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Abstract 

The control of ripening of grape berries has not yet been clearly defined and a better 

understanding of the role of carotenoids and the plant hormone abscisic acid (ABA) may 

offer a useful means of manipulating berry composition and flavour profiles and the timing 

and synchronicity of ripening itself. ABA is an important hormone in a range of higher 

plant processes such as stress response, seed maturation and dormancy and fruit ripening.  

This thesis details the development and early biological evaluation of a library of potential 

ABA-like substrates as potential inhibitors of ABA biosynthesis / catabolism that are 

similar structurally to the backbone of ABA itself.  

 

This thesis begins with an overview of grape berry ripening and details the reasons why it 

may be of importance to develop substrates that can be utilised to manipulate the ripening 

period of grapes grown in Australia and elsewhere in the world. As ABA is a key substrate 

that has been extensively linked to plant development and maturation, details into 

numerous previous studies including the current understanding of the biosynthesis of ABA 

within plants are also summarised. In particular, previous studies have reported on the 

synthesis of ABA-like analogues and their evaluation as ABA biosynthesis inhibitors or 

suicide substrates to prevent catabolism which is the term given to the natural breakdown 

of ABA within a plant. Consequently, these studies are summarised and aided in the 

selection of a new library of substrates to be synthesised herein and biologically evaluated. 

 

Chapter two details the successful synthesis of eleven target ABA-like compounds with 

two of them existing as mixtures of related compounds. Confirmation of their structures 

required extensive 2D NMR evaluation, in particular for elucidating the (E/Z) 

stereochemistry of the polyene backbones of the majority of these substrates. In addition, 

13
C NMR analysis was paramount and the most decisive tool for confirmation of the 

carbon-carbon double bond stereochemistries. Whilst the proposed biological tests only 

required small quantities of pure chemical material for evaluation, it was important to 

consider that if any of the target compounds displayed excellent biological activity, then 

the chemical processes for their synthesis should also be able to be scaled up to ensure 

ample quantities for biological / field evaluation. Pleasingly, all chemical transformations 

carried out herein were almost exclusively performed within the 0.5 grams to multi-gram 

scale.  
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Whilst there were a few proposed substrates that were not able to be synthesised, the 

reasons for which are discussed, there was one particular newly synthesised analogue 

(novel substituted 2,2-dimethyl-6-methylidenecyclohexylidenes (60 and 61)) that showed 

reasonable biological activity. There are no published reports on the use of these type of 

substrates being evaluated for ABA-like activity and consequently they represented a new 

class of substrates to be further explored along with those originally proposed.  

 

Chapter three details the use of the Lactuca (Lettuce) seed germination assay to explore the 

ABA-like activity of these new bioactive chemicals along with a discussion of the current 

understanding of the modes of ABA inhibitors and where they are likely to act in the 

biosynthetic pathway. ABA acts as a dormancy inhibitory hormone and in simple terms 

prevents germination until levels are reduced. Investigating dormancy of seeds by 

supplying them with ABA or ABA-like substrates (our synthesised targets) allows for the 

opportunity to study certain physiological relevant phenomenon that may provide 

information not only on the regulation of seed dormancy but also on the molecular 

mechanism of ABA action in plants. It was found that five of the test compounds displayed 

no ABA-like activity and included the simple polyene ethyl esters (30) and (31), the 

mixture of related esters (52)/(53) and the endoperoxides (37) and (67), Figure 3.10. Three 

substrates displayed good to excellent ABA-like activity ((33), (68) and (60)/(61)) at the 

highest level tested of 1 mM but quickly become ineffective at the lower concentrations 

evaluated. Finally, three substrates displayed excellent ABA-like activity ((28), (29) and 

(34)) both at 1 mM and also at 100 M, Figure 3.10. Given that many of these new 

bioactive molecules are structurally similar to each other and also to the structure of ABA 

it was possible to elucidate some early structure-activity relationships (SAR’s). 

 

Given that the seed germination assays provided some insight into whether these 

compounds behave in an ABA-like manner, and indeed some appeared to, we next turned 

our attention to screening the compounds in a bean dehydration assay, which is the subject 

of this Chapter four. ABA is known to close leaf stomates and therefore reduce water loss 

resulting upon dehydration. Such effects were able to be seen visually and quantified based 

on the assay developed. Unfortunately, evaluation of all eleven new substrates revealed 

that none of them appeared to prevent dehydration thus it can be concluded that they do not 

appear to be able to act like ABA itself. However, the delay they caused in lettuce seed 
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germination and the lack of protection of bean shoots response to an imposed dehydration 

event suggested that these molecules delayed the breakdown of ABA i.e. they act to 

decrease the rate of ABA catabolism by either blocking the 8’-hydroxylase enzyme or by 

acting as suicide substrates that are also catabolised / oxidised and deactivated in a similar 

manner to ABA itself by the 8’-hydroxylase enzyme.  Importantly, a range of new ABA-

like substrates have been synthesised and biologically evaluated with some of them clearly 

displaying reasonable activity on the ABA biosynthetic pathway in plant tissues and as 

such provide new lead analogues to be further studied in the future. 
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学而不思则罔，思而不学则殆 孔子 (前 551-前 479, 哲学家) 

Learning without thinking leads to confusion, thinking without learning ends 

in danger.  

Confucius (551B.C-479 B.C, Chinese Philosopher) 

 

 

Genius only means hard-working all one's life.  

Mendeleyer (1834-1907, Russian Chemist) 
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CHAPTER 1: INTRODUCTION. 

 

1.1 General introduction. 

 

Australia is a global leader in wine innovation and this has been one of the key factors in 

the success of the local industry, which is not only one of the treasures of this nation, but 

also earns multi-billions of dollars in export income for the Australian economy.  In order 

to thrive, the industry must be flexible and able to adapt to changing circumstances.  The 

desire for full-bodied, rich, fruit flavoured wines without less-ripe or ‘green’ 

characteristics has meant that winemakers are more often employing fruit which has 

remained longer on the vine. The most critical aspect in ripening wine grapes to their 

optimum to produce a desired wine style is the climate. However, climate change and the 

enormous effects it is having, and will continue to have, on existing agricultural systems 

has put at risk much of the global wine industry.
1
 Modelling for the Australian wine 

regions has shown that grape harvest is expected to occur earlier in the year (with a 

compressed season duration) and in a warmer climate with both effects impacting 

negatively on grape quality.
2,3

 

 

Today’s wine production occurs over a narrow geographical range in mid latitude regions 

that are prone to high climatic variability and as a consequence of this the cultivation of 

winegrapes of optimum quality is at enormous risk from short to long-term climate 

changes. The timing and progress of berry ripening are important parameters that 

influence harvest date, ripening synchronisation and berry composition, which in turn are 

important for winemaking logistics and wine style and quality. Having adaptation 

strategies in place, such as viticultural practices (e.g. new pruning or watering regimes) or 

the development of compounds that when applied to grapevines alter the ripening cycle, 

can aid to limit the wine industry’s vulnerability to climate change. 

 

Based on physiological differences in fruit ripening, plant physiologists have categorised 

fruit species into two groups: climacteric and nonclimacteric. Climacteric fruits such as 

tomato and banana have a peak in respiratory activity during the ripening process. In 

contrast, nonclimacteric fruit do not have a peak in the ripening process. Grapes, 

strawberries and capsicum are regarded as nonclimacteric fruit.
4
 While the role of 
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ethylene in climacteric fruit ripening, especially in tomato, is well established, the role of 

hormones in non-climacteric fruit during ripening has not yet been clearly defined. 

Hormones are known to regulate plant development through coordinating change, both 

developmental changes in gene expression (as occurs in ripening) and the response to 

external cues. Regulating metabolism requires a complex system of interactions, as is 

evidenced by the increasing number of reports of crosstalk between regulatory 

networks.
5,6

  

 

Not all of the hormones existing in grapes are relevant to berry ripening. Abscisic acid (1) 

(ABA), ethylene and brassinosteroids are the most important hormones that affect the 

ripening process.
7
 Abscisic acid is produced enzymatically by two main pathways: the C15 

direct synthesis pathway; and the C40 indirect pathway. In higher plants, carotenoids are 

C40 compounds that are broken down to abscisic acid, Figure 1.1, or can also be broken 

down to certain C13-norisoprenoid compounds, which contribute to flavour in finished 

wines.
8
 

 

H3C CH3 CH3

CO2H

(1) (+)-abscisic acid (ABA)

OH

CH3O

 

 

Figure 1.1. Structure of the plant hormone abscisic acid (ABA). 

 

It has now been well established that (ABA) (1) plays a major role in numerous plant 

physiological responses such as seed germination, drought tolerance and fruit ripening.
9
 

In fact the application of abscisic acid or related compounds has allowed researchers to 

manipulate the ripening profiles of various fruits. The particular focus of this thesis is that 

of grape berry ripening.
7
 For example, exogenous ABA application to pre-veraison 

berries hastened berry ripening in studies reported as early as 1974.
10

 Veraison is the term 

used to describe the initiation of berry ripening and the time of veraison is often defined 

as the time at which there is a significant increase in sugar levels. More recently, ABA 

application rapidly induced the accumulation of anthocyanins and of flavonols in the 

skins of Vitis vinifera cv. Cabernet Sauvignon grape berries.
11

 Other researchers have also 
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recently found that ABA applications on berries improves the berry colouring of both 

table and wine grapes.
12-14

 From a biochemical viewpoint numerous relationships between 

the activity of abscisic acid and berry ripening have also been reported.
15-18

 Finally, the 

effects of ABA (and in some cases its catabolites) on modulating vine physiology coupled 

with final grape quality have been studied based on impacts from environmental effects 

such as cooler / warmer climates or water deficit.
19-23

 

 

As highlighted further in this thesis (section 3.1) chemical biology utilises chemicals, 

whether natural or synthesised, to elucidate biological mechanisms and various 

physiological functions associated with target proteins. Over many previous decades, 

abscisic acid (ABA-like) derivatives have revealed many of the required structural motifs 

necessary for the perception by ABA-like functions and responses in plants.
9
 

Consequently, the use of small bioactive molecules (often libraries of structurally related 

compounds) has been significant in ABA research. The key aspect of chemical biology is 

to find a novel ligand-protein interaction that triggers a biological reaction. Many types of 

ABA-like bioactive molecules have been prepared, such as biosynthesis inhibitors, 

catabolic inhibitors, agonists, antagonists and probes used for the investigation of 

receptors.
24

 As highlighted above the application of ABA can positively influence grape 

berry ripening with the timing of treatment being crucial to its effectiveness. In general, 

ABA treatment one- to two-weeks before veraison can hasten the initiation of ripening. 

Furthermore, besides an increase in anthocyanins, berries also accumulate higher levels of 

sugars.
7
 Therefore, this thesis describes the synthesis of a range of new ABA-like 

analogues, their preliminary screening of ABA-like activity, and sets the foundation for 

further studies to prepare ABA-like analogues that may be utilised on grapevines in the 

field to aid in the control of timing of berry fruit ripening and to also assist in mitigating 

the effects of climate change on one of Australia’s most cherished crops. 

 

1.2 Carotenoids. 

 

1.2.1 Definition, types and identification of carotenoids. 

 

Among the numerous groups of compounds encompassed by the term isoprenoids, the 

lipophilic C40-tetraterpenoids, known as carotenoids, are the most widely distributed 

natural pigments, with colours ranging from bright yellow to deep red. These molecules 
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are composed of a backbone of eight isoprenes, arranged in two C20 units that are 

condensed head-to-head, forming a long conjugated chain of double bonds. However, 

variants to this classic arrangement, exhibiting shorter C30 or longer C45 or C50 backbones, 

have been found in bacteria.
24

 

 

With respect to the molecule ends, they can be described as acyclic, monocyclic, or 

bicyclic. To date, about 700 different analogues have been characterised with the 

preponderance of three basic forms: lycopene, and α- and β-carotene, Figure 1.2. 

Carotenoid levels are low in mature grapes (0.8-2.5 mg/kg), with the amounts present not 

varying substantially between varieties.
25
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-carotene  

 

Figure 1.2. Structures of the three main carotenoids, lycopene, - and -carotene. 

 

Carotenoids have traditionally been divided into two major classes: carotenes 

(hydrocarbons) and xanthophylls (oxygenated carotenoids). It has been found by 

Razungles and his co-workers that the levels of -carotene and the xanthophylls, lutein, 

neoxanthin and flavoxanthin are high before veraison and decrease towards berry 

maturity which was attributed to the fact that they are no longer produced in the latter 

stages of ripening and are thus degraded by catabolism. It was also observed that this 
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decrease was also accompanied by an increase in the oxygenated carotenoids, 5,6-epoxy 

lutein, luteoxanthin and violaxanthin, Figure 1.3.
25
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Figure 1.3. Structures of the six main oxygenated carotenoids (xanthophylls) found in 

grapes prior to veraison and towards berry ripening. 
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Carotenoids are formed from the isoprenoid pathway, and their biosynthesis occurs only 

in bacteria, fungi, algae and higher plants.
26

 Animals are unable to synthesize them, so 

they obtain these molecules via ingestion. Carotenoid anabolisms have been extensively 

studied, and their subsequent reactions are quite specific. For instance, desaturation of 

phytoene results in the production of lycopene, which is the required precursor for ABA 

biosynthesis (see Section 3.1.2). However, depending on the cyclase enzyme involved, 

different carotenoids containing various terminal cyclic moieties are formed. Carotenoids 

and their downstream products also exhibit a range of essential biological roles. In short, 

their functions are involved in photosynthesis, membrane stability, plant development, 

adaptation, protection (e.g. antioxidants), nutrition and, more recently discovered, disease 

prevention and treatment.
27
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Figure 1.4. Structures of -carotene, -cryptoxanthin and capsanthin. 

 

In terms of nutrition, the levels of carotenoids in 69 items of vegetables, fruits, berries, 

mushrooms, and their respective products were analysed by Heinonen et al. in 1989 in 

order to gauge the diets of the Finnish population.
28

 They concluded that lutein and β-

carotene were the predominant carotenoids in all samples except rutabaga, celeriac, 

mushrooms and raisins. The amount of lutein (Figure 1.3) was found to be at its highest 
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in the green vegetables, (≥ 4400 g/100 g), whilst -carotene, (< 530 g/100 g), was 

present in carrot, bean, sweet yellow pepper, orange, mandarin, banana, avocado, 

cloudberry, raspberry, frozen corn and prune, with traces found in many other samples. -

Carotene (Figure 1.4) was only found in tomato where lycopene was the predominant 

carotene, as it was in tomato ketchup. Small amounts of -cryptoxanthin (Figure 1.4) 

were also identified in some vegetables, fruits, berries, and their products. In sweet red 

pepper capsanthin (Figure 1.4) was also quantified. The variation in the levels of - and 

-carotene, lutein and lycopene was studied by analysing carrot, lettuce, and tomato 

bought from retail food stores at different times of the year and showed large seasonal 

variations. Consequently, any nutritional benefit to humans will vary with time of harvest. 

Additional studies by a Dutch group also confirmed such seasonal variations with respect 

to highest daily vitamin intake by male adolescents in the Netherlands. These studies 

found that the levels of a variety of carotenoids, which are considered as vitamins like 

retinol (vitamin A), vary significantly not only between food groups but also with time of 

harvest/consumption.
29

 

 

The levels of carotenoids have also been found to vary in food products based on cultivar 

and processing method. For example, studies on the processing of mangos, which is the 

second largest tropical crop behind banana, found mango slices to be richer in carotenoids 

than puree.
30

 Furthermore, given that there is a strong relationship between diets rich in -

carotene with reduced incidence of certain cancers, researchers have studied new Pink 

and Ruby Red grapefruit cultivars to determine not only if they have sustained colour 

levels upon maturity, (more pleasing visual appearance), but also if they contain elevated 

levels of -carotene.
31

 

 

Ranges of experimental techniques have been used to determine the structures of, and 

quantify the levels of, carotenoids in various foodstuffs and plant materials. These 

analysis methods for carotenoids have improved considerably during recent years. For 

example, an extensive library of over two dozen carotenoids were readily identified and 

quantified by the combination method of high performance liquid chromatography / 

UVVis absorption spectrometry by photodiode-array detector and atmospheric pressure 

chemical ionisation mass spectrometry (LC/PAD/APCI-MS). A key feature of this 

method was that it provided not only the molecular weight but also the presence of certain 
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functional groups within the individual carotenoids.
32

 Fast atom bombardment (FAB) 

mass spectrometry has also been coupled with HPLC techniques in order to identify 

certain carotenoids.
33

 Other variants on these methods have also been useful for the 

characterisation of carotenoids. For example, the cis-trans ratio of various carotene 

isomers was determined by a combination of two dimensional thin layer chromatography 

coupled with HPLC.
34

 More recently, 26 carotenoids were readily identified from the 

fruits of the dovyalis plant by HPLC-PDA-MS/MS.
35

 In some cases the pure carotenoids 

have been isolated by fractional HPLC and the full chemical structures verified by NMR 

techniques.
36

 

 

Recent studies over the last decade have also described the carotenoid profiles in grapes 

and wines. -Carotene and six xanthophylls (lutein, neoxanthin, violaxanthin, 

luteoxanthin, cryptoxanthin and echinenone) were identified in 2001 in musts of port 

wines for the first time.
37

 In addition, carotenoids in grapes of three port winemaking 

cultivars (Tinta Barroca, Touriga Francesa and Tinta Roriz) were investigated. More than 

two dozen carotenoids were found in all extracts of the three cultivars and also the 

subsequent wines.
38,39

 More recently, a robust and rapid simultaneous HPLC-DAD-MS 

(ESI
+
) method has been developed by Antonacci and co-workers for the determination of 

some 25 structural and geometrical isomers of carotenoids in mature grapes.
40

 

 

1.2.2 Factors influencing the concentration of carotenoids in grapes. 

 

1.2.2.1 Localization in mature grape berries. 

 

The enzymatic or chemical breakdown of carotenoids like -carotene in grapes is 

important not only for the production of ABA but also their breakdown results in 

numerous aromatic and pleasantly flavoured compounds that have been identified in 

grapes and wines. Research on the localization of carotenoids during grape maturation has 

been conducted on three grape cultivars, Carignane, Shiraz and Grenache.
41

 Total 

carotenoid levels were high in the skin and pulp but totally absent in the juice. 

Furthermore, the total carotenoid level in skins was much higher than in pulp by a factor 

of 1.8-2.8 times with the greatest difference being for Shiraz. Four individual carotenoids, 

-carotene, lutein, 5,6-epoxylutein and neoxanthin were detected in both skin and pulp. -
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Carotene, lutein and 5,6-epoxylutein made up similar proportions in both the skin and 

pulp, however, the proportion of neoxanthin in skins was three or four times as much as 

in the pulp, particularly for Shiraz.
41

 Photosynthetic activity is naturally higher in skins 

than in pulp which is one possible reason why carotenoid levels are highest in skins as 

they act to protect the berries from damage during extreme heat waves which are 

naturally associated with higher levels of light intensity. No carotenoids were found in the 

juice, which explains the absence of reports on the dissolution of carotenoids in vacuolar 

sap and can be accounted for by the fact that these C40 compounds are extremely 

lipophilic and would dissolve with difficulty in aqueous juice.
41

 

 

1.2.2.2 Growth environment. 

 

The effect of various viticultural parameters on grape carotenoid profiles has been 

investigated by de Pinho et al.
42

 They found that shaded grapes have higher carotenoid 

concentrations at maturity than those exposed to sunlight. They also discovered that 

irrigation treatment seemed to contribute to lower carotenoid levels in grapes, when 

grapevines were planted in a lower water retention capacity soil. However, in a higher 

water retention capacity soil, irrigation treatment seemed to have no effect on carotenoid 

contents when compared with a non irrigated treatment.
42,43

 High altitude, which is 

associated with a lower temperature and higher humidity during the maturation period 

also appeared to lead to higher carotenoid concentrations.
42

 The lower temperature 

associated with a lower berry growth may decrease carotenoid degradation during the 

maturation period. On the other hand, carotenoids were proportionally more concentrated 

in small-berry samples than in big-berry samples, as they are present in higher amounts in 

the skin than in the pulp, although one should be cautious when analysing such findings 

as the surface area to volume ratio needs to be considered. Moreover, grapes grown to 

higher vegetative height seemed to have higher carotenoid levels. Grapes grown to lower 

vegetative height had higher weights and sugar concentrations.
42

 Finally, UV-B 

irradiation and virus exposure can alter carotenoid concentration.
17,44 

 

1.2.2.3 Cultivar.  

 

de Pinho and his colleagues conducted research on eight grape cultivars to investigate the 

concentration of carotenoids over different seasons. The results showed that carotenoid 
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content decreased during ripening for all the cultivars with the levels in Shiraz decreasing 

more rapidly than other cultivars.
42

 

 

1.3 The carotenoid pathway in higher plants and its important cleavage products. 

 

Carotenoids are formed from the isoprenoid pathway and their biosynthesis begins with 

the production of lycopene by desaturation of phytoene. The most common carotenoids 

produced via this pathway are -carotene and lutein, representing nearly 85% of the 

total.
40

 Minor amounts of 9’-cis-neoxanthin and 9’-cis-violaxanthin are also produced in a 

continuous manner for the production of the plant hormone abscisic acid (see section 

3.1.2). However, depending on the cyclase enzyme involved, other carotenoids and 

xanthophylls containing various terminal cyclic moieties such as those highlighted above 

are also formed. 

 

Once formed carotenoids can be degraded by chemical, photochemical and oxidase-

coupled mechanisms with the cleavage often being not position specific and leading to 

linear or cyclic norisoprenoid compounds with 9, 10, 11, 13 and 15 carbon atoms.
17

 In 

grape berries the cleavage of carotenoids by carotenoid cleavage dioxygenase enzymes 

(CCD’s) is believed to be a result of a position specific oxidase and results in the 

production of C13-norisoprenoids as the major bio-oxidative pathway. This hypothesis is 

based on the following observations: (i) the preponderance of C13-norisoprenoids found, 

(ii) their common configuration with the parent carotenoids in regards to the asymmetric 

centres, (iii) the negative correlations observed between the levels of C13-norisoprenoids 

and carotenoids during berry development and (iv) in vivo transfer of 
13

C markers from 

carotenoids to C13-norisoprenoids in berries.
17

 

 

Examples of these C13-norisoprenoids commonly found in wines are -ionone and -

ionone (aroma of violet / woody / raspberry with a 7 ng/L threshold in water) which are 

formed by the oxidative cleavage of - and -carotene respectively, Figure 1.5.
45

 -

Damascenone is another example with an odour threshold of 2 ng/L in water and has an 

aroma of cooked apples and rose and its formation starts with the cleavage of neoxanthin, 

Figure 1.5.
45,46

 There are numerous other reports on the bio-oxidative cleavage of 

carotenoids affording important aroma compounds.
47-49
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Figure 1.5. Formation of - and -ionone and -damascenone from carotenoids.  

 

Another important breakdown product or -carotene in plants is the plant hormone 

abscisic acid (ABA) (1, Figure 1.1) which plays a major role in numerous plant 

physiological responses such as seed germination, drought tolerance and fruit ripening.
9
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Figure 1.6. The ABA biosynthesis pathway via -carotene. 

 

This pathway begins with the production of -carotene from phytoene and involves the 

presence of a desaturase enzyme. The formation pathways for 9’-cis-neoxanthin and 9’-

cis-violaxanthin are not fully elucidated, however, they are believed to involve several 

synthase, isomerase and epoxidase enzymes, Figure 1.6.
50

 The 9-cis-epoxycarotenoid 

dioxygenase enzyme (NCED) catalyses the cleavage of these 9’-cis-epoxycarotenoids at 
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the C11-C12 double bond to produce xanthoxin and a C25 metabolite. Xanthoxin is then 

converted into abscisic aldehyde in the cytosol by an enzyme known as a short-chain 

dehydrogenase/reductase (SDR) or ABA2.
9
 The oxidation of abscisic aldehyde is the final 

step in ABA biosynthesis catalysed by an oxidase enzyme that has a molybdenum 

cofactor (MoCo).
50

 ABA once formed is not stable in the field for extended periods of 

time and may be readily catabolised into inactive forms such as phaseic acid (PA) or be 

reversibly photoisomerised into its inactive trans-ABA form (see Section 3.1.3). 

Conjugation is the term given to the process of glucosylation of the free hydroxyl on C1’ 

or that of the carboxylic acid moiety of ABA and is another process by which ABA is 

deactivated.
50

 

 

1.4 Essential structural features for ABA activity. 

 

Numerous structure-activity studies have been conducted in order to elucidate the 

essential structural features required of the ABA molecule for perception of ABA activity 

action in plant tissues. Plants synthesise only (+)-(S)-ABA (1a) with the mirror image (-)-

(R)-ABA (1b) yet to be reported in nature, Figure 1.7.
51

 The effects of the two forms can 

be different and the persistence of the (-)-(R)-ABA (1b) is greater. (-)-(R)-ABA (1b) has 

little ABA-like activity in stomatal aperture assays and in expression of genes involved in 

lipid synthesis. However, (-)-(R)-ABA (1b) shows comparable activity to (+)-(S)-ABA 

(1a) in seed germination studies in cereals.
52

 Consequently, it has been recommended that 

biochemical studies use the natural hormone (+)-(S)-ABA (1a) wherever possible or when 

synthesising related analogues keep the stereochemistry of the hydroxyl at C1’ fixed.
51

 

Moreover, removal of the hydroxyl on C1’ or replacement with a fluorine moiety still 

results in moderate ABA-like activity thus it has been concluded that the hydroxyl moiety 

is somewhat essential for ABA-like activity.
53

 A similar conclusion was realised for the 

analogue in which the hydroxyl moiety was replaced by a methoxy grouping when 

studying the uptake of abscisic acid in barley suspension culture cells although ABA-like 

activity was diminished even further.
54
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Figure 1.7. The ABA biosynthesis pathway via -carotene. 

 

The next essential feature for bioactivity is the 2-Z, 4-E carbon-carbon double bonds of 

the side chain. On exposure to UV light natural 2-Z, 4-E-ABA (1a) is reversibly 

isomerised into 2-E, 4-E-ABA (1c), which is biologically inactive.
55

 Studies by Gusta and 

co-workers found that the 2-Z carbon-carbon double bond is more important than that of 

the 4-E stereochemistry and is absolutely required for activity.
56

 Studies have also 

revealed that of the four methyl groupings within ABA itself, the methyl (7’) is absolutely 

required for ABA activity with the methyl (6) being also important for ABA-like activity. 

The methyls (8’ and 9’) have been found not to be important for ABA bioactivity.
53,57

 

 

The ketone on the cyclohexenyl ring has also been found to be very important for ABA 

bioactivity. Seed germination assays have revealed that removal of the ketone moiety 

from either (+) or (-)-ABA results in a 10 to 20 fold decrease in ABA bioactivity but that 

their activity is still considered modest.
57

 Removal of the alkene moiety within the 

cyclohexenyl ring also appears not to diminish bioactivity to a great extent thus it is not 

considered vital for ABA-like activity.
58

 Finally, there are numerous reports on the 

synthesis and evaluation of derivatives in which the carboxylic acid moiety has been 

modified into an ester or aldehyde functionality.
57,59,60

 Again such modifications appear to 
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diminish ABA bioactivity to a modest extent but do not inhibit entirely. Interestingly, it 

has been suggested that (+)-abscisyl aldehyde is likely to be converted into ABA during 

radial transport in the roots.
59,61

 

 

1.5 The design of new ABA probes and inhibitors. 

 

As highlighted above it is now well established that (ABA) (1) plays a major role in 

numerous plant physiological responses such as seed germination, drought tolerance and 

fruit ripening,
9
 and that the application of abscisic acid has allowed researchers to 

manipulate the ripening profiles and timing of grape berries.
7
 Given that we wished to 

prepare ABA-like analogues that may be utilised on grapevines in the field to aid in the 

control of timing of berry fruit ripening and to also assist in mitigating the effects of 

climate change, the question that needed to be asked was; what types of small bioactive 

molecules should we synthesise for our chemical biology experiments and what will be 

the required structural motifs necessary for the perception of ABA-like functions and 

responses in grapevines?  

 

There are two trains of thought here. The first being that one could prepare a library of 

ABA-like analogues that incorporate some of the key structural features as ABA itself has. 

As highlighted in Figure 1.6 above these analogues may inhibit some of the key enzymes 

necessary for ABA production in grapevine tissues or act as suicide substrates during the 

breakdown (catabolism) of ABA and thus allow levels of natural ABA to be altered and 

provide us with the opportunity to manipulate the ripening cycle. Indeed, several small 

molecule inhibitors that have a structure related to ABA itself have been found to act at 

certain points within the biochemical pathway for ABA production.
9
 For example, 

SLCCD, Figure 1.8, inhibits the 9-cis-epoxycarotenoid dioxygenase (NCED) enzyme 

which catalyses the cleavage of the 9’-cis-epoxycarotenoids at the C11-C12 double bond 

to produce xanthoxin, Figure 1.6. Other ABA-like analogues have been synthesised and 

found to either inhibit the ABA 8’-hydroxylase enzyme directly or act as suicide 

substrates and thus be consumed in preference to ABA itself. Such substrates include 8’-

acetylene-ABA, AHI1, AHI2 and AHI4, Figure 1.8. Both mechanisms consequently act 

to allow ABA levels to be maintained at a certain level. Furthermore, given that ABA 

itself is produced from -carotene then the synthesis and biological evaluation of 
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substrates that incorporate some of the features of the carotenoids, e.g. longer polyene 

side chains appears an attractive possibility. 

 

 

SLCCD

H3C CH3

O

CH3HO

AHI1 (R1 = CH3, R2 = CH3)

AHI2 (R1 = CHF2, R2 = CH3)

AHI4 (R1 = OH, R2 = H)

8'-acetylene-ABA

CH3 CH3

CO2HOH

CH3O

CH3

SPh

R1 R2

CO2HOH

CH3

 

 

Figure 1.8. Structures of several ABA inhibitors related to ABA itself. 

 

The second mode of design has been to employ what appears to be ‘random’ preparation 

of analogues that are not structurally related to ABA itself. The word ‘random’ here does 

not imply that there was no thought into the design of these inhibitors but rather reflects 

that they were successful ‘hits’ during biochemical screening of small libraries of 

compounds. For example, uniconazole, diniconazole and abscinazole-F1 have been found 

to either inhibit the ABA 8’-hydroxylase enzyme directly or act as suicide substrates, 

whilst substrates such as NDGA, abamine and abamineSG have been found to be 

excellent inhibitors of the NCED enzyme, Figure 1.9.
9
 

 

Given that no such studies have utilised libraries of analogues that are related to ABA 

itself to try and alter grapevine physiology, coupled with the fact that the synthesis of 

‘random’ compounds appeared risky we decided that the best approach would be the 

former, i.e. to prepare a range of new ABA-like analogues that have not been 

biochemically screened previously for ABA-like activity. 
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Figure 1.9. Structures of several ABA inhibitors (which inhibit anabolism through 

inhibition of NCED) not related to ABA itself. 

 

1.6 Previous syntheses of ABA. 

 

Given that it was decided that a library of new ABA-like analogues would be synthesised 

and tested for their ability to behave in a manner similar to ABA itself it is pertinent that 

previous syntheses of ABA are highlighted herein as some of the transformations or 

synthetic approaches may be useful when synthesising our particular targets. 

 

The first chemical synthesis of racemic ABA was reported in 1965 by Cornforth, two 

years after its initial discovery, Scheme 1.1.
62

 Key features of the synthesis included 

reaction of the polyene (2) with singlet oxygen to first afford the crystalline endoperoxide 

(3) in a very poor yield of 7%. Alkaline hydrolysis of the ester with concomitant ring-

opening of the endoperoxide resulted in the formation of racemic ABA which was 

resolved to obtain the natural material and confirmed the overall structure of (+)-ABA.  
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H3C CH3 CH3

CO2HOH

CH3O
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H3C CH3 CH3
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H3C CH3 CH3

CO2Et

CH3

O

O

aq. NaOH,

100 oC, 7.5 min.

(7%)

(99%)

(2) (3)

 

Scheme 1.1. The Cornforth synthesis of racemic ABA. 
 

Bellin and co-workers employed the readily available -ionone as the key precursor for 

the synthesis of racemic ABA, Scheme 1.2.
63

 Thus oxidation of -ionone with t-butyl 

chromate in refluxing t-butanol afforded 1-hydroxy-4-keto--ionone (4) in yields ranging 

from 23-27%. Wittig reaction with the stabilised ethyl ester ylide installed the necessary 

side chain providing a 50 : 50 mixture of esters (5a) and (5b) in a very good yield of 83%. 

Finally, separation of these esters and base hydrolysis afforded racemic ABA in 

quantitative yield from (5a). 

t-butyl chromate

t-butanol, reflux

H3C CH3 O

CH3 (23-27%)

-ionone

CH3

H3C CH3 O

CH3

CH3

(4)

Ph3P=CHCO2Et

neat

(83%)

H3C CH3 CH3

CO2EtOH

CH3O

+

(5a) (5b)ratio 50 : 50

H3C CH3 CH3
CO2Et

OH

CH3O

base hydrolysis
(100%)

(+/-)-(ABA)

OH

O

 

Scheme 1.2. Preparation of racemic ABA from -ionone. 
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A novel four step synthesis of racemic ABA in an overall yield of 32.4% was also 

developed by Constantino.
64

 This procedure is extremely efficient and began with the use 

of a Reformatsky reaction between known aldehyde (6) and ethyl bromo-senecioate (7) to 

furnish lactone (8) in a good yield of 75%. The main advantage of this reaction, besides 

the stereoselectivity of the double bonds later formed, is that it does not require a pure 

stereoisomer of the senecioate. Formation of epoxide (9) with MCPBA proceeds in 

excellent yield (96%). Careful hydrolysis affords (10) which is ring-opening under basic 

conditions to furnish the desired abscisic acid in racemic form, Scheme 1.3.  

 

H3C CH3

O

CH3
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+
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O

H3C
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O

O

O

CH3

O
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H3C CH3

CH3

(9)

O

O

O

CH3

O
O

(96%)

H3C CH3

CH3

(10)

O

CH3

O
O

O

oxalic acid

silica gel

(7)

 

 

Scheme 1.3. Constantino’s preparation of racemic ABA. 

 

Finally, Marsh et al. reported recently what appears to be the most efficient synthesis of 

(+)-(S)-ABA thus far in 2006, Scheme 1.4.
65

 Their sequence began with the cheap starting 

material 4-oxoisophorone (11). Thus, treatment of (11) with the optically pure butane diol 

(12) afforded the ketal (13) in a good yield of (91%). Alkylation with the lithio derivative 
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of trimethylsilylacetylene (14) furnished acetylenic (15) again in a good yield of (71%). 

Sonogashira coupling of (15) with (Z)-3-iodobut-2-en-1-ol (16) extended the side chain 

and installed the necessary 2-(Z) stereochemistry in excellent yield. Reduction of the 

alkyne moiety of (17) with Red-Al at -78
o
C led to the formation of diene (18) with the 

desired 4-(E) stereochemistry. Oxidation of (18) with tetrapropylammonium perruthenate 

and 4-N-methylmorpholine-N-oxide as the co-oxidant afforded acid (19) in (95%) yield 

with simple acidic hydrolytic deprotection under carefully buffered conditions furnishing 

optically pure (+)-(S)-ABA, Scheme 1.4.  
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CH3
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CH3
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O
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 (14)

H3C

I OH

(94%)

NME, TPAP, DCM

(88%) (95%)

(61%)

(16)

ii) K2CO3, MeOH

CuI, PdCl2(PPh3)2,
toluene, 1.5 hr

 

 

Scheme 1.4. Enantioselective preparation of (+)-(S)-ABA. 



Chapter 1 Introduction 21 

 

 

As has been highlighted above the core of ABA resembles the structures of some more 

simple and easily available compounds such as - and -ionone or isophorane. Thus, it is 

not surprising that chemists have turned to these or similar starting materials for the 

genesis of their syntheses. Other such syntheses related to the pivotal exemplars 

highlighted above have been nicely summarised by Constantino previously.
66

 

 

1.7 Proposed new ABA-like analogues to be screened for ABA-like activity. 

 

A total of fourteen new ABA-like analogues were proposed to be synthesised and tested 

for their ABA-like activity, Figure 1.10. A set of six series of compounds were to be 

targeted with none of them previously being evaluated for their ABA-like activity. Given 

that many of these new bioactive molecules are structurally similar to each other and also 

to the structure of ABA itself then certain structure-activity relationships (SAR’s) should 

also become apparent. Series 1 included the two (2Z,4E) and (2E,4E)-aldehydes. Such 

aldehydes will allow the impact of altering the side chain stereochemistry along with the 

lack of oxygen functionality within the cyclohexenyl ring of ABA itself to be examined. 

The next two targets to be synthesised were the (2E,4Z,6E) and the (2E,4E,6E)-ethyl 

esters from the (2Z,4E)-aldehyde, series two, and relies on previous observations that the 

(4Z) carbon-carbon double bond will undergo isomerisation under the reaction conditions 

to furnish the more stable the (2E,4E,6E)-ethyl ester, see section 2.2.  

 

With the conjugated ethyl ester in hand, series two, it was then proposed to explore the 

preparation of the endoperoxides via a [4+2] cycloaddition reaction of singlet oxygen 

onto the precursor from series two. In addition, this would also allow us to prepare the 

downstream bis-epoxide on exposure of one of the endoperoxides to cobalt induced ring-

opening. All three proposed new analogues would allow us to further explore the types of 

oxygen functionality considered important for the perception of ABA-like activity. (E)--

Ionone would then serve as the key precursor for the preparation of the endoperoxide  and 

bis-epoxide highlighted in series four. Whilst these substrates are quite different to ABA 

itself it was perceived that the high density of oxygen atoms that these small analogues 

contain may aid in the interference of the key enzymes needed for ABA biosynthesis or 

breakdown.  
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Figure 1.10. Proposed new ABA-like substrates. 
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As highlighted above there are numerous carotenoids known which have a terminal 

cyclohexene unit instead of a terminal cyclohexadiene unit. Thus, it was of interest to this 

study to prepare several analogues that would be structurally similar to those in series two 

except that the additional alkene unit in the terminal cyclohexyl ring would be absent. 

Thus the next two proposed targets to be synthesised were the two benzyl esters and the 

associated endoperoxide, series five.  

 

The final two proposed targets were the endoperoxide of the important aroma compound 

-damascenone and the production of the downstream bis-epoxide on exposure of the 

endoperoxide to cobalt induced ring-opening, series six. It was also perceived that 

exposure of the endoperoxide within series six to metals involved in the key enzymatic 

processes of ABA biosynthesis may in fact induce ring-opening of the endoperoxide 

affording a -hydroxy enone intermediate. This intermediate would actually have the 

same 1-hydroxy-4-keto-cyclohexenyl moiety as ABA itself, thus it was considered 

appropriate to include such substrates in our proposed library of new analogues to be 

biologically evaluated. 

 

1.8 Conclusions. 

 

The control of ripening of grape berries has not yet been clearly defined and a better 

understanding of the role of carotenoids and the plant hormone abscisic acid (ABA) may 

offer a useful means of manipulating berry composition and flavour profiles and the 

timing and synchronicity of ripening itself. ABA is an important hormone in a range of 

higher plant processes such as stress response, seed maturation and dormancy and fruit 

ripening.  This thesis will detail the synthesis of a new library of potential ABA-like 

substrates as potential inhibitors of ABA biosynthesis / catabolism and will include early 

biological evaluation studies. 
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CHAPTER 2: SYNTHESIS OF BIOLOGICAL TARGETS. 

 

As described within Chapter 1 there were fourteen proposed ABA analogues to be 

synthesized and tested for their ABA-like activity. This Chapter details the successful 

synthesis of most of the proposed analogues along with their full chemical 

characterisation. Where appropriate any deviation from the proposed synthetic outcomes 

is also discussed. Whilst the proposed biological tests only require small quantities of 

pure chemical material for evaluation it was important to consider that if any of the target 

compounds displayed excellent biological activity then the chemical processes for their 

synthesis should also be able to be scaled up to ensure ample quantities for biological 

evaluation. Consequently, with this in mind, all chemical transformations carried out here 

for the proposed synthesis of the targets were almost exclusively performed within the 0.5 

grams to multi-gram scale.  

 

2.1 Synthesis of target aldehydes (28) and (29). 

 

Before the preparation of the requisite aldehydes (28) and (29) could be undertaken it was 

necessary to first synthesise the precursor lactone (26) as depicted within Scheme 2.1. 

Thus, citral-(A) also known as geranial (20) was converted in situ to the imine (21) 

according to the procedure reported by Wu et al.
67

 followed by acid catalysed cyclisation 

(90% H2SO4) and distillation to afford pure α-cyclocitral (22) as a pale yellow oil in 

average yield (42%). Cainelli et al. also prepared (22) in a similar manner via the 

pyrrolidine enamine, also reporting an average yield of 56%.
68

 It is worth noting that 

previous studies have also shown that the acid catalysed cyclisation not only produces α-

cyclocitral (22) but also furnishes -cyclocitral and other isomeric aldehydes thus an 

average yield can only be expected for this transformation.
69

 

 

Bromide (24) was then prepared via a modified method to that reported by Cainelli et al.
68

 

Thus, one equivalent of bromine was added to α-cyclocitral (22) at -60
o
C in CH2Cl2 

whilst buffering the mixture with CaCO3. Workup and redissolving the organics in 

toluene containing dry Amberlite IRA-400 resin (Cl
-
 form), followed by heating under 

reflux induced elimination of (23). Final purification by column chromatography 
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furnished the pure bromide (24) in a quantitative yield. Key aspects of characterisation by 

1
H NMR were the aldehyde resonance appearing at δ 10.12 ppm, the CH-Br resonance at 

 4.65 ppm and the three methyl moieties appearing at  2.20, 1.25 and 1.20 ppm.  

 

(21)

a

b

a Aniline, 25oC; b H2SO4 (90%), 0oC; c CaCO3, Br2, -60oC; d Amberlite resin, Cl- form, reflux; 

e collidine, reflux; f 1) lithium bis(trimethylsilyl)amide, THF, -78oC, ethyl dimethylacrylate, 2) 

safranal (25), -78oC.

(22)
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(26)

CH3

O

H3C CH3 H

Br

(23)

Br

f

 

 

Scheme 2.1. Synthesis of requisite lactone (26) from citral (20). 



Chapter 2 Synthesis of Biological Targets 26 

 

 

The next step in the synthesis called for the preparation of safranal (25), which was 

readily achieved by adding bromide (24) to boiling collidine under a nitrogen atmosphere. 

Workup, steam-distillation of the residue followed by column chromatography afforded 

pure safranal (25) as a pale yellow oil in 36% yield. Characterisation by 
1
H NMR 

revealed the aldehyde resonance appearing at δ 10.14 ppm and the protons of the newly 

formed C=C appearing at  6.15 and 5.92 ppm. Additionally, the 
13

C NMR spectrum of 

(25) displayed a total of 9 carbon resonances with the most meaningful, in terms of 

identification, being the aldehyde resonance appearing at δ 191.2 ppm and the four 

carbon-carbon double bond resonances appearing at δ 147.1, 137.5, 134.6, and 130.0 ppm. 

The resonance at δ 26.3 ppm represented the two carbons of the gem dimethyl moiety. 

 

The final step in the sequence displayed in Scheme 2.1 above involved the conversion of 

safranal (25) into the known lactone (26) via a modified method to that reported by 

Bennani et al.
70

 Thus a solution of lithium bis(trimethylsilyl)amide in THF was pre-

cooled to -78
o
C under a nitrogen atmosphere and ethyl dimethylacrylate added dropwise 

over 15 minutes to generate the stabilised anion. A solution of safranal (25) in anhydrous 

THF pre-cooled to -78
o
C was added over 30 minutes and the reaction mixture allowed to 

warm to 0
o
C and then quenched with a saturated sodium bicarbonate solution. Workup 

and purification by column chromatography furnished the requisite lactone (26) in a 

moderate yield of 65%.  LDA was also trialled as this base as was utilised by Bennani et 

al.,
70

 however, we found the yields to be poorer (ca. 45%).  

 

With lactone (26) now in hand it was time to prepare the requisite aldehydes (28) and (29) 

utilising a modified method to that reported by Bennani et al.
70

 A solution of lactone (26) 

in dry THF at -78
o
C was treated with DIBAL in order to reduce the lactone into the 

desired lactol (27), Scheme 2.2. The lactol was obtained in an excellent yield of 88% and 

was used in the next step without further purification.  
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a

b

a DIBAL, THF,  -78oC; b biphasic mixture of 1,2-dichloroethane and 10% HCl (1:1), 55oC.

CH3

H3C CH3
O

CH3

O
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CH3

H3C CH3
O

CH3

OH

CH3

H3C CH3 CH3
O

H

CH3

H3C CH3 CH3

O
H

(2Z,4E)-(28) (2E,4E)-(29)

(27)

 

 

Scheme 2.2. Synthesis of the requisite aldehydes (28) and (29) from lactone (26). 

 

Exposure of lactol (27) to weak acid (10% HCl) in a biphasic mixture of 1,2-

dichloroethane and water at 55
o
C afforded the desired aldehydes (28) and (29) in a 

combined yield of 95%. Mechanistically, acid induced ring-opening of lactol (27) would 

first afford a hydroxy aldehyde intermediate which can then undergo dehydration to 

furnish the C4-C5 carbon-carbon double bond. The configuration of this double bond 

would be expected to be as the more thermodynamically stable (E)-isomer. In addition, 

the configuration of the C2-C3 carbon-carbon double bond is initially fixed in the starting 

lactol (27) in the (Z) configuration and would be expected to remain that way through the 

ring-opening process. Thus, we anticipated (2Z,4E)-aldehyde (28) to be the major product 

and indeed it was. The smaller amount of the (2E,4E)-aldehyde (29) is in fact the more 

thermodynamically stable isomer and its formation is probably a result of reversible 

Michael conjugative addition on the hydroxy aldehyde intermediate by nucleophiles such 

as water or indeed the intramolecular hydroxy within the hydroxy aldehyde intermediate 

causing isomerisation of the C2-C3 carbon-carbon double bond from the less stable (Z)-

isomer to the more stable (E)-isomer. The fact that we isolated the major product as the 
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(2Z,4E)-aldehyde (28) is in direct contrast to the results found by Bennani et al.
70

 

However, we did note that leaving the reaction on for a longer time furnished more of the 

(2E,4E)-aldehyde (29) which would be expected as this provides a greater opportunity for 

isomerisation to occur.  

 

Assignment of the major isomer as (2Z,4E)-(28) and the minor isomer as (2E,4E)-(29), 

relied not only on examining the individual 
1
H and 

13
C NMR spectra but also on 

examining a host of 2D spectra of the individual isomers. The stereochemistry of the C4-

C5 carbon-carbon double bond as (E) for both isomers was clearly apparent from the 

coupling constant of J = 16.0 Hz with the resonances for the major isomer appearing at  

7.23 (d) and 6.63 (d) ppm, and the resonances for the minor isomer appearing at  6.74 (d) 

and 6.33 (d) ppm. The large downfield shift of the proton on C-4 for the major isomer at  

7.23 ppm compared to that at  6.74 ppm for the same proton for the minor isomer is 

indicative of the large amount of deshielding expected to occur by the close proximity of 

the carbonyl of the aldehyde group, when the C2-C3 carbon-carbon double bond is 

constrained with a fixed (Z)-stereochemistry. The proton resonances on C2 for both 

isomers appeared as doublets with apparent coupling to the aldehyde proton.  

 

Importantly, Muccio et al.
71

 reported the 
13

C NMR chemical shifts of both isomers 

previously which allowed us to confirm the stereochemistry of the C2-C3 carbon-carbon 

double bond for each isomer. All individual carbon resonances for both aldehydes (28 and 

29) are depicted in Figure 2.1 and were identical in every regards to those reported.
71

 

Inspection of the individual 
13

C chemical shifts for both isomers indicated that there are 

only two diagnostic 
13

C chemical shifts which can be utilised to aid in assigning the 

appropriate (E or Z) stereochemistry about the C2-C3 carbon-carbon double bond. Thus, 

if the C2-C3 carbon-carbon double bond has (E) stereochemistry then the methyl moiety 

on this double bond appears upfield at  12.8 ppm whilst if it has (Z) stereochemistry then 

the methyl moiety on this double bond appears further downfield at  21.0 ppm. Likewise, 

if the C2-C3 carbon-carbon double bond has (E) stereochemistry then the C4 carbon 

resonance appears further downfield at  134.9 ppm whilst if it has (Z) stereochemistry 

then the C4 carbon resonance appears further upfield at  126.9 ppm. This is consistent 

with the shielding/deshielding effects expected depending on whether the C2-C3 double 
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bond has (E or Z) stereochemistry. Importantly, it allows us with confidence to assign the 

major isomer as (2Z,4E)-(28) and the minor isomer as (2E,4E)-(29). 
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Figure 2.1. Comparison of the 
13

C NMR chemical shifts of the aldehydes (2Z,4E)-(28) 

and (2E,4E)-(29) in CDCl3.  

 

2.2 Synthesis of target ethyl esters (30) and (31). 

 

The next two targets to be synthesised were the (2E,4Z,6E)-ethyl ester (30) and the 

(2E,4E,6E)-ethyl ester (31) from the aldehyde (2Z,4E)-(28). This was envisaged to be 

achieved by simple Wittig olefination of the aldehyde with 

(carbethoxymethylene)triphenylphosphorane, Scheme 32. Yamashita and co-workers  

reported decades ago the same Wittig olefination on a stereoisomeric mixture of the 2E 

and 2Z forms of aldehyde (30) but unfortunately, whilst it was clear that the reaction 

worked reasonably well, the scant experimental discussion and characterisation data fails 

to clearly clarify which isomers were formed and in what yields, suggesting only that the 

resultant product mixture was a mixture of the 4E and 4Z isomers.
72

 This does however, 

suggest that the newly formed C=C bond is generated only in the E-form, irrespective of 

whether the original aldehyde has the 2E or 2Z C=C stereochemistry. Moreover, no NMR 

data was provided which would make comparison with our experimental results difficult 

at best. Thus, allowing the isomerically pure aldehyde (2Z,4E)-(28) to react with the ylide 

at ambient temperature over two days resulted in the formation of two ethyl esters in a 

excellent combined yield of 95%. 
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a

a (carbethoxymethylene)triphenylphosphorane, DCM, 25oC, 2 days.
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Scheme 2.3. Synthesis of the requisite ethyl esters (30) and (31) from aldehyde (2Z,4E)-

(28). 

 

Assignment of the major isomer as (2E,4Z,6E)-ethyl ester (30) and the minor isomer as 

(2E,4E,6E)-ethyl ester (31) relied not only on examining the individual 
1
H and 

13
C NMR 

spectra but also on examining a host of 2D spectra  (gCOSY, HSQCAD and gHMBCAD) 

of the individual isomers. The stereochemistry of the C6-C7 carbon-carbon double bond 

as (E) for both isomers (as it was for the starting aldehyde 28) was clearly apparent from 

the coupling constants of J = 15.6 and 16.2 Hz respectively for (30) and (31) with the 

resonances for the major isomer appearing at  6.84 (d) and 6.35 (d) ppm, and the 
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resonances for the minor isomer appearing at  6.39 (d) and 6.29 (d) ppm. Moreover, the 

assignment of the stereochemistry of the C2-C3 carbon-carbon double bond as (E) for 

both isomers was again clearly apparent from the coupling constants of J = 15.0 Hz for 

both (30) and (31) with the resonances for the major isomer appearing at  7.78 (dd) and 

5.82 (d) ppm, and the resonances for the minor isomer appearing at  7.72 (dd) and 5.87 

(d) ppm. The large downfield shifts of the proton on C-3 for both isomers is indicative of 

the large amount of deshielding expected to occur by the close proximity of the carbonyl 

of the ester grouping, when the C2-C3 carbon-carbon double bond is constrained with a 

fixed (E)-stereochemistry. With the stereochemistry of the C2-C3 and C6-C7 carbon-

carbon double bonds now assigned as (E) in both isomers it was now time to determine 

the stereochemistry about the C4-C5 carbon-carbon double bond.  

 

As was the case with the aldehydes (2Z,4E)-(30) and (2E,4E)-(31), Figure 2.2, we turned 

our attention utilising 
13

C NMR chemical shifts for this important assignment. The 

question was could we still use differences in the 
13

C chemical shift of the methyl on the 

C4-C5 central C=C coupled with differences in chemical shift of the C6 carbon in these 

conjugative systems to distinguish between which isomer had the (Z) C4-C5 C=C 

stereochemistry and which had the (E) C4-C5 C=C stereochemistry? Importantly, Muccio 

et al.
71

 reported the 
13

C NMR chemical shifts of three isomers which were more 

conjugative ethyl esters than the ones we synthesised, these being (2E,4E,6E,8E)-(32a), 

(2E,4E,6Z,8E)-(32b) and (2Z,4E,6E,8E)-(32c), Figure 2.2. As can be seen, our 

assumption is correct with the methyl on the C6-C7 C=C appearing more upfield at  12.8 

ppm for a (E) double bond stereochemistry and more downfield at  20.8 for a (Z) double 

bond stereochemistry. Furthermore, the chemical shift of the C8 carbon in these 

conjugative systems resonates more upfield when the C6-C7 C=C has the (Z) 

stereochemistry. All individual carbon resonances for both ethyl esters (2E,4Z,6E)-(30) 

and (2E,4E,6E)-(31) are depicted in Figure 2.2.  

 

Inspection of the individual 
13

C chemical shifts for both isomers indicated that there were 

indeed two diagnostic 
13

C chemical shifts that could be utilised to aid in assigning the 

appropriate (E or Z) stereochemistry about the C4-C5 carbon-carbon double bond. Thus, 

if the C4-C5 carbon-carbon double bond has (E) stereochemistry then the methyl moiety 

on this double bond appears upfield at  12.9 ppm whilst if it has (Z) stereochemistry (as  
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Figure 2.2. Comparison of the 
13

C NMR chemical shifts of the aldehydes (2E,4Z,6E)-(30) 

and (2E,4E,6E)-(31) in CDCl3 with those reported for the related ethyl esters 

(2E,4E,6E,8E)-(32a), (2E,4Z,6E,8E)-(32b) and (2E,4E,6E,8Z)-(32c) reported by 

Muccio.
71
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it was for the starting aldehyde (28) then the methyl moiety on this double bond appears 

further downfield at  20.8 ppm. Likewise, if the C4-C5 carbon-carbon double bond has 

(E) stereochemistry then the C6 carbon resonance appears further downfield at  136.1 

ppm whilst if it has (Z) stereochemistry then the C6 carbon resonance appears further 

upfield at  130.5 ppm. This is consistent with the shielding/deshielding effects expected 

depending on whether the C4-C5 double bond has (E or Z) stereochemistry. Importantly, 

it allows us with confidence to assign the major isomer as (2E,4Z,6E)-(30) and the minor 

isomer as (2E,4E,6E)-(31). 

 

Clearly from the discussion above treatment of the aldehyde (2Z,4E)-(28) with ylide 

resulted in the formation of the two ethyl esters (2E,4Z,6E)-(30) and (2E,4E,6E)-(31) with 

the former being the major product. This result is somewhat surprising as one would 

normally expect the reaction of an ylide with an aldehyde to furnish a newly formed C=C 

bond which may have either the (E) or (Z) stereochemistry with the (E) isomer being the 

major product due to the fact that it would be more thermodynamically stable, Figure 2.3. 

Indeed the major product was (2E,4Z,6E)-(30) with the newly formed double bond C2-C3 

observed to have the (E) stereochemistry. The minor product, however, was not the 

expected (2Z,4Z,6E)-(31) but rather the all trans or all (E) ethyl ester (2E,4E,6E)-(31). 

There are two possibilities here; either it never formed as it is thermodynamically less 

stable than the other isomers or if it did form and then readily isomerised under the 

reaction conditions or upon workup into the more stable (2E,4E,6E)-(31). It could also be 

that if it did not form then some of the major product, that being the (2E,4Z,6E)-(30) 

isomer can undergo isomerisation under the reaction conditions to the more stable 

(2E,4E,6E)-(31) isomer. Storage of the major product (30) for months showed no 

isomerisation suggesting that any isomerisation would need to occur during the reaction 

and workup procedures. Such isomerisations of less stable (Z) double bonds to the more 

stable (E) double bonds are known to readily occur by reversible addition of judicious 

nucleophiles to the C=C bond for which there is a plentiful supply during a Wittig 

olefination reaction such as PPh3, OPPh3, water etc. Importantly we were able to prepare 

two new conjugated ethyl esters in good yields ready for biological evaluation. 
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(2E,4E,6E)-(31)

+ (2Z,4Z,6E)-(31)

+(2E,4Z,6E)-(30)
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expected outcome
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Figure 2.3. Expected vs observed products (30) and (31) upon treatment of (2Z,4E)-(28) 

with ylide. 

 

2.3 Synthesis of endoperoxides (33), (34) and cobalt product (35). 

 

With the conjugated ethyl ester (30) in hand it was now time to explore the preparation of 

endoperoxides (33) and (34) via a [4+2] cycloaddition reaction of singlet oxygen onto 

the precursor (30) and the production of the downstream product bis-epoxide (35) on 

exposure of endoperoxide (33) to cobalt induced ring-opening, Scheme 2.4.  
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Scheme 2.4. Proposed synthesis of endoperoxides (33) and (34) and bis-epoxide (35). 



Chapter 2 Synthesis of Biological Targets 35 

 

 

The most general and convenient method for the preparation of endoperoxides is the 

photosentisised [4 + 2] cycloaddition of singlet oxygen (
1
g) to a 1,3-butadiene.

73,74
 This 

reaction is designated a Type 2 photooxidation, a designation that refers to the reagent 

being singlet oxygen.
75

 The [4 + 2] cycloaddition reaction has been well studied and the 

mechanism can be summarised as follows. Irradiation of an oxygen saturated solution 

containing a suitable dye (e.g. tetraphenylporphine or rose bengal) allows the 

photosensitizing dye to absorb a photon and become excited. The excited state dye then 

transfers its energy to the ground state triplet oxygen generating singlet oxygen. The 

singlet oxygen can then participate in concerted [4 + 2] cycloaddition addition reactions 

as depicted within Figure 2.4.  
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Figure 2.4. The photosensitised formation of singlet oxygen; the [4 + 2] cycloaddition 

transition state leading to an endoperoxide and a schematic showing the preferred s-

cissoid vs s-transoid 1,3-butadiene moieties for polyene (33). 

 

In terms of the formation of endoperoxides, the presence of a population of the s-cissoid 

conformation of the 1,3-butadiene is paramount as the concerted transition state relies on 

the close proximity of the terminal p-orbitals to ensure maximum overlap. Importantly, if 

the 1,3-butadiene is constrained within a cyclohexyl ring system, as is the case for 
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precursor (30), then there is a very good likelihood that this would be the preferred point 

of reaction of singlet oxygen thus leading to the major product being endoperoxide (33). 

Conversely, the yield of (34) would be expected to be less than (33) due to the fact that 

free rotation about the external 1,3-butadiene unit would be expected resulting in a 

diminished population of the preferred s-cissoid conformation at this particular point, 

Figure 2.4. There is of course a small likelihood that singlet oxygen could react within the 

extended conjugated side chain but this possibility would be considered energetically 

unlikely due to the bulk of the side chain itself and the fixed stereochemistry disfavouring 

the required s-cissoid conformations. 

 

With the prediction being the exposure of (30) to singlet oxygen would result in the 

formation of endoperoxide (33) as the major product; a mixture of  (30) in 

dichloromethane containing a catalytic amount of rose bengal, bis(triethylammonium salt 

was irradiated with light from tungsten halogen lamps whilst keeping the mixture 

saturated with oxygen. After 45 minutes the reaction was judged to be complete (TLC), 

with workup affording the desired endoperoxides (33) and (34) in a very good combined 

yield of 85% ((33) : (34) 3 : 1). This experimental procedure was very successful as it 

furnished two targets from the one reaction and it could be conveniently carried out on 

gram scale and provided pure product ready for biological testing within a matter of hours. 

 

Structural characterisation of (33) and (34) was relatively simple by examining the 
1
H and 

13
C spectra of the purified compounds, Figure 2.5. The stereochemistry of the external 

double bonds within (33) was readily assigned as (2E, 4Z, 6E) with couplings of J = 16.0  

and J = 15.0 Hz for the C2-C3 and C6-C7 carbon-carbon double bonds respectively. The 

stereochemistry of the C4-C5 double bond was readily assigned as (Z) due to the 

resonance of the methyl grouping on C5 being downfield at  20.7 ppm in a similar 

fashion to the assignment for the same methyl grouping on C5 within (30) above. Also 

clear from analysis of the 
13

C NMR spectrum was the consumption of one of the carbon-

carbon double bonds within (30) with concomitant formation of two carbon-oxygen 

single bonds (as necessitated by the reaction mechanism) with two new resonances 

observed at 84.4 and 72.2 ppm for these carbon atoms. Notable points of characterisation 

for endoperoxide (34) was the assignment of the stereochemistry of the external double 

bonds as (2E, 4Z) with a coupling of J = 15.0 Hz for the C2-C3 bond and the 
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stereochemistry of the C4-C5 double bond being (Z) due to the resonance of the methyl 

grouping on C5 again being downfield at  21.0 ppm in a similar fashion to the 

assignment for the same methyl grouping on C5 within (30) above. Other key 

assignments were the double at  5.48 ppm for the proton attached to a carbon atom next 

to the electronegative oxygen atom of the peroxide linkage and the two new resonances 

observed at 77.6 and 75.9 ppm for the carbon atoms attached directly to the newly formed 

peroxide linkage, Figure 2.5. 
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Figure 2.5. Comparison of the 
1
H NMR and 

13
C NMR chemical shifts of the 

endoperoxides (33) and (34) in CDCl3. 
1
H resonances for the methyl and ethyl ester 

moieties removed for clarity. Couplings (J) are in Hz.  

 

The preparation of the desired bis-epoxide (35) was achieved via ring-opening of the 

precursor endoperoxide (33) with a catalytic amount of Co(SALEN) in dichloromethane 

at ambient temperature over 15 hours. Workup and purification by column 

chromatography afforded the desired bis-epoxide (35) in a moderate yield of 60%. The 

stereochemistry of the external double bonds within (35) was again readily assigned as 

(2E,4Z,6E) with couplings of J = 15.0  and J = 15.0 Hz for the C2-C3 and C6-C7 carbon-
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carbon double bonds respectively, Figure 2.6. The stereochemistry of the C4-C5 double 

bond was readily assigned as (Z) due to the resonance of the methyl grouping on C5 being 

downfield at  21.1 ppm in a similar fashion to the assignment for the same methyl 

grouping on C5 within endoperoxide (33) above. Also clear from analysis of the 
13

C 

NMR spectrum was the consumption of the carbon-carbon double bond within the 

bicyclic endoperoxide moiety of (33) with concomitant formation of an additional two 

carbon-oxygen single bonds (as necessitated by formation of a bis-epoxide) with the four 

C-O resonances observed at 70.2, 60.7, 52.2 and 47.0 ppm. All other spectroscopic data 

was consistent with those expected of the desired product (35), Figure 2.6. 
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Figure 2.6. Comparison of the 
1
H NMR and 

13
C NMR chemical shifts of the bis-epoxide 

(35) in CDCl3. 
1
H resonances for the methyl and ethyl ester moieties removed for clarity. 

Couplings (J) are in Hz.  

 

In summary, both endoperoxides (33) and (34) were prepared for biological evaluation. 

Unfortunately, it was observed that the bis-epoxide (35) slowly decomposed over time 

thus it was decided that this particular substrate would not be utilised for screening as a 

potential ABA-like derivative. 

 

2.4 Synthesis of target endoperoxide (37) and cobalt product (38).  

 

The next two targets to be synthesised were the endoperoxide of (E)--Ionone (36) and 

the possible production of the downstream product bis-epoxide (38) on exposure of 

endoperoxide (37) to cobalt induced ring-opening, Scheme 2.5.  

 



Chapter 2 Synthesis of Biological Targets 39 

 

O

H3C CH3

CH3

CH3

O O

CH3

H3C CH3
O

CH3

(36) (37)

a

b

a Method A: O2, h (365 nm), toluene; Method B: O2, h, CH2Cl2, rose bengal, bis-

triethylammonium salt (cat.); b Co(SALEN) (cat.), 1,2-dichloroethane.

O

H3C CH3

CH3

CH3

O

(38)

O

 

 

Scheme 2.5. Proposed synthesis of endoperoxide (37) and bis-epoxide (38). 

 

The successful preparation of the endoperoxide (37) upon irradiation of (E)--Ionone (36) 

in the presence of oxygen has been studied a number of times. Borsarelli et al. synthesised 

(37) from (36) in a toluene solution, without an additional sensitiser, under aerobic 

conditions in a Rayonet reactor
76

 whilst Ina et al. employed rose bengal as a sensitiser for 

this conversion with light irradiation from a high pressure mercury lamp (100 W).
77

 

Given these successful syntheses both methods were examined here. Thus, a solution of 

(E)--Ionone in anhydrous toluene was irradiated with light from a lamp of 345 nm 

(typical TLC lamp) at room temperature whilst being exposed to air, method A. After 19 

hours the reaction was judged to be complete by TLC with work-up and purification by 

column chromatography affording the desired endoperoxide (37) in a very good yield of 

72%. Alternatively, method B involved irradiation with light from tungsten halogen 

lamps, of a solution of (E)--Ionone in anhydrous dichloromethane containing a catalytic 

amount of rose bengal, bis(triethylammonium salt whilst keeping the mixture saturated 
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with oxygen afforded the desired endoperoxide (37) after work-up also in a very good 

yield of 75%. This latter experimental procedure (method B) was deemed to be the 

method of choice as it could be conveniently be carried on multi-gram scale and the 

reaction time was also considerably shorter, 5 hours vs. 19 hours for method A. 

 

Structural characterization of (37) was relatively simple by examining the 
1
H and 

13
C 

spectra of the purified sample, Figures 2.7 and 2.8 respectively. The most distinguishable 

1
H resonances are the two doublets at  6.51 and 6.41 ppm attributable to the protons on 

the C=C displaying a coupling of J = 8.4 Hz.  Moreover, as the 
13

C resonance for the sp
2
 

hybridised carbon of the carbonyl group ( 195.7 ppm)
78

 of  (E)--Ionone is consumed in 

the reaction, and transformed into an sp
3
 hybridised acetal carbon we find a resonance at 

 94.7 ppm within the 
13

C spectrum (Figure 2.8) which is attributable to this particular 

moiety. Additional C-O resonances at  82.2 and 78.2 ppm account for the remaining two 

sp
3
 carbons attached to oxygen. The base line resolution of the spectra are also a 

reflection of the excellent purity of the synthesised material. 

 

 

 

Figure 2.7. 
1
H NMR spectrum (600 MHz) of endoperoxide (37). 
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Figure 2.8. 
13

C NMR spectrum (600 MHz) of endoperoxide (37). 

 

Mechanistically the formation of endoperoxide (37) from (E)--Ionone (36) is quite 

unusual, and whilst there has been some conjecture and debate as to the exact mechanism, 

the general consensus based on experimental findings on the parent and related systems is 

that the reaction proceeds as follows.
79-81

 Firstly, (E)--Ionone (36) undergoes a typical 

triplet sensitised photoisomerisation from the (E)-(36) to the (Z)-(39) form. Temperature 

dependent cyclisation via a concerted transition state yields the intermediate pyran (40). It 

is at this point that the singlet oxygen generated in situ undergoes a [4+2] cycloaddition 

to furnish the observed endoperoxide (37). 

 

The preparation of the downstream product bis-epoxide (38) was envisaged to be 

prepared by exposure of endoperoxide (37) to cobalt induced ring-opening, Scheme 2.6. 
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Scheme 2.6. Mechanism of formation of endoperoxide (37) from  (E)--Ionone (36). 

 

Whilst exposure of simple mono-cyclic 1,2-dioxines (endoperoxides) usually forms -

hydroxyenones as described previously in this chapter,
82

 the successful formation of (38) 

was based on previous studies which have shown that metal catalysed ring-opening of 

bicyclic 1,2-dioxines (endoperoxides) usually yields bis-epoxides as a result of the 

inability of the intermediate oxy radicals to undergo 1,5-hydrogen abstraction, Scheme 2.7. 

For example, a study by Noyori et al. showed that bicyclic endoperoxide (41) afforded 

bis-epoxide (42) in excellent yield upon exposure to Ru(II),
83

 whilst Balci et al. reported 

the quantitative conversion of endoperoxide (43) into (44) by the use of Co(II),
84

 Scheme 

2.7.  Additionally, Herz and his co-workers observed the formation of the bis-epoxide (46) 

of the ester of levopimaric acid (45) upon treatment with Fe(II).
85

 Whilst these examples 

suggested that we should be able to prepare the target bis-epoxide (38) there is also one 

report in the literature by Mischne reporting that treatment of the same precursor 

endoperoxide (37) with two equivalents of FeSO4 in THF furnished a 45% yield of the 

triketone (47) at ambient temperature.
86

 Whilst this latter observation would suggest that 

our proposed synthesis of (38) is unlikely it is also important to remember that Co(II) 

induced ring-opening of 1,2-dioxines (endoperoxides) is much more mild and usually 

produces much cleaner reaction mixtures as observed by our group previously.
82
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Scheme 2.7. Examples of metal induced ring-opening of endoperoxides to afford bis-

epoxides and (39) affording triketone (47). 

 

Thus, endoperoxide (37) was treated with a catalytic amount of Co(SALEN) in 1,2-

dichloroethane. After 3 hours under reflux (ca. 65
o
C) the reaction was judged to be 

complete with one major product observed by TLC. Workup followed by purification 

revealed the major product was indeed the triketone (47) being formed in a good yield of 
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72%. Key aspects in terms of identification were the two resonances within the 
1
H NMR 

at δ 6.54 and 6.31 ppm with a coupling constant of J = 12 Hz indicating a double bond 

with (Z) stereochemistry. Furthermore, the two single resonances at δ 2.25 and 2.09 ppm 

(both integrating for three protons) were indicative of two methyl ketone moieties. 

Additionally, 
13

C NMR analysis revealed three ketone moieties at δ 208.53, 206.35 and 

201.76 ppm. All other spectroscopic data was also consistent with those reported by 

Mischne.
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Scheme 2.8. Mechanism for formation of triketone (47) from endoperoxide (37) upon 

exposure to Co(II). 
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Mechanistically, the formation of the triketone (47) can be rationalised via a series of -

scission free radical fragmentations, Scheme 2.8. Co(II) induced cleavage of the peroxide 

moiety within (37) would be expected to produce the alkoxy radical intermediate (48) 

with the cobalt ligand attached to the least hindered oxygen as depicted in Scheme 2.8. To 

support this rationale the optimized structure of (37) was calculated at the RHF 6-31G* 

ab initio level of theory, Figure 2.9, with the space filling model clearly showing that the 

preferred approach of the bulky cobalt catalyst would be as shown within (48). 

Interestingly, it was also observed that simply addition of the Co(II) catalyst to (37) in 

dichloromethane at ambient temperature resulted in no reaction over 24 hours further 

highlighting the difficulty the bulky catalyst has in approaching the sterically shielded 

peroxide linkage within (37).  

 

   

 

Figure 2.9. RHF 6-31G* optimized structure of endoperoxide (37) displayed in both a 

ball and stick and space filling representation. 

 

With the formation of the alkoxy radical intermediate (48) there are two possible 

pathways for fragmentation. Pathway (a) involves a series of intramolecular -scissions to 

first form the 3
o
 radical (49) followed by further -scission to form the stabilised allylic 

radical (50). Loss of cobalt(II) would lead to the observed triketone (47). The alternative 

pathway (b) involves initial loss of cobalt(II) with generation of the bis-alkoxy radical 

intermediate (15) that can undergo a double -scission to furnish the triketone (47). Both 

pathways may be operating in this case and there appears no clear rationale as to which 

would be more preferred, except for the fact that the (Z)-stereochemistry of the C=C bond 

is retained in the product and one could argue that if pathway (a) was the dominant 

pathway then the allylic radical (50) could undergo C=C isomerisation to the more stable 
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(E) isomer. The fact that this is not observed suggests pathway (b) is indeed the pathway 

for formation of triketone (47). 

 

In summary, the requisite endoperoxide (37) was obtained in very good yield from (E)--

Ionone (36) and on a large scale for biological testing whilst the proposed downstream 

product, the bis-epoxide (38), could not be prepared from (37) via the use of Co(SALEN), 

with the triketone (47) being the observed product. This latter product was the result of a 

cascade of free radical ring-opening processes (-scission) and as it was not related 

structurally to abscisic acid (1) it was not utilized for biological testing. 

 

2.5 Synthesis of benzyl esters (52) and (53) and endoperoxide (54). 

 

As mentioned in Chapter 1 there are numerous carotenoids known which have a terminal 

cyclohexene unit instead of a terminal cyclohexadiene unit. Thus, it was of interest to this 

study to prepare several analogues that would be structurally similar to (30) or (34) except 

that the additional alkene unit in the terminal cyclohexyl ring would be absent. Thus 

Scheme 2.9 depicts the next two targets to be synthesised, those being (52) and (53) and 

the endoperoxide (54). The preparation of (52) and (53) was envisaged to be achieved via 

a Wittig olefination reaction between (E)--Ionone (36) and benzyl 

(triphenylphosphoranylidene)acetate. Heating these two reagents at 150
o
C for 1 week in 

anhydrous toluene showed very little reaction progress by TLC so the reaction was 

attempted under the same conditions in a microwave reactor. After 1 day analysis 

revealed that the reaction had progressed and the desired benzyl esters (ratio (2E,4E)-52 : 

(2Z,4E)-53, 6 : 4) were isolated as an inseparable mixture in 38% yield. Whilst this 

reaction could be conducted on a large scale it was felt that the yield could be improved if 

the process was conducted in the absence of solvent. Thus, (E)--Ionone (36) and benzyl 

(triphenylphosphoranylidene)acetate were heated neat at 150
o
C for 6 hours. Analysis by 

TLC indicated complete reaction and after workup the desired benzyl esters (52) and (53) 

were isolated pure in an improved yield of 56%.  
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Scheme 2.9. Proposed synthesis of benzyl esters (52 and 53) and endoperoxide (54). 

 

Assignment of the major isomer as (2E,4E)-52 and the minor isomer as (2Z,4E)-53, relied 

not only on examining the individual 
1
H and 

13
C NMR spectra but also on examining a 

host of 2D spectra of the mixture. The stereochemistry of the C4-C5 carbon-carbon 

double bond as (E) for both isomers was clearly apparent from the coupling constant of J 

= 16.0 Hz with the resonances for the major isomer appearing at  6.59 (d) and 6.09 (d) 

ppm, and the resonances for the minor isomer appearing at  7.66 (d) and 6.60 (d) ppm. 

The large downfield shift of the proton on C-4 for the minor isomer at  7.66 ppm 

compared to that at  6.09 ppm for the same proton for the major isomer is indicative of 

the large amount of deshielding expected to occur by the close proximity of the carbonyl 

of the ester grouping, when the C2-C3 carbon-carbon double bond is constrained with a 

fixed (Z)-stereochemistry. The proton resonances on C2 for both isomers appeared as 
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singlets with no coupling information available to aid in confirmation of the C2-C3 

carbon-carbon double bond. However, by careful analysis of the 2D NMR spectra 

(gCOSY, HSQCAD and gHMBCAD) it was possible to assign all the important 

individual carbon resonances for both benzyl ester isomers (52) and (53), Figure 2.10.  
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Figure 2.10. Comparison of the 
13

C NMR chemical shifts of the benzyl esters (52) and 

(53) with those reported for the parent acids (55) and (56) in CDCl3.
87

 



Chapter 2 Synthesis of Biological Targets 49 

 

 

Inspection of the individual 
13

C chemical shifts for both isomers and comparison with 

those previously reported by Englert for the parent carboxylic acids (55) and (56), 

indicated that there are only two diagnostic 
13

C chemical shifts which can be utilised to 

aid in assigning the appropriate (E or Z) stereochemistry about the C2-C3 carbon-carbon 

double bond, Figure 2.10.
87

 Thus, if the C2-C3 carbon-carbon double bond has (E) 

stereochemistry then the methyl moiety on this double bond appears upfield at  13.7 ppm 

(14.0 ppm for parent acid) whilst if it has (Z) stereochemistry then the methyl moiety on 

this double bond appears further downfield at  20.8 ppm (21.0 ppm for parent acid). 

Likewise, if the C2-C3 carbon-carbon double bond has (E) stereochemistry then the C4 

carbon resonance appears further downfield at  136.1 ppm (136.2 ppm for parent acid) 

whilst if it has (Z) stereochemistry then the C4 carbon resonance appears further upfield 

at  129.9 ppm (129.9 ppm for parent acid). This is consistent with the 

shielding/deshielding effects expected depending on whether the C2-C3 double bond has 

(E or Z) stereochemistry. Importantly, it allows us with confidence to assign the major 

isomer as (2E,4E)-(52) and the minor isomer as (2Z,4E)-(53). 

 

With the benzyl esters (2E,4E)-(52) and (2Z,4E)-(53) now in hand it was now time to 

prepare endoperoxide (54). The successful preparation of endoperoxides of type (54) 

upon irradiation of similar polyenes in the presence of oxygen has been studied a number 

of times, Scheme 2.10. Canfield et al.
88

 synthesised (56) from (55) in an ethanol solution, 

with rose bengal as the sensitiser, under aerobic conditions with exposure to UV light 

whilst Mani et al. employed rose bengal as a sensitiser for the conversion of isomer (57) 

and (58) into (59) with light irradiation from a simple sodium lamp (60 W).
89

 No 

experimental evidence was provided as to what happened to the side chain 

stereochemistry (i.e. does it remain cis or trans or both) and is clearly a reflection of the 

fact that this work was reported back in 1969. Given these successful syntheses; 

especially the later example in which the starting substrate is closely related to our 

precursor mixture, it was felt that irradiation of benzyl esters (2E,4E)-(52) and (2Z,4E)-

(53) with light from a lamp of 365 nm (typical TLC lamp) in the presence of a sensitiser 

whilst being exposed to air would lead to the successful preparation of (54) as was the 

case for the successful preparation of (37) described above. We were also unsure as to 

what will happen to the side chain alkene stereochemistry; as a mixture of (2E,4E)-(52) 
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and (2Z,4E)-(53) was to be utilised, it was plausible that isomerisation of the resultant C2-

C3 carbon-carbon double bond within (54) may occur under the reaction conditions to 

furnish either solely the (2E) or (2Z) endoperoxides or indeed a mixture of two 

endoperoxides. 
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Scheme 2.10. Examples of the synthesis of endoperoxides similar to the desired 

endoperoxide (54).  

 

Thus, a mixture of benzyl esters (2E,4E)-(52) and (2Z,4E)-(53) and the sensitiser 

(methylene blue, MB) was irradiated with light from a lamp of 365 nm (typical TLC lamp) 

whilst being exposed to air. After 2 days the reaction was initially deemed to not have 

proceeded as TLC showed only the presence of the starting material. However, analysis 
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of the crude mixture by NMR showed complete consumption of the starting material, thus 

it was apparent that the starting benzyl esters and the observed product(s) had identical Rf 

values. At this point, work-up and purification by column chromatography afforded the 

product in a very good yield of 79%. 

 

It was immediately evident by 
1
H and 

13
C NMR analysis that the product was not the 

desired endoperoxide (54). For example, there were no resonances between 45 and 110 

ppm within the 
13

C NMR spectrum (except the O-CH2-Ph at approx 65 ppm) and clearly 

endoperoxide (54) would be expected to display two such resonances for the carbons 

attached directly to the peroxide linkage. Such carbon resonances are typically around 80 

ppm for related systems.
90

 Careful analysis of the 
1
H NMR indicated that the product was 

in fact a mixture of two products in a 1 : 1 ratio which was further supported by the fact 

that all 
13

C resonances were duplicated. With analysis of the 1D and 2D NMR spectra 

(gCOSY, HSQCAD and gHMBCAD) it was possible to assign all the important 

individual proton and carbon resonances for both isomers and to elucidate the two 

products as (2E, 5Z)-(60) and (2Z, 5Z)-(61), Figure 2.11. The presence of the 2,2-

dimethyl-6-methylidenecyclohexylidene unit was clearly evident with the protons 

attached to the exocyclic methylene group resonating separately at approximately  4.55 

and 5.0 ppm for both isomers. The carbon resonance of this exocyclic methylene group 

appeared at approximately 111 ppm as expected. The stereochemistry of the C5-C6 

double bond was determined to be (Z) for both isomers as there was a strong ROESY 

correlation between the proton on C5 and the gem-dimethyls of the cyclohexylidene 

moiety. Furthermore, there was an excellent match with the 
1
H and 

13
C data reported for 

simpler (Z) type systems over the corresponding (E) type systems.
91

  

 

The stereochemical difference between the two isomers was attributed to either a (E) or 

(Z) C2-C3 double bond for (60) or (61) respectively. The proton on C2 for (60) and (61) 

appeared at approximately  5.7 ppm as expected and was similar to that observed for the 

starting benzyl esters (52) and (53). Importantly, it was relatively easy to determine that 

the C2-C3 double bond within (60) had the (E) stereochemistry as there was a strong 

ROESY correlation between the proton on C2 and the C4(CH2) moiety. This correlation 

was absent for (61) affirming the assigned C2-C3 (Z) double bond stereochemistry.  
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Thus, with the product being identified as a 50 : 50 mixture of (2E, 5Z)-(60) and (2Z, 5Z)-

(61), it was now of interest to contemplate the mechanism of formation and why the 

desired endoperoxide (54) was not formed. It was initially assumed that singlet oxygen 

was being made and that perhaps the starting material (52 and 53) was undergoing an Ene 

reaction to initially form a hydroperoxide and installing the observed exocyclic methylene 

unit. Such transformations are quite common with an example being depicted within 

Scheme 2.11. Thus, photo-oxygenation of 7-methyl--ionone (62) afforded the observed 

hydroperoxide (63) in a 65% yield.
81,92

 However, if such an Ene reaction was initially 

occurring during the conversion of (52 / 53) into (60 / 61) it is difficult to postulate how 

such a hydroperoxide would lead to the observed products.  

 

A search of the literature revealed that several other research groups have reported similar 

transformations to what we observed. For example, White et al. reported that exposure of 

(64) to light from a sunlamp afforded the substituted 2,2-dimethyl-6-

methylidenecyclohexylidene (65) in quantitative yield, Scheme 2.11 and was attributed to 

a 1,5-hydrogen migration.
93

 

 

Thus it appeared that singlet oxygen was not being formed in this reaction (even with MB 

present) and that the observed substituted 2,2-dimethyl-6-methylidenecyclohexylidenes 

(60 and 61) are in fact formed via a [1,5] sigmatropic hydrogen shift as described for the 

transformation of (64) into (65) above. However, according to the Woodward and 

Hoffmann rules a [1,5] sigmatropic hydrogen shift is allowed in a suprafacial fashion only 

under thermal conditions. Indeed, heating the starting polyene esters (52 / 53) at 80
o
C for 

2 days resulted in no product formation with only starting material being observed. 

Moreover, if the reaction was conducted under light with no sensitiser present the same 

products (60 and 61) were formed in a similar yield and ratio. Thus it appears that the 

observed substituted 2,2-dimethyl-6-methylidenecyclohexylidenes (60 and 61) are in fact 

formed via a photochemically allowed [1,7] sigmatropic hydrogen shift, followed by a 

photochemically allowed [1,3] sigmatropic hydrogen shift or by two sequential 

photochemically allowed [1,3] sigmatropic hydrogen shifts. The former is possibly the 

preferred mode as it would initially utilise more of the conjugated system and as such 

would be expected to have a lower barrier of activation. Interestingly, the starting benzyl 

ester mixture of (52) and (53) had a C2-C3 (E) to (Z) ratio of 6 : 4 thus some equilibration 
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is occurring during this transformation. Furthermore, such a highly stereocontrolled 

suprafacial process would be expected to lead to the newly C5-C6 double bond to be 

formed in solely the (Z) configuration as was observed in the products. 
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Scheme 2.11. Formation of buta-1,3-dienes (60 and 61) from benzyl esters (2E,4E)-(52) 

and (2Z,4E)-(53) upon exposure to oxygen and light (365 nm) and related examples. 
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In summary, the benzyl esters (52) and (53) were successfully prepared as a mixture of 

stereoisomeric substrates. Furthermore, whilst the endoperoxide (54) was not successfully 

prepared, the novel substituted 2,2-dimethyl-6-methylidenecyclohexylidenes (60 and 61) 

were prepared as a (1 : 1) mixture. These latter substrates were deemed suitable for 

biological testing for several reasons. The first being that there are no published reports 

on the use of these type of substrates being evaluated for ABA-like activity or their 

possible use to inhibit the ABA synthesis pathway in biological systems, and secondly, as 

there is an enormous number of -carotene / retinoic acid-like derivatives reported in the 

literature which have the same gem-dimethyl-3-methylcyclohexene terminal sub-unit
87

 

then it was conceivable that, as we found here, simple light induced 1,5-sigmatropic 

hydrogen shifts may be quite plausible in biological systems containing such substrates 

(e.g. exposure to excessive UV light during heatwaves) and as such, the formation of 

compounds incorporating the novel 2,2-dimethyl-6-methylidenecyclohexylidene moiety 

would be of interest as the testing of such derivatives may uncover new inhibitory effects 

on certain enzymes responsible for ABA synthesis or destruction. 

 

2.6 Synthesis of endoperoxide (67) and bis-epoxide (68).  

 

The final two targets to be synthesised were the endoperoxide (67) of -damascenone (66) 

and the production of the downstream product bis-epoxide (68) on exposure of 

endoperoxide (67) to cobalt induced ring-opening, Scheme 2.12. Thus, a mixture of -

damascenone (66) in dichloromethane containing a catalytic amount of rose bengal, bis-

triethylammonium salt was irradiated with light from tungsten halogen lamps whilst 

keeping the mixture saturated with oxygen. After 4 hours the reaction was judged to be 

complete (TLC), with workup affording the desired endoperoxide (67) in a very good 

yield of 77%. As with the formation of endoperoxide (37) this experimental procedure 

was deemed to be the method of choice as it could be conveniently be carried out on 

multi-gram scale and provided pure product ready for biological testing within a matter of 

hours.  
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Scheme 2.12. Proposed synthesis of endoperoxide (67) and bis-epoxide (68). 

 

The endoperoxide (67) has previously been prepared by Ohloff et al.
94

 in the early 1970’s 

with some simple 
1
H NMR spectroscopic data reported. While there was a good match 

with their spectroscopic data and ours, there were clearly some differences also.  It is 

clear that even at 600 MHz, all resonances are not clearly resolved with numerous long-

range couplings observed. For example, the protons on the exocyclic C=C have been 

reported in the experimental section at  6.96-7.02 ppm (m, 1H) and 6.60-6.63 ppm (m, 

1H), however, it is clear from Figure 2.11 that proton (A) appears as a doublet of quartets 

with additional long-range coupling. Additionally, proton (B) also appears as a doublet of 

quartets. Whilst the additional small long-range couplings could not easily be determined, 

it was clear that the major coupling of ca. 15 Hz is that typical of a (E) C=C bond. 

Furthermore, proton (C), which would normally be expected to be a ddd, has been 

reported in the experimental section as  4.56-4.58 ppm (m, 1H). Again it was not 

possible to clearly distinguish the individual couplings as can be seen within Figure 2.11. 
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Figure 2.11, 
1
H NMR spectrum (600 MHz) of endoperoxide (67). 

 

 

Figure 2.12, 
13

C NMR spectrum (600 MHz) of endoperoxide (67). 
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Confirmation of the structure of endoperoxide (67) and it’s excellent purity was also 

readily apparent by analysis of the 
13

C NMR spectrum, Figure 2.12. A total of thirteen 

carbon resonances were observed with the most important being the carbonyl at 194.6 

ppm, the two alkene units at 144.3, 141.1, 127.8, 125.2 ppm, and the two carbons 

adjacent to the peroxide linkage at 89.5 and 71.9 ppm.  

 

With endoperoxide (67) in hand it was now necessary to prepare the target bis-epoxide 

(68). Thus, endoperoxide (67) was treated with a catalytic amount of Co(SALEN) in 

dichloromethane. After 48 hours at ambient temperature the reaction was judged to be 

complete with one major product observed by TLC. Workup followed by purification by 

column chromatography revealed the major product was indeed the bis-epoxide (68) 

being formed in an excellent yield of 80%. Key aspects in terms of characterisation were 

the two resonances within the 
1
H NMR at δ 6.98 and 6.39 ppm with a coupling constant 

of J = 15 Hz indicating a double bond with (E) stereochemistry. Furthermore, the two 

resonances at δ 3.04 (d) and 2.95 (ddd) (both integrating for one proton) were indicative 

of two protons adjacent the epoxide moiety. Additionally, 
13

C NMR analysis revealed a 

ketone moiety at δ 197.1, the C=C at  145.1, 129.1, and the four carbon’s attached to the 

two epoxide units at 72.7, 59.1, 51.6 and 47.2 ppm. All other spectroscopic data were also 

consistent with those previously reported by Ohloff.
94

 

 

Mechanistically, the Co(II) induced fragmentation of the peroxide linkage within (67) can 

conceivably proceed via the formation of two distinct alkoxy radical intermediates (69) or 

(70), followed by alkoxy radical addition to the internal C=C bond with concomitant 

regeneration of Co(II), Scheme 2.13. As highlighted above for the ring-opening of 

endoperoxide (37) the bulky Co(II) catalyst will prefer attachment to the sterically least 

hindered oxygen atom of (67). To determine which is the least hindered oxygen atom of 

the peroxide linkage within (67) the optimized structure was calculated at the RHF 6-

31G* ab initio level of theory, Figure 2.13, with the space filling model clearly showing 

that the preferred approach of the bulky cobalt catalyst would be towards the oxygen 

atom away from the carbonyl end of the molecule thus leading to intermediate (69) along 

the pathway to formation of bis-epoxide (68).  
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Scheme 2.13. Mechanism for formation of bis-epoxide (68) from endoperoxide (67) upon 

exposure to Co(II). 

 

   

 

Figure 2.13. RHF 6-31G* optimized structure of endoperoxide (67) displayed in both a 

ball and stick and space filling representation. 

 

In summary, the endoperoxide (67) was obtained in excellent yield from -damascenone 

(66) along with the bis-epoxide (68) in very good yield via the use of Co(SALEN) to 

induce ring-opening of (67). Both targets could be prepared on a large scale and were of 

an excellent purity and as such were deemed suitable for biological testing. 
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2.7 Chapter two summary. 

 

The majority of the desired target compounds were synthesised from the appropriate 

precursors with their fully confirmed structures tabulated within Figure 2.14.  
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Figure 2.14. Structures of all compounds synthesised for biological evaluation.  
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Confirmation of their structures required extensive 2D NMR evaluation, in particular for 

elucidating the (E/Z) stereochemistry of the polyene backbones of the majority of these 

substrates. In addition, 
13

C NMR analysis was paramount and the most decisive tool for 

confirmation of the carbon-carbon double bond stereochemistries as described above. As 

was elucidated too at the beginning of this Chapter, the proposed biological tests only 

required small quantities of pure chemical material for evaluation, however, it was 

important to consider that if any of the target compounds displayed excellent biological 

activity, then the chemical processes for their synthesis should also be able to be scaled 

up to ensure ample quantities for biological evaluation. Pleasingly, all chemical 

transformations carried out here were almost exclusively performed within the 0.5 grams 

to multi-gram scale.  
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CHAPTER 3: LACTUCA (LETTUCE) SEED GERMINATION 

ASSAYS. 

 

As described within Chapter 2 there were fourteen proposed ABA analogues to be 

synthesised and tested for their ABA-like activity. Chapter two detailed the successful 

synthesis of eleven target ABA-like compounds with two of them existing as mixtures of 

related compounds, Figure 2.14. This Chapter will detail the use of the Lactuca sativa L. 

(Lettuce) seed germination assay to explore the ABA-like activity of these new bioactive 

chemicals. Given that many of these new bioactive molecules are structurally similar to 

each other and also to the structure of ABA itself then certain structure-activity 

relationships (SAR’s) should also become apparent.  

 

 

 

Figure 3.1. Diagram of two lettuce seeds at the point of complete germination showing 

the radicle protruding through the pericarp seed coat.  

 

It has been known for over half a century, that from all the materials available for the 

pursuit of chemical biology within plants, seeds offer many useful features.
95

 For example, 

seeds are readily available, cheap and small, allowing for the use of large populations for 

analysis and statistical evaluation. The major seed structures are the embryo, which 

becomes the plant, the endosperm, which supplies the nutrients for germination and the 

testa (or pericarp for lettuce), which protects the internal units of the seed from harsh 

external environments.
96

 When a dormant (quiescent) seed is supplied with water and 

oxygen at favorable temperatures, the embryo takes up water (termed as hydration or 

imbibition) to a certain hydrostatic pressure at which point the seed coat is ruptured and 

the elongating radicle (first root) protrudes outwards. Seed germination is defined as the 
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emergence of a new plant from a seed and is classified as complete when the radicle 

penetrates through the covering seed coat tissues.
96

 

 

Most seeds will germinate in dim light at ambient temperature (25 
o
C) within a timeframe 

of 1-2 days.
95,97

 Common, rapidly germinating seeds include lettuce, rye, turnip, 

cucumber, tomato, wheat, barley, sunflower, cabbage, pea and bean and have been used 

extensively in chemical biology experiments.
95

 In terms of these germination experiments, 

seeds are usually germinated on a moist substratum (e.g. filter paper) in a covered 

container, usually a Petri dish. The Lacuta (Lettuce) seed germination assay experiments 

to be conducted within this Chapter will follow the general procedure reported by Yopp et 

al.
98

 As highlighted within the Introduction and to a greater extent below, ABA acts as a 

dormancy promoting hormone and in simple terms prevents germination until levels are 

reduced.
97

 Investigating dormancy of seeds by supplying them with ABA or ABA-like 

substrates (our synthesised targets) allows for the opportunity to study certain 

physiological relevant phenomenon that may provide information not only on the 

regulation of seed dormancy but also on the molecular mechanism of ABA action in 

plants.  

 

3.1 Chemical biology of ABA and related compounds on seed germination. 

 

Chemical biology utilises chemicals, whether natural or synthesised, to elucidate 

biological mechanisms and various physiological functions associated with target proteins. 

Over many previous decades, abscisic acid (ABA-like) derivatives have revealed many of 

the required structural motifs necessary for the perception by ABA receptors while biotin 

or caged derivatives of ABA have disclosed the localisation of various ABA-binding 

proteins as highlighted in Chapter 1 and below.
9
 Moreover, ABA biosynthesis and 

catabolic inhibitors have contributed to the identification of new ABA functions in plant 

growth and development. Consequently, the use of small bioactive molecules (often 

libraries of structurally related compounds) has been significant in ABA research. The 

key aspect of chemical biology is to find a novel ligand-protein interaction that triggers a 

biological reaction. Such stimulating biological responses may be either in vivo or in vitro. 

Many types of ABA-like bioactive molecules have been prepared, such as biosynthesis 

inhibitors, catabolic inhibitors, agonists, antagonists and probes used for the investigation 

of receptors.
9
 These are all examples of chemical genetics to elucidate biological 
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processes as apposed to mutation studies.
99

 Kitahata and Asami have nicely summarised 

the two chemical genetic approaches utilised today.
9
 The forward chemical genetic 

approach involves screening bioactive substances that are able to induce phenotypic 

changes, such as the regulation of germination or shoot length, while the reverse chemical 

genetic approach involves the development of bioactive substances that can interact with 

target proteins of interest, such as enzymes or receptors.  

 

3.1.1 ABA metabolism in seeds. 

 

ABA has a duel role in embryo growth during seed development. In early embryogenesis, 

ABA prevents seed absorption and promotes embryo growth.
100,101

 In contrast, during late 

embryogenesis when ABA levels increase (due to the biosynthesis of xanthoxin from 

carotenoid precursors), ABA blocks the embryo growth by counteracting the action of 

gibberellic acid (GA) to promote germination.
102,103

 Despite the low levels of ABA 

generally decreasing during early embryogenesis, the ABA biosynthetic pathway is 

apparently active at this stage.  Aside from its role in embryogenesis and seed maturation, 

ABA is absolutely required to induce seed dormancy during late embryogenesis. 

Germination is preceded by a decrease in ABA levels resulting from both the suppression 

of de novo synthesis and the activation of catabolism.
104,105

 In contrast, dormant seeds 

generally maintain endogenous ABA at high levels, and dormancy is effectively released 

by the application of fluridone, which blocks the synthesis of carotenoid precursors of 

ABA.
9,106

 When ABA levels decrease during seed imbibition, concomitant increases in 

PA/DPA levels (for structures see below) were observed in barley,
107

 lettuce,
108

 cedar,
109

 

pine
104

 and arabidopsis
105

 suggesting that these substrates are a direct result of ABA 

catabolism. Finally, it is now well established that the application of exogenous abscisic 

acid (ABA) is rapidly taken up by seeds and induces inhibition of seed germination, 

drought tolerance and other physiological responses.
9
 Thus seeds need to be able to have 

a tight control on the regulation of ABA biosynthesis and deactivation. 

 

3.1.2 ABA biosynthesis inhibitors. 

 

As detailed within Chapter 1, ABA is synthesised in higher plants via oxidative cleavage 

of C40 carotenoids, Scheme 3.1. This pathway begins with the production of -carotene 

from phytoene and involves the presence of a desaturase enzyme. Carotenoid biosynthesis 

inhibitors such as fluridone
110

 and norflurazon
111

 act at this point and were initially used 
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to investigate ABA function, however, their use has been found to be limited as they 

cause lethal damage during plant growth.
9
 Currently there are no known specific 

inhibitors of this enzymatic step. The formation pathways for 9’-cis-neoxanthin and 9’-

cis-violaxanthin are not fully elucidated, however, they are believed to involve several 

synthase, isomerase and epoxidase enzymes, Scheme 3.1.
50

 Again there are no known 

specific inhibitors of these enzymes.  
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Scheme 3.1. ABA biosynthesis pathway showing the possible enzymes (bold) that could 

be inhibited by our synthesised targets. 
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The 9-cis-epoxycarotenoid dioxygenase (NCED) catalyses the cleavage of these 9’-cis-

epoxycarotenoids at the C11-C12 double bond to produce xanthoxin and a C25 

metabolite. Numerous small molecule inhibitors have been found to block the NCED 

pathway and include NDGA, abamine, abamineSG and SLCCD.
9
 Only SLCCD has a 

structure related to ABA itself. Xanthoxin is then converted into abscisic aldehyde in the 

cytosol by an enzyme known as a short-chain dehydrogenase/reductase (SDR) or ABA2.
 9
 

Whilst there are known ABA probes and agonists for evaluating this enzyme there are no 

known inhibitors yet reported. The oxidation of abscisic aldehyde is the final step in ABA 

biosynthesis catalysed by an oxidase enzyme that has a molybdenum cofactor (MoCo).
9
 

Inhibiting the genes for MoCo biosynthesis will result in ABA deficiency, thus, it was 

conceivable that some of our synthesised peroxide targets may interact at this point given 

their propensity to undergo ring-opening / rearrangement reactions when exposed to 

metals (see Chapters 1 and 2) and as such act as new ABA-like inhibitors via metal 

catalysed inhibition.  

 

3.1.3 ABA catabolic inhibitors. 

 

ABA is biologically inactivated in a stepwise manner during the course of catabolism. 

ABA is not stable in the field for extended periods of time and may be readily catabolised 

into inactive forms such as phaseic acid (PA) or be reversibly photoisomerised into its 

inactive trans-ABA form, Figure 3.2. This latter photo-permissive equilibrium reaction is 

not an enzymatic process.
112

 Thus the development of ABA catabolic enzyme inhibitors is 

valuable for overcoming the short-half life of applied ABA. The level of abscisic acid 

(ABA) in any particular tissue in a plant is determined by the rate of biosynthesis and 

catabolism of the hormone.
50

 ABA catabolism is largely categorised into two types of 

chemical reactions, hydroxylation and conjugation.  

 

Three different ABA hydroxylation pathways, which oxidise one of the methyl groups  

(C7’, C8’ or C9’) have been elucidated and are depicted in Scheme 3.2. The newly 

formed hydroxylated ABA derivatives still have significant biological activity.
113

 

However, hydroxylation triggers further inactivation steps. For example, spontaneous 

cyclisation of 8’-hydroxy-ABA produces phaseic acid (PA) which causes a significant 

reduction in biological activity.
113

 Further reduction produces inactive DPA. The 
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hydroxylation at C8’ is the major ABA catabolic pathway.
114

 Nambara and Marion-Poll
50

 

have elucidated that this major catabolic pathway involves the ABA 8’-hydroxylase 

enzyme (P450 monooxygenase) which produces phaseic acid from ABA. Thus it is 

reasonable for the design of ABA catabolic inhibitors to be based on the structure of ABA 

itself. As highlighted within the Introduction, numerous substrates (some suicide 

substrates) have been synthesised. Among the best have been 8’-acetylene-ABA, AHI1, 

AHI2, AHI4, uniconazole, diniconazole and abscinazole-F1.
9
 These substrates can behave 

in two manners. They can either inhibit the ABA 8’-hydroxylase enzyme directly or act as 

suicide substrates and thus be consumed in preference to ABA itself. Both mechanisms 

consequently act to allow ABA levels to be maintained. It was therefore anticipated that a 

number of our newly synthesised targets may act in a similar manner and inhibit 

catabolism given that they were closely related to the structure of ABA itself.  
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Scheme 3.2. ABA catabolic oxidation pathways and the photoinduced formation of trans-

ABA. 
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Conjugation is the term given to the process of glucosylation of the free hydroxyl on C1’ 

or that of the carboxylic acid moiety of ABA. ABA glucosyl ester (ABA-GE) is the most 

widespread conjugate and is believed to be physiologically inactive and accumulates in 

the vacuoles during ageing.
115

 Recent findings have found that ABA-GE is in high 

concentrations in soils in agricultural fields and it has been hypothesized that ABA-GE is 

taken up by roots and can release free ABA by the action of glucosidases. While this 

suggests that the production of ABA-GE may in fact be a mechanism for storage and 

transport, the fact that it cannot migrate passively through the plasma membrane indicates 

that further studies are required to further understand the molecular mechanism 

underlying transport of such conjugates.
50

 

 

3.1.4 ABA probes to investigate ABA binding proteins. 

 

The crystal structures of intercellular ABA receptors have recently been reported by 

Cutler et al.
55

 and Hubbard et al.
116

 and various ABA derivatives have been designed to 

investigate ABA binding proteins.
117

 Biotin-labelled ABA studies have suggested the 

existence of plasma membrane receptors in barley aleurone and broad bean guard cells.
118

 

Furthermore, biotinylated bicyclic ABA bound to the ABA catabolic enzyme, CYP707A1 

demonstrated in vitro the potency of biotin labelled ABA for isolation of ABA binding 

proteins.
119

 2-NPE-ABA is termed caged ABA and is a compound in which the free 

carboxylic acid has been converted into the 1-(2-nitro)-phenylethyl ester and is somewhat 

similar to several of our synthesised targets. This caged ABA ester releases free ABA 

upon exposure to UV photolysis and causes stomatal closure by UV light after injection 

into stomatal guard cells suggesting that these cells have ABA perception sites.
120

 Whilst 

these probes have provided some insight into ABA binding sites they have not been 

useful to identify the major ABA receptors within proteins such as PYR/PYL thus further 

probes are still needed.
9
  

 

3.1.5 ABA agonists and antagonists in chemical genetic studies. 

 

When ABA analogues show a different degree of ABA response from other ABA 

responses in plants, the analogues are expected to act as selective agonists with some 

being utilised in mutant screenings. A few useful analogues have been identified. For 

example, PBI-51 is an acetylenic ABA derivative and has been reported to act as an ABA 
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antagonist in Brassica napus and Vicia faba and as a weak ABA agonist in 

Arabidopsis.
121,122 

More recently, pyrabactin which is not structurally related to ABA at 

all has been identified as a germination inhibitor and is a selective agonist of ABA.
123

 

Whilst the aforementioned ABA-like derivatives have been useful in certain chemical 

genetic studies it has recently been highlighted that many more selective agonists and 

antagonists are needed for future studies, the generation of which could have significant 

agricultural utility.
9
 

 

3.2 Results of the seed germination assays.  

 

Lettuce seeds, Lactuca sativa L. were used for the seed germination assay following the 

general procedure (see Experimental Section 5.3) reported by Yopp et al.
98

 Using a 

microscope it was possible to score seed germination as measured by the protrusion of the 

radicle 1 mm from the seed coat as exemplified in Figure 3.1. The extent of inhibition of 

germination (ABA-like activity) was to be determined by examining germination of the 

lettuce seeds whilst they are exposed to various concentrations of the synthesised 

compounds. The effect of ABA itself on germination was also evaluated at the same 

concentrations (positive control) whilst water was used as the control. Based on the 

mechanism of ABA biosynthesis and the mechanisms of catabolism described above it 

was expected that the newly synthesised ABA-like substrates and those which contain a 

peroxide linkage may in fact exhibit ABA-like activity during seed germination. 

 

3.2.1 Initial assay to test the effect of the first seven compounds synthesised on seed 

germination between the concentrations of 1 mM to 10 µM. 

 

With the first seven target compounds synthesised and purified it was decided to evaluate 

their effect on seed germination at a level of 1 mM as ABA itself is known to inhibit 

germination fully at this level.
97

 The compounds were the two aldehydes (2Z,4E)-(28) and 

(2E,4E)-(29), the two ethyl esters (2E,4Z,6E)-(30) and (2E,4E,6E)-(31), endoperoxides 

(33), (34) and (37). The number of seeds germinated at each time point, for each 

compound was recorded and the percentage of seeds germinated was calculated and 

plotted against time, Figure 3.2. To determine if any observed trends were statistically 

different ANOVA analysis was conducted on the data with the results depicted within 

Table 3.1.  
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Figure 3.2. Percentage of seed germination measured at 24, 27.5, 30, 40, 46 and 51 hours 

after the initiation of incubation with compounds (28), (29), (30), (31), (33), (34) and (37). 

Data for ABA itself at 1 mM concentration is also shown. The water control (0.2% 

acetone, 0.2% ethanol) is indicated by the red line. Error bars indicate standard error 

means (SEM). The compound key and colouring systems is from the weakest (top) too 

strongest at inhibition (bottom). 

 

 T1 T2 T3 T4 T5 T6 

(30) n/s a a a a a 

H2O control n/s ab a ab a a 

(31) n/s a b ab a a 

(37) n/s b bc b a a 

(34) n/s b c c b b 

(28) n/s b c c b b 

(29) n/s b c c b b 

(33) n/s b c c b b 

ABA n/s b c c b b 

 

Table 3.1. Statistical analysis of the data presented in Figure 3.2. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 27.5, T3 = 30, T4 = 40, 

T5 = 46 and T6 = 51 hours). In each column, data denoted by a different letter differs 

significantly (p < 0.05). By convention the group with the largest mean is assigned the 
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first letter of the alphabet. n/s indicates not statistically significant as few or zero seeds 

have germinated at this time point. 

 

The first observation noted from Figure 3.2 is that the maximum level of seed 

germination throughout the assay period was only approximately 60%. Although 100% 

was not expected, 60% was unexpectedly rather low. Testing germination rates with 

increased or decreased acetone / ethanol concentrations showed that this reduced 

germination was due to the presence of the low levels of acetone and ethanol used to 

dissolve the test compounds in the aqueous solutions (data not shown). Indeed, the 

experimental procedure reported by Yopp et al. reported that the final organic solvent 

concentration of the diluted solution should not exceed 100 ppm for acetone or 200 ppm 

for alcohol.
98

 Furthermore, it has been reported that ethanol will retard germination of 

certain rice species at increase concentrations whilst low levels can be tolerated.
124

 

Importantly, as the water control also contains 0.2% acetone (wt/wt) and 0.2% ethanol 

(wt/wt) we are still able to compare germination rates for all compounds as this provides a 

baseline germination level for comparison.  

 

Generally, the seed germination percentage increased with time. However, at 1 mM 

concentration ABA, (28), (29), (33) and (34) all totally inhibited germination throughout 

the time course of the experiments Figure 3.2. Data collection began 24 hours after the 

initiation of incubation (T = 0 hours) of the test solutions as few seeds germinated. At the 

time point (T3 = 30 hours) it was clear that the plots divide broadly into two groups; those 

that affect germination in a way similar to ABA, ((28), (29), (33) and (34)), and those that 

cause a response more like that seen for the water control, Figure 3.2. Statistical analysis 

subdivides the ‘water-like’ compounds at this time point also. The water control and ethyl 

ester (30) are in the same statistical group, Group a, indicating that there is no significant 

difference between them, Table 3.1. Test compound (31) is different to H2O and falls into 

a separate Group b at time point T3. Analogues (28), (29), (33) and (34) belong to the 

same Group c as ABA, indicating that at this time point and concentration they are as 

effective as ABA in inhibiting seed germination. Finally, endoperoxide (37) acts in an 

intermediate manner as it belongs to both group b and c. By time points T5 and T6 the 

compounds clearly divide into two groups based on their effect, the Control related group, 

Group a, which consists of the control, (30), (31), (37) and the ABA-like group, Group b 

which includes ABA, (28), (29), (33) and (34). Therefore, it seems reasonable to conclude 
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at this point that the four compounds in the ‘ABA group’, (28), (29), (33) and (34) act in a 

similar manner to ABA in that they significantly reduce seed germination. 

 

 

Figure 3.3. Percentage of seed germination measured at 24, 27.5, 30, 40, 46 and 51 hours 

after the initiation of incubation with compounds (28), (29), (30), (31), (33), (34), (37) 

and ABA at 100 µM concentration. The water control (0.2% acetone, 0.2% ethanol) is 

indicated by the red line. Error bars indicate standard error means SEM. The compound 

key and colouring systems is from the weakest (top) too strongest at inhibition (bottom). 

 

 

 T1 T2 T3 T4 T5 T6 

(37) a a a a a a 

H2O control b b b b ab ab 

(33) b b c b b ab 

(30) b b bc b b b 

(31) b bc c b b b 

(28) b c d c c c 

(34) b c d c d cd 

(29) b c d c d cd 

ABA b c d c d d 

 

Table 3.2. Statistical analysis of the data presented in Figure 3.3. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 27.5, T3 = 30, T4 = 40, 

T5 = 46 and T6 = 51 hours). In each column, data denoted by a different letter differs 
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significantly (p < 0.05). By convention the group with the largest mean is assigned the 

first letter of the alphabet. 

 

At 100 µM concentration of all test compounds and ABA itself, it is again evident that the 

seed germination percentage increased with time, Figure 3.3. Interestingly, seeds exposed 

to endoperoxide (37) germinated at a faster rate (time point = T1, Group a) compared to 

all other test compounds including the control itself, Group b). By time point (T3 = 30 

hours) endoperoxide (37) still remains as the only compound to display an enhanced 

effect on germination compared to the control and consequently remains in Group a, 

Table 3.2.  

 

At this same time point (T3 = 30 hours), it was clear that other compounds were divided 

broadly into two groups; those that affect germination in a way similar to ABA ((28), (29) 

and (34)), and those that cause a response more like that seen for water, Figure 3.3. 

Statistical analysis again subdivides these ‘water-like’ compounds at this time point, 

Table 3.2. With the water control belonging to Group b, ethyl ester (30) acts in an 

intermediate manner as it belongs to both Groups b and c. Endoperoxide (33) no longer 

behaves as an ABA-like inhibitor of germination as it did at 1 mM concentration above 

and is now found to have a similar effect to ethyl ester (31) belonging to statistical Group 

c. Aldehydes (28), (29) and endoperoxide (34) belong to the same group as ABA Group d, 

indicating that at this time point and concentration they are as effective as ABA in 

inhibiting seed germination. By time point T6 (51 hours), endoperoxide (37) still displays 

a slight effect of increased germination rate, however, becomes indistinguishable from the 

water control. Analogues (30), (31), (33), (37) and the water control all have little effect 

on germination and belong to Group ab or b. At this time point aldehyde (28) becomes 

less effective at inhibiting seed germination and remains in its own statistic group c.  

Finally, with ABA still inhibiting complete germination at this concentration (Group d) 

the remaining two test analogues, aldehyde (29) and endoperoxide (34) still significantly 

retard germination (statistical Group cd) and it can be concluded that they may either act 

like ABA or retard ABA catabolism.  
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Figure 3.4. Percentage of seed germination measured at 24, 27.5, 30, 40, 46 and 51 hours 

after the initiation of incubation with compounds (28), (29), (30), (31), (33), (34), (37) 

and ABA at 10 µM concentration. The water control (0.2% acetone, 0.2% ethanol) is 

indicated by the red line. Error bars indicate standard error means SEM. The compound 

key and colouring systems is from the weakest (top) too strongest at inhibition (bottom). 

 

 T1 T2 T3 T4 T5 T6 

(28) n/s a a a a a 

H2O control n/s bc b bc ab ab 

(37) n/s b bc ab ab ab 

(31) n/s d cd abc ab ab 

(33) n/s bc cd bc bc b 

(30) n/s d de c bc b 

(29) n/s cd cde d c b 

(34) n/s d e e e e 

ABA n/s d e e e e 

 

Table 3.3. Statistical analysis of the data presented in Figure 3.4. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 27.5, T3 = 30, T4 = 40, 

T5 = 46 and T6 = 51 hours). In each column, data denoted by a different letter differs 

significantly (p < 0.05). By convention the group with the largest mean is assigned the 

first letter of the alphabet. n/s indicates not statistically significant as few or zero seeds 

have germinated at this time point. 
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The final concentration to be evaluated for these seven substrates and ABA was at a level 

of 10 µM. Again it is evident that the seed germination percentage increased with time for 

all substrates including ABA itself, Figure 3.4. Interestingly, like (37) at a level of 100 

µM, see above, (28) now behaves in a similar manner with a slight enhanced rate of 

germination and belongs to Group a. All the remaining compounds quickly separate into 

two distinct classes and by the final time point of (T6 = 51 hours) only endoperoxide (34) 

still significantly retards germination as does ABA itself, Group e, Table 3.3. All 

remaining test compounds (29), (30), (31), (33) and (37) statistically behave in a similar 

manner to the water control and belong to statistical Groups a, b or ab. Consequently, it 

can be concluded that at a concentration of 10 µM all these derivatives are ineffective at 

inhibiting germination and are not acting in the manner of ABA.  

 

To summerise at this point, seven new compounds have been tested for ABA-like activity 

utilising the seed germination assay at three concentrations 1 mM, 100 µM and 10 µM. 

The ethyl esters (30) and (31) and the endoperoxide (37) never displayed any ABA-like 

activity over this concentration range and it can be concluded that they are ineffective at 

inhibiting seed germination and merely act like the water control. Whilst aldehydes ((28) 

and (29)) and endoperoxides ((33) and (34)) initially displayed ABA-like seed 

germination inhibition activity at the 1 mM level; at the much lower concentration of 10 

µM only endoperoxide (34) still significantly retarded germination in a similar manner to 

that for ABA itself. It was also evident from the data collated within Figures 3.2 through 

3.4 that structurally related analogues may behave quite differently (e.g. (28) vs (29)). 

Such SAR’s will be further discussed later within this Chapter.  

 

3.2.2 Screening the effect of the next four compounds synthesised on seed 

germination between the concentrations of 1 mM to 100 µM. 

 

Given that endoperoxide (34) significantly retarded germination in a similar manner to 

that for ABA itself, a further four compounds were synthesised for testing. Whilst it was 

hoped to prepare the related endoperoxide (54) from precursor (52/(53) and test both 

compounds; experimentally (see Section 2.5) it was found that novel analogues (60/(61) 

were prepared instead. While this was not what was initially proposed it did give us the 

opportunity to test compounds of type (60)/(61) for ABA-like activity. Such derivatives 

have not previously been examined for ABA-like activity. In addition, endoperoxide (67) 
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and its downstream bis-epoxide (68) were also prepared for biological evaluation as 

originally proposed.  

 

 

This next set of four compounds were examined in a similar manner to those described 

above with evaluation of their effect on seed germination beginning at a level of 1 mM 

along with ABA itself as the positive control. The number of seeds germinated at each 

time point, for each compound, were recorded and the percentage of seeds germinated 

was calculated and plotted against time, Figure 3.5. Counting began at 25 hours after 

incubation and was continued up to a time point of 71.3 hours (T6). To determine if any 

observed trends were statistically different ANOVA analysis was conducted on the data 

with the results depicted within Table 3.4.  

 

 

 

 

Figure 3.5. Percentage of seed germination measured at 25, 29.5, 34, 46.5, 52 and 71.3 

hours after the initiation of incubation with compounds (52)/(53), (60)/(61), (67), (68), 

and ABA at 1 mM concentration. The water control (0.2% acetone, 0.2% ethanol) is 

indicated by the red line. Error bars indicate standard error means SEM. The compound 

key and colouring systems is from the weakest (top) too strongest at inhibition (bottom). 
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 T1 T2 T3 T4 T5 T6 

H2O control a a a a a a 

(52)/(53) b b b b a a 

(67) b b c c b a 

(68) b b c d c b 

(60)/(61) b b c d c b 

ABA b b c d c c 

 

Table 3.4. Statistical analysis of the data presented in Figure 3.5. One-way ANOVA was 

used to compare the means over the six time points (T1 = 25, T2 = 29.5, T3 = 34, T4 = 

46.5, T5 = 52 and T6 = 71.3 hours). In each column, data denoted by a different letter 

differs significantly (p < 0.05). By convention the group with the largest mean is assigned 

the first letter of the alphabet.  

 

It was found that at a concentration of 1 mM for all test compounds that they all inhibited 

germination up to the second time point of (T2 = 29.5 hours). Consequently, the water 

control belonged to Group a statistically and the remaining compounds could be 

statistically grouped into Group b, Table 3.4. At time point (T3 = 34 hours), compound 

isomers (52)/(53) become less effective at inhibiting germination (Group b) whilst 

endoperoxide (67), novel analogues (60)/(61) and the bis-epoxide (68) all displayed 

inhibitory activity, Group c. Thus, at 1 mM analogues (60)/(61) and the bis-epoxide (68) 

also appear to display ABA-like activity and all statistically belong to Group c. This 

apparent inhibition of germination by these substrates diminished substantially by the 

point time point (T6 = 71.3 hours) was reached, Figure 3.5 and Table 3.4, but was still a 

significant effect.   
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Figure 3.6. Percentage of seed germination measured at 25, 29.5, 34, 46.5, 52 and 71.3 

hours after the initiation of incubation with compounds (52)/(53), (60)/(61), (67), (68), 

and ABA at 100 µM concentration. The water control (0.2% acetone, 0.2% ethanol) is 

indicated by the red line. Error bars indicate standard error means SEM. The compound 

key and colouring systems is from the weakest (top) too strongest at inhibition (bottom). 

 

 T1 T2 T3 T4 T5 T6 

(52)/(53) b a a a a a 

(67) a a ab a b a 

H2O control a a ab a b a 

(68) b b b a b ab 

(60)/(61) bc c c b c b 

ABA c d d c d c 

 

Table 3.5. Statistical analysis of the data presented in Figure 3.6. One-way ANOVA was 

used to compare the means over the six time points (T1 = 25, T2 = 29.5, T3 = 34, T4 = 

46.5, T5 = 52 and T6 = 71.3 hours). In each column, data denoted by a different letter 

differs significantly (p < 0.05). By convention the group with the largest mean is assigned 

the first letter of the alphabet. 

 

At 100 µM concentration, it is clear that the plots divide broadly into several groups 

initially. Endoperoxide (67) fails to inhibit germination at any time point and provides a 

response more like that seen for water, Figure 3.6 and Table 3.5. As was the case at 1 

mM concentrations above, compound isomers (52)/(53) readily become ineffective at 
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inhibiting germination and ultimately end up being categorised as a ‘water-like’ substrate. 

Novel analogues (60)/(61) and the bis-epoxide (68) displayed some significant inhibition 

of germination during the early time points, however, this effect waned over time and by 

the point time point (T6 = 71.3 hours) was reached there was little inhibitory activity. 

 

Given that it was clear that substrates (52)/(53), (60)/(61), (67) and (68) all displayed 

weak or no ABA-like activity at 100 µM concentration it was decided not to test these 

substrates at 10 µM concentration at this stage but rather include them with the more 

‘potent’ or ABA-like substrates from the first seven analysed (see Section 3.3 below). It 

should be noted that whilst it appears that these last four substrates are less active than the 

first seven at the same concentrations; the time course for examination of germination 

was longer (71.3 hours vs 51.0 hours) and as such it is expected that the plots of 

percentage of seed germination vs time visually would suggest that these substrates are 

less active. Obviously, one should always only compare the percentage of seed 

germination vs time at the same concentrations and time points.  

 

3.2.3 Screening the effect of the best four compounds from the first group with the 

later four screened above on seed germination over a longer time frame and between 

the concentrations of 1 mM to 10 µM. 

 

The four best compounds which displayed ABA-like activity from the first group of 

compounds tested were the aldehydes (28) and (29) and the endoperoxides (33) and (34). 

These experiments were only run over a total time frame of 51 hours and it is clear that as 

time progresses the effect of these compounds diminishes. This is particularly evident at 

the lower concentration level of 10 M (Figure 3.4) where the inhibitory effects of these 

compounds become less prevalent although endoperoxide (34) still appeared to be a good 

inhibitor at the 52 hour mark.  Likewise the latter four substrates tested (52)/(53), 

(60)/(61), (67) and (68) all displayed reasonable or good ABA-like activity at 1 mM 

concentration over a longer time frame of 71.3 hours, Figure 3.5, although the effects 

appeared to wane at lower concentrations. Given that there would be expected to be small 

differences between each set of experiments we decided to rerun the four best compounds 

from the first set with the latter four compounds included in order to determine the exact 

order of ABA-like inhibition for these particular compounds. Again the concentration 
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ranges would be from 1 mM down to 10 M and the time frame for the experiments will 

be extended to a total of 76 hours in order to gain insight as to when each individual 

compound become ineffective as an ABA-like inhibitor.  

 

This set of eight compounds were examined in a similar manner to that described above 

with evaluation of their effect on seed germination beginning at a level of 1 mM along 

with ABA itself as the positive control. The number of seeds germinated at each time 

point, for each compound, was recorded and the percentage of seeds germinated was 

calculated and again plotted against time, Figure 3.7. Counting began at 24 hours after 

incubation and was continued up to a time point of 76 hours (T6). To determine if any 

observed trends were statistically different ANOVA analysis was conducted on the data 

with the results depicted within Table 3.6.  

 

 

 

 

Figure 3.7. Percentage of seed germination measured at 24, 23.5, 33, 45, 50.5 and 76 

hours after the initiation of incubation with compounds (28), (29), (33), (34), (52)/(53), 

(60)/(61), (67), (68), and ABA at 1 mM concentration. The water control (0.2% acetone, 

0.2% ethanol) is indicated by the red line. Error bars indicate standard error means SEM. 

The compound key and colouring systems is from the weakest (top) too strongest at 

inhibition (bottom). 

 



Chapter 3 Seed Germination Assays 80 

 

 T1 T2 T3 T4 T5 T6 

(67) b b b a a a 

(52)/(53) a a a a a ab 

H2O control c b c b b b 

(33) c c d c c c 

(68) c c d d d c 

(34) c c d d d d 

(60)/(61) c c d d e e 

(29) c c d d e f 

(28) c c d d e f 

ABA c c d d e f 

Table 3.6. Statistical analysis of the data presented in Figure 3.7. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 28.5, T3 = 33, T4 = 45, 

T5 = 50.5 and T6 = 76 hours). In each column, data denoted by a different letter differs 

significantly (p < 0.05). By convention the group with the largest mean is assigned the 

first letter of the alphabet. 

 

Generally it can be seen that the seed germination percentage increased over time for 

most compounds at the 1 mM level, Figure 3.7. Data collection began 24 hours after the 

initiation of incubation (T = 0 hours) of the test solutions as few seeds germinated. At the 

time point (T3 = 33 hours) it was clear that the plots divide broadly into two groups; those 

that affect germination in a way similar to ABA, ((28), (29), (33), (34), (60)/(61) and 

(68)), and those that cause a response more like that seen for the water control ((67) and 

(52)/(53)), Figure 3.7. Statistical analysis subdivides the ‘water-like’ compounds at this 

time point also. Whilst the water control, endoperoxide (67) and benzyl esters (52)/(53) 

are all in different statistical groups, (Groups a, b and c), it is clear that neither of these 

compounds behave as an ABA-like inhibitor of germination, Table 3.6. This finding is 

comparable to that found above, Figures 3.5 and 3.6, where they were clearly found to be 

the worst performers as time progressed and the applied concentration was diminished. 

By the point that time point (T6 = 76 hours) was reached ABA and aldehydes (28) and  

(29) all still totally inhibited germination at this concentration.  Test compounds (33) and 

(68) acted in an intermediate manner and belonged to the same statistical Group c, whilst 

compounds (34) and (60)/(61) were better at inhibiting germination (Groups d and e) as 

found above with the extent of inhibition being close to that found for ABA (Group f).  
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Figure 3.8. Percentage of seed germination measured at 24, 23.5, 33, 45, 50.5 and 76 

hours after the initiation of incubation with compounds (28), (29), (33), (34), (52)/(53), 

(60)/(61), (67), (68), and ABA at 100 µM concentration. The water control (0.2% acetone, 

0.2% ethanol) is indicated by the red line. Error bars indicate standard error means SEM. 

The compound key and colouring systems is from the weakest (top) too strongest at 

inhibition (bottom). 

 T1 T2 T3 T4 T5 T6 

(67) a a a a a a 

(52)/(53) a b a a ab a 

(33) b c a ab ab ab 

(68) b cd b ab ab a 

H2O control b c b bc bc ab 

(60)/(61) b cd b c c ab 

(34)  b d c d d b 

(29) b d c e e ab 

(28) b d c e e c 

ABA b d c e e d 
 

Table 3.7. Statistical analysis of the data presented in Figure 3.8. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 28.5, T3 = 33, T4 = 45, 

T5 = 50.5 and T6 = 76 hours). In each column, data denoted by a different letter differs 

significantly (p < 0.05). By convention the group with the largest mean is assigned the 

first letter of the alphabet. 
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It was found that at 100 µM concentration all test compounds displayed an increase in 

seed germination percentage with time, Figure 3.8. At time point T3 = 33 hours, it is clear 

that the plots divide broadly into three groups; those that affect germination in a way 

similar to ABA ((28), (29) and (34) within statistical group c); those that cause a response 

of no inhibition, like that seen for water but with an observed slight increase in 

germination compared to the control ((67), (52)/(53) and (33) within statistical group a)  

and those that cause a response more like that seen for water ((60)/(61) and (68)) which 

are grouped within statistical group b, Table 3.7.  Comparison of the data found here with 

that displayed within Figure 3.3 at the same concentration levels shows an excellent 

correlation with endoperoxide (33) becoming ineffective at germination inhibition at this 

time point whilst endoperoxide (34) still displays excellent inhibition. Furthermore, 

aldehydes ((28) and (29) displayed excellent inhibition and there is an excellent 

reproducibility of results between the two sets of data, compare Figures 3.3 and 3.8.  

 

 

Figure 3.9. Percentage of seed germination measured at 24, 23.5, 33, 45, 50.5 and 76 

hours after the initiation of incubation with compounds (28), (29), (33), (34), (52)/(53), 

(60)/(61), (67), (68), and ABA at 10 µM concentration. The water control (0.2% acetone, 

0.2% ethanol) is indicated by the red line. Error bars indicate standard error means SEM. 

The compound key and colouring systems is from the weakest (top) too strongest at 

inhibition (bottom). 
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 T1 T2 T3 T4 T5 T6 

(28) bc abc a a a a 

(67) ab a a a ab ab 

(29) abc cd a abc ab ab 

(60)/(61) ab a a ab ab ab 

(52)/(53) a ab a abc ab ab 

(68) ab abc a abc ab ab 

(34) abc abc a abc ab b 

(33) abc bc a bc ab b 

H2O control c d b c b b 

ABA c e c d c c 
 

Table 3.8. Statistical analysis of the data presented in Figure 3.9. One-way ANOVA was 

used to compare the means over the six time points (T1 = 24, T2 = 28.5, T3 = 33, T4 = 45, 

T5 = 50.5 and T6 = 76 hours). In each column, data denoted by a different letter differs 

significantly (p < 0.05). By convention the group with the largest mean is assigned the 

first letter of the alphabet. 

 

By the point that time point (T6 = 76 hours) was reached only ABA inhibited germination 

completely and belonged to statistical group d, Table 3.7. Aldehyde (28) was still very 

good at inhibiting germination (Group c) with aldehyde (29) and endoperoxide (34) 

becoming dramatically less effective as time progressed.  

 

Finally, at 10 µM concentration, it is clear from the data presented in Figure 3.9 and 

Table 3.8 that all compounds are no longer able to inhibit germination to any significant 

extent over the time course of 76 hours. This compares well with all the data found above 

for all compounds at all concentrations except that found above for endoperoxide (34), 

Figure 3.4, which previously appeared to be very good at inhibiting germination at a 

concentration of 10 µM. Whilst this result appears disappointing and would need to be 

repeated in any future studies, the fact the endoperoxide (34) was very effective at 

inhibiting germination at the higher concentrations of 1 mM and 100 µM over all time 

points examined for all sets of data, indeed indicated that this compound is a very good 

inhibitor of germination. The stability of this compound was also examined in the same 

test solutions and found to be stable for months at ambient temperature. Consequently, 

instability issues are not the cause of this discrepancy.  
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Figure 3.10. Test compounds grouped into those displaying no, good or excellent ABA-

like activity. 
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3.3 Chapter three summary. 

 

In conclusion, the results from the aforementioned lettuce seed germination experiments 

suggest that a number of the new test compounds have the ability to inhibit germination in 

a concentration dependent manner. A range in ability to inhibit germination was observed 

with some of the compounds tested demonstrating no inhibition even at the highest level 

of 1 mM evaluated. Five of the test compounds displayed no ABA-like activity and 

included the simple polyene ethyl esters (30) and (31), the mixture of related esters 

(52)/(53) and the endoperoxides (37) and (67), Figure 3.10. Three substrates displayed 

good to excellent ABA-like activity at the highest level tested of 1 mM but quickly 

become inactive at the lower concentrations evaluated. Finally, three substrates displayed 

excellent ABA-like inhibitory activity both at 1 mM and also at 100 M but this activity 

waned at the lower concentration evaluate of 10 M, Figure 3.10.  

 

These results suggest that the endogenous level of ABA was being maintained by those 

compounds that delayed germination, as occurs when ABA itself was utilised. This 

maintenance of ABA-like inhibition of germination could be due to: 

 

1) the applied compound acting like ABA itself. 

2) by the applied compound increasing the rate of ABA synthesis by some means. For 

example, the applied compounds may stimulate the activity of the enzymes (e.g. NCED, 

SDR (ABA2) or AAO3) responsible for ABA synthesis shown in Scheme 3.1. 

3) by the applied compound increasing the sensitivity of ABA, thus making the available 

ABA active at lower concentration.
125

 

4) or through the compound decreasing the rate of ABA catabolism by either blocking the 

8’-hydroxylase enzyme or by acting as suicide substrates that are also 

catabolised/oxidised and deactivated in a similar manner to ABA itself by the 8’-

hydroxylase enzyme as highlighted above, Scheme 3.2. 

 

Whilst all the compounds tested are somewhat related structurally to ABA itself, further 

analogues would need to be synthesised and tested before any clear structure activity 

relationships could be determined. Having said this it is apparent that several of the 

analogues have key structural features that may be important in order to display ABA-like 
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activity. For example, the presence of an aldehyde moiety within test compounds (28) and 

(29) appears to enhance ABA-like activity (e.g. compare aldehyde (28) vs ester (30)). 

Furthermore, the 2Z,4E-isomer (28) was more active than the corresponding 2E,4E-

isomer (29), Figure 3.8 indicating that the stereochemistry of the C2-C3 double bond is 

important for activity. In this case aldehyde isomer 2Z,4E-(28) has the same double bond 

stereochemistries as ABA itself. Also the size of these substrates is extremely close to that 

for ABA itself, an attribute that may be important if ABA-like activity is to be seen. 

Novel endoperoxide (34) also displayed good to excellent ABA-like activity over several 

concentration ranges (see Figures 3.7 and 3.8) and it is clear that the activity in this case 

is due to the presence of the peroxide linkage as the precursor polyene (30) displayed no 

activity what so ever. 

 

The endoperoxide (33) also displayed reasonable ABA-like activity in the germination 

assays which may possibly be attributable to the fact that it is again a cyclic peroxide 

which may interact with the metal centres of the key ABA biosynthesis / catabolism 

enzymes and aid inhibition. Precursor polyene (30) showed no such activity. In addition, 

the bis-endoperoxide (68) showed reasonable ABA-like activity whilst the precursor 

endoperoxide (67) did not, suggesting that epoxide functionalities within the cyclohexyl 

ring may be important for bioactivity for such substrates. Interestingly, the novel 

substituted 2,2-dimethyl-6-methylidenecyclohexylidenes (60 and 61) also showed 

reasonable ABA-like activity at a concentration of 1 mM. There are no published reports 

on the use of these type of substrates being evaluated for ABA-like activity or their 

possible use to inhibit the ABA synthesis pathway in biological systems. Consequently 

these represent a new class of substrates to be further explored. As highlighted earlier, 

there is an enormous number of -carotene / retinoic acid like derivatives reported in the 

literature which have the gem-dimethyl-3-methylcyclohexene terminal sub-unit and it is 

conceivable that, as we also found during the synthesis of (60 and 61) that simple light 

induced 1,5-sigmatropic hydrogen shifts may be quite plausible in biological systems 

containing such substrates (e.g. exposure to excessive UV light during heatwaves) and as 

such, the formation of compounds incorporating the novel 2,2-dimethyl-6-

methylidenecyclohexylidene moiety may be of interest as the testing of such derivatives 

may uncover new inhibitory effects on certain enzymes responsible for ABA synthesis or 

destruction. 
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Finally, whilst the simple polyene esters (30), (31) and (52)/(53) are structurally similar to 

ABA, the lack of any oxygen functionalities within the cyclohexyl ring may in fact 

explain the lack of ABA-like activity. Furthermore, whilst it was hypothesised within the 

Introduction that the cyclic peroxides (37) and (67) may interact with the metal centres of 

the key ABA biosynthesis / catabolism enzymes and as such may induce ABA-like 

activity this is clearly not the case for these substrates and could possibly be attributed to 

the fact that they are structurally too different from ABA itself and as such they display 

no ABA-like activity. To further examine the action of these compounds a dehydration 

assay using bean shoots was conducted and is the subject of the next Chapter.  
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CHAPTER 4: BEAN DEHYDRATION ASSAYS. 

 

As described within Chapter 3 eleven new ABA-like substrates were tested for their 

ABA-like activity at various concentrations in the seed germination assay. Five of the 

compounds ((30), (31), (37), (52)/(53) and (67)) appeared not to behave in an ABA-like 

inhibiting manner whilst the remaining substrates ((28), (29), (33), (34), (60)/(61) and 

(68)) appeared to exhibit ABA-like activity at various concentrations, Figure 3.10. Given 

that the seed germination assays provided some insight into whether these compounds 

behave in an ABA-like manner, and indeed some appear to, it was pertinent that the 

compounds also be screened in a bean dehydration, which is the subject of this Chapter. 

ABA is known to close leaf stomates and therefore reduce water loss resulting upon 

dehydration. Such effects will be able to be seen visually and quantified and as such will 

allow us to determine if any of our new substrates indeed do behave physiologically in the 

same manner as ABA itself.  

 

4.1 ABA as a mediator of osmotic stress tolerance. 

 

Stomatal closure is mediated by ABA through the guard cells that flank the stomatal 

pores.
126,127

 ABA-deficient plants are prone to wilting and cannot withstand water-deficit 

conditions due to their inability to close the stomata. Consequently the fresh weight of the 

plant will decrease under dehydration conditions. A low basal level of ABA is required 

for normal growth and development of plants. However, a dramatic and rapid increase in 

ABA levels occurs due to de novo synthesis in vegetative parts of the plants exposed to 

osmotic stress and aids in limiting transpiration losses.
126,127

 

 

Although ABA is clearly important in the gene expression response to dehydration there 

is clear evidence that it is not the sole signal transduction component.
128

 Furthermore, the 

application of exogenous ABA results in increased levels of certain sugars and alters 

amino acid content of plant leaves during dehydration.
129-131

 Moreover, abscinazole-F1 an 

inhibitor of the ABA 8’-hydroxylase catabolic enzyme (See Chapter 3) directly delayed 

the effects of dehydration in apple seedlings clearly indicating that the endogenous levels 

of ABA are paramount to avoiding dehydration.
132

 Thus if a plants normal level of ABA 

synthesis is blocked by exogenous applied ABA-like inhibitors (our test compounds) then 
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the plants will display a greater weight loss during dehydration. Conversely, if our test 

compounds behave in the same manner as ABA itself and are able to trigger the receptors 

or signalling pathways responsible for stomatal cell closure then we should see a 

reduction in weight loss more like that seen for ABA itself.  

 

4.2 Design of the bean dehydration assay.  

 

It was decided that as we had ample pure samples of all of the test compounds that all of 

them would be subjected to the bean dehydration assay. Given that substrates ((30), (31), 

(37), (52)/(53) and (67)) appeared not to behave in an ABA-like manner whilst the 

remaining substrates ((28), (29), (33), (34), (60)/(61) and (68)) did, it was expected that 

the former group would not show any effect on dehydration whilst the latter group it was 

expected that some of them may behave in a similar manner to ABA. 

 

The bean dehydration assay to be utilised was based on several related dehydration 

assays
129,130 

and required some modifications and optimisation. The beans chosen for the 

study were French beans, Phaseolus vulgaris L. As the set of seven compounds ((28), 

(29), (30), (31), (33), (34) and (37)) were synthesised first it was decided to use this set 

along with ABA itself for the pre optimisation of the bean dehydration assay. Thus beans 

were initially planted in a greenhouse and grown under natural light until approximately 

20 cm tall. The excised bean shoots (see Figure 5.2) were then soaked for two hours in 

solutions (1 mM) of the various test and control compounds (four replicates). After 

uptake was considered complete (2 hours), the shoots were removed, wiped and placed in 

a clean dry vial in the laboratory to dehydrate. The weight of the excised shoots was then 

recorded at 0, 15, 30, 45 and 60 minutes after the commencement of dehydration and the 

percentage weight loss was calculated by (weight after dehydration / weight before 

dehydration) x 100%. Figure 4.1 shows the results of this preliminary optimisation 

experiment and clearly indicated that the experimental conditions required modification. 

It was observed that the leaves of the excised shoots all lost weight rapidly, irrespective of 

treatment type and water loss occurred at a similar rate for all test compounds and 

controls. This rapid decrease in weight (water loss) made it impossible to determine 

differences in treatment effects. For example, there was no clear difference between the 

weight loss of the shoots of the ABA and water control treatments. 
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Figure 4.1. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (28), (29), (30), (31), (33), (34) and (37)) at 1 mM concentration. All 

treatments contained 0.2% acetone and 0.2% ethanol. Excised shoots were treated with 

the various test solutions and then weight loss was measured during dehydration as 

described in the Experimental Section 5.4. The weight of the excised shoots was recorded 

at 0, 15, 30, 45 and 60 minutes after the commencement of dehydration. The % weight 

loss was calculated by (weight after dehydration / weight before dehydration) x 100%. 

Error bars indicate standard error means SEM and in some cases are so small that they 

cannot be seen visually.  

 

Consequently, in order to reduce the rate of water loss to a manageable level the vials 

containing the treated shoots were placed in a large plastic box during the dehydration 

phase. A small amount of water was placed in the bottom of the container and it was 

covered with a plastic sheet to ensure higher humidity. Slowing down the dehydration 

will allow for larger differences to be observed between the test samples and those of the 

controls. Furthermore, to try to improve the assay for the second set of experiments, the 

beans were planted in a controlled environment room. Whilst the plants grew more slowly 

under these conditions compared to those in the glasshouse, it did allow greater control 

over the consistency of plant development with total plant weight and size being 

remarkably similar. Again the excised shoots were exposed to the test compounds for two 

hours before being wiped dry and allowed to dehydrate with the weight being recorded 
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every 15 minutes for a total time of one hour.  It was also decided to evaluate only 2-3 

compounds at a time along with the water and ABA control as the weighing schedule was 

very tight and all samples (four replicates of each) needed to be weighed within a very 

short time frame in order to minimise errors. These modifications allowed gave excellent 

reproducibility between all replicates and allowed the extent of dehydration to be easily 

recorded over time as detailed in Section 4.3 below. 

 

Visually it was also clear as to whether the test compounds were able to act like ABA 

itself. As an example, photographs were taken of the water control, ABA and compounds 

(60)/(61) and (68) during the dehydration process at three time points (T1 = 0, T3 = 30 

and T5 = 60 minutes). At the time point (T1 = 0) all the bean shoots show no signs of 

wilting, Figure 4.2. After 30 minutes the water control and those shoots pre treated with 

compounds (60)/(61) and (68) show symptoms of wilting, leaf curling and drooping 

whilst the shoots treated with ABA appear unwilted, Figure 4.3.  After 1 hour the same 

response can been seen with only the shoots pre treated with ABA still appearing 

unwilted, Figure 4.4. Clearly, ABA is able to increase the plants tolerance ability to 

dehydration stress.  

 

 

 

 

Figure 4.2. Photograph of a single replicate of the bean shoots taken at T1 = 0 minutes 

during the dehydration phase. From left to right H2O (control), ABA, (60)/(61) and (68). 

Note that all the leaves appear to be in an unwilted condition.  
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Figure 4.3. Photograph of a single replicate of the bean shoots taken at T3 = 30 minutes 

during the dehydration phase. From left to right H2O (control), ABA, (60)/(61) and (68). 

Note that the leaves of the beans which were treated by ABA still appear unwilted and 

turgid. The leaves of H2O (control), (60)/(61) and (68) are showing symptoms of wilting, 

leaf curling and drooping. 

 

 

 

 

Figure 4.4. Photograph of a single replicate of the bean shoots taken at T5 = 60 minutes 

during the dehydration phase. From left to right H2O (control), ABA, (60)/(61) and (68). 

Note that the leaves of the beans which were treated by ABA still appear unwilted and 

turgid. The leaves of H2O (control), (60)/(61) and (68) are showing symptoms of wilting, 

leaf curling and drooping. 
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4.3 Results of bean dehydration assays under optimised conditions. 

 

With the bean dehydration assay now optimised, all eleven test compounds were 

systematically screened for their ability to prevent dehydration, an indication of which 

would show that the test compounds do indeed act like ABA itself. The first three 

compounds to be evaluated were the aldehydes (28) and (29) and the ethyl ester (30), the 

results of which are displayed in Figure 4.5 and Table 4.1. Statistical analysis of the data 

reveals, as expected, treatment with ABA (1 mM) significantly reduced the rate of weight 

loss due to transpiration while the three test compounds display no such ABA-like 

activity and behaved the same as the water control and therefore it can be concluded that 

they are not effective in reducing transpiration and have no ABA-like activity. 

 

Figure 4.5. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (28), (29) and (30)) at 1 mM concentration. All treatments contained 

0.2% acetone and 0.2% ethanol. Excised shoots were treated with the various test 

solutions and then weight loss was measured during dehydration as described in the 

Experimental Section 5.4. The weight of the excised shoots was recorded at 0, 15, 30, 45 

and 60 minutes after the commencement of dehydration. The % weight loss was 

calculated by (weight after dehydration / weight before dehydration) x 100%. Error bars 

indicate standard error means SEM and in some cases are so small that they cannot be 

seen visually.  
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 T1 T2 T3 T4 T5 

ABA n/s a a a a 

(28) n/s ab b b b 

(29) n/s ab b b b 

(30) n/s b b b b 

H2O control n/s b b b b 

 

Table 4.1. Statistical analysis of the data presented in Figure 4.5. One-way ANOVA was 

used to compare the means over the six time points (T1 = 0, T2 = 15, T3 = 30, T4 = 45, 

T5 = 60 minutes). In each column data denoted by a different letter differs significantly (p 

< 0.05). By convention the group with the largest mean is assigned the first letter of the 

alphabet. n/s indicates not statistically significant as dehydration phase just begun at this 

time point. 

 

The remaining eight test compounds were then systematically evaluated for their ability 

to reduce the rate of weight loss due to transpiration along with ABA itself with the 

results collected in Figures 4.6-4.9 and the statistical analysis of the data presented within 

these figures tabulated in Tables 4.2-4.5 below.  

 

Figure 4.6. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (31) and (33)) at 1 mM concentration. All treatments contained 0.2% 

acetone and 0.2% ethanol. Excised shoots were treated with the various test solutions and 

then weight loss was measured during dehydration as described in the Experimental 
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Section 5.4. The weight of the excised shoots was recorded at 0, 15, 30, 45 and 60 

minutes after the commencement of dehydration. The % weight loss was calculated by 

(weight after dehydration / weight before dehydration) x 100%. Error bars indicate 

standard error means SEM and in some cases are so small that they cannot be seen 

visually.  

 

 T1 T2 T3 T4 T5 

ABA n/s a a a a 

(31) n/s a b b b 

(33) n/s b c c c 

H2O control n/s ab bc bc bc 

 

Table 4.2. Statistical analysis of the data presented in Figure 4.6. One-way ANOVA was 

used to compare the means over the six time points (T1 = 0, T2 = 15, T3 = 30, T4 = 45, 

T5 = 60 minutes). In each column data denoted by a different letter differs significantly (p 

< 0.05). By convention the group with the largest mean is assigned the first letter of the 

alphabet. n/s indicates not statistically significant as dehydration phase just begun at this 

time point. 

 

Figure 4.7. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (34) and (37)) at 1 mM concentration. All treatments contained 0.2% 

acetone and 0.2% ethanol. Excised shoots were treated with the various test solutions and 

then weight loss was measured during dehydration as described in the Experimental 
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Section 5.4. The weight of the excised shoots was recorded at 0, 15, 30, 45 and 60 

minutes after the commencement of dehydration. The % weight loss was calculated by 

(weight after dehydration / weight before dehydration) x 100%. Error bars indicate 

standard error means SEM and in some cases are so small that they cannot be seen 

visually.  

 

 T1 T2 T3 T4 T5 

ABA n/s a a a a 

(34) n/s b b b b 

(37) n/s b b b b 

H2O control n/s b b b b 

 

 

Table 4.3. Statistical analysis of the data presented in Figure 4.7. One-way ANOVA was 

used to compare the means over the six time points (T1 = 0, T2 = 15, T3 = 30, T4 = 45, 

T5 = 60 minutes). In each column data denoted by a different letter differs significantly (p 

< 0.05). By convention the group with the largest mean is assigned the first letter of the 

alphabet. n/s indicates not statistically significant as dehydration phase just begun at this 

time point. 

 

Figure 4.8. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (67) and (52)/(53)) at 1 mM concentration. All treatments contained 

0.2% acetone and 0.2% ethanol. Excised shoots were treated with the various test 

solutions and then weight loss was measured during dehydration as described in the 
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Experimental Section 5.4. The weight of the excised shoots was recorded at 0, 15, 30, 45 

and 60 minutes after the commencement of dehydration. The % weight loss was 

calculated by (weight after dehydration / weight before dehydration) x 100%. Error bars 

indicate standard error means SEM and in some cases are so small that they cannot be 

seen visually.  

 

 T1 T2 T3 T4 T5 

ABA n/s a a a a 

(52)/(53) n/s b b b b 

H2O control n/s bc b b c 

(67) n/s c c c d 

 

Table 4.4. Statistical analysis of the data presented in Figure 4.8. One-way ANOVA was 

used to compare the means over the six time points (T1 = 0, T2 = 15, T3 = 30, T4 = 45, 

T5 = 60 minutes). In each column data denoted by a different letter differs significantly (p 

< 0.05). By convention the group with the largest mean is assigned the first letter of the 

alphabet. n/s indicates not statistically significant as dehydration phase just begun at this 

time point. 

 

Figure 4.9. Dehydration response of excised bean shoots pre-treated with control and test 

compounds (ABA, (60)/(61) and (68)) at 1 mM concentration. All treatments contained 

0.2% acetone and 0.2% ethanol. Excised shoots were treated with the various test 

solutions and then weight loss was measured during dehydration as described in the 

Experimental Section 5.4. The weight of the excised shoots was recorded at 0, 15, 30, 45 
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and 60 minutes after the commencement of dehydration. The % weight loss was 

calculated by (weight after dehydration / weight before dehydration) x 100%. Error bars 

indicate standard error means SEM and in some cases are so small that they cannot be 

seen visually.  

 

 T1 T2 T3 T4 T5 

ABA n/s a a a a 

H2O control n/s b b b b 

(60)/(61) n/s c b c c 

(68) n/s bc b c c 

 

Table 4.5. Statistical analysis of the data presented in Figure 4.9. One-way ANOVA was 

used to compare the means over the six time points (T1 = 0, T2 = 15, T3 = 30, T4 = 45, 

T5 = 60 minutes). In each column data denoted by a different letter differs significantly (p 

< 0.05). By convention the group with the largest mean is assigned the first letter of the 

alphabet. n/s indicates not statistically significant as dehydration phase just begun at this 

time point. 

 

Statistical analysis of the data presented in Figures 4.6-4.9 above reveals, as expected, 

treatment with ABA (1 mM) significantly reduced the rate of weight loss due to 

transpiration. However, as with the first three analogues tested, Figure 4.5, the remaining 

eight test compounds ((31), (33), (34), (37), (52)/(53), 60)/(61), (67) and (68)) displayed 

no such ABA-like activity and behaved the same as the water control or worse and 

therefore it can be concluded that they are not effective in reducing transpiration and do 

not behave as ABA-like compounds nor stimulate ABA synthesis. Interestingly, 

compounds (67), 60)/(61) and (68) displayed an enhancement of dehydration rate 

(Figures 4.8 and 4.9) and may be able to be attributed to the fact that these substrates are 

acting to prevent natural ABA biosynthesis in the plant tissues thus showing greater 

weight loss upon dehydration when compared to the water control. Having said this, these 

substrates were not the most active in the seed germination assays and as such it is 

unlikely that a substrate could inhibit ABA biosynthesis and also inhibit ABA catabolism 

/ breakdown although this possibility cannot be ruled out without further studies.  
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4.4 Chapter four summary. 

 

In summary and as highlighted above and within Chapter 3 eleven new ABA-like 

substrates were tested for their ABA-like activity at various concentrations in the seed 

germination assay with a range of them displaying what appeared to be good to excellent 

ABA-like activity. If these substrates were truly behaving as ABA-like substrates then it 

was expected that they would retard dehydration as ABA is known to close leaf stomata 

and therefore reduce water loss resulting upon dehydration. Such dehydration effects 

were able to be seen visually and quantified with the bean dehydration assay developed 

herein. Unfortunately, evaluation of all eleven new substrates revealed that none of them 

appeared to do so thus it can be concluded that they do not appear to be able to act like 

ABA itself in this assay. 

 

4.5 Thesis conclusions and future directions. 

 

This thesis describes the synthesis and characterisation of a new library of molecules 

based closely on the structure of the plant hormone ABA. The aim of the project was to 

develop novel molecules to probe structure / function relationships in order to better 

understand the action of ABA from a chemistry viewpoint and to manipulate the 

metabolism and / or perception of ABA in biological systems to better understand its role 

in plant development. 

 

From the chemistry viewpoint, the majority of the desired target compounds first 

proposed were synthesised from the appropriate precursors with their fully confirmed 

structures tabulated within Figure 2.14. Confirmation of their structures required 

extensive 2D NMR evaluation, in particular for elucidating the (E/Z) stereochemistry of 

the polyene backbones of the majority of these substrates. In addition, 
13

C NMR analysis 

was paramount and the most decisive tool for confirmation of the carbon-carbon double 

bond stereochemistries as described above. As was elucidated too at the beginning of this 

Chapter 2, the proposed biological tests only required small quantities of pure chemical 

material for evaluation, however, it was important to consider that if any of the target 

compounds displayed excellent biological activity, then the chemical processes for their 

synthesis should also be able to be scaled up to ensure ample quantities for biological 
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evaluation. Pleasingly, all chemical transformations carried out here were almost 

exclusively performed within the 0.5 grams to multi-gram scale.  

 

Whilst all the compounds tested are somewhat related structurally to ABA itself, further 

analogues would need to be synthesised and tested before any clear structure activity 

relationships could be determined. Having said this it is apparent that several of the 

analogues have key structural features that may be important in order to display ABA-like 

activity. For example, the presence of an aldehyde moiety within test compounds (28) and 

(29) appears to enhance ABA-like activity (e.g. compare aldehyde (28) vs ester (30)). 

Furthermore, the 2Z,4E-isomer (28) was more active than the corresponding 2E,4E-

isomer (29), Figure 3.8 indicating that the stereochemistry of the C2-C3 double bond is 

important for activity. Novel endoperoxide (34) also displayed good to excellent ABA-

like activity over several concentration ranges (see Figures 3.7 and 3.8) and it is clear that 

the activity in this case is due to the presence of the peroxide linkage as the precursor 

polyene (30) displayed no activity what so ever.  

 

The endoperoxide (33) also displayed reasonable ABA-like activity in the germination 

assays which may possibly be attributable to the fact that it is again a cyclic peroxide 

which may interact with the metal centres of the key ABA biosynthesis / catabolism 

enzymes and aid inhibition. Precursor polyene (30) showed no such activity. In addition, 

the bis-endoperoxide (68) showed reasonable ABA-like activity whilst the precursor 

endoperoxide (67) did not, suggesting that epoxide functionalities within the cyclohexyl 

ring may also be important for bioactivity for such substrates. Interestingly, the novel 

substituted 2,2-dimethyl-6-methylidenecyclohexylidenes (60 and 61) also showed 

reasonable ABA-like activity at a concentration of 1 mM. There are no published reports 

on the use of these types of substrates being evaluated for ABA-like activity or their 

possible use to inhibit the ABA synthesis pathway in biological systems. Consequently 

these represent a new class of substrates to be further explored. As highlighted earlier, 

there is an enormous number of -carotene / retinoic acid like derivatives reported in the 

literature which have the gem-dimethyl-3-methylcyclohexene terminal sub-unit and it is 

conceivable that, as we also found during the synthesis of (60 and 61), that simple light 

induced 1,5-sigmatropic hydrogen shifts may be quite plausible in biological systems 

containing such substrates (e.g. exposure to excessive UV light during heatwaves) and as 
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such, the formation of compounds incorporating the novel 2,2-dimethyl-6-

methylidenecyclohexylidene moiety may be of interest as the testing of such derivatives 

may uncover new inhibitory effects on certain enzymes responsible for ABA synthesis or 

destruction. 

 

Finally, whilst the simple polyene esters (30), (31) and (52)/(53) are structurally similar to 

ABA, the lack of any oxygen functionalities within the cyclohexyl ring may in fact 

explain the lack of ABA-like activity. Consequently it appears from these studies that 

substrates, which are endoperoxides, aldehydes, epoxides or substituted 2,2-dimethyl-6-

methylidenecyclohexylidenes but still retain the ABA-like backbone would be good 

candidates for future synthesis and biological evaluation. The synthetic pathways and 

characterisation techniques devised here would aid in any such new endeavours. 

 

From the biological viewpoint results from the two different bioassays indicated that our 

new substrates were unlikely to be acting as ABA itself even though they enhanced the 

ABA-associated delay of seed germination. However, the delay they caused in lettuce 

seed germination and the lack of protection of bean shoots response to an imposed 

dehydration event suggested that these molecules delayed the breakdown of ABA i.e. 

they inhibited the catabolism of ABA. The pathway thought to be most actively involved 

in ABA breakdown is catalysed by an 8’-hydroxylase enzyme which results in the 

formation of 8’-hydroxyl-(ABA) which is further catalysed to phaseic acid (PA) and then 

dihydrophaseic acid (DPA), Scheme 3.2. An enzyme assay for 8’-hydroxylase activity is 

available
105

 and so the first step in future work would be to confirm the ability of the 

synthesised and putative inhibitors to inhibit this enzyme in vitro. For those compounds 

with confirmed activity their effect on the enzyme kinetics of 8’-hydroxylase could be 

studied in detail and the mode and efficacy of inhibition could be determined. This would 

allow further conclusions to be drawn regarding the parts of the molecular structure 

required for inhibitor activity.  

 

Due to the nature of the molecules synthesised it is possible that they may have functions 

in addition to the proposed 8’-hydroxylase activity discussed above. Some of these 

possible functions would not be detected by the biological assays used and such activities 

could be assayed for by other means. For example, as the molecules are based on products 

of the carotenoid pathway it may be that they can inhibit carotenoid cleavage 
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dioxygenases (CCD’s), the enzymes that cleave carotenoid precursors, Scheme 3.1. One 

of these enzymes is 9-cis-epoxycarotenoid dioxygenase (NCED), which is a crucial step 

in ABA biosynthesis
50

 but there are other CCD’s that could be used in in vitro studies to 

test the activity of the synthesised candidate molecules. An assay for NCED activity has 

been published
133

 and could be used to confirm the results from the bioassays that suggest 

that the synthesised compounds do not inhibit this enzyme. The grape NCED genes have 

been cloned and characterised and therefore would be suitable for use in this assay. Other 

CCDs have also been isolated from grapevine and could be further candidates for testing. 

For example an assay system for VvCCD1 activity has been published which 

demonstrates the ability of this enzyme to cleave the carotenoid zeaxanthin, an important 

step in the productions of norisoprenoids, some of which are flavour / aroma compounds 

in grape.
17

 There is a possibility that the compounds synthesised in this project may alter 

this reaction and therefore norisoprenoid metabolism. 

 

Apart from the direct tests of function detailed above the effect of these compounds on 

biological systems could be further studied. ABA is an important hormone in a range of 

processes such as stress response, seed maturation and dormancy and fruit ripening. The 

candidate substances could be applied to different plant tissues which could then be 

sampled, RNA could be extracted, cDNA made and changes in the expression of genes 

due to the application could be determined on a whole genome scale by microarray or 

nextGen sequence analysis or at the individual gene level by real-time PCR analysis. This 

would indicate those genes whose expression was altered by the compounds. An analysis 

of the gene annotation would show the putative functions of the proteins encoded by these 

genes and therefore what processes they are involved in. It would be possible, for 

example, to follow the changes in gene expression resulting from compound application 

during the seed germination assay described above and during grape berry 

development.
7,11-13

 

 

Not only could the effect of the synthesised compounds on gene expression be tested, as 

described above, but the effect of these compounds on plant development could be 

measured. For example, grape berries could be treated prior to veraison during the period 

when ABA levels are still reasonably high, say 3-4 weeks after flowering. If the 

compounds were acting to slow the catalysis of ABA then it would be predicted that the 

levels of ABA would remain high instead of decreasing, as they normally do before the 
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initiation of ripening, which may delay the initiation of ripening. Application later in 

development, during ripening, when ABA levels are high may enhance some other 

aspects of ripening such as sugar and colour accumulation and this could also be tested. 

 

Finally, the most direct test of the possible effects of the synthesised compounds on ABA 

metabolism is to look at the change in levels of ABA and its metabolites following 

treatment. These levels can be measured using internal labelled standards and LC-MS 

analysis and HPLC analysis.
19

 Such studies would confirm any effect on ABA 

metabolism following treatment of the synthesised compounds. From this standpoint it 

can be seen that a number of compounds have been developed herein that have the 

potential to affect ABA metabolism but they require further testing to confirm their action. 

These compounds may be very useful in understanding ABA metabolism in some detail 

but could also be used to examine the role of ABA in various important developmental 

processes including the role of ABA in promoting grape berry ripening as was suggested 

at the outset of this project.
15

 There is also the possibility that there may be some 

viticultural application for these compounds, for example, they may be useful in 

manipulating berry ripening and the vines response to stress events. 
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CHAPTER 5: EXPERIMENTAL. 

 

5.1 General Experimental for Chapter 2. 

 

Solvents and reagents 

Dry organic solvents were purchased and dispensed using a Puresolv™ solvent 

purification system, except tetrahydrofuran (THF), which was distilled over sodium wire 

with benzophenone as indicator and freshly distilled prior to use. Pyridine was dried by 

storage on 4Å molecular sieves. General organic solvents were obtained and distilled 

where needed. Reagents other than those synthesised were purchased from Sigma-Aldrich 

Chemical Company Ltd., and used without further purification. 

 

Naming of synthesised compounds 

Compounds are labeled using common nomenclature as they would appear in literature, 

followed by the IUPAC name as generated using ACD/Labs 12.0 software.  

 

Chromatography 

Column chromatography was performed using Davisil 40-63 m silica gel. Thin layer 

chromatography was performed using Merck silica gel 60 F254 alumina sheets (20 x 20 

cm) and visualised under 254 nm light or developed in either vanillin or potassium 

permanganate dip. 

 

Melting points 

Melting points were obtained using a Büchi B-540 melting point apparatus and are 

uncorrected. 

 

Gas Chromatography-Mass Spectrometry 

Samples were checked for purity and to determine the mass spectrum of individual 

compounds in dichloromethane where detailed. Mass spectrometry data is reported as the 

mass of the fragment followed by percentage abundance according to the following 

procedure. Samples were analysed via GCMS using an Agilent 6890 gas chromatogram 

coupled with a 5973 mass selective detector. The inlet temperature was set to 250
o
C with 

a pressure of 11.78 psi using a carrier gas of helium. Sample injections were automated 

with a Gerstel MPS autosampler (Gerstel, Germany), using splitless mode injections of 2 



Chapter 5 Experimental 105 

 

L onto a DB-5 fused silica capillary column (J&W, 60 m x 0.32 mm i.d. x 250 m film 

thickness). The column flow was set to 1.2 mL/min. with a pressure of 11.78 psi and 

transfer line temperature of 250
o
C. The oven temperature was initially held at 150

o
C for 1 

min. and ramped at 10
o
C/min. to 250

o
C and held for a further 20 minutes. 

 

NMR 

The 
1
H and 

13
C spectra were acquired on either a Varian Gemini 300 or Varian Unity 

Inova 600 Fourier transform spectrometer, where indicated. Spectra were referenced to 

the TMS peak at 0.00 ppm or CDCl3 at 77.00 ppm. Chemical shifts () are reported in 

ppm and coupling constants (J) in Hz. 
1
H NMR multiplicities are described by the 

following abbreviations: singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), sextet 

(sext), multiplet (m) and broad (br) for broadened signals. 

 

Microwave Chemistry 

All reactions performed under microwave conditions were conducted in a closed system, 

using a CEM Discover microwave reactor (CEM Co., USA). The temperature was 

controlled with the use of a Marcus WX801700 air compressor (Campbell Hausfeld, USA) 

and the pressure set to 200 psi, the stirring level set to high, and cooling was left on.  

 

Computational Chemistry 

Theoretical calculations were performed using the Spartan ’08 software package, with 

final geometries and/or energies highlighted where needed.  
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5.2 Experimental for Chapter 2. 

 

 (±) 2,6,6-Trimethylcyclohex-2-ene-1-carbaldehyde; α-Cyclocitral (22). 

 

CH3

O

H3C CH3 H

 

 

(22) 

 

To a solution of citral-(A) also known as geranial (20) (12.0 g, 79 mmol) in anhydrous 

diethyl ether (50 mL) under nitrogen was added aniline (8.6 g, 92.5 mmol) and the 

mixture stirred for 40 min. at ambient temperature. The ethereal mixture was then added 

dropwise to 90% H2SO4 (80 mL) at -2
o
C at such a rate (ca. 45 min.) that the internal 

temperature did not exceed 0
o
C and the mixture stirred for a further 45 min. The reaction 

mixture was poured onto ice-water (300 mL) and extracted with ether (4 x 200 mL). 

Combined the organic layers were washed with saturated Na2CO3 and brine, dried 

(MgSO4) and concentrated in vacuo. The residue was then distilled under vacuum and the 

fraction collected at b.p. 74-78
o
C / 11 mmHg to yield 5.04 g, 42% of pure α-cyclocitral 

(22) as a pale yellow oil. 
1
H NMR (300 MHz, CDCl3): δ 9.47 (d, 1H, J = 5.4 Hz, C(O)H), 

5.73 (br s, 1H, CH=), 2.36 (d, 1H, J = 5.4 Hz, CH-C(O)H), 2.10-2.18 (m, 2H, CH2-C=),  

1.62-1.68 (m, 1H), 1.58-1.61 (m, 3H), 1.31-1.40 (m, 1H), 0.99 (s, 3H), 0.91 (s, 3H). All 

other physical and chemical properties were identical with those previously reported.
68

 

 

(±) 3-Bromo-2,6,6-trimethylcyclohex-1-ene-1-carbaldehyde (24).    

 

CH3

O

H3C CH3 H

Br  

(23) 
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Prepared via a modified method to that reported by Cainelli et al.
68

 To a mixture of α-

cyclocitral (22) (4.5 g, 30 mmol) and CaCO3 (1.0 g) in CH2Cl2 (30 mL) at -60
o
C was 

added dropwise a solution of bromine (4.8 g, 30 mmol) in CH2Cl2 (30 mL) over 20 min. 

with stirring.  The mixture was allowed to warm to ambient temperature and the CaCO3 

filtered off. The volatiles were removed in vacuo and the residue dissolved in toluene (80 

mL) and dry Amberlite IRA-400 resin (12.0 g, Cl
-
 form) added. The reaction mixture was 

heated under reflux for 1 hour, cooled and the resin was filtered off. The volatiles were 

removed in vacuo and the residue purified by column chromatography employing ethyl 

acetate : hexane (1 : 4) to yield pure bromide (24) 7.1 g, 100% as a yellow oil. Rf 0.56 

(ethyl acetate : hexane, 1 : 9); 
1
H NMR (300 MHz, CDCl3): δ 10.10 (s, 1H, C(O)H), 4.63 

(br s, 1H, CH-Br), 2.20 (s, 3H), 2.0-2.15 (m, 4H), 1.25 (s, 3H), 1.20 (s, 3H). All other 

physical and chemical properties were identical with those previously reported.
68

 

 

(±) 2,6,6-Trimethylcyclohexa-1,3-diene-1-carbaldehyde; safranal (25).  

 

CH3

O

H3C CH3 H

 

(25) 

 

Bromide (24) (6.11 g, 26.4 mmol) was added to boiling collidine (30 mL) under a 

nitrogen atmosphere and the mixture heated under reflux for 30 min. The mixture was 

allowed to cool and poured into ice-water (100 mL) and extracted with ether (4 x 200 

mL). The combined organic layers were then washed with 2N HCl followed by saturated 

NaHCO3. The organics were then dried (MgSO4) and the volatiles removed in vacuo. The 

residue was steam-distilled and the distillate extracted twice with ether (20 mL). The 

combined ethereal layers were dried (MgSO4) and concentrated in vacuo. The residue was 

purified by column chromatography using ethyl acetate : hexane (1 : 9) to yield safranal 

(1.44 g, 36%) (25) as a pale yellow oil. Rf 0.55 (ethyl acetate : hexane, 1 : 9); 
1
H NMR 

(300 MHz, CDCl3): δ 10.14 (s, 1H, C(O)H), 6.15 (ddd, 1H, J = 7.0, 3.5, 3.5 Hz, C=C-H), 

5.92 (dt, 1H, J = 7.0, 1.4 Hz, C=C-H), 2.07 (s, 3H, CH3), 2.04-2.08 (m, 2H, CH2), 1.19 (s, 
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6H, 2 x CH3). 
13

C NMR (75 MHz, CDCl3): δ 191.2 (C(H)O), 147.1 (C=C), 137.5 (C=C), 

134.6 (C=C), 130.0 (C=C), 41.1, 32.7, 26.3 (2 x CH3), 17.8. All other physical and 

chemical properties were identical with those previously reported.
68

 

 

(±) 5,6-Dihydro-4-methyl-6-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)-2H-pyran-2-one; 

lactone (26).  

 

CH3

H3C CH3
O

CH3

O

 

(26) 

 

Prepared via a modified method to that reported by Bennani et al.
70

 A solution of lithium 

bis(trimethylsilyl)amide* in THF (22 mL of a 1 M solution, 22.0 mmol) was pre-cooled 

to -78
o
C under a nitrogen atmosphere. Ethyl dimethylacrylate (2.69 g, 21.0 mmol) in dry 

THF (5.0 mL) was added dropwise over 15 min. and the mixture was stirred at -78
o
C for 

40 min. A solution of safranal (25) (3.0 g, 20.0 mmol) in anhydrous THF (25 mL) pre-

cooled to -78
o
C was added over a 30 min. period. After the addition was complete, the 

mixture was allowed to warm to 0
o
C and then quenched with a saturated sodium 

bicarbonate solution (3.0 mL) and stirred for a further 60 min. at ambient temperature.  

Water (20 mL) was then added and the organics extracted with ethyl acetate (3 x 50 mL). 

The combined organics were washed with brine (3 x 30 mL), dried (MgSO4) and 

concentrated in vacuo to afford crude lactone (26) as a pale yellow oil. The residue was 

purified by column chromatography using ethyl acetate : hexane (1 : 4). Yield 3.0 g, 65%. 

Rf 0.26 (ethyl acetate : hexane, 1 : 4); 
1
H NMR (300 MHz, CDCl3): δ 5.84 (s, 1H), 5.73-

5.78 (m, 2H), 5.21 (dd, 1H, J =13.5, 4.4 Hz), 2.78-2.89 (m, 1H), 2.14 (dd, 1H, J = 16.0, 

4.4 Hz), 2.05-2.10 (m, 2H), 1.97 (s, 3H), 1.81 (s, 3H), 1.09 (s, 3H), 1.07 (s, 3H); 
13

C 

NMR (75 MHz, CDCl3): δ 165.5 (C=O), 157.8 (C=C), 133.7 (C=C), 129.8 (C=C), 129.4 

(C=C), 125.8 (C=C), 116.0 (C=C), 75.6 (CH-O), 40.1, 34.5, 33.9, 26.6, 25.7, 22.7, 19.1. 

All other physical and chemical properties were identical with those previously 

reported.
70
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* LDA can also be employed as the base as was done by Bannani et al.,
70

 however, we 

found the yields to be poorer (ca. 45%) and similar to those obtained previously. 

 

(±) 4-Methyl-6-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)-5,6-dihydro-2H-pyran-2-ol; 

lactol (27).  

CH3

H3C CH3
O

CH3

OH

 

(27) 

 

Prepared via a modified method to that reported by Bennani et al.
70

 A solution of lactone 

(26) (1.5 g, 6.46 mmol) in dry THF (50.0 mL) was pre-cooled to -78
o
C under nitrogen. 

Diisobutylaluminium hydride in THF (6.8 mL of a 1.0 M solution) was added dropwise 

over 15 min. The mixture was stirred for an additional 30 min. at -78
o
C and then saturated 

potassium sodium tartrate solution (50.0 mL) was added at -78
o
C. The mixture was 

allowed to warm to ambient temperature, and the aqueous layer thoroughly extracted with 

ethyl acetate (3 x 30 mL). The combined organics were washed with brine (3 x 30 mL), 

dried (MgSO4) and concentrated in vacuo to afford lactol (27) as a white solid 1.23 g 

(88%), which was used in the next step without further purification. M.pt = 145 – 147
o
C; 

Lit.
70

 M.pt = 146-148
o
C. 

 

Preparation of (2Z,4E)-3-methyl-5-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)penta-2,4-

dienal (28) and (2E,4E)-3-methyl-5-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)penta-2,4-

dienal (29); aldehydes (28) and (29) respectively. 

 

CH3

H3C CH3 CH3
O

H

CH3

H3C CH3 CH3

O
H

 

      (28)     (29) 
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A solution of lactol (27) (1.23 g, 5.3 mmol) in dry 1,2-dichloroethane (15.0 mL) was 

added to 10% HCl solution (15.0 mL) and the biphasic mixture stirred at 55
o
C for 45 min. 

The reaction progress was followed by TLC (ethyl acetate : hexane, 1 : 4) until complete 

(2-3 hrs). The mixture was cooled to ambient temperature and neutralized with saturated 

NaHCO3. The mixture was extracted with DCM (3 x 40 mL), washed with water (3 x 30 

mL), brine (3 x 30 mL), dried (MgSO4,) and concentrated in vacuo. The residue was 

purified by column chromatography using ethyl acetate : hexane (1 : 9) to afford 

aldehydes (28) and (29) respectively in a combined yield of 1.09 g, 95%. 

 

Aldehyde (2Z,4E)-(28):   

Yield, 0.87 g, 80%. Pale yellow oil; Rf 0.72 (ethyl acetate : hexane, 1 : 4); 
1
H NMR (600 

MHz, CDCl3): δ 10.18 (d, 1H, J = 8.2 Hz, C(O)H), 7.23 (d, 1H, J = 16.2 Hz), 6.63 (d, 1H, 

J = 16.2 Hz), 5.88 (d x 2, 2H, J = 8.2 Hz), 5.83 (ddd, 1H, J = 8.2, 3.6, 1.5 Hz), 2.14 (s, 

3H), 2.12 (dd, 2H, J = 3.6, 1.5 Hz), 1.91 (s, 3H), 1.07 (s, 6H); 
13

C NMR (150 MHz, 

CDCl3): δ 190.0 (C(O)H), 154.9 (C=C), 137.4 (C=C), 135.2 (C=C), 129.8 (C=C), 129.6 

(C=C), 127.8 (C=C), 127.0 (C=C), 126.9 (C=C), 39.8, 34.0, 26.7, 26.7, 21.0, 20.4.  

 

Aldehyde (2E,4E)-(29):  

Yield, 0.16 g, 15%. Pale yellow oil; Rf 0.67 (ethyl acetate : hexane, 1 : 4); 
1
H NMR (600 

MHz, CDCl3): δ 10.13 (d, 1H, J = 7.8 Hz, C(O)H), 6.74 (d, 1H, J = 16.0 Hz), 6.33 (d, 1H, 

J = 16.0 Hz), 5.96 (d, 1H, J = 7.8 Hz), 5.87 (d, 1H, J = 9.0 Hz), 5.82 (ddd, 1H, J = 9.0, 

4.8, 1.5 Hz), 2.33 (s, 3H), 2.11 (dd, 2H, J = 4.8, 1.5 Hz), 1.88 (s, 3H), 1.06 (s, 6H); 
13

C 

NMR (150 MHz, CDCl3): δ 191.2 (C(O)H), 155.7 (C=C), 137.3 (C=C), 134.9 (C=C), 

134.2 (C=C), 129.9 (C=C), 129.6 (C=C), 128.9 (C=C), 126.9 (C=C), 39.8, 34.0, 26.7, 

26.7, 20.3, 12.8.  
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Preparation of ethyl (2E,4Z,6E)-5-methyl-7-(2,6,6-trimethylcyclohexa-1,3-dien-1-

yl)hepta-2,4,6-trienoate (30) and ethyl (2E,4E,6E)-5-methyl-7-(2,6,6-trimethylcyclohexa-

1,3-dien-1-yl)hepta-2,4,6-trienoate (31); ethyl esters (30) and (31) respectively. 

 

CH3

H3C CH3
CH3

OCH2CH3
O  

 

(30) 

 

CH3

H3C CH3
CH3

O

OCH2CH3

 

 

(31) 

 

To a solution of aldehyde (2Z,4E)-(28) (0.50 g, 2.31 mmol) in DCM (100 mL) was added 

(carbethoxymethylene)triphenylphosphorane (1.16 g, 3.33 mmol) and the mixture stirred 

at ambient temperate for 2 days. The mixture was then concentrated in vacuo and hexane 

(150 mL) added and the resultant precipitate filtered off and washed with further portions 

of hexane (3 x 50 mL). The combined organic layers were then concentrated in vacuo and 

the residue purified by column chromatography using ethyl acetate : hexane (1 : 9) to 

afford the pure ethyl esters (30) and (31) as colourless oils in a combined yield of 0.63 g, 

95%. 

 

 (2E,4Z,6E)-Ethyl ester (30):  

Yield, 0.50 g, 76%. Rf 0.61 (ethyl acetate : hexane, 1 : 9); 
1
H NMR (600 MHz, CDCl3): δ 

7.78 (dd, 1H, J =15.0, 12.0 Hz), 6.84 (d, 1H, J = 15.6 Hz), 6.35 (d, 1H, J = 15.6 Hz), 6.08 

(d, 1H, J = 12.0 Hz), 5.87 (d, 1H, J = 9.0 Hz), 5.82 (d, 1H, J = 15.0 Hz), 5.78 (ddd, 1H, J 

= 9.0, 4.5,1.5 Hz), 4.20 (q, 2H, J =7.2 Hz), 2.10 (dd, 2H, J = 4.5, 1.5 Hz), 2.04 (s, 3H), 
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1.90 (s, 3H), 1.30 (t, 3H, J = 7.2 Hz), 1.04 (s, 6H); 
13

C NMR (150 MHz, CDCl3): δ 167.5 

(C=O), 143.0 (CH=), 139.3 (CH=), 138.2 (CH=), 130.5 (CH=), 129.7 (CH=), 128.5 

(CH=), 128.0 (CH=), 126.2 (CH=), 125.8 (CH=), 119.7 (CH=), 60.2 (CH2-O), 39.7, 33.9, 

26.7 (x2),  20.8, 20.3, 14.3. GCMS retention time 13.1 min. (M
+
, %), 286.2 (21), 271.1 

(8), 225.2 (20), 197.2 (100), 173.2 (21), 157.2 (47), 143.2 (27), 119.1 (31), 105.2 (33), 

91.2 (30), 77.1 (17), 44.1 (14).  

 

(2E,4E,6E)-Ethyl ester (31):  

Yield, 0.13 g, 19%. Rf 0.54 (ethyl acetate : hexane, 1 : 9); 
1
H NMR (600 MHz, CDCl3): δ 

7.72 (dd, 1H, J =15.0, 12.0 Hz), 6.39 (d, 1H, J = 16.2 Hz), 6.29 (d, 1H, J = 16.2 Hz), 6.18 

(d, 1H, J = 12.0 Hz), 5.87 (d, 1H, J = 15.0 Hz), 5.84 (d, 1H, J = 10.8 Hz), 5.77 (ddd, 1H, 

J = 10.8, 4.2,1.2 Hz), 4.22 (q, 2H, J =7.2 Hz), 2.09 (dd, 2H, J = 4.2, 1.2 Hz), 2.06 (s, 3H), 

1.87 (s, 3H), 1.31 (t, 3H, J = 6.6 Hz), 1.04 (s, 6H); 
13

C NMR (150 MHz, CDCl3): δ 167.5 

(C=O), 144.1 (CH=), 140.5 (CH=), 138.0 (CH=), 136.1 (CH=), 129.8 (CH=), 129.6 

(CH=), 128.0 (CH=), 127.7 (CH=), 125.7 (CH=), 120.2 (CH=), 60.2 (CH2-O), 39.9, 34.0, 

26.7 (x2),  20.3, 14.3, 12.9. GCMS retention time 13.7 min. (M
+
, %), 286.2 (24), 271.1 

(10), 225.2 (20), 197.2 (100), 173.2 (35), 157.2 (53), 143.2 (31), 119.1 (33), 105.2 (34), 

91.2 (35), 77.1 (24), 44.1 (31).  

 

Preparation of (±) ethyl (2E,4Z,6E)-5-methyl-7-[(1R,4S)-6,7,7-trimethyl-2,3-

dioxabicyclo[2.2.2]oct-5-en-1-yl]-2,4,6-trienoate (33) and (±) ethyl (2E,4Z)-5-[(3S,8aS)-

5,5,8a-trimethyl-3,5,6,8a-tetrahydro-1,2-benzodioxin-3-yl]hexa-2,4-dienoate (34); 

endoperoxides (33) and (34) respectively. 

 

CH3

H3C CH3

O

O

CH3

OCH2CH3O  

 

(33) 
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CH3

H3C CH3
CH3

OCH2CH3O

O
O

 

 

(34) 

 

To a solution of (2E,4Z,6E)-ethyl ester (30) (0.5 g, 1.75 mmol) in anhydrous 

dichloromethane (200 mL) in a custom-made pyrex flask fitted with a cooling jacket, was 

added rose bengal, bis-triethylammonium salt (50 mg). Ice water was pumped throughout 

the cooling jacket to maintain a reaction mixture temperature of ca 5-10
o
C. Oxygen was 

bubbled through the solution, and the contents irradiated with 3 x 500W tungsten halogen 

lamps until complete as judged by TLC (45 minutes). The mixture was then concentrated 

in vacuo and the residue purified by flash chromatography using ethyl acetate : hexane (1 : 

9) to afford the pure endoperoxides (33) and (34).  

 

Endoperoxide (33):  

Yield, 355 mg, 64%. M.pt = 114-116
o
C; Rf 0.17 (ethyl acetate : hexane, 1 : 9); 

1
H NMR 

(600 MHz, CDCl3): δ 7.74 (dd, 1H, J =15.0, 12.0 Hz), 6.97 (d, 1H, J = 16.0 Hz), 6.34 (d, 

1H, J = 6.6 Hz), 6.12 (d, 1H, J = 12.0 Hz), 6.03 (d, 1H, J = 16.0 Hz), 5.82 (d, 1H, J = 

15.0 Hz), 4.60 (ddd, 1H, J = 6.6, 3.6, 1.2 Hz), 4.22 (q, 2H, J =7.2 Hz), 2.03 (dd, 1H, J = 

13.2, 3.6 Hz), 2.00 (s, 3H), 1.87 (s, 3H), 1.36 (dd, 1H, J = 13.2, 1.2 Hz), 1.30 (t, 3H, J 

=7.2 Hz), 1.16 (s, 3H), 0.95 (s, 3H); 
13

C NMR (150 MHz, CDCl3): δ 167.1 (C=O), 143.2 

(CH=), 140.9 (CH=), 138.8 (CH=), 128.2 (CH=), 128.1 (CH=), 126.8 (CH=), 124.5 

(CH=), 121.3 (CH=), 84.4 (C-O), 72.2 (C-O), 60.3 (C-O), 39.9, 34.8, 28.0, 25.2, 20.7, 

19.8, 14.4.  

 

Endoperoxide (34):  

Yield, 118 mg, 21%. Colourless oil; Rf 0.30 (ethyl acetate : hexane, 1 : 9); 
1
H NMR (600 

MHz, CDCl3): δ 7.57 (dd, 1H, J =15.0, 12.0 Hz), 6.03 (d, 1H, J = 12.0 Hz), 5.88 (ddd, 1H, 

J = 11.4, 4.8, 1.5 Hz), 5.83 (d, 1H, J = 15.0 Hz), 5.48 (d, 1H, J = 3.0 Hz), 5.47 (d, 1H, J = 

11.4 Hz), 5.36 (d, 1H, J = 3.0 Hz), 4.21 (q, 2H, J =7.2 Hz), 2.04 (dd, 2H, J = 4.8, 1.5 Hz), 
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1.91 (s, 3H), 1.63 (s, 3H), 1.30 (t, 3H, J =7.2 Hz), 1.18 (s, 3H), 1.17 (s, 3H); 
13

C NMR 

(150 MHz, CDCl3): δ 167.2 (C=O), 148.1 (CH=), 148.1 (CH=), 138.5 (CH=), 130.6 

(CH=), 126.4 (CH=), 125.1 (CH=), 121.2 (CH=), 115.3 (CH=), 77.6 (C-O), 75.9 (C-O), 

60.3 (C-O), 42.3, 34.8, 28.2, 28.0, 25.2, 21.0, 14.3. 

 

(±) Ethyl (2E,4Z,6E)-5-methyl-7-[(1S,2S,4R,7S)-2,5,5-trimethyl-3,8-dioxatricyclo 

[5.1.0.0
2,4

]oct-4-yl]hepta-2,4,6-trienoate; bis-epoxide (35). 

 

CH3

H3C CH3

O

CH3

OCH2CH3O

O

 

(35) 

 

To a mixture of the endoperoxide (33) (50 mg, 0.157 mmol) in CH2Cl2 (10 mL) was 

added Co(SALEN) (10 mg) and the mixture stirred at ambient temperature for 15 hours. 

The volatiles were then removed in vacuo and the residue triturated with hexane (3 x 20 

mL). The combined hexane fractions were then evaporated to afford the crude product, 

which was then purified by column chromatography (2 – 15% gradient of ethyl acetate : 

hexane) to afford the bis-epoxide (35) as a colourless oil (30 mg, 60%). Rf 0.26 (ethyl 

acetate : hexane, 1 : 4); 
1
H NMR (600 MHz, CDCl3): δ 7.73 (dd, 1H, J =15.0, 12.0 Hz), 

6.88 (d, 1H, J = 15.0 Hz), 6.10 (d, 1H, J = 12.0 Hz), 6.01 (d, 1H, J = 15.0 Hz), 5.83 (d, 

1H, J = 15.0 Hz), 4.22 (q, 2H, J =7.2 Hz), 3.15 (d, 1H, J = 4.2 Hz), 3.03 (ddd, 1H, J = 7.0, 

4.2, 2.4 Hz), 2.00 (s, 3H), 1.69 (dd, 1H,  J = 15.0, 2.4 Hz), 1.61 (dd, 1H,  J = 15.0, 7.0 

Hz), 1.44 (s, 3H), 1.31 (t, 3H, J =7.2 Hz), 1.13 (s, 3H), 0.92 (s, 3H); 
13

C NMR (150 MHz, 

CDCl3): δ 167.1 (C=O), 140.7 (CH=), 138.7 (CH=), 129.8 (CH=), 127.6 (CH=), 126.4 

(CH=), 121.0 (CH=), 70.2 (C-O), 60.7 (C-O), 60.3 (C-O), 52.2 (C-O), 47.0 (C-O), 35.6, 

35.5, 26.8, 24.6, 21.1, 18.3, 14.3.  
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(±) (2R,4aR,8aS)-2,5,5,8a-Tetramethyl-6,7,8,8a-tetrahydro-2H,5H-2,4a-

epidioxychromene;  endoperoxide (37).  

 

O

H3C CH3

CH3

CH3

O O

 

(37) 

 

Method A: Without sensitiser. 

A solution of (E)--Ionone (36) (0.50 g, 2.6 mmol) in anhydrous toluene (250 mL) was 

irradiated with light from a lamp of 365 nm (typical TLC lamp) at room temperature 

whilst being exposed to air. The reaction progress was monitored by TLC and judged to 

be complete after 19 hours. The solvent was then removed in vacuo and the residue 

purified by column chromatography to furnish endoperoxide (37) as a colourless low 

melting solid. Yield, 0.42 g, 72%. Rf 0.71 (ethyl acetate : hexane, 1 : 4); M.pt = 35.0 – 

36.8
o
C; 

1
H NMR (600 MHz, CDCl3): δ 6.51 (d, 1H, J = 8.4 Hz), 6.41 (d, 1H, J = 8.4 Hz), 

2.15 (ddd, 1H, J = 13.4, 13.4, 4.6 Hz), 1.76 (ddd, 1H, J = 13.4, 13.4, 4.6 Hz), 1.67-1.63 

(m, 2H), 1.53-1.48 (m, 1H), 1.47 (s, 3H), 1.21-1.17 (m, 1H), 1.11 (s, 3H), 1.09 (s, 3H), 

0.98 (s, 3H); 
13

C NMR (150 MHz, CDCl3): δ 133.4 (CH=), 128.6 (CH=), 94.7, 82.2, 78.2, 

35.6, 34.6, 26.6, 25.5, 24.5, 20.9, 19.3. Lit. M.pt not reported. All other physical and 

chemical properties were identical with those previously reported.
134,135

 

  

Method B: With sensitiser. 

To a solution of (E)--Ionone (36) (4.0 g, 0.021 mol) in anhydrous dichloromethane (200 

mL) in a custom-made pyrex flask fitted with a cooling jacket, was added rose bengal, 

bis-triethylammonium salt (100 mg). Ice water was pumped throughout the cooling jacket 

to maintain a reaction mixture temperature of ca 5-10
o
C. Oxygen was bubbled through 

the solution, and the contents irradiated with 3 x 500W tungsten halogen lamps until 

complete as judged by TLC (5 hours). The mixture was then concentrated in vacuo and 

the residue purified by flash chromatography as detailed for method A above. Yield of 

(37), 3.5 g, 75%. 
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Attempted formation of (±) (1aS,5aR,6aS,7aR,7bS)-2,2,5a,6a-tetramethyloctahydro-2H-

naphtho[1,8a-b:2,3-b]bisoxirene;  bis-epoxide (38). Formation of (3Z)-6,6-

dimethylundec-3-ene-2,5,10-trione (47). 

 

O

H3C CH3

CH3

CH3

O
O

O
O

H3C CH3

CH3

O

H3C

 

      (38)     (47) 

 

To a mixture of the endoperoxide (37) (83 mg, 0.37 mmol) in 1,2-dichloroethane (10 mL) 

was added Co(SALEN) (15 mg) and the mixture heated under reflux for 3 hours. The 

volatiles were then removed in vacuo and the residue triturated with hexane (3 x 10 mL). 

The combined hexane fractions were then evaporated to afford the crude product which 

was then purified by column chromatography (2 – 10% gradient of ethyl acetate : hexane) 

to afford the triketone (47) as a colourless oil (60 mg, 72%). Rf 0.15 (ethyl acetate : 

hexane, 1 : 4); 
1
H NMR (600 MHz, CDCl3): δ 6.54 (d, 1H, J = 12.0 Hz), 6.31 (d, 1H, J = 

12.0 Hz), 2.37-2.40 (m, 2H); 2.25 (s, 3H), 2.09 (s, 3H), 1.45-1.54 (m, 4H), 1.13 (s, 6H); 

13
C NMR (150 MHz, CDCl3): δ 208.5 (C=O), 206.4 (C=O), 201.8 (C=O), 139.3 (CH=), 

130.8 (CH=), 46.7, 43.7, 38.7, 29.9, 29.6, 23.8 (x2), 18.7. All other physical and chemical 

properties were identical with those previously reported.
86

 

 

Benzyl (2E,4E)-3-methyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-dienoate and 

Benzyl (2Z,4E)-3-methyl-5-(2,6,6-trimethylcyclohex-1-en-1-yl)penta-2,4-dienoate;  

benzyl esters (52) and (53) respectively.  

 

CH3

H3C CH3
CH3

O Ph

O

CH3

H3C CH3
CH3

O PhO
 

(52)     (53) 
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Method A: Microwave reaction in solvent. 

A solution of (E)--Ionone (36) (2.0 g, 10.2 mmol) and benzyl 

(triphenylphosphoranylidene)acetate (5.13 g, 12.0 mmol) in anhydrous toluene (80 mL) 

was placed in a microwave vessel equipped with a stirring bar.  The microwave was set at 

300 Watts, 150
o
C , for 24 hrs and with high stirring. The reaction mixture was then 

cooled, and the contents were decanted into a round bottom flask. This mixture was then 

concentrated under reduced pressure to yield a crude oil which was then purified by 

column chromatography (ethyl acetate : hexane, 1 : 9) to afford the inseparable benzyl 

esters ((52) and (53), ratio 6 : 4) as a colourless oil (1.23 g, 38%). Rf 0.79 (ethyl acetate : 

hexane, 1 : 9).  

 

(2E,4E)-Benzyl ester (52):  

1
H NMR (600 MHz, CDCl3): δ 7.38-7.31 (m, 5H, Ar), 6.59 (d, 1H, J = 16.0 Hz, CH=), 

6.09 (d, 1H, J = 16.0 Hz. CH=), 5.80 (s, 1H), 5.16 (s, 2H, CH2-O), 2.35 (s, 3H), 2.03-2.00 

(m, 2H), 1.69 (s, 3H), 1.63-1.59 (m, 2H), 1.48-1.45 (m, 2H), 1.02 (s, 3H); 
13

C NMR (150 

MHz, CDCl3): δ 166.9 (C=O), 153.5 (CH=), 137.1 (CH=), 136.4 (ipso-Ar), 136.1 (CH=), 

133.9 (CH=), 131.2 (CH=), 3 resonances of (128.4, 128.4, 128.1, 128.1, 128.0, 127.9), 

117.6 (CH=), 65.5 (CH2-O), 39.4, 34.2, 33.0, 28.8 (x2), 21.6, 19.1, 13.7.  

 

(2Z,4E)-Benzyl ester (53):  

1
H NMR (600 MHz, CDCl3): δ 7.66 (d, 1H, J = 16.0 Hz, CH=), 7.30-7.27 (m, 5H, Ar), 

6.60 (d, 1H, J = 16.0 Hz, CH=), 5.70 (s, 1H), 5.14 (s, 2H, CH2-O), 2.04 (s, 3H),  2.03-

2.00 (m, 2H), 1.75 (s, 3H), 1.63-1.59 (m, 2H), 1.48-1.45 (m, 2H), 1.06 (s, 3H); 
13

C NMR 

(150 MHz, CDCl3): δ 166.1 (C=O), 152.1 (CH=), 137.2 (CH=), 136.4 (ipso-Ar), 134.9 

(CH=), 132.2 (CH=), 129.9 (CH=), 3 resonances of (128.4, 128.4, 128.1, 128.1, 128.0, 

127.9), 115.6 (CH=), 65.4 (CH2-O), 39.8, 34.1, 33.3, 28.9 (x2), 21.7, 20.8, 19.1.  

 

Method B: Neat reaction. 

A mixture of (E)--Ionone (36) (1.0 g, 5.1 mmol) and benzyl 

(triphenylphosphoranylidene)acetate (2.56 g, 6.2 mmol) was heated neat at 150
o
C under 

nitrogen for 6 hours. The reaction mixture was then cooled to ambient temperature and 

acetone (5 mL) followed by hexane (50 mL) added. The resultant precipitate was filtered 
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off and washed with hexane (3 x 20 mL). The combined organics were then concentrated 

in vacuo and the residue then purified by column chromatography (0 – 5% gradient of 

ethyl acetate : hexane) to afford the inseparable esters ((52) and (53), ratio 6 : 4) as a 

colourless oil (0.95 g, 56%). Rf 0.79 (ethyl acetate : hexane, 1 : 9). All data consistent 

with that reported above.  

 

Attempted formation of (±) Benzyl (2E)-3-[(3S,8aS)-5,5,8a-trimethyl-3,5,6,7,8,8a-

hexahydro-1,2-benzodioxin-3-yl]but-2-enoate (54); Endoperoxide (54). Formation of 

Benzyl (2E,5Z)-5-(2,2-dimethyl-6-methylidenecyclohexylidene)-3-methylpent-2-enoate 

and Benzyl (2Z,5Z)-5-(2,2-dimethyl-6-methylidenecyclohexylidene)-3-methylpent-2-

enoate;  (60) and (61) respectively. 

 

CH3

H3C CH3
CH3

O Ph

O

O
O

     

(54)     

 

CH2

H3C CH3
CH3

O Ph

O

CH2

H3C CH3
CH3

O PhO
 

 

(60)     (61) 

 

Method A: With sensitiser. 

A solution of benzyl esters (52) and (53) (105 mg, 0.32 mmol) and a catalytic amount of 

methylene blue (10 mg) in anhydrous toluene (50 mL) was irradiated with light from a 

lamp of 365 nm (typical TLC lamp) at room temperature whilst being exposed to air. The 

reaction was left for 2 days. The solvent was then removed in vacuo and the residue 

purified by column chromatography (0 – 5% gradient of ethyl acetate : hexane) to furnish 

(60) and (61) as a colourless oil. Yield, 90 mg, 79%. Rf 0.72 (ethyl acetate : hexane, 1 : 4).  

Ratio 1 : 1. 
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(2E, 5Z)-(60): 

1
H NMR (600 MHz, CDCl3): δ 7.29-7.37 (m, 5H, Ar), 5.70 (d, 1H, J = 1.2 Hz, 

CH=C(CH3)), 5.17 (t, 1H, J = 7.2 Hz, CH=), 5.14 (s, 2H, CH2-Ph), 4.96 (d, 1H, J = 2.4 

Hz, CH2=), 4.55 (d, 1H, J = 2.4 Hz, CH2=), 2.97 (d, 2H, J = 7.2 Hz, CH2), 2.15-2.18 (m, 

2H, CH2), 2.15 (d, 3H, J = 1.2 Hz, CH3-C=), 1.65-1.69 (m, 2H, CH2), 1.42-1.46 (m, 2H, 

CH2), 1.03 (s, 6H, 2 x CH3); 
13

C NMR (150 MHz, CDCl3): δ 166.8 (C=O), 160.6 (CH=), 

150.9 (CH=), 145.9 (CH=), 136.5 (ipso-Ar), 3 resonances of (128.5, 128.4, 128.2, 128.1, 

128.0, 127.9), 116.3 (CH=), 115.4 (CH=), 111.8 (CH=), 65.4 (CH2-O), 41.5 (CH2), 39.9 

(CH2),  38.1, 37.4 (CH2), 27.4 (x2), 23.4 (CH2), 19.3 (CH3-C=). 

 

(2Z, 5Z)-(61): 

1
H NMR (600 MHz, CDCl3): δ 7.29-7.37 (m, 5H, Ar), 5.72 (d, 1H, J = 1.2 Hz, 

CH=C(CH3)), 5.14 (s, 2H, CH2-Ph), 5.10 (t, 1H, J = 7.2 Hz, CH=), 5.00 (d, 1H, J = 2.4 

Hz, CH2=), 4.58 (d, 1H, J = 2.4 Hz, CH2=), 3.55 (d, 2H, J = 7.2 Hz, CH2), 2.18-2.15 (m, 

2H, CH2), 1.81 (d, 3H, J = 1.2 Hz, CH3-C=), 1.65-1.69 (m, 2H, CH2), 1.42-1.46 (m, 2H, 

CH2), 1.01 (s, 6H, 2 x CH3); 
13

C NMR (150 MHz, CDCl3): δ 166.1 (C=O), 161.1 (CH=), 

152.0 (CH=), 145.8 (CH=), 136.5 (ipso-Ar), 3 resonances of (128.5, 128.4, 128.2, 128.1, 

128.0, 127.9), 115.0 (CH=), 114.9 (CH=), 111.4 (CH=), 65.4 (CH2-O), 41.6 (CH2), 38.1, 

37.5 (CH2), 32.8 (CH2), 27.4 (x2), 24.8 (CH3-C=), 23.5 (CH2). 

 

Method B: Without sensitiser. 

The reaction was set up in an identical manner and scale to that described for method A 

above except no methylene blue was added. Workup afforded (60) and (61) as a 

colourless oil. Yield, 80 mg, 70%. Ratio 1 : 1. NMR data identical to that described above. 

 

Method C: Thermal only. 

A solution of benzyl esters (52) and (53) (105 mg, 0.32 mmol) in anhydrous toluene (50 

mL) was heated at 80
o
C for 2 days whilst being exposed to air. The reaction was left for 2 

days. The solvent was then removed in vacuo and the residue analysed by 
1
H NMR to 

reveal the presence of only starting esters (52) and (53). 
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 (±) (2E)-1-(6,7,7-Trimethyl-2,3-dioxa-bicyclo[2.2.2]oct-5-en-1-yl)-but-2-en-1-one;  

endoperoxide (67). 

 

CH3

H3C CH3

CH3

O

O

O

 

(67) 

 

To a solution of -damascenone (66) (4.0 g, 0.021 mol) in anhydrous dichloromethane 

(100 mL) in a custom-made pyrex flask fitted with a cooling jacket, was added rose 

bengal, bis-triethylammonium salt (20 mg). Ice water was pumped throughout the cooling 

jacket to maintain a reaction temperature of ca 5-10
o
C. Oxygen was bubbled through the 

solution, and the contents irradiated with 2 x 500W tungsten halogen lamps until 

complete as judged by TLC (4 hours). The mixture was then filtered through a pad of 

silica and concentrated in vacuo. The residue was then recrystallised from hexane (20 mL) 

containing 2 drops of methanol. Yield, 3.6 g, 77%. Rf 0.41 (ethyl acetate : hexane, 1 : 9); 

M.pt = 87.5-89.5
o
C, Lit. M.pt

94
 = 88-90

o
C; 

1
H NMR (600 MHz, CDCl3): δ 6.96-7.02 (m, 

1H), 6.60-6.63 (m, 1H), 6.30-6.32 (m, 1H), 4.56-4.58 (m, 1H), 2.01 (dd, 1H, J = 13.2, 3.6 

Hz), 1.89-1.91 (m, 3H), 1.84 (s, 3H), 1.34 (dd, 1H, J = 13.2, 3.6 Hz), 1.20 (s, 3H), 1.04 (s, 

3H); 
13

C NMR (150 MHz, CDCl3): δ 194.6 (C=O), 144.3 (C=C), 141.1 (C=C), 127.8 

(C=C), 125.2 (C=C), 89.5, (C-O), 71.9 (C-O), 40.9, 36.6, 28.3, 25.1, 19.2, 18.4. All other 

physical and chemical properties were identical with those previously reported.
94

 

 

(±) (2E)-1-[(1R,2R,4S,7R)-2,5,5-Trimethyl-3,8-dioxatricyclo[5.1.0.0
2,4

]oct-4-yl]-but-2-

en-1-one; bis-epoxide (68). 

 

CH3

H3C CH3

CH3

O

O
O

 

(68) 
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To a mixture of the endoperoxide (67) (300 mg, 1.35 mmol) in CH2Cl2 (25 mL) was 

added Co(SALEN) (30 mg) and the mixture stirred at ambient temperature for 2 days. 

The volatiles were then removed in vacuo and the residue triturated with hexane (3 x 20 

mL). The combined hexane fractions were then evaporated to afford the crude product, 

which was then purified by column chromatography (2 – 15% gradient of ethyl 

acetate/hexane) to afford the bis-epoxide (68) as a colourless oil (240 mg, 80%). Rf 0.20 

(ethyl acetate : hexane, 1 : 9); 
1
H NMR (600 MHz, CDCl3): δ 6.98 (dq, 1H, J = 15.0, 7.2, 

1.8 Hz), 6.39 (dd, 1H, J = 15.0, 1.8 Hz), 3.04 (d, 1H,  J = 4.2 Hz), 2.95 (ddd, 1H,  J =  6.6, 

4.2, 2.4 Hz), 1.83 (dd, 1H,  J = 7.2, 1.8 Hz), 1.59 (dd, 1H,  J = 14.4, 2.4 Hz), 1.48 (dd, 1H,  

J = 14.4, 6.6 Hz), 1.37 (s, 3H), 1.16 (s, 3H), 0.89 (s, 3H); 
13

C NMR (150 MHz, CDCl3): δ 

197.1 (C=O), 145.1 (CH=), 129.1  (CH=), 72.7 (C-O), 59.1 (C-O), 51.6 (CH-O), 47.2 

(CH-O), 35.7, 35.6, 25.5, 24.4, 19.8, 18.4. All other physical and chemical properties 

were identical with those previously reported.
94
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5.3 General Experimental for Biological Chapter 3. 

 

Plant Material 

Lettuce seed, Lactuca sativa L. (cultivar Great Lakes, Mr. Fothergill’s, South Windsor, 

NSW, www.mrfothergills.com.au, expiry date August, 2013), was used for the 

germination assays.  

 

Aqueous Solutions 

Milli Q water was used in all solution preparations. 

 

Seed Germination Assay 

Assay Design 

Two layers of filter paper were placed in each plastic Petri dish (90 mm). Lines were 

drawn to divide the filter paper into three parts to accommodate three replicates. Thirty 

five seeds were used for each replicate. Plates with counted seeds were covered with 

aluminium foil to protect them from light while the test solutions were prepared. 

 

 

Figure 5.1. Diagram of seed germination assay highlighting three replicates of 35 seeds. 

 

Aqueous Solution Preparation 

Test solutions of (5 mL) were prepared for each dish. All solutions, including the control, 

contained 0.2% acetone (wt/wt) and 0.2% ethanol (wt/wt). 

 

 

http://www.mrfothergills.com.au/
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a. ABA standard  

A 10 mM (+)-cis,trans-ABA (s-ABA, A. G. Scientific. Pty. Ltd, San Diego. CA, USA) 

aqueous stock solution was prepared and then diluted to produce the following dilution 

series; 1 mM, 100 µM, and 10 µM. 

b. Control  

Water containing 0.2% acetone (wt/wt) and 0.2% ethanol (wt/wt) was employed as the 

control solution.  

c. Test compounds  

A 10 mM aqueous stock of each compound to be screened was prepared and then diluted 

to the following concentrations for use: 1 mM, 100 µM, and 10 µM. 

 

Seed Incubation and Germination Assessment 

Test solutions were put carefully into the plates using a micropipette so that all the seeds 

were in contact with solution. Para-film (Pechiney Plastic Packaging Co., Chicago, 

Illinois, USA) was used to seal the plates to prevent evaporation. The dishes were 

incubated in a controlled temperature room at 25  under white fluorescent light. Seed 

germination was recorded regularly by counting at the times indicated within the Figures 

(every six hours for up to three days). Observation of seed germination was conducted 

using a ZeissStemi 2000-C (Sydney, Australia) microscope. A seed was scored as 

germinated when the radicle protruded more than 1 mm beyond the seed coat. As seeds 

germinated they were removed from the dish with tweezers to make scoring easier. All 

dishes were resealed after each counting episode to maintain moisture levels. 

 

Statistic Data Analysis 

All statistical analyses were performed using SPSS 15.0 (SPSS, Chicago. Illinois, USA). 

 

Figures of Germination Data 

All figures of germination data within Chapter 3 were constructed utilising the Prism, 

Graphpad Software, 2236 Avenida de la Playa La Jolla, CA 92037 USA, version 5.01. 
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5.4 General Experimental for Biological Chapter 4. 

 

Plant Material 

French beans, Phaseolus vulgaris L. (cultivar Pioneer, Digger’s Seeds, Dromana, NSW, 

expiry date June 2013) was used for the dehydration assays. 

 

Aqueous Solutions 

Milli Q water was used in all solution preparations. 

 

Bean Dehydration Assay 

Bean Preparation 

Approximately 50 bean seeds were planted per pot (d = 30 cm) that contained a 50/50 

mixture of Perlite (Exfoliators, Pty. Ltd., Dandenong, Vic., Aust.) and vermiculite 

(Exfoliators, Pty. Ltd., Dandenong, Vic., Aust.). The pots were placed in a controlled 

environment room at 22
o
C with a 16 h day length. 

 

Aqueous Solution Preparation 

Test solutions of (6 mL) were prepared. All solutions, including the control, contained 

0.2% acetone (wt/wt) and 0.2% ethanol (wt/wt). An aliquot of 1.5 mL of this solution was 

used for each of four replicates. ABA and test compounds were used at a concentration of 

1 mM. A 10 mM ABA ((±)-cis/trans-ABA was purchased from Sigma Aldrich, USA) 

aqueous stock solution was prepared and diluted to produce the 1 mM solution.  

 

Conducting the Bean Assay 

When grown to approximately 20 cm tall a scalpel blade was used to cut the bean stem a 

few centimetres from the soil surface to produce a stem containing the two primary leaves. 

Three excised shoots were placed in each glass vial containing the prepared test solution 

and left for two hours at ambient temperature to allow uptake. After two hours the shoots 

were removed, wiped and placed in a clean dry vial to dehydrate. All the vials were kept 

in a large box with 100 mL of water in the bottom and covered with a plastic sheet to 

prevent rapid dehydration. The tared vials were weighed at zero time and then every 15 

minutes for one hour. 
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20 cm hight
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3 cm above

soil surface

 

Figure 5.2. Diagram of harvesting the bean shoots for the dehydration assay. 

 

Statistic Data Analysis 

All statistical analyses were performed using SPSS 15.0 (SPSS, Chicago. Illinois, USA). 

 

Figures of Germination Data 

All figures of germination data within Chapter 4 were constructed utilising the Prism, 

Graphpad Software, 2236 Avenida de la Playa La Jolla, CA 92037 USA, version 5.01. 

 

 

 

 

 

 

 



References 126 

 

REFERENCES. 

 

1. Jones, G. V.; Webb, L. B., Climate Change, Viticulture, and Wine: Challenges 

and Opportunities. Journal of Wine Research, 2010, 21, 103-106. 

2. Webb, L. B.; Whetton, P. H.; Barlow, E, W, R., Modelled Impact of Future 

Climate Change on the Phenology of Winegrapes in Australia. Australian Journal of 

Grape and Wine Research, 2007, 13, 165-175. 

3. Webb, L. B.; Whetton, P. H.; Barlow, E, W, R., Observed Trends in Winegrape 

Maturity in Australia, Global Change Biology, 2011, 17, 2707-2719. 

4. Coombe, B. G.; Hale, C. R., The Hormone Content of Ripening Grape Berries and 

the Effects of Growth Substance Treatments. Plant Physiology, 1973, 51 (4), 629-634. 

5. Gazzarrini, S.; McCourt, P., Cross-talk in Plant Hormone Signalling: What 

Arabidopsis Mutants are Telling us. Annals of Botany, 2003, 91 (6), 605-612. 

6. Vandenbussche, F.; Van Der Straeten, D., One for All and All for One: Cross-

Talk of Multiple Signals Controlling the Plant Phenotype. Journal of Plant Growth 

Regulation, 2007, 26 (2), 178-187. 

7. Grapeveine Molecular Physiology & Biotechnology, 2
nd

 Edn: (Ed) K. A. 

Roubelakis-Angelakis., Publisher: Springer., 2009, Davies, C.; Böttcher, C., Hormonal 

Control of Grape  Berry Ripening., pp 229-261. 

8. Baumesa, R.; Wirth, J.; Bureau, S.; Gunata, Y.; Razungles, A., Biogeneration of 

C13-Norisoprenoid Compounds: Experiments Supportive for an apo-Carotenoid Pathway 

in Grapevines. Analytica Chimica Acta, 2002, 458, 3-14. 

9. Kitahata, N.; Asami, T., Chemical Biology of Abscisic Acid. Journal of Plant 

Research, 2011, 124 (4), 549-557. 

10. Inaba, A.; Ishida, M.; Sobajima, Y., Regulation of Ripening in Grapevines by 

Hormone Treatments (Agriculture). Sci. Rep. Kyoto Pref. Univ. Agr., 1974, 26, 25-31. 

11. Koyama, K.; Sadamatsu, K.; Goto-Yamamoto, N., Abscisic Acid Stimulated 

Ripening and Gene Expression in Berry Skins of the Cabernet Sauvignon grape. 

Functional & Integrative Genomics, 2010, 10 (3), 367-381. 

12. Cantin, C. M.; Fidelibus, M, W.; Crisosto, C. H., Application of Abscisic Acid 

(ABA) at Veraison Advanced Red Colour Development and Maintained Postharvest 

Quality of Crimson Seedless Grapes. Postharvest Biology and Technology, 2007, 46, 237-

241. 



References 127 

 

13. Sandhu, A. K.; Gray, D. J.; Lu, J.; Gu, L., Effects of Exogenous Abscisic Acid on 

Antioxidant Capacities, Anthocyanins, and Flavonol Contents of Muscadine Grape (Vitis 

rotundifolia) Skins. Food Chemistry, 2011, 126, 982-988. 

14. Peppi, M. C.; Fidelibus, M. W.; Dokoozlian, N. K., Application Timing and 

Concentration of Abscisic Acid Affect the Quality of ‘Redglobe’ Grapes. Journal of 

Horticultural Science & Biotechnology, 2007, 82 (2), 304-310. 

15. Wheeler, S.; Loveys, B.; Ford, C.; Davies, C., The Relationship Between the 

Expression of Abscisic Acid Biosynthesis Genes, Accumulation of Abscisic Acid and the 

Promotion of Vitis vinifera L. Berry Ripening by Abscisic Acid. Australian Journal of 

Grape and Wine Research, 2009, 15 (3), 195-204. 

16. Gagné, S.; Cluzet, S.; Mérillon, J.-M.; Gény, L., ABA Initiates Anthocyanin 

Production in Grape Cell Cultures. Journal of Plant Growth Regulation, 2011, 30 (1), 1-

10. 

17. Mathieu, S.; Terrier, N.; Procureur, J.; Bigey, F.; Gunata, Z., A Carotenoid 

Cleavage Dioxygenase from Vitis vinifera L.: Functional Characterization and Expression 

During Grape Berry Development in Relation to C13-norisoprenoid Accumulation. 

Journal of Experimental Botany, 2005, 56, 2721-2731. 

18. Hiratsuka, S.; Onodera, H.; Kawai, Y.; Kubo, T.; Itoh, H.; Wada, R., ABA and 

Sugar Effects on Anthocyanin Formation in Grape Berry Cultured in vitro. Scientia 

Horticulturae, 2001, 90, 121-130. 

19. Owen, S, J.; Lafond, M. D.; Bowen, P.; Bogdanoff, C.; Usher, K.; Abrams, S. R., 

Profiles of Abscisic Acid and Its Catabolites in Developing Merlot Grape (Vitis vinifera) 

Berries, American Journal of Enology and Viticulture, 2009, 60 (3), 277-284. 

20. Zhang, Y.-l.; Zhang, R.-g., Effects of ABA Content on the Development of 

Abscission Zone and Berry Falling After Harvesting of Grapes. Agricultural Sciences in 

China, 2009, 8 (1), 59-67. 

21. Deis, L.; Cavagnaro, B.; Bottini, R.; Wuilloud, R.; Fernanda Silva, M., Water 

Deficit and Exogenous ABA Significantly Affect Grape and Wine Phenolic Composition 

Under in Field and in-vitro Conditions. Plant Growth Regulation, 2011, 65 (1), 11-21. 

22. Balint, G.; Reynolds, A., Effect of ABA on Vine Physiology and Grape Quality of 

Cabernet Sauvignon in a Cool-Climate Area. American Journal of Enology and 

Viticulture, 2009, 60 (3), 397A 



References 128 

 

23. Gu, S., Kaigas, K.; Kaigas, M.; Du, G.; Jacobs, S.; Wample, R., Efficacy of ABA 

Application to Enhance Wine Color of Cabernet Sauvignon in a Warmer Growing Region. 

American Journal of Enology and Viticulture, 2008, 59 (3), 343A. 

24. Wang, F.; Jiang, J. G.; Chen, Q., Progress on Molecular Breeding and Metabolic 

Engineering of Biosynthesis Pathways of C30, C35, C40, C45, C50 Carotenoids, Biochemical 

Advances, 2007, 25, 211-222. 

25. Razungles, A. J.; Babic, I.; Sapis, J. C.; Bayonove, C. L., Particular Behavior of 

Epoxy Xanthophylls during Veraison and Maturation of Grape. Journal of Agriculture 

and Food Chemistry, 1996, 44, 3821-3825. 

26. The Structure and Function of Plasmids, (Eds) R. R. Wise and J. K. Hoober., 

Publisher: Springer., 2007, Cuttriss, A. J.; Mimisa, J. L.; Howitt, C. A.; Pogson, B. J., 

Carotenoids., Chapter 16,  pp 315-334. 

27. Carotenoids, Vol. 4, (Eds) G. Britton, S. Liaaen-Jenson, H. Pfander., Publisher: 

Birkhäuser Verlag., 2008, Functions of Intact Carotenoids., Chapter 10,  pp 189-212. 

28. Heinonen, M. I.; Velimatti, O.; Linkola, E, K.; Varo, P. T.; Koivistoinen, P. E., 

Carotenoids in Finnish Foods: Vegetables, Fruits, and Berries. Journal of Agriculture and 

Food Chemistry, 1989, 37, 655-659. 

29. Dokkum, W. V.; de Vos, R. H.; Schrijver, J., Retinol, Total Carotenoids, β-

Carotene, and Tocopherols in Total Diets of Male Adolescents in The Netherlands. 

Journal of Agriculture and Food Chemistry, 1990, 38, 211-216. 

30. Cano, M. P.; de Ancos, B., Carotenoid and Carotenoid Ester Composition in 

Mango Fruit As Influenced by Processing Method. Journal of Agriculture and Food 

Chemistry, 1994, 42, 2737-2742. 

31. Rouseff, R. L.; Sadler, G. D.; Putnam, T. J.; Davis, J. E., Determination of β-

Carotene and Other Hydrocarbon Carotenoids in Red Grapefruit Cultivars. Journal of 

Agriculture and Food Chemistry, 1992, 40, 47-51. 

32. Maoka, T.; Fujiwara, Y.; Hashimoto, K.; Akimoto, N., Rapid Identification of 

Carotenoids in a Combination of Liquid Chromatography / UV-Visible Absorption 

Spectrometry by Photodiode-Array Detector and Atmospheric Pressure Chemical 

Ionisation Mass Spectrometry (LC/PAD/APCI-MS). J. Oleo Sci., 2002, 51, 1-9. 

33. van Breemen, R. B.; Schmitz, H. H.; Schwartd, S. J., Continuous-Flow Fast Atom 

Bombardment Liquid Chromatography/Mass Spectrometry of Carotenoids. Analytical 

Chemistry, 1993, 65, 965-969. 



References 129 

 

34. Schwartz, S. J.; Patroni-Killam, M., Detection of Cis-Trans Carotene Isomers by 

Two-Dimensional Thin-Layer and High-Performance Liquid Chromatography. Journal of 

Agriculture and Food Chemistry, 1985, 33, 1160-1163. 

35. de Rosso, V. V.; Mercadante, A. Z., HPLC–PDA–MS/MS of Anthocyanins and 

Carotenoids from Dovyalis and Tamarillo Fruits. Journal of Agriculture and Food 

Chemistry, 2007, 55, 9135-9141. 

36. Khachik, F.; Beecher, G. R.; Lusby, W. R., Separation and Identification of 

Carotenoids and Carotenol Fatty Acid Esters in Some Squash Products by Liquid 

Chromatography. 2. Isolation and Characterization of Carotenoids and Related Esters. 

Journal of Agriculture and Food Chemistry, 1988, 36, 938-946. 

37. de Pinho, P. G.; Ferreira, A. C. S.; Pinto, M. M.; Benitez, J. G.; Hogg, T. A., 

Determination of Carotenoid Profiles in Grapes, Musts, and Fortified Wines from Douro 

Varieties of Vitis vinifera. Journal of Agriculture and Food Chemistry, 2001, 49, 5484-

5488. 

38. Mendes-Pinto, M. M.; Ferreira, A. C. S.; Oliveira, M. B. P. P.; de Pinho, P. G., 

Evaluation of Some Carotenoids in Grapes by Reversed- and Normal-Phase Liquid 

Chromatography: A Qualitative Analysis. Journal of Agriculture and Food Chemistry, 

2004, 52, 3182-3188. 

39. Mendes-Pinto, M. M.; Ferreira, A. C. S.; Caris-Veyrat, C.; de Pinho, P. G., 

Carotenoid, Chlorophyll, and Chlorophyll-Derived Compounds in Grapes and Port Wines. 

Journal of Agriculture and Food Chemistry, 2005, 53, 10034-10041. 

40. Crupi, P.; Milella, R. M.; Antonacci, D., Simultaneous HPLC-DAD-MS (ESI
+
) 

Determination of Structural and Geometrical Isomers of Carotenoids in Mature Grapes. 

Journal of Mass Spectrometry, 2010, 45, 971-980. 

41. Razungles, A.; Bayonove, C.L.; Cordonnier, R.E.; Sapis, J.C., Grape Carotenoids: 

Changes During the Maturation Period and Localization in Mature Berries. American 

Journal of Enology and Viticulture, 1988, 39, 44-48. 

42. Oliveira, C.; Ferreira, A. C.; Costa, P.; Guerra, J.; de Pinho, P. G., Effect of Some 

Viticultural Parameters on the Grape Carotenoid Profile. Journal of Agriculture and Food 

Chemistry, 2004, 52, 4178-4184. 

43. Bindon, K. A.; Dry, P. R.; Loveys, B. R., Influence of Plant Water Status on the 

Production of C13-Norisoprenoid Precursors in Vitis vinifera L. Cv. Cabernet Sauvignon 

Grape Berries. Journal of Agriculture and Food Chemistry, 2007, 55, 4493-4500. 



References 130 

 

44. Steel, C. C.; Keller, M., Influence of UV-B Irradiation on the Carotenoid Content 

of Vitis vinifera Tissues. 14th International Symposium on Plant Lipids, 2000, 28, 883-

885. 

45. Mendes-Pinto, M. M., Carotenoid Breakdown Products the-Norisoprenoids-in 

Wine Aroma. Archives of Biochemistry and Biophysics, 2009, 483, 236-245.  

46. Sefton, M. A.; Skouroumounis, G. K.; Elsey, G. M.; Taylor, D. K., Occurence, 

Sensory Impact, Formation, and Fate of Damascenone in Grapes, Wines, and Other Foods 

and Beverages. Journal of Agriculture and Food Chemistry, 2011, 59, 9717-9746. 

47. Lutz, A.; Winterhalter, P., Bio-oxidative Cleavage of Carotenoids: Important 

Route to Physiological Active Plant Constituents. Tetrahedron Letters. 1992, 33, 5169-

5172. 

48. Ferreira, A. C. S.; Monteiro, J.; Oliveira, C.; de Pinho, P. G., Study of Major 

Aromatic Compounds in Port Wines from Carotenoid Degradation. Food Chemistry, 

2008, 110, 83-87. 

49. Rodriguez-Bustamante, E.; Sánchez, S., Microbial Production of C13-

Norisoprenoids and Other Aroma Compounds via Carotenoid Cleavage. Critical Reviews 

in Microbiology, 2007, 33, 211-230 

50. Nambara, E.; Marion-Poll, A., Abscisic Acid Biosynthesis and Catabolism. 

Annual Review of Plant Biology, 2005, 56 (1), 165-185. 

51. Zaharia, L. I.; Walker-Simmon, M. K.; Rodríguez, C. N.; Abrams, S. R., 

Chemistry of Abscisic Acid, Abscisic Acid Catabolites and Analogs. Journal of Plant 

Growth Regulation, 2005, 24, 274-284. 

52. Walker-Simmons, M. K.; Anderberg, R. J.; Rose, P. A.; Abrams, S. R., Optically 

Pure Abscisic Acid Analogues. Tools for Relating Germination Inhibition and Gene 

Expression in Wheat Embryos. Plant Physiology, 1992, 99, 501-507. 

53. Ueno, K.; Araki, Y.; Hirai, N.; Saito, S.; Mizutani, M.; Sakata, K.; Todoroki, Y., 

Differences Between the Structural Requirements for ABA 8'-Hydroxylase Inhibition and 

for ABA Activity. Bioorganic & Medicinal Chemistry, 2005, 13, 3359-3370. 

54. Perras, M.; Rose, P. A.; Pass, E. W.; Chatson, K. B.; Balsevich, J. J.; Abrams, S. 

R., Defining Steric, Electronic and Conformational Requirements of Carrier-Mediated 

Uptake of Abscisic Acid in Barley Suspension Culture Cells. Phytochemistry, 1997, 46, 

215-222. 

55. Cutler, S. R.; Rodriguez, P. L.; Finkelstein, R. R.; Abrams, S. R., Abscisic Acid: 

Emergence of a Core Signal Network. Annu. Rev., Plant Biol., 2010, 61, 651-679. 



References 131 

 

56. Churchill, G. C.; Ewan, B.; Reaney, M. J. T.; Abrams, S. R.; Gusta, L. V., 

Structure-Activity Relationships of Abscisic Acid Analogs Based on the Induction of 

Freezing Tolerance in Bromegrass (Bromus inermis Leyss) Cell Cultures. Plant 

Physiology, 1992, 100, 2024-2029. 

57. Walker-Simmons, M. K.; Rose, P. A.; Shaw, A. C.; Abrams, S. R., The 7'-Methyl 

Group of Abscisic Acid Is Critical for Biological Activity in Wheat Embryo Germination. 

Plant Physiology, 1994, 106, 1279-1284. 

58. Robertson, A. J.; Reaney, M. J. T.; Wilen, R. W.; Lamb, N.; Abrams, S. R.; Gusta, 

L. V., Effects of Abscisic Acid Metabolites and Analogs on Freezing Tolerance and Gene 

Expression in Bromegrass (Bromus inermis Leyss) Cell Cultures. Plant Physiology, 1994, 

105, 823-830. 

59. Sauter, A.; Abrams, S. R.; Hartung, W., Structural Requirements of Abscisic Acid 

(ABA) and its Impact on Water Flow During Radial Transport of ABA Analogues 

Through Maize Roots. Journal of Plant Growth Regulation, 2002, 21, 50-59. 

60. Fuchs, E. E.; Livingston, N. J.; Abrams, S. R.; Rose, P. A., Structure-Activity 

Relationships of ABA Analogs Based on Their Effects on the Gas Exchange of Clonal 

White Spruce (Picea glauca) Emblings. Physiologia Plantarum, 1999, 105, 245-255. 

61. Hays, D. B.; Rose, P.; Abrams, S. R.; Moloney, M. M., Biological Activity of 

Optically Pure C-1 Altered Abscisic Acid Analogs in Brassica napus Microspore 

Embryos. Journal of Plant Growth Regulation, 1996, 15, 5-11. 

62. Cornforth, J. W.; Milborrow, B. V.; Rybeck, G., Synthesis of (±)-Abscisin II, 

Nature, 1965, 206, 715. 

63. Roberts, D. L.; Heckman, R. A.; Hege, B. P.; Bellin, S. A., Synthesis of (RS)-

Abscisic Acid. Journal of Organic Chemistry, 1968, 33, 3566-3569. 

64. Constantino, M. G.; Losco, P.; Castellano, E. E., A Novel Synthesis of (±)-

Abscisic Acid, Journal of Organic Chemistry, 1989, 54, 681-683. 

65. Smith, T. R.; Clark, A. J.; Clarkson, G. J.; Taylor, P. C.; Marsh, A., Concise 

Enantioselective Synthesis of Abscisic Acid and a New Analogues, Organic & 

Biomolecular Chemistry, 2006, 4, 4186-4192. 

66. Constantino, M. G.; Beltrame, M., Synthesis of Abscisic Acid, Trends in Organic 

Chemistry, 1993, 4, 371-378.  

67. Zheng, A.-L.; Wu, Y.-L., Facile Synthesis of -Cyclocitral. Chinese Journal of 

Pharmaceuticals, 1992, 23 (6), 273. 



References 132 

 

68. Cainelli, G.; Cardillo, G.; Orens, M., Synthesis of Compounds Containing the 

Isoprene Unit; a Stereospecific Synthesis of -Ionilideneacetic Acid and Dehydro--

ionilideneacetic Acid, a Key Intermediate to Abscisic Acid. Journal of the Chemical 

Society, Perkin I, 1970, 1597-1599. 

69. Gedye, R. N.; Arora, P. C.; Deck, K., Preparation of -Cyclocitral. Canadian 

Journal of Chemistry. 1971, 49, 1764-1766. 

70. Bennani, Y. L.; Boehm, M. F., Synthesis of High Specific Activity 2,3- and 3,4-

[
3
H]2-9-cis-Retinoic Acid. The Journal of Organic Chemistry. 1995, 60, 1195-1200. 

71. Hope, K. D.; Robinson, C. Y.; Vaezi, M. F.; Brouilette, W. J.; Muccio, D. D., 
13

C 

NMR Assignmens of the Isoprenoid Chain Carbons of Retinoids from Emperical 

Chemical Shift Differences, Magnetic Resonance in Chemistry, 1987, 25, 1040-1045. 

72. Oritani, T.; Yamashita, K., Studies on Abscisic acid Part V. The Epoxidation 

Products of Methyl Dehydro--ionylideneacetates. Agricultural Biological Chemistry, 

1970, 34 (12), 1821-1825. 

73. Clennan, E. L., Synthetic and Mechanistic aspects of 1,3-Diene Photooxidation. 

Tetrahedron, 1991, 47, 1343-1382. 

74. Denny, R. W.; Nickon, A., Sensitized Photooxygenation of Olefins. Organic 

Reactions, 1973, 20, 133-366. 

75. Foote, C. C., Definition of Type I and Type II Photosensitized Oxidation. 

Photochemistry Photobiology, 1991, 54, 659. 

76. Borsarelli, C. D.; Mischne, M.; Venia, A. L.; Vieyra, F. E. M., UVA Self-

Photosensitized Oxygenation of β-Ionone. Photochemistry and Photobiology. 2007, 83 

(6), 1313-1318. 

77. Etoh, H.; Ina, K.; Iguchi, M. Photosensitized Oxygenation of α-Pyran Derived 

from β-Ionone. Agr. Biol. Chem. 1973, 37 (10), 2241-2244. 

78. Markovich, Y. D.; Panfilov, A. V.; Platunov, Y. N.; Zhirov, A. A.; Kosenko, S. I.; 

Kirsanov, A. T., New Cyclization Agents for the Synthesis of Beta-Ionone from 

Pseudoionone.  Pharmaceutical Chemistry Journal. 1998, 32 (11), 603-605. 

79. van Wageningen, A.; Cerfontain, H.; Geenevasen, J. A. J., Photochemistry of 

Non-conjugated Dienones. Part V. Photolysis of (E)-β-Ionone and its Isomeric α-Pyran. 

Journal of the Chemical Society, Perkin Transactions 2, 1975, (12), 1283-1286. 

80. Kepler, J. A.; Philip, A.; Lee, Y. W.; Morey, M. C.; Carroll, F. I., 1,2,4-Trioxanes 

as Potential Antimalarial Agents. J. Med. Chem. 1988, 31 (4), 713-716. 



References 133 

 

81. Nishio, T.; Mathies, P.; Job, K.; Frei, B.; Jeger, O., Photo-oxygenation of (E)- and 

(Z)-7-Methyl-β-ionone. Helvetica Chimica Acta, 1989, 72 (5), 943-951. 

82. Greatrex, B. W.; Taylor, D. K., Ring-Opening of Unsymmetrical 1,2-Dioxines 

Using Cobalt(II) Salen Complexes. The Journal of Organic Chemistry 2004, 70 (2), 470-

476. 

83. Suzuki, M.; Ohtake, H.; Kameya, Y.; Hamanaka, N.; Noyori, R., Ruthenium(II)-

Catalyzed Reactions of 1,4-Epiperoxides. The Journal of Organic Chemistry 1989, 54 

(22), 5292-5302. 

84. Sengul, Mehmet  E.; Simsek, N.; Balci, M., An Unprecedented Co
II
-

Tetraphenylporphyrin-Catalyzed Decomposition of Bicyclic Endoperoxides: A New 

Approach to Substituted Furofuran Systems. European Journal of Organic Chemistry 

2000, (7), 1359-1363. 

85. Herz, W.; Ligon, R. C.; Turner, J. A.; Blount, J. F., Remote Oxidation in the 

Fe(II)-Induced Decomposition of a Rigid Epidioxide. The Journal of Organic Chemistry 

1977, 42 (11), 1885-1895. 

86. Mischne, M., Chemistry of 1,2,4-Trioxanes: Metal-Induced Deoxygenation and 

Rearrangement of the 1,2,4-Trioxane Obtained by Photooxidation of β-Ionone. Synthesis 

2002, (12), 1711-1715. 

87. Englert, G., A 
13

C-NMR. Study of cis-trans Isomeric Vitamins A, Carotenoids 

and Related Compounds. Helvetica Chimica Acta, 1975, 58 (8), 2367-2390. 

88. Wijeratne, E. M. K.; Liu, M. X.; Kantipudi, N. B.; Brochini, C. B.; Gunatilaka, A. 

A. L.; Canfield, L. M., Synthesis and Preliminary Biological Evaluation of -Carotene 

and Retinoic Acid Oxidation Products. Bioorganic & Medicinal Chemistry, 2006, 14, 

7875-7879. 

89. Mousseron-Canet, M.; Dalle, J-P.; Mani, J-C., Photooxydation Sensibilisee de 

Composes Apparentes aux Carotenoides. Photochemistry and Photobiology, 1969, 91-94. 

90. Humphries, K. A.; Curley, R. W. Jr., Triplet-Sensitized Photooxygenation of 

Therapeutic Retinoids. Pharmaceutical Research, 1991, 8 (7), 826-831. 

91. Roversi, E.; Monnat, F.; Vogel, P.; Schenk, K.; Roversi, P., Substituent Effect on 

the Competition between Hetero-Diels-Alder and Cheletropic Additions of Sulfur Dioxide 

to 1-Substituted Buta-1,3-dienes. Helvetica Chimica Acta, 2002, 85, 733-760.  



References 134 

 

92. Adam, W.; Staab, E., Regio-Controlled Functionalization of 2,5-Dimethyl-2,4-

hexadiene into Epoxy Alcohols by Photooxygenation in the Presence of Titanium(IV) or 

Vanadium(v). Tett. Lett, 1988, 29, 531-534.  

93. White, J. D.; Skeean, R. W.; Trammell, G. L., Lewis Acid and Photochemically 

Mediated Cyclizations of Olefinic -Keto Esters. J. Org. Chem., 1985, 50, 1939-1948.  

94. Schulte-Elte, K. H.; Gadola, M.; Ohloff, G., Oxydative Umsetzungen in der 

Damascon-Reihe. 
1
gO2- und SeO2-Oxydation von -Damascenon. Helvetica Chimica 

Acta, 1973, 56, 2028-2035. 

95. Siegel, S. M., Seed Germination. The American Biology Teacher, 1963, 25 (2), 

100-104. 

96. Plant Developmental Biology – Biotechnological Perspectives: Volume 1. (Eds) 

Pua, E-C.; Davey, M. R., Publisher: Springer., 2010, Martin, R. C.; Pluskota, W. E.; 

Nonogaki, H., Seed Germination.,  Chapter 19, pp 383-401.  

97. Schopfer, P.; Bajracharya, D.; Plachy, C., Control of Seed Germination by 

Abscisic Acid. Plant Physiol., 1979, 64, 822-827. 

98. Bioassays and Other Special Techniques for Plant Hormones and Plant Growth 

Regulators. (Eds) Yopp, J. H.; Aung, L. H.; Steffens, G. L., Publisher: Plant Growth 

Regulator Society of America., 1986, pp 92-93. 

99.  Blackwell, H. E.; Zhao, Y., Chemical Genetic Approaches to Plant Biology. Plant 

Physiol., 2003, 133, 448-455. 

100. Cheng, W. H.; Endo, A.; Zhou, L.; Penny, J.; Chen, H. C.; Arroyo, A.; Leon, P.; 

Nambara, E.; Asami, T.; Seo, M.; Koshiba, T.; Sheen, J., A Unique Short-Chain 

Dehydrogenase/Reductase in Arabidopsis Glucose Signaling and Abscisic Acid 

Biosynthesis and Functions. Plant Cell, 2002, 14, 2723-2743.  

101. Frey, A.; Godin, B.; Bonnet, M.; Sotta, B.; Marion-Poll, A., Material Synthesis of 

Abscisic Acid Controls Seed Development and Yield in Nicotiana plumbaginifolia. 

Planta, 2004, 218, 958-964.  

102. Raz, V.; Bergervoet, J. H. W.; Koornneef, M., Sequential Steps for 

Developmental Arrest in Arabidopsis Seeds. Development, 2001, 128, 243-252. 

103.  White, C. N.; Proebsting, W. M.; Hedden, P.; Rivin, C. J., Gibberellins and Seed 

Development in Maize. I. Evidence that Gibberellin/Abscisic Acid Balance Governs 

Germination versus Maturation Pathways. Plant Physiol., 2000, 122, 1081-1088. 



References 135 

 

104. Feurtado, J. A.; Ambrose, S. J.; Cutler, A. J.; Ross, A. R. S.; Abrams, S. R.; 

Kermode, A. R., Dormancy Termination of Western White Pine (Pinus monticola Doudl. 

Ex D. Don) Seeds is Associated with Changes in Abscisic Acid Metabolism. Planta, 2004, 

218, 630-639.  

105. Kushiro, T.; Okamoto, M.; Nakabayashi, K.; Yamagishi, K.; Kitamura, S.; Asami, 

T.; Hirai, N.; Koshiba, T.; Kamiya, Y.; Nambara, E., The Arabidopsis Cytochrome P450 

CYP707A Encodes ABA 8’-Hydroxylases: Key Enzymes in ABA Catabolism. EMBO J., 

2004, 23, 1647-1656.  

106. Yoshioka, T.; Endo, T.; Satoh, S., Restoration of Seed Germination at 

Supraoptimal Temperatures by Fluridone, an Inhibitor of Abscisic Acid Biosynthesis. 

Plant Cell Physiol., 1998, 39, 307-312. 

107. Jacobsen, J. V.; Pearce, D. W.; Poole, A. T.; Pharis, A. P.; Mander L. N., Abscisic 

Acid and Gibberellin Contents Associated with Dormancy and Germination in Barley. 

Physiol. Plant. 2002, 115, 428-441. 

108.   Gonai, T.; Kawahara, S.; Tougou, M.; Satoh, S.; Hashiba, T.; Hirai, N.; Kawaide, 

H.; Kamiya, Y.; Yoshioka, T., Abscisic Acid in the Thermoinhibition of Lettuce Seed 

Germination and Enhancement of its Catabolism by Gibberellin. Journal of Experimental 

Botany, 2004, 55, 111-118. 

109.  Schmitz, N.; Abrams, S. R.; Kermode, A. R., Changes in ABA Turnover and 

Sensitivity that Accompany Dormancy Termination of Yellow-Cedar (Chamaecyparis 

nootkatensis) Seeds.  Journal of Experimental Botany, 2002, 53, 89-101. 

110. Moore, R.; Smith, J. D., Growth, Graviresponsiveness and Abscisic Acid Content 

of Zea mays Seedlings Treated with Fluridone. Planta, 1984, 162, 342-344. 

111. Feldman, L. J.; Sun, P. S., Effects of Norflurazon, a Inhibitor of Carotenogenesis, 

on Abscisic Acid and Xanthoxin in the Caps of Gravistimulated Maize Roots. Physiol. 

Plant. 1986, 67, 472-476. 

112. Milborrow, B. V., The Metabolism of Abscisic Acid., J. Exp. Bot., 1970, 21, 17-

29. 

113. Zou, J. T.; Abrams, G. D.; Barton, D. L.; Taylor, D .C.; Pomeoy, M. K., Abrams, 

S. R., Induction of Lipid and Oleosin Biosynthesis by (+)-Abscisic Acid and its 

Metabolites in Microspore Derived Enbryos of Brassica napus L. Cv Reston-Biological 

Responses in the Presence of 8’-Hydroxyabscisic Acid. Plant Physiol., 1995, 108, 563-

571. 



References 136 

 

114. Zeevaart, J. A. D.; Creelman, R. A., Metabolism and Physiology of Abscisic Acid. 

Annu. Rev. Plant Physiol. Plant Mol. Biol., 1988, 39, 439-473. 

115.   Boyer, G. L.; Zeevaart, J. A. D., Isolation and Quantitation of -D-

glucopyranosyl Abscisate from Leaves of Xanthium and Spinach. Plant. Physiol., 1982, 

70, 227-231. 

116. Hubbard, K. E.; Nishimura, N.; Hitomi, K.; Getzoff, E. D.; Schroeder, J. I., Early 

Abscisic Acid Signal Transduction Mechanisms: Newly Discovered Components and 

Newly Emerging Questions. Genes Dev., 2010, 24, 1695-1708. 

117. Finkelstein, R. R.; Gampala, S. S.; Rock, C. D., Abscisic Acid Signaling in Seeds 

and Seedlings, Plant Cell, 2002, 14, S15-S45.   

118. Kitahata, N.; Nakano, T.; Kuchitsu, K.; Yoshida, S.; Asami, T., Biotin-labeled 

Abscisic Acid as a Probe for Investigating of Abscisic Acid Binding Sites on Plasma 

Membranes of Barley Aleurone Protoplasts. Bioorg. Med. Chem. Lett., 2005, 13, 3351-

3358.  

119. Nyangulu, J. M.; Galka, M. M.; Jadhav, A.; Gai, Y.; Graham, C. M.; Nelson, K. 

M.; Cutler, A. J.; Taylor, D. C.; Banowetz, G. M.; Abrams, S. R., An Affinity Probe for 

Isolation of Abscisic Acid-Binding Proteins, J. Am. Chem. Soc., 2005, 127, 1662-1664. 

120. Allan, A. C.; Fricker, M. D.; Ward, J. L.; Beale, M. H.; Trewavas, A. J., Two 

Transduction Pathways Mediate Rapid Effects of Abscisic Acid in Commelina Guard 

Cells. Plant Cell, 1994, 6, 1319-1328.  

121. Yamazaki, D.; Yoshida, S.; Asami, T.; Kuchitsu, K., Visualisation of Abscisic 

Acid-Perception Sites on the Plasma Membrane of Stomatal Guard Cells. Plant J., 2003, 

35, 129-139.  

122. Nishimura, N.; Yoshida, T.; Maruyama, M.; Asami, T.; Shinozaki, K.; Hirayama, 

T., Isolation and Characterization of Novel Mutants Affecting the Abscisic Acid 

Sensitivity of Arabidopsis Germination and Seedling Growth. Plant Cell Physiol., 2004, 

45, 1485-1499. 

123. Zhao, Y.; Chow, T. F.; Puckrin, R. S.; Alfred, S. E.; Korir, A. K.; Larive, C. K.; 

Cutler, S. R., Chemical Genetic Interrogation of Natural Variation Uncovers a Molecule 

that is Glycoactivated. Nat. Chem. Biol., 2007, 3, 716-721.  

124.  Miyoshi, K.; Sato, T., The Effects of Ethanol on the Germination of Seeds of 

Japonica and Indica Rice (Oryza sativa L.) under Anaerobic and Aerobic Conditions. 

Annals of Botany, 1997, 79, 391-395.  



References 137 

 

125. Li, C.; Liu, Z.; Zhang, Z.; Wang, R.; Xiao, L.; Ma, H.; Chong, K.; Xu, Y., SKP1 is 

Involved in Abscisic Acid Signalling to Regulate Seed Germination, Stomatal Opening 

and Root Growth in Arabidopsis thalians. Plant Cell and Environment, 2012, 35, 952-965.  

126. Sunkar R.; Zhu, J-K., Abscisic Acid (ABA). Encyclopedia of Biological 

Chemistry, Volume 1, 2004, 6-11. 

127. Macrobbie, E. A. R., Calcium and ABA-Induced Stomatal Closure. Phil. Trans. R. 

Soc. Lond. B, 1992, 338, 5-18. 

128. Plant Stress Tolerance, Methods in Molecular Biology-639: (Ed) R. Sunkar., 

Publisher: Springer., 2010, Oliver, M. J.; Cushman, J. C.; Koster, K. L., Dehydration 

Tolerance in Plants., pp 1064-3745. 

129. Wang, S.; Hu, L.; Sun, J.; Sui, X.; Wei, Y.; Zhang, Z., Effects of Exogenous 

Abscisic Acid on Leaf Carbohydrate Metabolism during Cucumber Seedling Dehydration. 

Plant Growth Regulation, 2012, 66 (1), 87-93. 

130. Nambara, E.; Kawaide, H.; Kamiya, Y.; Naito, S., Characterization of an 

Arabidopsis thaliana Mutant that Has a Defect in ABA Accumulation: ABA-Dependent 

and ABA-Independent Accumulation of Free Amino Acids during Dehydration. Plant 

Cell Physiology, 1998, 39 (8), 853-858. 

131. Urano, K.; Maruyama, K.; Ogata, Y.; Morishita, Y.; Takeda, M.; Sakurai, N.; 

Suzuki, H.; Saito, K.; Shibata, D.; Kobayashi, M.; Yamaguchi-Shinozaki, K.; Shinozaki, 

K., Characterization of the ABA-Regulated Global Responses to Dehydration in 

Arabidopsis by Metabolomics. The Plant Journal, 2009, 57 (6), 1065-1078.  

132. Kondo, S.; Sugaya, S.; Sugawa, S.; Ninomiya, M.; Kittikorn, M.; Okawa, K.; 

Ohara, H.; Ueno, K.; Todoroki, Y.; Mizutani, M.; Hirai, N., Dehydration Tolerance in 

Apple Seedlings is Affected by an Inhibitor of ABA 8’-Hydroxylase CYP707A. Journal 

of Plant Physiology, 2011, 169 (3), 234-241. 

133. Iuchi, S.; Kobayashi, M.; Taji, T.; Naramoto, M.; Seki, M.; Kato, T.; Tabata, S.; 

Kakubari, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K., Regulation of Drought Tolerance 

by Gene Manipulation of 9-cis-Epoxycarotenoid Dioxygenase, a Key Enzyme in Abscisic 

Acid Biosynthesis in Arabidopsis. The Plant Journal, 2001, 27 (4), 325-333. 

134. Weyerstahl, P.; Marschall, H.; Bork, W.-R.; Rilk, R.; Schneider, S.; Wahlburg, 

H.-C., Constituents of the Absolute of Boronia megastigma Nees. from Tasmania. 

Flavour and Fragrance Journal 1995, 10 (5), 297-311. 



References 138 

 

135. Riveira, M. J.; La-Venia, A.; Mischne, M., Structural characterization of strained 

oxacycles by 
13

C NMR spectroscopy. ARKIVOC Organic Chemistry on Argentina, 2011, 

7, 162-169. 

 

 

 

 


	TITLE: The Synthesis and Biological Evaluation of Potential ABA-Like Analogues: Prospective Substrates to Control Berry Ripening of Wine Grapes
	Table of Contents
	Abstract
	Declaration
	Acknowledgements
	Abbreviations
	Figures, Schemes and Tables

	CHAPTER 1: INTRODUCTION.
	CHAPTER 2: SYNTHESIS OF BIOLOGICAL TARGETS
	CHAPTER 3: LACTUCA (LETTUCE) SEED GERMINATION ASSAYS
	CHAPTER 4: BEAN DEHYDRATION ASSAYS
	CHAPTER 5: EXPERIMENTAL
	REFERENCES.

