and ripe seeds.

Evan's method of extracting the seeds over periods of days in an alcoholic solution
did not lend itself to the analysis performed in this research program.
As can be seen in a number of our results (Table 12 on page 77) the level of
djenkolic acid varied greatly depending on the length of time the seeds were left in
water after crushing before their analysis. To ensure complete extraction of the free
1 '7

I/ i

amino acids, extractions of several hours at least would have been required and this
would not have allowed the contrast between non-crushed' seeds and crushed seeds.
It was decided that an analysis of all amino acids both free and those incorporated in
the plant's proteins would be far more effective. The hydrolysis of the seed material
guarantees the complete stoppage of enzymatic activity. This methodology of course
has its limitations:

1. A number of the free amino acids found in the seeds of Acacia species
are frequently derivatised common amino acids such as S-alkyl cysteines
and N-acetyl djenkolic acid35'36. These amino acid derivatives would be
broken down to the parent amino acid and would give no hint as to its
original structure, since it would simply contribute to the measured content
of the parent. So the results for djenkolic acid levels given in Table 12 for
the plants analysed would be a global figure that would not only include
free djenkolic acid but also N-acetyl djenkolic acid and y—glutamyldjenkolic acid. The oxides of djenkolic acid would of course appear as a
separate peak. None of these were detected in the amino acid analyses. It
was originally thought that the sulfoxides of these amino acids could easily
be explained as artifacts of the extraction procedures and subsequent
oxidation. However, since the sulfoxides of S-substituted cysteines have
been established as non-artifact components of Brassia species, the normal
existence of other non-artifact sulfoxides now seems probable120
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2. As previously mentioned the conditions encountered during the
hydrolysis, especially when air has not been rigorously excluded, can cause
a loss of certain amino acids that are sensitive to oxidation (cystine,
cysteine, methionine and tyrosine) or chemical breakdown due to the high
heat and low pH (threonine and tryptophan),I 19

During initial trials with the amino acid analysis methodology a problem was
encountered with the recovery of cystine and djenkolic acid. It was found that the
response for djenkolic acid and cystine was variable at low manifold temperatures.
It was originally assumed that the high vacuum in the ionisation chamber (manifold)
would be sufficient to keep the derivatives of cystine and djenkolic acid in the
vapour phase at 170°C.
Through a series of trials and consultation with the technical staff of Varian, it was
found a minimum temperature of 260°C was required but more consistent results
were obtained when the manifold was kept at 270°C.
It is presumed that with the manifold at the lower temperature of 170°C the
derivatised djenkolic acid upon reaching the significantly cooler region of the ion
trap (djenkolic acid exits the column at 290°C) the vapour pressure of the sample
drops suddenly causing partial if not total condensation of sample which could stay
as a liquid condensate or be removed by the vacuum system121 before it is able to
reach the ionising beam. By elevating the temperature of the ion trap to that similar
to the transfer line the vapour pressure of the sample is maintained and the
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"condensation" is avoided and all of the sample passes into the ionisation region and
consistent results were obtained.
It was found that high temperatures are required to make these derivatised amino
acids volatile. The injection port is kept at 280°C to ensure the entire sample is
volatilised, and for the same reason the transfer line between the GC unit and the
detector is kept at 280°C. The djenkolic acid especially, comes off the colunm late
(Rt

=

25.86mm) which means the column has been kept at 290°C for. 11 minutes

prior to the derivatised djenkolic acid entering the detector (ionising chamber).

One of the amino acids analysed for was arginine. This amino acid gave a very poor
response, often not being detected in the standard solutions processed. It was found
however that the amino acid ornithine was produced. This is a known breakdown
product of arginine. Authors of the methodology used for the amino acid
derivatisation regularly analysed for arginine with no problems being mentioned of a
breakdown of the amino acid to ornithine. Ornithine is also regularly analysed in
conjunction with arginine, this would not be possible if ornithine was also a byproduct of arginine.
It was possible that the amino acid used to prepare our standard amino acid solutions
was degraded but a melting point check of the suspect material showed that no
degradation had occurred. The only difference that can be thought of is that the
analysis method used by the reference1 19 uses GLC with direct on column injections.
The initial column temperature used is 60°C ramped up to 225°C, whereas we are
using GC with an injection port temperature of 280°C, a necessity with the need to
volatilise the djenkolic acid being analysed. The high initial temperature the injected
samples are subjected to may be the cause of the conversion of arginine to ornithine.
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Even if the standard for arginine was degraded it would expected that some of the
plant samples would contain arginine, as arginine is a common plant amino acid.

Trials were conducted where a standard sample was analysed with the normal
parameters of chromatography program C, with its high injection temperature. The
results of this analysis was compared with an analysis conducted with a lower
injection temperature (70°C, program D) and lower initial column temperature
(90°C, program D). It was found that arginine is in fact being converted to ornithine
at the high injection temperatures. This caused difficulties, the high injection
temperatures were required for the volatilising of the djenkolic acid and cystine, the
main objectives of these analyses. It also invalidated the use of the ornithine peak as
a measure of the arginine content as there may be ornithine present in the plant
samples hence the integration values generated by the ornithine peaks would give a
falsely high reading for arginine.
The methodology employed to analyse the amino acids in the seeds of the Acacias is
limited. The hydrolysis of the plant material and hence the amino acids themselves
means that any derivatives of the amino acids that may be present in the plant will be
hydrolysed to the base amino acid. Compounds like N-acetyl djenkolic acid, which is
commonly found in a large number of Acacia species, would be converted to
djenkolic acid during the hydrolysis process. Other common derivatised amino acid
classes such as the S-alkyl-cysteines will be converted to cysteine, which requires
being to be converted to its sulfone before reliable results are obtained1 19
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The Acacia species''8 analysed for amino acid content in their seeds came from the:
Series: Phyllodineae.
Subseries: Juliflorae
Acacia plectocarpa
Subseries: Plurinerves
Acacia cambagei
Acacia latescens
Acacia dunnii

Acacias of the series Phyllodineae, subseries Plurinerves and Juliflorae are typified
by the large amount of Albizzine (NH2CONHCH2CH(NH2 )COOH) present in their
seeds36'35. Albizzine is an amino acid that would not be detected by the
butanol/TFAA method, the hydrolysis of this amino acid would lead to its
degradation.
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Results of Amino Acid Analysis
Table 12: Amino Acid Analysis of Acacia Seed in mg/g (dry weight) by butanol/TFAA method

Concentration of djenkolic acid in Acacia seeds
Immature

Mature

Mature

Ripe

Incubated

Ripe
Incubated

Acacia latescens

3.59

2.54

0.0

3.50

2.63

Acacia plectocarpa

7.97

3.31

0.0

8.27

1.92

Acacia dunnii

-

1.85

-

3.21

-

Acacia cainbagei seed

-

1.77

7.5

1.99

0.99

Acacia cambagei pod

-

4.17

0.74

-

-

Concentration of Glutamic acid in Acacia seeds
Immature

Mature

Mature

Ripe

Incubated

Ripe
Incubated

Acacia latescens

3.89

5.67

6.15

2.22

2.12

Acaciaplectocarpa

6.56

6.21

10.46

7.18

4.09

Acacia dunnii

-

6.44

-

4.28

-

Acacia cambagei seed

-

4.83

10.47

6.10

3.53

Acacia cambagei pod

-

2.90

1.06

-

-

Concentration of Methionine in Acacia seeds
Immature

Mature

Mature

Ripe

Incubated

Ripe
Incubated

Acacia latescens

0.43

0.45

0.45

0.15

0.13

Acaciaplectocaipa

0.67

0.46

0.74

0.86

0.19

Acacia dunnii

-

0.28

-

0.25

-

Acacia cambagei seed

-

0.36

-

0.34

0.15

Acacia cambagei pod

-

0.46

-

0.11

-

Mature

Ripe

Ripe

Concentration of Proline in Acacia seeds
Immature

Mature

Incubated

Incubated

Acacia latescens

1.18

1.71

2.08

0.68

0.49

Acaciaplectocarpa

2.15

2.36

3.94

2.94

1.12

Acacia dunnii

-

1.64

-

1.50

-

Acacia cambagei seed

-

1.29

3.04

1.52

0.84

Acacia cambagei pod

-

3.37

1.31

-

-

Concentration of Serine in Acacia seeds
Immature

Mature

Mature

Ripe

Incubated

Ripe
Incubated

Acacia lalescens

1.44

1.81

2.69

0.76

0.55

Acaciaplectocarpa

2.43

2.57

5.33

3.01

1.37

Acacia dunnii

-

1.73

-

1.39

-

Acacia cambagei seed

-

1.35

3.01

1.64

1.10

Acacia cambagei pod

-

1.59

0.75

-

-

Concentration of Valine in Acacia seeds
00

Immature

Mature

Mature

Ripe

Incubated

Ripe
Incubated

Acacia lalescens

1.15

1.44

1.80

0.44

0.34

Acaciaplectocaipa

1.46

1.51

3.02

1.90

0.67

Acacia dunnii

-

1.73

-

0.79

-

-

0.90

1.88

0.92

0.42

-

0.84

0.34

-

-

Acacia cambagei seed
Acacia canbagei pod

.

Table 13: Amino acid GCIMS fragmentation, retention times and relevant data
Amino Acid

Retention

Base Peak

Time

Method of
Identification

Amino Acid Prograni C
°

Type

(Rt)

Fragmentation Pattern

Column
Temperature at Rt
(°C)

Alanine

8.23

140

Lib

Noness

198

57(21), 69(37), 141(33), 242(16)

Glyc i ne*

8.78

69

Rt, Lib

Noness

206

50(35), 56(39), 73(32), 78(20), 126(40), 165(15),

Threonine

8.81

57

Lib

Scrine*

9.21

57

Rt, Lib

Noness

Vali ne*

9.68

54

Rt, Lib

Ess

220.2

69(34), 73(18), 126(6), 153(25), 168(98)

Leuciuc

10.24

69

Lib

Ess

228.6

57(11). 70(10), 140(29), 182(29)

Isoleucine

10.39

69

Lib

Ess

230.8

57(28), 73(11), 114(10), 153(31), 171(17), 182(50),

Cystci ne*

11.01

69

Rt, Lib

Noness

240

Proli nc*

11.99

166

Rt, Lib

Noness

254.2

69(30), 73(12), 96(11), 281(4)

Methioninc*

12.99

60

Rt, Lib

Ess

269.8

56(38), 69(34), 73(41), 152(32), 166(13), 171(29),

207(10)
Noness

207.2

50(10), 55(17), 56(25), 69(91), 84(62), 152(72),
153(81), 198(15)

213.1

69(43), 110(22), I38(65),139(75), 184(58), 240(32),
353(6)

227(7)
56(53), 73(75), 79(21), 103(11), 138(12). 140(28),
154(11), 207(21), 268(12), 281(16)

207(13), 227(35), 281(11)

Table 9 cont.'
Amino Acid

Ret 'I'ime

Base Peak

Method of

Amino Acid

Program c

Identification0

Type

Column

Major Fragments

Temperature at Rt
(°C)
Ornithine

13.44

166

Rt, Lib

Noness

276.6

51(15), 57(29), 69(77), 73(69), 81(33), 136(10),
177(10), 190(10), 207(23), 281(18), 302(33)

Aspartic acid

13.53

57

Lib

Noness

277.9

(Asparagiric)
Phenylalanine

55(22), 69(23), 138(11), 139(41), 140(44), 142(19),
166(41), 212(44), 240(18), 342(13)

13.81

91

Lib

Ess

282.1

51(11), 65(19), 73(27), 103(23), 147(44), 148(56,
204(22), 207(14, 281(11)

Tyrosine

14.38

260

Lib

Noness

290

69(85), 73(57), 78(21), 109(32), 180(26), 203(66),
316(29)

00

Lysine*

14.58

180

Rt, Lib

Ess

290

54(14), 67(27), 69(28), 73(36), 207(19), 281(12)

(Ilutaiiiic acid*

14.83

73

Rt, Lib

Noness

290

56(24), 69(20), 79(10), 85(11), 147(11), 152(19),

(Glutamine)

180(21), 207(47), 281(27), 355(13)

Argininc

15.33

73

Rt, Lib

Ess

290

81(11), 147(10), 192(10), 207(43), 281(28)

Cystine*

22.26

73

Rt, Lib

Noness

290

147(10), 184(12), 207(46), 240(11), 281(29)

Djenko!ic A cid*

25.86

184

Rt

Noness

290

56(58), 69(18), 73(93), 87(22), 193(12), 207(46),
230(18), 240(20), 281(29), 371(13)

0:

Rt 1he identity of the compound was determined by Retention time comparison of authentic sample
Lib The identity of the compound was determined by comparison to Library data of authentic samples
*: Amino acid used in Standard Solutions
Ess: Essential amino acid
Noness: Non-essential amino acid
#: Percentage of base peak given in parenthesis
-

-

Analysis of Djenkolic acid levels found in Acacia species

For the analysis of the Acacia seeds it was necessary to analyse them fresh from the
freezer without the usual freeze-drying. This was because trial analyses of freeze
dried samples gave zero results for djenkolic acid, while fresh samples had high
amounts of djenkolic acid. This reduction in djenkolic acid content in the freezedried seeds may have been caused by the extended storage of the dried seed samples
in a desiccator at room temperature (the normal procedure in our laboratory) or the
freeze drying procedure which causes the rupturing of the cell membranes may have
allowed oxidation of the djenkolic acid which the use of fresh seeds would not allow.
This was overcome by using fresh seed material for the analysis. Between species
and even between development stages of a single species the water content of the
seeds vary greatly from the very nearly desiccated ripe seeds of all the Acacias to the
high moisture content of the immature Acacia latescens, (Table 14) This would not
allow direct comparisons between the species or the development stages so four
representative sample sets of each species at each development stage analysed was
collected and freeze dried. The average water content for each species seed at the
different development stages were calculated (Table 14). This was then used as a
conversion factor to give all results as milligrams of amino acid per gram of dry
material (Table 12).
This unfortunately was unable to take into account the two-hour "development" time
the crushed samples were subjected to. The samples were covered in Glad Wrap to

184

minimise water loss or absorption during this time but differences

can

still be

expected to occur.
Table 14: Average Moisture Content for Acacia Seeds at various stages of development

Acacia latescens
Acacia dunnii
Acacia plectocarpa
Acacia cambagei

*:

Immature

Mature

Ripe

Seed

Seed

Seed

76.7

69

9.1

-

76.9

9

69.9

69.9

21

-

62.4

35

each average represents 4 samples

-: sample of this type not analysed

The content of djenkolic acid remained relatively constant in the development cycle
of the Acacia latescens going from 3.59 mg/g in the immature state to 3.50mg/g in its
ripe stage (Table 12 on page 179). There was a slight dip in the djenkolic acid
concentration for the mature state (2.54mg/g). This drop, a difference of 27.5%,
could be explained by a difference in moisture content of the seeds analysed but it
could also be explained by the fact that the seeds, when ground just prior to
hydrolysis, were generating the sulfur compounds easily detectable by nose. This
would mean that some of the djenkolic acid in the seeds was being utilised and hence
a slight decrease in total content for the mature seed. This does not occur in the
immature or ripe seeds, as the proposed CS-lyase is not in an active form.
As can be seen in the results of the other amino acids their levels increases slightly
from the immature state to the mature state and the dropped off in the ripe stage of
the seed (Table 12 on page 179). The crushing of the seeds in the mature and ripe
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state and allowing them to sit at room temperature for two hours had a significant
impact on the measured levels of djenkolic acid.
For the crushed mature seeds the resulting djenkolic acid level was zero, no trace of
the amino acid could be detected on the chromatogram. There was also a reduction of
the djenkolic acid in the crushed ripe seeds (25%). This could be due to a
combination of factors one of which could be that the amino acid was being oxidised,
with the oxide undetectable in the method used for analysis. The depression of 25%
in the ripe crushed seeds may be explained as a consequence of outside influences
but the 100% loss of djenkolic acid in the crushed mature seeds is very significant.
When the mature seeds are crushed the evolution of the volatile sulfur compounds is
very noticeable and after the two hours the seed meal smelt only faintly of the sulfur
compounds. The crushed ripe seeds of all the species analysed did not exhibit this
sulfur compound generation. Crushed immature Acacia latescens and Acacia
plectocarpa also do not exhibit the sulfur compound generation.
Analysis of the immature seeds of the other species analysed was hindered by the
lack of seeds in that stage and the difficulty of removing these seeds from their pods
when they were available. At this early stage of development the seedpods are closely
associated with the seed, whereas as the seeds develop further they become detached
from the pod walls and space develops around each seed. Also the seedts outer casing
is very delicate at this stage and its affinity to the pod wall means that the seed is
easily ruptured, rendering it unsuitable for analysis. The seeds are no more than a
"bag of liquid" at this stage and rupture causes the seeds to deflate with much of its
content being lost. Because of these reasons no immature seeds were available from
Acacia cambagei and Acacia dunnii.
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It was decided to analyse the immature seeds of the Acacia latescens and Acacia
plectocarpa, as unincubated as that is all sample amounts would allow (Table 12,
pg179). No intact immature seeds for the other species were analysed.
It is proposed that the sulfur amino acid, djenkolic acid, is being utilised by an CSlyase enzyme which is activated by the rupture of the seed's casing. It is also
proposed that this enzyme exists in an active form only in the mature seeds of the
Acacia latescens, Acacia plectocarpa and Acacia cambagei. This explains the
complete absence of the djenkolic acid in the incubated mature seeds of the Acacia
latescens, Acacia plectocarpa and Acacia cambagei while all the unincubated mature
seed samples show high levels of djenkolic acid.
The necessary enzyme is no longer active in the ripe seeds of these species, as shown
by the presence of the djenkolic acid in both the ripe and ripe incubated samples
(Table 12,pg179).
It is postulated that the enzyme is also not active in the immature seeds of the Acacia
latescens and the Acacia plectocarpa. Although an amino acid analysis of crushed
immature seeds was not conducted because lack of sample, the amino acid analysis
of the unincubated immature seeds showed that djenkolic acid is present in high
levels in the seeds. If the enzyme was active it would be reasonable to assume that
with its substrate present if the seeds were crushed and allowed to sit the sulfur
compounds would develop. This is not the case. Immature seeds of the two species of
Acacia were unavoidably crushed in attempts to collect samples for the amino acid
analysis and no sulfur compounds could be smelt.
No predictions can be made for Acacia cambagei as no immature seeds could be
obtained for the amino acid analysis or for the qualitative determination of whether
sulfur compounds are generated when they are crushed.
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The amino acid analysis of the Acacias indicated that djenkolic acid is being
consumed during the incubation period during which the sulfur compounds found in
the three acacias are generated. The presence of a CS-lyase has been proposed to
explain the production of the cyclic sulfur compounds. The action of a CS-lyase
enzyme is to sever the bond between a carbon atom and sulfur atom. As shown in
Scheme 5 (on page 23) which portrays the action of an isolated CS-lyase on alkyl
cysteines The CS-lyase enzyme would produce dithiolmethane from djenkolic acid as
indicated in Scheme 6 (on page 23). This highly reactive molecule would then
polymerise to form the series of cyclic polysulfides found in the Acacias in a manner
identical to the proposed pathway for the formation of sulfur compounds in the
Shiitake mushroom (Scheme 4 on page 21). One of the condensation products of this
reactive molecule is dimethylthiolsulfide, which was found in the cold extract of
Acacia latescens. It is proposed that this molecule is the result of the condensation of
two dithiolmethane molecules with the loss of hydrogen sulfide as shown in Scheme
73. The hydrogen sulfide is generated in situ and is available for the formation of
further cyclic sulfides.
H
HS

V

HS

SH

S

SH

S

SH
+ H25

Scheme 73 Dimethylthiolsulfide : condensation product of dithiolmethane

Cyclisation of dimethyithiolsulfide would lead to the formation of 1 ,2,4-trithiolane
as shown in Scheme 74

LI

HSSSH
oxid

+

2H

(
S)

VV
dimethyithiolsulfide

I .2,4-trithiolane

Scheme 74 : Proposed reaction pathway for the formation of 1,2,4-trithiolane through oxidative
disulfide bond formation

The proposed formation pathway of lenthionine is given in Scheme 75
HS

SH

V

H -_5 s H

SH
oxid
+

( )
S—S
S

HSH
Hf 2H
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K )

/

+4H

S—S

Scheme 75 : Proposed reaction pathway for the formationof lenthionine

This proposed pathway involves the oxidative formation of a disulfide bond between
two dithiolmethane molecules. The resulting pruduct then reacts with hydrogen
sulfide to cyclise to lenthionine.
The formation of 1 ,2,4,6-tetrathiane is proposed to involve two oxidative disulfide
bond formations as shown in Scheme 76.
HS
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Scheme 76 : Proposed formation mechanism of 1,2,4,5-tetrathiane
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Scheme 77 : Proposed mechanism for the formation of 1,2,4,6-tetrathiepane

This explains the cyclic sulfides found in the three acãcia with the exception of the
cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine and 1 ,2,4-trithiane. The other cyclic
sulfur compounds all have the common subunit S-CH2-S from which they can be
built. In the dithiazine this subunit also exists but there is another level of complexity
to the molecule because of the incorporation of an amine group into the molecule.
A biosynthetic pathwaywhich would lead to this product must be present only in
Acacia latescens, as the dithiazine does not appear in the volatile fraction of the other
two acacia species. It is quite possible that the production of the dithiazine is initiated
by the action of the CS-lyase as are the rest of the cyclic sulfur compounds but then
acted on by a separate enzyme for the inclusion of the nitrogen.
A possible mechanism for the formation of the dithiazine in the mature seeds of the
Acacia latescens is given in Scheme 78. The incorporation of the acetaldehyde and
ammonia to form the dithiazine has to be enzyme mediated because if left to chance
in a chemical reaction the dithiazine would have been found in a racemic mixture.
This is essentially the same mechanism proposed in the synthesis of the dithiazine

LVJ€

from an adduct of ammonia and acetaldehyde (see methodology). The experiment
resulted in both structural isomers of the dithiazine being produced. The dithiazine
produced by the acacia is exclusively in the cEs configuration and this would indicate
enzyme mediation as natural systems are well known for the exclusive production of
one configuration or the other. A classic example of this is the almost exclusive use
of L-amino acids in nature.

NH2
HO

NH2

0
OH

S S

2NH3

0
djenkolic acid

0

+ HS SH2

V

COOH

Enzyme
Meed) 2 CH3CHO

cis conformation

Scheme 78: Proposed enzyme mediated formation of cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5dithiazine

No mechanism could be proposed for the formation of the 1 ,2,4-trithiane. It is
unique in the sulfur compounds extracted from the Acacias as it has two adjacent
carbons within its structure. With the compounds proposed to be generated by the
CS-lyase enzyme it would seem impossible to form the desired structure. It is
possible that there are additional compounds involved in the formation of 1,2,4trithiane that are unknown making impossible to postulate a mechanism for it
formation.
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Table 15: Levels of non-protein Sulfur amino acids in a variety of Acacia seeds (dry) from the
Phyllodineae series.

Species

Djenkolic acid35

S-carboxyethyl cysteine35 mg/g

mg/g
Acacia colei

1.36

4.45

Acacia cowleana

1.38

3.79

Acacia tumida

2.23

nd.

Acacia neuracarpa

2.37

7.23

Acacia holosericea

1.72

3.62

n.d.; Not Detected

Work done by Evans et at has shown trends in non-protein amino acids follow the
taxonomic divisions of the series by Bentham36. It was shown that seeds of the series
Gummiferae (Bentham) characteristically contained N-acetyldjenkolic acid and its
sulfoxide, while those of the series Phyllodineae and Botryocephalae accumulate
large amounts of albizzine, S-carboxyethyl cysteine and its sulfoxide. Work done by
Evans et at was qualitative with responses given as weak, medium or strong as well
as not detected. Evans et at shows trends in the series Phyllodineae with all the
subseries in this group giving only a weak to medium responses to djenkolic acid and
its su1foxide36. Table 15 shows the levels of djenkolic acid and S-carboxyethyl
cysteine in a selection of species in the Phyllodineae series from work done by
Harwood et at 35. Neither the N-acetyl derivative of djenkolic acid or its
corresponding sulfoxides were detected in this series. About half of the acacias in
this series also gave a weak response to y—glutamyldjenkolic acid (most of these
species were found in the Unnerves subseries). One exception to this general rule is
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the Acacia georginae, closely related to Acacia cambagei, which gave a strong
response for the glutamyl derivative of djenkolic acid.
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Synthetic Chemistry

Production of 1,3,5-dithiazines
Several general methods to prepared dithiazines have been already included in the
introduction. Two possible pathways that could lead to the dithiazine of interest are
shown as shown below (Scheme 79).
H

H

N

A

S•%• __*S

H

NN r
_

S..,,S

Scheme 79: Two possible synthetic routes to the formation of the desired dithiazine

Synthetic pathway A was not attempted due to the relative inactivity of the carbon
atoms to which the nitrogen would have to attach. It was decided early in the project
to attempt to synthesis the dithiazine via the synthetic route B.
Diacetamide would be an appropriate starting compound since it has the right carbon
backbone with the carbonyl oxygen being active to allow substitution. The proposed
reaction pathway is shown below in Scheme 80. The diacetamide would be thiolated
to give the thiocarbonyl anolgue that could then be reduced to corresponding thiols
and cyclised with a dihalomethane.
Reactions which can convert carboxamides into their thiocarboxamide analogues
include tetraphosphorus decasulfide (P4510) 122, elementary sulfur in HMPA110 and
2,4-bis-4-methoxyphenyl- 1,3 ,2,4-dithiadiphosphetene-2,4-disulfide (Lawesson' s
reagent). The latter reagent was used in this project. Lawesson's reagent has been
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used successfully to prepare thioketones and thioamides110 J23'124 with excellent
yields, generally in the 90% range. Lawesson reagent has been used to prepare
thiocarboxamides but has not yet been used to make the specific dithiocarboxamides
required 124,123
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Scheme 80: Proposed reaction pathway for the formation of dithiazine

Once the Lawesson reagent was prepared, it was combined with diacetamide in a
manner similar to the reaction conditions used to prepare thioacetamide124.
When the crude product was analysed by GC/MS, the main product of the reaction
was not the target compound. No peak of mwt 121 (dithioacetamide) could be
detected in the chromatogram of the crude product. The main product had a
molecular ion of ll7amu, which would correspond to the formula C4H70S. Which
could be the mono substituted diacetamide 2.
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+
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Scheme 81: Actual product of the reaction between Diacetamide and Lawesson's reagent

This product was not isolated. Several attempts were made to force the double
substitution of the diacetamide, by extending the reaction times and increasing the
reaction temperature as well as adding the Lawesson reagent in excess. None of
these attempts succeeded. It is difficult to explain why di substitution did not occur.
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Steric hindrance is unlikely with the Lawesson reagent able to thiolate carbonyls in
far more congested molecules than the thioacetylacetamide124' 23. Whilst further
investigation is warrented, due to time constraints it was decided to try another
synthetic pathway.

Cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine was the maj or compound
extracted from Acacia latescens. It was proposed to synthesis this dithiazine using a
modification of the method used by Takikawa53 (Scheme 14 on page 37) and
Kawai46 These groups combined aldehydes, ammonia and hydrogen sulfide in
aqueous solutions to form trisubstituted 1,3,5-dithiazines. Takikawa et al worked
with aromatic aldehydes to produce symmetric trisubstituted dithiazines as they used
only one type of aldehyde at a time. The research group of Kawai et al were not
interested in physically isolating the dithiazines they produced, but were primarily
interested in producing a wide range of unsymmetrical trialkyl substituted 1,3,5dithiazines to compare the formed compound retention times and fragmentation
patterns with the unknown dithiazines isolated from dried squid Loligo edulis edulis.
To this end they combined three aliphatic aldehydes with ammonia and hydrogen
sulfide to yield the expected 18 different trisubstituted 1,3,5-dithiazines. The two
systems of aldehydes that they used were:
acetaldehyde, propanal and 2-methyipropanal
acetaldehyde, propanal, butanal.
These systems produced the different dithiazines impartially, with each dithiazine
produced representing 2-8% of the total dithiazine production. This indicates that
almost all the alkyl groups of the aldehydes were converted impartially into
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substituents of all dithiazine produced. Of the compounds produced a number of
them were produced as groups of stereoisomers although one form seemed to
dominate with minor isomeric forms being about 10% of the major form in most
cases.

It was concluded early in this project that the synthesis of cis-5,6-dihydro-4H-4,6dimethyl-1,3,5-dithiazine could not be done as a "one pot" reaction of ammonia,
acetaldehyde, formaldehyde and hydrogen sulfide as Kawai had done46. The
impartiality to the incoming aldehyde at each of the steps of the synthesis meant that
if the synthesis was conducted in a "one pot" reaction of formaldehyde, acetaldehyde
ammonia and hydrogen sulfide six different compounds would be produced (Scheme
82). This would only be the case if only one isomer of each dithiazine was produced;
if isomers were formed, as was the case in Kawai's research, then the number of
compounds could easily double. The overall yield of the desired dithiazine would be
low as the reagents are distributed amongst at least 6 products 1,2,3,4,5,6 (Scheme
82). The possibility of increasing the yield of the desired product would be extremely
low.
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2 5,6-dihydro-4H-4methyl-1 ,3,5-dithiazine
5,6-dihydro-4H-2-methyl-1 3,5-dithiazine
5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine
5,6-dihydro-4H-2,4-dimethyl-1,35-dithiazine
5,6-dihydro-4H-2,4,6-trlmethyl-1 ,35-dithiazine

Scheme 82: Possible products of a "one pot" formaldehyde, acetaldehyde, ammonia and
hydrogen sulfide reaction.

It was decided to try to improve the likelyhood of the synthesis of the desired
dithiazine by starting with an adduct of ammonia and acetaldehyde. This adduct
would then be reacted with formaldehyde and hydrogen sulfide in a hope to synthesis
cis-5,6-dihydro-4H-4,6-dimethyl- 1 ,35-dithiazine (Scheme 83).
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Scheme 83: Proposed reaction pathway for the formation of cis-5,6-dihydro-411-4,6-dimethyl1,3,5-dithiazine

It was unlikely that the reaction scheme proposed above would have any control over
the stereochemistry of the product but it was hoped that if isomers of the desired
product were formed in high yields then it would be possible to separate them
through chromatography.

Tones and Vega1 12 recently synthesised N-substituted 1,3,5-dithiazines by reacting
formaldehyde in water (3 7%) with a monoalkylamine, or its hydrochloride, and
sodium sulfide nonohydrate at 20-25°C for 13-30h1 12 as shown in Scheme 84.

CN)
HCHO + RNH2 + Na2S
S

S

Scheme 84: Formation of N-atkyl-1,3,5-dithiazines

When the hydrogen sulfide was passed into a aqueous solution of formaldehyde
(3 7%) followed by addition of this solution to the amine at 0-5°C and kept at for
36h, N,N'-dialkyl-1,3,5-thiadiazines were formed in good yield (Scheme 85).

rs~

HCHO + RNH2 + H2S

NR

Scheme 85: Formation of N,N'-dialkyi-1,3,5-thiadiazines

Selective formation of these heterocyclic compounds was difficult due to similar
conditions used to prepare them. These compounds were not very stable and
decomposed easily57

Earlier experimental attempts to synthesise the dithiazine with an
acetaldehyde/ammonia system yielded the desired product in poor yield with both cis
and trans isomers of the product.
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Scheme 86: Formation of 5,6-dihydro-411-1,3,5-dithiazine from acetaldehye/ammonia system

Acetaldehyde and ammonia can be condensed to form an adduct that is insoluble in
acetone. This adduct is freely soluble in water and is both light and air sensitive. The
suspension of this adduct in dichioromethane at -15°C with the introduction of
hydrogen sulfide gave poor yield of the desired dithiazine in the form of two
isomers, the cis and trans.
The major product of the reaction was identified as thialdine; 5,6-dihydro-4H-2,4,6trimethyl-1,3,5-dithiazine. This was formed when the acetaldehyde/ammonia adduct
reacted with acetaldehyde (liberated from the degradation of the adduct) instead of
the diiodomethane. The aldehyde proved more reactive than the diiodomethane.
Formaldehyde would have been a more appropriate reagent for this attempted
cyclisation but the presence of the water from the aqueous formaldehyde solution
would have lead to even greater decomposition of the acetaldehyde/ammonia adduct.
Eliminating any advantage gained by utilising the more reactive reagent.
Attempts to separate the cis and trans isomers via TLC or column chromatography
were also unsuccessful.
The methodology utilising the acetaldehyde/ammonia adduct did not produce a
dominant isomer but rather a mixture.
The synthesis of cis- 5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine from A cacia
latescens requires a stereoselective method.
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Examples of stereoselectivity which utilise benzotriazole chemistry have been noted
in the literature125. Bishop et al incorporated the excellent leaving properties of
benzotriazole and the ability of its a—benzotriazolylamines to act as a "masked
iminium" in their synthesis of the delta opioid agonist (+)-4-[(aR)-cx-((2S,5R)-4allyl-2,5-dimethyl- 1-piperazinyl)-3 -hydroxybenzyl]-N,N-diethylbenzamide.
0
H3CN
- OH
N CH3

H3C

:r

H3C\N

(+)-4-((aR)-a-((2S,5R)-4-allyl-2,5-dimethyt-1-piperazinyl)-3-hydroxybenzyl]-N,N-diethylbenzamide

The stereoselectivity of this reaction comes from the apparent preferential formation
of an iminium ion intermediate facilitated by the removal of the bulky benzotriazole
moiety. As shown in Scheme 87 there are two possible iminium ions forms I and II.
It is reasonable to assume that a greater proportion of the adducts will dissociate to
give the less sterically demanding iminium ion I, with the methyl-bearing carbon of
the piperazine ring trans to the aromatic ring. Next, the nucleophile must approach I
from the Si face, away from the methyl group to give the substantial stereoselectivity
observed in the reaction. These results indicate that on the appropriate substrate,
benzotriazole can be used to achieve good diastereoselectivity.
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Scheme 87: Formation of Two possible Iminium ions (I and LI) with the loss of the
benzotriazolyl moiety.

Benzotriazole reacts with primary and secondary aliphatic amines in the presence of
an aldehyde (formaldehyde or acetaldehyde) in a 1:1:1 ratio to form 1(a—aminoalkyl)benzotriazoles as shown in Scheme 8879. This reaction can be
carried out in an ethanolic, hydrocarbon or water solution. Studies have shown that
the use of an aqueous solution greatly improves the yields and purity of these
adducts101. The work completed in these studies concentrated on primary amines
with bulky substituents or dealt with secondary amines which were of no value to the
synthetic studies being carried out in the course of this project. The experiments
conducted by Katritzky's group confined themselves to examining the products
resulting from the mixing of the components in various ratios resulting in the
production of different benzotriazole adducts as shown in Scheme 88.
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Scheme 88: Products formed by different Stoichiometric Ratios

Isomerism in Benzotriazolylalkylamines

Starting from 1-hydroxymethylbenzotriazole one could expect that the product after
reaction with an amine should be the corresponding benzotriazol- 1 -ylmethylamine.
However, it is known that N-( 1 -benzotriazolyl)methylamines derived from
dialkylamines exist in solution in an equilibrium with N-(2benzotriazolyl)methylamines (Scheme 89).
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Scheme 89: Isomerism between N-(alkyl-1-benzotriazoyl)alkylamine (I) and N-(alkyl —2benzotriazolyl)alkylamine (II)
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Scheme 90 : Numbering scheme for Benzotriazole isomers

Such 1 -benzotriazole and 2-benzotriazole derivatives are easily distinguished by

IH

NMR spectroscopy. The more symmetric molecule, 2-benzotriazole (II), gives a
simple AABW splitting pattern with a signal from C-3a and C-7a deshielded by
electron pair on N-i and N-3. In the case of 1-benzotriazole, only one proton at C-3a
is deshielded in a similar manner. The 13C NMR spectra of the two isomers are also
quite different. Shown below (Table 16) are typical values for each of the positions
in the isomers.
Table 16: 13C NMR values for 1-Bt and 2-Bt (ppm).

Position

C-4

C-5

C-6

C-7

C-3a

C-7a

Bt-1

120

123

127

109

144

132

Bt-2

118

126

126

118

144

144

As can be seen in the table (Table 16) the positions C-3a, C-7a; C-4, C-7 and C-5, C6 in Bt-2 are identical to one another as they exist in the same chemical environment
whereas in Bt-1 all the positions have different chemical shifts. Hence it is quite easy
to distinguish between the 13C NMR of the two isomers.
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1-Hydroxymethyl benzotriazole
Benzotriazole chemistry has been well explored by Katritzky's group and the
highlights of benzotriazole chemistry have already been discussed in the
introduction. 1 -hydroxymethylbenzotrizole was required as a starting material for the
synthesis of a series of bis-N,N-benzotriazol- 1 -ylmethylamines which then could be
converted into dithiazines. Modifications were made to the original synthesis of 1hydroxymethylbenzotriazole, shortening the reaction time required to produce this
crucial starting material with an excellent yield (95%).
The original methodology for the synthesis of 1 -hydroxymethylbenzotriazole from
aqueous formaldehyde (3 7%), benzotriazole and toluene required refluxing with a
Dean and Stark apparatus. The methodology was part of a one pot reaction which
required the removal of the water added to the reaction system before the next step
could proceed 79,61

N \\
C

N
+ HCHO(aq)

[JJN

I
CH2OH

H

Scheme 91: Formation of 1-hydroxymethylbenzotriazole

It was shown that the removal of the water during the synthesis was unnecessary. In
the procedure developed, stirring the benzotriazole with an excess of aqueous
formaldehyde (3 2%) produced the desired product. The reaction proceeded
smoothly, heat was evolved and benzotriazole dissolved completely to give a clear
light brownish solution. The crystalline product precipitated out of the solution.
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This simplified the procedure, as it meant heating was unnecessary and no organic
solvent was required. A reaction that initially took an hour to complete with
refluxing of a high boiling point solvent could now be completed at room
temperature in less than 10 minutes.
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Synthesis of cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine
It was hoped that the use of acetaldehyde and ammonia with benzotriazole in a ratio
of 2:1:2 would result in a bis-N,N-(ethylbenzotriazol-lyl)amine which could be
converted to appropriate dithiazine, as proposed in Scheme 92.

H
20H3-CHO

+

NH3

+

2BtH
Bt

Bt

H

Bt

Bt

Scheme 92: Reaction pathway for the formation of cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5dithiazine

Initially, a series of N-substituted bis-N,N-(1-methylbenzotriazoyl)-alkylamines
formed by reacting 1 -hydroxymethylbenzotriazole, a primary amine and glacial
acetic acid in a molar ratio of 2:1:1 methanol were prepared (Scheme 93).
R

Bt

CH3000H

2
OH

Bt

Bt

Scheme 93: Product of reacting 1-hydroxymethylbenzotriazole, a primary amine and glacial
acetic acid in a ratio of 2:1:1
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Table 17 shows that the yields of most of the products formed were good to
moderate. Literature melting
zn points and 'H NMR data as shown in the table below
identified the products:

Table 17: Bis-N,N-(1-methylbenzotriazoyl)alkylamines.

Substituent
R-NH2

Adduct
Yield %

Recryst.
Solvent

MP °C
(Lit. Mpt)

H

50

EtOH

173-174
(177-178)

5.69(d)

Methyl

70

EtOH

84-88
(88-90)

5.62 (s)

Propyl

50

MeOH

102-107
(106-10 8)

5.63 (s)

Isopropyl

75

Ethylacetate
/Hexane (1:1)

74-78
(78-79)

5.69 (s)

Benzyl

50

Ethylacetate
/Hexane(1:1)

102-107
(108-109)

5.63 (s)

1H

100

NMR
ppm (CDC13)
N-CH2-N

The melting points of the prepared adducts were in general lower than the quoted
literature value and the melting range of the compounds were broad (5°C)
indicating the products were not pure. Investigation of the 13CNMR spectra of these
compounds revealed additional peaks which corresponded to 2-Bt isomer. As both
isomers of benzotriazole react identically this slight "contamination" did not effect
the next step of the reaction and further purification was not attempted.
The cyclisation step to dithiazines was carried out in the presence of sodium sulfide
or hydrogen sulfide and formaldehyde.

208

Unfortunately, in the case of 5,6-Dihydro-4H-1,3,5-dithiazine, the product was not
isolated and efforts to purify it by TLC or flash chromatography were fruitless. This
compound was highly volatile and was present in the crude reaction mixture but in
low yields. The crude product was analysed by GC-MS and gave two peaks which
did not correspond to the starting material. The compounds they represented had
molecular ion of mass charge ratio m/z 121 and m!z 75 The first of these could be
.

attributed to the required 5,6-Dihydro-4H-1,3,5-dithiazine and the second to 1,3.thiazetine.

H

H

N

rN~

r

Bt Bt

+

Na2S or H2S HCHO
CH2C12

H
+

S

S
m/z121

KN>
S
m/z75

Scheme 94: Proposed products of the reaction between Bis-N,N-(1-methylbenzotriazoyl)amine,
hydrogen sulfide and formaldehyde.

The latter could be the result of late addition of the formaldehyde to the reaction
mixture. Bis-N,N-(1-methylbenzotriazoyl)amine and sodium sulfide or hydrogen
sulfide were mixed for 5 minutes before the addition of formaldehyde. A possible
reaction mechanism for the formation 1,3-thiazetine is suggested below (Scheme
95).
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Scheme 95: Reaction pathway leading to the formation of the 5,6-Dihydro-4H-1,3,5-dithiazine
and 1,3-thiazetine.

This reaction using benzotriazole as a leaving group was more successful with other
N-substituted derivatives as good to moderate yields of 5-propyl-5,6-dihydro-4H1,3 ,5-dithiazine, 5-isopropyl-5 ,6-dihydro-4H- 1,3 ,5-dithiazine and 5-benzyl-5,6dihydro-4H-1,3,5-dithiazine were obtained. These compounds were fully
characterised by elemental analysis, 'H NMR, 13CNMR and GC-MS fragmentation
patterns.

Synthesis of Cis-5,6-Dihydro-4H-4,6-Dimethyl-1 ,3 ,5-Dithiazine
Previous attempts to synthesise cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine
using the ammonia adduct of acetaldehyde resulted in a racemic mixture of the
compound in poor yield and for these reasons and its highly volitile nature the
required compound was not isolated. The synthesis using bis-N,N(ethylbenzotriazol-1-yl)amine as the starting material yielded the desire 5,6-dihydro4H-4,6-dimethyl-1,3,5-dithiazine that was almost all c/s configured.
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This was confirmed by 'H NMR analysis of the dithiazine, with only the pair of
doublets generated by the geminal coupling of the two protons on the C-2 of the
dithiazine in the cis configuration. No signiet which would represent the protons on
the C-2 of the trans confirguration was detected.
Similar difficulties were encountered for the isolation of this compound. The
reaction was carried out with ethanal, ammonia and benzotriazole in a ratio of 2:1:2.
The adduct was dissolved in dichioromethane and an excess of hydrogen sulfide was
passed through the solution as mentioned in earlier reactions. The above target
molecule was volatile and after standard workup procedure gave moderate yield
(20%) of the product. The stereospecific cyclisation was achieved and only cis-5,6dihydro-4H-4,6-dimethyl-1,3,5-dithiazine was obtained. No trans product was
detected in the crude reaction mixture. Like most of the other dithiazines, this
compound was volatile and decomposed easily so no satisfactory elemental analysis
could be obtained. However NMR data of the compound was in good agreement
with that of isolated compound from Acacia latescens as shown in the table below
(Table 18).
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Table 18: Comparison of'H NMR and C13NMR of cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5dithiazine extracted from Acacia latescens and synthetic compound

Acacia latescens

'HNMR

C'3NMR

ppm

ppm
Synthetic

Acacia

Synthetic

latescens
1.26 (d), JHH=6.6Hz

1.27 (d), JHH=6.6Hz

22.9

23.2

3.91 (d), JHH=13.8Hz

3.89 (d), JHH= 13.8Hz

33.5

3 3. 7

4.50 (d), JHH=13.8Hz

4.50 (d), JHH 13.8Hz

60.34

60.4

4.26 (m), JHH= 6.8Hz

4.25 (m), JHH= 6.8Hz

Moreover, the ion molecular mass spectra of this compound corresponded to its
molecular formula and agreed with the mass spectra of the extracted compound,
which was determined by High Resolution Mass Spectrometer.
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Conclusion

From the mature seed of a Northern Territory native wattle, Acacia latescens, eight
sulfur compounds have been extracted and identified. They were
dimethyithiolsulfide, 1 ,2,4-trithiolane, 1,2,4-trithiane, 1,2,4,5-tetrathiane, 1,2,4,6tetrathiepane, tetrathiocyclooctane, lenthionine and

cis-5 ,6-dihydro-4H-4,6-

dimethyl- 1,3 ,5-dithiazine.
Acacia plectocarpa and Acacia cambagei, both wattles endemic to the Northern
Territory were also found to produce cyclic sulfur compounds from their mature
seeds although cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine was not found in
their extracts.
From the amino acid analysis of the seeds of these wattles and qualitative
observations of their generation of these sulfur compounds it is proposed that the
sulfur compounds are generated via the action of a CS-lyase enzyme which is active
only in the mature stage of the their seeds' development. This proposed enzyme is
thought to be activated by the physical rupture of the outer coats of the mature seeds.

Cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine found in the Acacia latescens is
also thought to be produced by the plant via the action of a proposed CS-lyase,
although whether this enzyme is the same one which is thought to produce the other
cyclic sulfides in the Acacia latescens is unknown.
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Cis-5 ,6-dihydro-4H-4,6-dimethyl- 1,3,5 -dithiazine, was isolated from

Acacia

latescens and fully characterised with the use of GC/MS, 1 H NMR, 13C NMR, JR
and high resolution mass spectroscopy.
The structure of the dithiazine was confirmed by its complete synthesis using
benzotriazole as a synthetic auxiliary.

An investigation in to the synthesis of the cis-5,6-dihydro-4H-4,6-dimethyl-1,3,5dithiazine resulted in the development of a number of synthetic methods for the
preparation of dithiazines. Several N-alkyl-4H-1 ,3,5-dithiazines were successfully
prepared utilising benzotriazole chemistry. An alternative method of producing cis5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithiazine was developed, involving the
production of an adduct between acetaldehyde and ammonia. This yielded the
desired dithiazine but produced it in a racemic mixture with its other configurational
isomer trans- 5,6-dihydro-4H-4,6-dimethyl-1,3,5-dithjazjne, and in poorer yields than
the benzotriazole method.
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Appendices

Appendices
Appendix I

Plant Physiology of Sulfur
The unique ability of plants to synthesise the sulfur containing amino acids from
sulfates distinguishes them from animals and humans whose sulfur requirements are
met mainly from the cysteine and methionine residues of plants or other animal
tissues.

Usually a plants requirements of sulfur are met by the sulfates available in the soil
and accessible to the plants roots.
When sulfur is insufficient in the soil environs for the plants cellular needs, plants
are able to utilise atmospheric sulfur dioxide and hydrogen sulfide as an additional
sources for the generation of sulfur containing cellular components and can prevent
sulfur deficiency symptoms. Thus both the availability of sulfate to the roots and
availability of volatile sulfur to the leaves determine the nutritional status of a plant
for sulfur. Sulfur dioxide and hydrogen sulfide, absorbed into the leaves are
converted to sulfate and introduced into the plants metabolic pathway. At high
concentration sulfur dioxide is detrimental to plant metabolism, hydrogen sulfide is
less toxic to plants and more easily absorbed and utilised than sulfur dioxide.
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Storage of Excess Sulfur in Plants
Once excess sulfur has entered the plant it may be stored directly, or after conversion
into a storage form, or else it may be translocated out of the cell directly to be stored
as sulfate, sulfur rich proteins or glutathione. The most intriguing examples of
accumulating sulfate have been found in algae rather than higher plants. Sulfate
accumulates in the statolith compartments of the rhizoids of Chara, so crystal-like
structures of barium sulfate can be visualised by electron microscopy. In the brown
algae Desmarestia, sulfuric acid accumulates until the internal pH is 0.5 to 0.8 in an
irreversible process. Sulfur deficiency results in only little loss of the sulfuric acid
stored. In higher plants excess sulfur may also be converted to H2S and emitted
through the leaves.
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Appendix II: Volatile sulfur compounds isolated from Parkia speciosa,
Lentinus edodes and Chondria californica

*

Volatile Sulfur Compound

Mwt

Methane thiol

48

+

-

-

Carbon disulfide

76

+

-

-

methyl hydrodisulfide

80

+

-

-

methanedithiol

80

+

-

-

1,3-dithietane

92

+

-

-

dimethyl disulfide

94

+

-

-

methyithiomethyihydrodisulfide

122

+

-

-

1,2,4-trithiolane

124

+

+

+

dimethyl trisulfide

126

+

-

-

1,3,5-trithiane

138

+

-

-

1,2,4,5-tetrathiane

156

+

-

+

1,2,3,5-tetrathiane

156

+

-

-

dimethyl tetrasulfide

158

+

-

-

1,2,4,6-tetrathiepane

170

+

+

+

2,3,5,6-tetrathioheptane

172

+

-

1,2,3,5,6-pentathiepane

188

+

+

+

1,2,4,5,7-pentathiocane
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+

+

-

1,2,3,5,6,8-hexathionane
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+

-

-

4-oxo-1,2,4-trithiolane

140

-

-

+

4-dioxo-1,2,4,6-tetrathiepane

202

-

-

+

1,2,4,7,9,10-hexathiododecane

278

+

-

-

Lentinus edodes 20

**

Chondria californica6
Parkia speciosa

+

-

3

Compound detected
: Compound not detected
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1

I

S

-
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1,2,4,5,7,8-Hexathionane
mwt234

1,2,3,5,6-Pentathiepane
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I

5
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S
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S

/

I
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i

s

S

S

mwt 188

Appendix III Yeast extracts in food flavours

Yeast, a group of unicellular fungi, have played an important role in the food
industry for centuries, primarily for their ability to convert carbohydrates to ethanol
and carbon dioxide during fermentation. Lately attention has been turned to yeast for
their more unique food applications. One such application that has enjoyed
increasing popularity in the last several years are the yeast derivatives known as
autolyzed yeast extracts (AYE) as savoury flavoring agents126 The general basis of
.

this production is the self-destruction and solublisation of the yeast cells. The
solublisation of the cell results in the extraction of all the various proteins, amino
acids, nucleotides and saccharides of the cell. The resulting extract can be of liquid,
paste, powdered or granular form.
The volatile profile of extruded AYE was analysed and although the overall profile
was dominated by alkylpyrazines, several sulfur compounds were found. Foods,
which are rich in reducing sugars, are very reactive. Lysine is the most reactive
amino acid due to its free amino group. Part of the browning process involves the
loss of water. The rate of browning is higher at low water concentrations, this
explains the ease of browning in dried and concentrated food.
Not only sulfur containing amino acids but also thiamine and glutathione contribute
to the formation of H2S. Biotin and Co-enzyme A are also thought to contribute.
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Appendix IV: Classification of Acacia
The genus Acacia has been studied for many years and over that time botanists have
developed various classification schemes for the genus. Two major classification
scheme have developed, one devised by Vassal and the other by Bentham. Both of
these series compliment each other when one is trying to discuss the morphological
distinctions between species. For the discussions found here it has been decided to
utilise the Bentham classification scheme, mainly as most of the papers reviewed for
this dissertation base their taxomeric discussions on Bentham's classifications. So for
the Genus Acacia we have the following classification structure:
Family: Leguminosae
Subfamily: Mimosoideae
Genus: Acacia
Series:

Gummiferae
Phyllodineae

Subseries:

Continuae
Pun genres
Calam ifolia
Uninerves
Plurinerves
julijlorae

Series

Botryocephalae
Puchellae
Vulgares
Gummiferae
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Appendix V. General Description of ACACIAS

The primary seedling leaves of all Acacia are true bipinnate leaves. Most Acacia in
the Northern Territory however, particularly those in the 'Top End' region, have
foliage which subsequently changes to phyllodes-modified stalks functioning as
leaves. Acacia phyllodes can be recognised by a small gland present near the base or
stalk. The true leaves are present only as the first few leaves of the seedling e.g. the
germination flush or occasionally on a mature plant with a flush of new foliage.

Individual Acacia flowers are very small, with tiny flowers and numerous stamens.
All Acacia flowers are clustered, often densely, in either globular heads or
cylindrical spikes. The heads or spikes consist of many small flowers, may be
produces either singly or in small groups in the leaf axils, or arranged in racemes,
paniclesor and occasionally more complex inflorescences.

Acacia fruits are legumes, the dried fruits are commonly known as pods. They are
often long and flattish, but vary considerably and may be thin, papery, brittle,
leathery or woody. They contain few to several hard-coated seeds, which may be
arranged diagonally, longitudinally or at right angles along the walls of the pod. The
seeds are attached by threadlike structures (funicles), sometimes prominent and
bright orange as in A. auriculiformis.
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When ripe, Acacia pods generally split when dry to facilitate seed dispersal. Pods
may split along one side with the seeds retained (A. latescens), twist and curl with
the seed suspended (A. auriculiformis and A. holocericia) or curl back explosively to
eject the seeds.
Australian acacias may contain toxic amino acids; including djenkolic acid
derivatives and 1athyrogens120'36. There are no reports, however, of drowsiness,
renal failure or muscle paralysis in Aborigines who relied upon acacias for food.
Presumably the levels of these toxins in edible acacias are low and do not present a
problem as part of a mixed diet127.

Abbreviations
AL:

B:

Barkley Tablelands Region

-

Central Northern Region

-

CS:

K:

Alligator River Region

-

CN:

D:

Arnhem Land

-

AR:

: NT Regions

Central Southern Region

-

-

Darwin Region

-

Gulf Region

-

Katherine Region

MI:

Melville Island

-

VRD: -Victoria River District
WA:
Qld:

-

Western Australia
Queensland

-

PNG: Papua New Guinea
-
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Acacia latescens

Family: Leguminosae
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Plurinerves
Distribution: D, K, AR, AL, MI

Description: A slender tree 5-8m high with narrow crown and pendulous branchiets
and foliage.
Bark: rough dark brown to black slight fissured.
Phyllodes: Alternate, smooth, narrow, and slightly curved to sickle shaped, dark
green, with raised longitudinal veins.
Flowers: cream to yellow, in globular heads about 0.5cm in diameter, several on
branched racemes arising from the leaf axils.
Fruit: smooth, straight, flattish, stiff semi-woody pods pale grey when ripe.
Containing several black seeds arranged longitudinally or slightly diagonally.
Flowering: (Mar) Apr-Jun Fruiting: Jul-Sep
Habitat: common understorey plant in open forest an mixed shrubland an woodland,
on a wide variety of well drained sites, commonly in shallow gravelly lateritic soils.
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A cacia a uriculformis

Family: Leguminosae
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Juliflorae
Common Name: Black Wattle
Distribution: D, AR, AL, MI. Qid,
PNG, Indonesia

Description: large spreading tree commonly 10-20m high, attaining 20-30m on
favourable sites, dense foliage and full round crown.
Bark: rough, hard, dark brown, grey or black fissured toward the base.
Phyllodes: alternate, smooth, curved, variable size, blade 10-17cm x 1.5-3.5cm,
glossy dark green, with three mail longitudinal veins.
Flowers: yellow in dense cylindrical spikes 5-8cm long, mostly in pairs in upper leaf
axils.
Fruit: curled, twisted, leathery-woody pods, about 5-7cm x 1.5cm, dark brown when
ripe, containing black seeds arranged diagonally, attached to short bright orange-red
arils.
Flowering: (Apr) May-Jul Fruiting: Aug-Oct.

224

Habitat: coastal monsoon thicket, on stabilised rear dunes, lateritic edges or low
cliffs above the beach; monsoon forest associated with permanent freshwater streams
in lowland or sandstone country; along lowland fresh water creeks or streams.
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Acacia Dunn/i

Family: Leguminosea
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Plurinerves
Common Name: Elephant Ear
Wattle
Distribution: VRD. WA
Description: single stemmed shrub or small tree 2-4m high, much of the tree
covered with whitish bloom.
Bark: smooth, bluish-white.
Phyllodes: alternate, smooth, very broad, upper margin strongly curved, very broad,
blade 12-26cm x 5-13cm (may be larger), blue-grey often with a whitish bloom, with
3-5 very prominent longitudinal veins joining toward the base.

Flowers: bright yellow, in globular heads 1-2cm diameter in groups of 1-5, in the
upper leaf axils or in large terminal leafy panicles
Fruit: smooth flat broad woody pods, 10-13cm x 2.5-3cm, whitish-grey when ripe,
containing several oblong dark brown seeds arranged at right angles across pods.
Flowering: Mar-May (Jun)

Fruiting: Jun-Aug

Habitat: dry regions, in open woodlands on red soils.
Aboriginal Uses: the large leaves used as wrapping in food preparation
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Although not native to Darwin region this species has been planted extensively
through out the Darwin environs as an ornamental along roadsides and gardens.
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Acacia camba gel

Family: Leguminosae
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Plurinerves
Common Name: Gidgee, Stinking
Wattle

-

Distribution: CS, B, Qid,
Meaning of Name: named for RH. Cambage (1859-1928), early botanist, collector
and mining surveyor.
Description: small to medium tree 5-12m tall, with spreading, bushy crown and
deeply furrowed bark; brachiets are angular at first, hairy, covered with bloom or
scurf.
Phyllodes: leathery, dull green, often curved, scurfy or hairy, narrow elliptic
phyllodes 3-14cm x 3-15mm with numerous fine, parallel •nerves, several more
obvious; tapering into a blunt or acute curved point and at the base into a brownish
stalk; small basal gland.
Flowers: pale to mid-yellow balls 4-5mm in diameter, each of 12-25 flowers, on
hairy slender stalk 4-10mm long, 4-10 clustered together on reduced racemes.
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Fruit: pods are light brown, papery, flat, coarsely veined, straight or slightly curved,
6-13cm x 8-12mm, with thickened margins, slightly constricted between seeds.
Seeds are dark brown, soft, oblong, flat, 5-8mm x 4-7mm, longitudinal in pod; seed
stork slender, short, joining seed without aril.
Flowering: mainly April September
-

Fruiting: August October.
-

Habitat: widespread in Central Queensland, north-west plains NSW, eastern
Northern Territory and in northern SA, in loam or clay soils; sometimes in sand;
often in dense stands as well as scattered trees.

This species of Acacia has been implicated in stock poisoning, where cattle have
consumed the foliage during drought conditions128. Closely related to the Acacia
georginae. Known to produce unpleasant smells during times of high humidity and
wet weather.
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Acacia plectocarpa

Family: Leguminosae
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Juliflorae
Common Name:
Distribution: VRD, K, D, AR, AL,
WA, Qid.

Description: slender moderate-sized tree 4-8m high with erect foliage and light
crown, branches acutely angular
Bark: rough, grey, fibrous to fissured
Phyllodes: alternate, smooth, narrow, straight or slightly curved blade 10-19cm x
0.5-3cm, slightly shiny rich green, 3-4 longitudinal veins
Flowers: bright yellow in cylindrical spikes, 4-6cm long, in clusters of 1-5 in leaf
axils or forming elongated leafy panicles in upper leaf axils
Fruit: longitudinally wrinkled, narrow, sticky, slightly woody pods, 4-8cm x 0.71.1cm, constricted between seeds, shiny yellowish brown when ripe, containing
black seeds arranged in zigzag fashion.
Flowering: May -Aug
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Fruiting: Aug-Oct
Habitat: open forest, woodland and shrubland on a variety of well drained sites,
common in sandstone country, on escarpment plateau and at the base of cliffs in
deep sand.
Aboriginal Uses: wood used to make light spear shafts and as fire sticks
This species may be easily confused with the Acacia torulosa, but the pods are
distinctly different, with the species being readily distinguished in fruit.
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Acacia torulosa

Family: Leguminosea
Subfamily: Mimosoideae
Genus: Acacia
Series: Phyllodineae
Section: Juliflorae
Common Name:
Distribution: D, K, AR, AL, B, CN, WA, Qid

Description: small to moderate tree 4-7m high with erect foliage and somewhat
open crown.
Bark: rough, grey fibrous to flaky
Phyllodes: alternate, smooth, narrow, straight or slightly curved, blade 7.5-20cm x
0.4-1.4cm, 2-3 prominent longitudinal veins, pointed tip.
Flowers: bright yellow, in dense cylindrical spikes 3-6cm long, produced mostly in
pairs, occasionally singly or in short to elongated racemes in leaf axils.
Fruit: smooth, fairly straight, longitudinally wrinkled leathery pods, 8 20 cm x 0.5
-

-

0.6 cm, tightly constricted between seeds, pale cream-grey to brown when ripe,

containing black seeds arranged longitudinally.
Flowering: May July (Aug)
-

Fruiting: Aug Oct
-
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Habitat: common in sandstone escarpment country, on slopes and ledges, and
beside streams in deep sand; open forest and woodland on sandy or lateritic soils,
extending into dry regions.
Aboriginal Uses: Inner bark stripped to make pubic tassels, wood used to make
spears, spearheads and pegs for spear throwers, gum eaten.

3
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Acacia helicophylla

Family: Leguminosea
Subfamily: Mimosoideae
Genus: Acacia
Common Name:
Distribution: Edith Falls and UDP Fall,

Description: slender spindly shrub 1-4m high with sticky stems and foliage.
Bark: rough, grey, peeling in narrow curly strips.
Phyllodes: alternate, sticky, narrow, twisted 1-6 times spirally, blade 5-10cm x 0.72.5cm, dark green, 6-8 longitudinal veins, mid and marginal veins are prominent.
Flowers: yellow, in dense cylindrical spikes 2-3m long, singly or in pairs on stalks.
Fruit: narrow, hairy papery pods 3-6cm x 0.6-1cm, slightly restricted between seeds,
short curved point at tip, brown seeds arranged longitudinally.
Flowering: April June
-

Fruiting: April August
-

Habitat: sandstone escarpment, on the plateau and amongst boulders on rocky
slopes.
Notes: this distinctive species is known only from the sandstone escarpment of the
upper Katherine and Edith Rivers.
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Acacia gonocarpa

Family: Leguminosea
Subfamily: Mimosoideae
Genus: Acacia
Distribution: D, K, AR, AL, MI, WA; VRD

Description: small woody shrub 1-3m high with generally neat rounded form.
Bark: rough dark grey, somewhat flaky; smooth, grey on young plants
Phyllodes: alternate smooth stalkless, occasionally in 2's or 3's, veiy narrow, 3.512cm x 0.1-0.5cm, moderately stiff, light yellowish-green, single main longitudinal
vein.
Flowers: pale cream-yellow, in loose cylindrical spikes to 3cm long, singly or in
pairs on stalks in leaf axils.
Fruit: smooth narrow woody pods; 3.5-8.5cm x 0.3-0.6cm, tapering to base,
prominently ridged, brown when ripe, containing several brown seeds arranged
diagonally.
Flowering: Oct Feb
-

Fruiting: Feb May
-

Habitat: sandstone country, on low ridges in sandy gravelly soil.
Aboriginal Uses: foliage used as herb in cooking meat, wood used as spear shafts.

Acacia holosericea

Family: Leguminosea
Subfamily: Mimosoideae
Genus: Acacia
Distribution: D, K, AR, AL, MI,
WA, VRD, G, B, CN, QLD

Description: shrub or small tree 2-6m high with silvery-grey crown, branchiet
acutely angular hairly
Bark: Smooth, grey
Phyllodes: alternate, broad, generally curved, sparsely to densely hairy, occasionally
smooth, variable size, blade 10-18cm x 1.5-6.5mcm, silvery-grey green, 3-5
prominent longitudinal veins joining towards the base.
Flowers: pale yellow, in cylindrical spikes 4-8cm long, singly or in pairs in upper
leaf axils
Fruit: smooth narrow papery pods about 3-5cm x 0.2-0.5cm, coiling to form ball
like clusters, dark brown when ripe, black seeds with orange arils arranged
longitudinally
Flowering: Jun-Aug
Fruiting: Jul-Oct

2i

Habitat: common pioneering shrub beside permanent and seasonal freshwater
creeks and streams, also common on disturbed soil, monsoon forest associated with
low land freshwater streams
Aboriginal Uses: leaves and immature green pods are used as bush soap, wood used
for spear shafts.
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Definitions of Terms used in this Thesis

Abscission:

cutting off, violent separation

Algae:

simple photosynthetic plants with unicellular organs of
reproduction. Plant body (thallus) can be unicellular; or
multicellular, filamentous or flattened, ribbon-like, with
relatively complex internal organisation in higher forms but
non-vascular. They are aquatic plants, marine or freshwater, or
plants of damp situations, eg. damps wall, in soils. Divisions
of alga are based on structure, pigment, chemical nature of
cell walls, flagella, assimilatory products; and comprise of
Bacillariophyta
Chiorophyta

(diatoms),

(green algae),

Charophyta

(stoneworts),

Chrysophyta

(gold algae),

Chryptophyta, Cyanophyta (blue-green algae), Euglenophyta,
Phaeophyta

(brown algae), Pyrrophyta, Rhodophyta ( red

algae) and Xanthophyta ( golden-brown algae).

Alternate:

of leaves- borne at different levels on the stem and alternate
sides of the stem.

Amoeboid:

resembling an amoeba in shape, in properties or in
locomotion.

Annelida:

a primary division of segmented coelomate worms, commonly
called ring worms, having a thin, flexible epidermis and a
preoral prostomium and postanal pygidium.

Aril:

fleshy thread-like structure attached to the outer seeds coat.

Arteriosclerosis:

hardening of walls of arteries.

Axil:

the angle between two connected parts, usually referring to the
angle between leaf and stem.

Basal:

at; or near the base.

Basidia:

plu. of basidium.

Basidiomycetes: a major class of fungi which are characterised by the production of
basidiospores on the outside of basidia.

Basidium:

a cell of the hymenium, on the surface of which basidiospore
are formed by meiosis.

Basidiospores:

a spore formed by meiosis on the basidium, in Basidiomycetes

2i

Bi-pinnate:

of a compound leaf

-

twice pinnately divided, the first

divisions are themselves divided.

Biotin:

sulfur containing organic cOfactor (C10H1603N2S), that acts
as a CO2 transfer agent in the enzyme mediated reaction.

Bloom:

a layer of wax particles found on leaves and petals.

CS-Lyase:

an enzyme that whose function it is to lyase (cut) the carbon
sulfur bond-in a compound or substrate.

Charophyta:

stoneworts (from the characteristic encrustation with calcium
carbonate) Division of algae. Occur in ponds. Possess
chlorophyll a and b and store reserve food as starch. Thallus
multicellular, filamentous, anchored to bottom by rhizoids.
Cell wall of cellulose.

Cholera:

infectious often fatal bacterial disease with severe intestinal
symptoms.

Coenzyme A:

(CoASH) thiol containing organic cofactor involved in the
enzymatically mediated acyl group transfer. Derived from the
vitamin precursor Pantothenic acid, an essential vitamin in
animals.
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Cofactors:

non-protein substances that are necessary for the optimum
activity of many (but not all) enzymes. There are two
categories of cofactors, inorganic cofactors, which includes
several inorganic ions such as Zn2+, Mg2+,Fe2+,K+ and Na+,
and organic cofactors, which consist of a dozen substances of
diverse structure. The organic cofactors are often called
coenzymes.

Compound Leaf:

a leaf with the blade divided into 2 or more distinct leaflets.

Cotyledons:

leaf, forming part of embryo of seeds; much simpler in
structure than later formed leaves and usually lacking
chlorophyll. Monocotyledons have one, dicotyledons have two
cotyledons in each seeds. Cotyledons play an important part in
the early stages of seedling development. In some seeds, eg.
peas and beans, they are storage organs from which the
seedling draws food; in other species, eg. grasses, food is
stored in another part of the seed, the endosperm, is absorbed
by the cotyledons and passed onto the seedling. In addition,
the cotyledons of many plants later appear above ground,
develop chlorophyll, and synthesise food material by
photosynthesis.

Cruciferous:

with four equal petals arranged in the shape of a cross.
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Endosperm:

nutritive tissue surrounding and nourishing the embryo in seed
plants. In some seeds, endosperm is completely absorbed by
the embryo by the time the seed is fully developed, e.g. peas
and beans; in other seeds part of the endosperm remains and is
not absorbed until the seed germinated, e.g. wheat.

Enzyme:

an organic catalyst that is produced by living cells but not
depending on their presence for its action

Epithelial:

any cell from cellular tissue covering a free surface or lining a
tube or cavity.

Erythrocytes:

a red blood corpuscle, cell

Etiolate:

to make or become white thought the loss of normal colour,
as from the lack of sunlight.

Falcate:

curved or sickle shaped.

Funicles:

the stalk of an ovule or seed

Fungi:

one of the major divisions of the plant kingdom in which the
plant body is made of hyphae or is occasionally unicellular,
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and that has no chlorophyll and, live as parasites, saprophytes
or symbionts.

Genus:

a taxonomic group of closely related species, e.g. Eucalyptus.

Gland:

a projection or insertion on the phyllode margin, nerve or on
stalk of bipinriate leaves; a nectary.

Glutathione:

a tripeptide, whjch is universally distributed in animals, plants
and bacteria and is probably the most abundant simple
polypeptide. The composition of the peptide is: Gamma-Lglutamyl-L-cysteine-glycine.

Glycosidic:

appi. bonds linking monosaccharide units to form di- and
poly- saccharides.

Head:

an inflorescence of densely clustered stalkless flowers,
sometimes globular eg. apparent in may Acacias.

Hymenium:

the layer of spore producing structures in basidiomycete fungi.

Hypha:

[p1: hyphae] the thread-like element or filament of vegetative
mycelium of a fungus.

Hypocotyl:

part of seedlings stem below the cotyledons.
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Inflorescence:

the group or arrangement in which flowers are produced on
the plant.

Legume:

a dry fruit formed from one carpel and splitting along two
lines; commonly called pods in Acacias. Also a general term
for members of various pea families.

Leucocytes:

a colourless often amoeboid, cell of blood. alt. white blood
cell.

Lotic:

fresh water lakes and ponds.

Maillard Browning: a browning reaction that occurs in the cooking of food stuffs
that can be defined as the sequence of events which begins
with the reaction of the amino group of amino acids, peptides
or proteins with a glycosidic hydroxyl group of sugars and
terminates with the formation of brown nitrogenous polymers
or melanodins.

Melanodins:

flavourless brown nitrogenous polymer pigments formed from
carbohydrates and amino acids in the cooking of food stuffs.

Micturition:

urination, the act of voiding the contents of the urinary
bladder.
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Olfactory:

sense of smell, appi. stimuli, structure, reaction etc; appi. 1St
cranial nerve, to olfactory organs.

Opposite: of leaves: borne at the same level but on opposite sides of the stem.

Organoleptic:

capable of receiving or of making, an impression.

Peptide:

a compound of amino acids involving the linkage of a
carboxyl group from one amino acid to an amino group of
another.

Pinnate:

of a compound leaf- once divided, with the divisions (leaflets)
extending to the central axis.

Prostomium:

the part of the head, usually unsegmented, which is in front of
the mouth in various worms and other lower invertebrates.

Pygidium:

the terminal division of the body of a flea or other
invertebrate; a tail like structure in certain invertebrates.

Raceme:

a simple unbranched inflorescence with stalked flowers along
the axis, the youngest near the tip.

Radicle:

root of embryo of seed plants.
245

Reducing Sugars:

are sugars that have a anomeric carbon that is able to form a
free carbonyl group via ring opening.

Rhizoid:

single or several-celled hair-like structure serving as a root.
Rhizoids are present at the base of mass stems and on the
under-surfaces of liverwort plants and in some algae and
fungi.

Scurf:

scaly epidermal covering of some leaves.

Spike:

a simple unbranched inflorescence of stalkless flowers.

Supracaudal:

above the tail or caudal area.

Thiamine:

a vitamin (Bi) with a substituted thiazole ring present in its
structure (Ci 2H 1 7C1N40S). Its pyrophosphated form acts as
a cofactor in the enzyme mediated acyl group transfer.

Ureter:

duct leading from the urinary bladder of mammals to exterior
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