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Abstract 

Brassinolide and castasterone are two phytohormones that show significant plant 

growth-promoting activity. Numerous brassinosteroid analogues differing in either the 

side chain or the B-ring, relative to brassinolide and castasterone, have been synthesized 

and assayed for biological activity. This Thesis describes the preparation of the two 

epimeric 6-hydroxy analogues of castasterone and of three novel non-steroidal mimetics 

of brassinolide that were designed by molecular modeling to provide a close 

superimposition of key functional groups upon those of brassinolide. 

The two 6-hydroxy analogues were prepared by direct reduction of castasterone 

using sodium borohydride or sodium metal in ethanol to obtain mainly 

(2i?,35,6^,22i?,23i?,245)-2,3,6,22,23-pentahydroxyergostane or {2R,3S,6S,22R,21R,24S)-

2,3,6,22,23-pentahydroxyergostane, respectively. Both epimers were shown, using the 

rice leaf lamina inclination bioassay, to have statistically significant biological activity at 

doses of 1000 ng or higher. Bioactivity was enhanced by the co-application of 1000 ng of 

the auxin indole-3-acetic acid (IAA). Of the three novel non-steroidal mimetics, (£)-(+)-

1,2-bis[6a,7a-dihydroxy-5,6,7,8-tetrahydronaphthyl]ethene, (E)-(±)-1,2-bis[4,6a,7a-

trihydroxy-5,6,7,8-tetrahydronaphthyl]ethene and (±)-l,2-bis[4,6a,7a-trihydroxy-5,6,7,8-

tetrahydronaphthyl]ethane, only the second compound possessed statistically significant 

biological activity, but only with co-application of IAA. This is one of the first examples 

of a non-steroidal compound to display brassinosteroid activity. The first and third of the 

above mimetics did not show any biological activity across all dosage levels with or 

without co-applied IAA. 
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Chapter One 

Introduction 

1.1 Brassinosteroids - History, Isolation, Structural Elucidation, and Occurrence 

Naturally-occurring plant hormones regulate vital physiological processes such as 

growth, differentiation and development in plants at minute concentrations.1 More 

specifically, a hormone can be defined as a chemical messenger that controls a physiological 

response at a site remote from its site of synthesis.23"0 This definition comes from the 

traditional term, originally used in the context of animal physiology, but also applicable to 

plants. Plant hormones comprise distinct sets of compounds, with unique metabolism and 

properties, able to affect physiological processes at concentrations far below those of either 

vitamins or nutrients.3 In the mid 1970's there were five recognized classes of plant 

hormones: auxins, abscisic acid, cytokinins, ethylene, and gibberellins. These five classes 

generally affect plant growth and development in a variety of ways, as well as affecting 

enzyme action, gene expression, and membrane permeability in the plant.4a'b The general 

effects exhibited by the five traditional classes of plant hormones (Figure 1.1) have been 

studied for many years and include the following:5'6 stimulation of cell elongation and 

division, induction of flowering, induction of seed germination, promotion of root formation, 

promotion of fruit growth, delay of leaf senescence and inhibition of shoot growth. 



CH2COOH 

H 

lndole-3-acetic acid 
(an Auxin) 

COOH 

Abscisic Acid 

Kinetine 
(a Cytokinin) 

H2C—CH2 

Ethylene 

...OH 

C0 2 H 

Gibberellic Acid 
(a Gibbereilin) 

Figure 1.1 Examples of Traditional Categories of Plant Hormones 

In addition to the five traditional classes of plant hormones, there have been recent 

advances in the identification and characterization of several classes of non-traditional ones 

such as salicylic acid, jasmonates, oligosaccharins, polyamines, and brassinosteroids (Figure 

1.2). Among the general physiological effects displayed by these non-traditional regulators 

are root growth inhibition, inhibition of leaf abscission, enhancement of disease/insect 

resistance, various changes in growth and differentiation of plants, initiation of seed 

germination, and induction of flowering.3'7'8'9'10 Since brassinosteroids are related to the 

principal theme of this Thesis, their properties will be described in more detail in the 

remainder of this and in subsequent sections. 
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Salicylic Acid 

vC02H 

Jasmonates 
(Jasmonic Acid) 

n = 3 - 6 

n 

Oligosaccharins 
(Oligogaiacturonide) 

H3N^-(CH2)3—NH—(CH2)4—NH3® 

Polyamines 
(Spermidine) 

Brassinosteroids 
(Brassinolide) 

Figure 1.2 Examples of Non-Traditional Classes of Plant Hormones 

As part of a large screening program that was conducted to identify new plant growth-

regulators, Mitchell and co-workers at the U.S. Department of Agriculture were the first to 

isolate active extracts from the pollen of the oil seed rape plant Brassica napus in 1970.11 

Mitchell and co-workers termed these active fractions "brassins", which were shown to 

promote cell elongation and cell division in other species of plants. Comparison of the 

physical and chemical properties of brassins with those of the other five traditional classes of 

plant hormones led the researchers to conclude that the unidentified active component in 
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these pollen extracts comprised a sixth class of plant hormones. It wasn't until 1979 that 

Grove and co-workers12 were able to isolate the active component from brassins, using a 

laborious fractionation process that afforded only 4 mg of the product from 40 kg of Brassica 

napus pollen. Grove and co-workers named the active component brassinolide (1). Through 

the use of traditional spectroscopic techniques and x-ray analysis, the structure of 

brassinolide was confirmed to be (2a,3a,22/?,237?,245)-2,3,22,23-tetrahydroxy-B-homo-7-

oxaergostan-6-one (1) (Figure 1.3). Some key structural features of brassinolide are that it 

was the first naturally-occurring steroid to contain a 7-membered lactone functionality in the 

B-ring of the steroid nucleus.13 As well, the presence of four hydroxyl groups in brassinolide 

make the steroid highly oxygenated. The four contiguous chiral centers in the side chain 

have proved to be especially synthetically challenging to the chemist. To date, over 40 

naturally-occurring brassinosteroids have been isolated and characterized, including three 

conjugates. In general, however, brassinolide remains the most potent brassinosteroid in 

promoting plant growth.14 

Brassinolide (1) 

Figure 1.3 Structure of Brassinolide 
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Of the five classes of non-traditional plant growth-regulators mentioned earlier, only 

brassinosteroids have gained wide acceptance as a new class of plant hormone,15 since they 

are widely distributed in the plant kingdom, are effective at extremely low concentrations, 

their range of physiological effects is different from those caused by other classes of plant 

hormones, and transport of the applied brassinosteroid to other parts of the plant is needed in 

order to induce a biological response. Brassinolide and other brassinosteroids have been 

identified in many plants, including dicots, monocots, gymnosperms, green algae, and a fern. 

As well, brassinolide has been isolated from seeds, fruits, shoots, leaves, flower buds and 

galls at levels typically between 0.5 pg and 30 ng/g of fresh weight.9 Brassinolide levels exist 

in highest concentrations in pollen (5 to 190 ng/g of fresh weight).9 Since the initial 

isolation of brassinolide in 1979, there has been considerable research carried out in the areas 

of brassinosteroid biosynthesis, physiology, molecular biology, metabolism, bioactivity, 

structure-activity relations, and synthesis.7,163 These aspects of brassinosteroids will be 

briefly reviewed in sections 1.2 to 1.6. 

1.2 Brassinolide Biosynthesis 

Two pathways have been reported for the biosynthetic origin of brassinolide. 

There is no evidence that one pathway predominates over the other and recent evidence 

indicates that both pathways can co-exist in the same plant species. 



1.2.1 Biosynthesis via Teasterone and Typhasterol 

6 

A hypothetical biosynthetic pathway was proposed in 1991 by Yokota and co

workers17 (Scheme 1.1). Starting from campesterol (2), brassinolide is biosynthesized via 

campestanol (3), teasterone (7) and typhasterol (9) via several steps in cultured plant cells of 

Catharanthus roseus. This hypothesis was based on the fact that there was increased 

biological activity at each successive step in the proposed pathway.17 Confirmation of this 

proposed biosynthetic scheme came in 1995,14'18 when feeding experiments using chemically 

synthesized labeled precursors showed that brassinolide was synthesized from campesterol 

(2) in cultured plant cells of C. roseus. The C. roseus cells were transformed using strains of 

Agrobacterium tumefaciens containing different Ti plasmids, which increased the rate of 

brassinolide biosynthesis.1611 

Campesterol (2) was found to be the major component (ca. 50%) in the sterol fraction 

of C. roseus cells from GC/MS analysis. Campestanol (3), 6a-hydroxycampestanol (4), and 

6-oxocampestanol (5) have been found to exist endogenously in the cultured C. roseus cells 

and have been identified as campesterol metabolites. The biosynthetic processes occurring 

en route to brassinolide involve successive oxidations, reductions, and stereochemical 

inversion steps. One area that remains unresolved is the sequence going from 6-

oxocampestanol to typhasterol. It has been postulated that the diol functionality is either a 

result of successive mono-hydroxylations in the side chain, or is formed by the introduction 

of a double bond, epoxidation, and hydration of the epoxide ring. The stereochemical 

inversion of the hydroxyl group in the A-ring has been rationalized by the suggestion that the 



3(3-hydroxyl group of 7 is oxidized to the corresponding ketone 8, and is then subsequently 

reduced to its 3a-epimer 9. 18 

Campesterol (2) Campestanol (3) 6oc-Hydroxycampestanol (4) 

Teasterone (7) Cathasterone(6) 6-Oxocampestanol (5) 

3-Dehydroteasterone (8) Typhasterol (9) Castasterone(IO) 

Brassinolide (1) 

Scheme 1.1 Early C-6 Oxidation Pathway for Brassinolide Biosynthesis 
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1.2.2 Biosynthesis via 6-Deoxocastasterone 

An alternative biosynthetic pathway involving late C-6 oxidation has also been 

reported by Sakurai and co-workers (Scheme 1.2).19 Thus, 3-dehydro-6-deoxoteasterone 

(13), 6-deoxotyphasterol (14), and 6-deoxocastasterone (15) have been reported as 

biosynthetic intermediates in Phaseolus vulgaris. This alternate biosynthetic pathway 

involves introduction of hydroxyl groups in the side chain, as well as epimerization of the 

hydroxyl group in the A-ring, prior to oxidation at C-6. The second hydroxyl group is then 

introduced into the A-ring at C-2, thus forming the vicinal diol moiety. Finally, 6-

deoxocastasterone (15) is oxidized at C-6 to give castasterone (10). Therefore, the major 

difference between the two biosynthetic pathways is in the timing of the C-6 oxidation step. 

Deuterium labeling studies using Catharanthus roseus have confirmed that 6-

deoxocastasterone (15) is a precursor of castasterone. Although much work has been 

carried out to elucidate the biosynthetic pathway, there has been no reported evidence for the 

conversion of campestanol (3) to 6-deoxocathasterone (ll).18 There is however, evidence 

from cultured cells of Catharanthus roseus that intermediates from both the early and late C-

6 oxidation pathways co-exist.19 This suggests that the two pathways are ubiquitous in 

various plant species and also indicates the biosynthetic pathway is more complicated than 

was first reported. Furthermore, the presence of both 2AR and 245 brassinosteroids in some 

species of plants suggests the existence of a common A24(28) intermediate.16b To further 

elucidate the biosynthetic pathway, future work would require radio-labeled feeding 

experiments and the use of mutants, where key steps in the pathway are blocked, leading to 



the build-up of preceding biosynthetic intermediates, thus enabling researchers to correctly 

identify which intermediate exists at each step in the biosynthesis of brassinolide. 

Campestanol (3) 6-Deoxycathasterone (11) 6-Deoxoteasterone (12) 

6-Deoxocastasterone (15) 6-Deoxotyphasterol (14) 3-Dehydro-6-deoxoteasterone (13) 

Castasterone (10) Brassinolide (1) 

Scheme 1.2 Late C-6 Oxidation Pathway for Brassinolide Biosynthesis 
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1.2.3 Experiments with Arabidopsis thaliana L. Mutants 

The biosynthesis of brassinolide has also been investigated in Arabidopsis thaliana, 

and recently, work carried out with Arabidopsis mutants has provided further insight into the 

biosynthetic pathway.21 The use of Arabidopsis mutants has been widespread because they 

are easy to identify and characterize, and the genes have been easy to isolate and clone. The 

physical size of the Arabidopsis plant as well as its short life cycle have also aided 

researchers working with it. The genes regulating the biosynthetic pathway of brassinolide 

fall into two categories of Arabidopsis mutants. The first group of mutants are hormone 

sensitive and can have the blocked biosynthetic pathways "rescued" by exogenous 

application of the missing hormone. The second group of mutants are termed hormone 

insensitive and do not become functional again in the presence of exogenous hormone. This 

has assisted researchers in identification of the genes that control the specific physiological 

responses associated with brassinosteroids. The roles of several such genes have been 

identified in the biosynthetic pathway of brassinolide and three of these genes (DET2, cpd, 

dwf4) will be discussed further. The DET2 gene, which expresses a steroid reductase, has 

been shown by Li and co-workers22 to act in the biosynthetic step in which campesterol (2) is 

converted to campestanol (3) (Scheme 1.3). Blocked DET2 mutants produce almost no 

brassinolide, leading to stunted growth of the plant, especially in the dark where no etiolation 

of the hypocotyl occurs. This mutant, however, can be rescued by the exogenous application 

of brassinolide.22"25 The cpd gene has been shown to mediate C-23 hydroxylation of the side 
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Campesterol (2) Campestanol (3) 

Cathasterone (6) 6-Oxocampestanol (5) 

cpd 

Brassinolide (1) 

O 

Teasterone (7) 

Scheme 1.3 Genes Involved in Brassinolide Biosynthesis in Arabidopsis thaliana 
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chain of brassinolide, either in the early or late C-6 oxidation pathway25 (Scheme 1.3). The 

dwf4 gene has been implicated in the introduction of a hydroxyl group at C-22 of the steroid 

side chain26 (Scheme 1.3). When either of the three aforementioned genes are blocked, the 

resulting Arabidopsis mutants all become hormone sensitive. An interesting extension of this 

research with Arabidopsis mutants could eventually lead to identification and cloning of the 

genes responsible for the putative brassinolide receptor, which has so far eluded isolation and 

characterization. Knowledge of the structure of the brassinolide receptor could lead to the 

design and synthesis of more potent brassinosteroids than those already available. 

1.3 Metabolism of Brassinosteroids 

1 *7 7 7 7R 

The work of Yokota et al, Suzuki et al., and Adam et al. have shown that 

exogenously applied brassinosteroids are metabolized via oxidation of the side chain, 

followed by glucosylation of the newly formed hydroxyl groups. Another metabolic pathway 

involves epimerization of the C-3 hydroxyl group in the A-ring of the brassinosteroid, 

followed by glucosylation of that center. Side-chain degradation has also been reported in 

Ornithopus sativus.29 A majority of the metabolic studies have involved the use of 24-

epicastasterone and 24-epibrassinolide, due to their greater ease of synthesis when compared 

to that of brassinolide. 
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1.3.1 Metabolism of 24-Epicastasterone (16) and 24-Epibrassinolide (17) in Cell 
Cultures of Lycopersicon esculentum 

When 24-epicastasterone (16) or 24-epibrassinolide (17) were fed to cell cultures of 

Lycopersicon esculentum (Scheme 1.4), enzymatic hydroxylation of the side chain occurred 

at C-25 or C-26 to afford 18, 19, 22, and 23,28 followed by subsequent glucosylation of the 

newly introduced hydroxyl groups to the corresponding glucosides 20, 21, 24, and 25. An 

alternative metabolic route in Lycopersicon esculentum involves enzymatic epimerization of 

the free hydroxyl group at C-3 in the A-ring, followed by glucosylation of either the C-2 or 

C-3 hydroxyl group to produce 27 and 28. Biological activity of the aglycones 16 and 17 has 

been shown to be much higher than that of the corresponding glucosides. Also, in the case 

of 24-epibrassinolide (17), the brassinosteroid analogue resulting from hydroxylation at C-25 

(18) has actually been shown to be more biologically active than 24-epibrassinolide.28 

Therefore, it has been suggested that 24-epibrassinolide and its related glucoside are not just 

metabolic end products resulting from the exogenously applied brassinosteroid, but are also 

products in the biosynthetic sequence of endogenous brassinosteroids. 
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Scheme 1.4 Metabolism of 24-Epicastasterone (16) and 24-Epibrassinolide (17) in 
Lycopersicon esculentum 
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1.3.2 Metabolism of 24-Epicastasterone (16) and 24-Epibrassinolide (17) in Cell 

Cultures of Ornithopus sativus 

When the metabolism of the same brassinosteroids in cell suspension cultures of 

Ornithopus sativus was studied (Scheme 1.5), the major products were quite different from 

those produced by Lycopersicon esculentum. ' Ornithopus sativus produced the first 

isolated fatty acid conjugates of brassinosteroids, resulting from metabolism of exogenously 

applied substrates. This work also showed that side chain degradation was a major pathway 

in this particular species. The first step in this side chain cleavage is presumably 

hydroxylation at C-20 to form 31 and 32, followed by side chain cleavage to form pregnanes 

33 and 34, respectively.29 In the case of 24-epicastasterone, the final metabolic step 

following formation of the pregnane 33 is reduction of the 6-keto functionality to the 

corresponding C-6 alcohol (35). The fatty acid esters mentioned earlier form mainly at the 

epimerized C-3 hydroxyl group to give 36b-d and 37b-d. Other possible metabolic products 

resulting from uptake of the brassinosteroids is hydroxylation at C-25 in the side chain to 

form 38 and 39. 

The overall metabolic sequence in these two species has proven to be quite 

complicated and is not completely understood. It is possible that a fine balance exists 

between the biosynthesis of active brassinosteroids and their further metabolism to inactive 

conjugates, thereby enabling plants to maintain steady state concentrations at optimum levels. 
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1.4 Bioassays and Biological Activity 

A variety of bioassays exist for the purpose of detecting the presence of 

brassinosteroids in exogenously applied mixtures.30a'b The bioassays also serve the purpose 

of testing novel synthetic brassinosteroid analogues for biological activity, and structure-

activity studies have relied heavily on the use of various bioassays. The bean second-

internode bioassay was the first bioassay used by Mitchell and co-workers11 to identify 

"brassins" in pollen extracts. In this assay, evidence for an active brassinosteroid consists of 

elongation, swelling, curvature, and eventual splitting of the second internode segment of 

Phaseolus vulgaris L. 

A related bioassay is the bean first-internode bioassay, where the brassinosteroid is 

applied to the first internode section and, after incubation, the amount of segment elongation 

is measured. A variety of other bioassays exist for detection of active brassinosteroids, 

including the wheat leaf unrolling test, mung bean hypocotyl bioassay, radish bioassay, 

tomato bioassay and the rice leaf lamina inclination bioassay. The latter is the most widely 

used bioassay today and so will be discussed in detail in the following section. This bioassay 

was used to test the novel compounds described in subsequent chapters of this Thesis. 

1.4.1 Rice Leaf Lamina Inclination Bioassay 

The rice leaf lamina inclination bioassay was first used by Maeda32 in 1965 to test for 

the presence of auxins and gibberellins. Later, this bioassay was adapted by Takeno and 

Pilaris33 for the detection of active brassinosteroids. In the 1980's, Wada and co-workers34 

as well as Takeno and Pharis, reported significant bending of the second leaf lamina in 
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response to an active brassinosteroid. The general procedure utilized by Takeno and Pharis 

involves incubation of dwarf rice seeds, Oryza sativa var. Tanginbozu, in tap water for a 

period of 3 days. The seeds are then planted in an agar medium and incubated for another 3 

day period. Following this, the brassinosteroid is applied and the seedlings are grown for a 

further 3 days. The angle between the second leaf lamina and the lower stem is then 

measured. A control plant with only solvent applied typically shows a nearly upright leaf 

lamina, with an angle of about 160°-170°, whereas a highly active brassinosteroid can result 

in a measured angle of ca. 70° or even less. The rice leaf lamina inclination bioassay is 

sensitive to doses of brassinolide as low as 1 ng/plant. Also, this bioassay is not sensitive to 

other plant hormones such as ethylene, but gibberellins do cause elongation of the second leaf 

sheath. Auxins by themselves cause a slight bending in the leaf lamina angle, but only at 

much higher dosages. However, applied auxins can show a surprisingly synergistic effect 

with brassinosteroids. ' The rice leaf lamina inclination bioassay can thus be modified to 

include this synergism with auxins. With this modification, detection limits are enhanced by 

ca. two orders of magnitude. The rice leaf lamina bioassay therefore provides a rapid, 

simple, highly sensitive and convenient method for evaluating the biological activity of 

brassinosteroids. 

1.4.2 Field Trials 

Extensive field trials of brassinolide (1), 24-epibrassinolide (17), and 28-

homobrassinolide (40) have been carried out in many parts of the world over the past 15 

years.3 24-Epibrassinolide has been most widely investigated due to it's ease of synthesis 

relative to that of brassinolide. The most extensive field trials to date, carried out in Japan 
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and China, utilized wheat, rice, rapeseed and soybean.36 24-Epibrassinolide was found to 

have the following effects on the crops: increased dry weight of crop, increased seed 

production, and increased sucrose uptake from the surrounding environment by the plants.36 

These field trials have also shown that 24-epibrassinolide does not cause plant deformation, 

is not toxic to the plant itself, and is especially effective under adverse growth conditions 

such as temperature extremes, high salinity, or drought. Field trials carried out in China 

also employed other cereals, vegetables and tobacco.36 Following application of 24-

epibrassinolide to these crops, growth increases of roughly 10-30% were obtained, and in 

some cases, up to 60%.36 Toxicity tests of 24-epibrassinolide have shown that the LD50 

levels in mice and rats were >1000 mg/kg.3 

1.5 Structure-Activity Relationships of Brassinosteroids 

There has been a great deal of work devoted to defining the requirements needed to 

elicit biological activity with respect to the structure of brassinosteroids. To date, the 

putative brassinosteroid receptor has not been isolated, nor has the nature of the interactions 

between brassinosteroids and such a receptor been defined. A large variety of both naturally-

occurring and synthetic brassinolide analogues have been prepared for the purpose of 

structure-activity studies.37"56 The next two sections will summarize the work in this area to 

date. 
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1.5.1 Structure-Activity Relationships of the Brassinolide Side Chain 

HO,, 

HO" 

24-Epibrassinolide (17) 28-Homobrassinolide (40) 

Figure 1.4 Brassinolide Analogues 

24-Epibrassinolide (17)57 and 28-homobrassinolide (40),58 as shown in Figure 1.4, 

were two of the earliest reported brassinolide analogues to be tested for bioactivity relative to 

the parent compound 1. Along with these side chain analogues, many others with modified 

side chains have been tested in order to determine the effects of such changes upon 

bioactivity (Figure 1.5). Work by Takatsuto and co-workers showed that the presence of the 

vicinal diol group in the side chain, as well as the absolute configurations at C-22 and C-23 

were of importance.46 Those analogues possessing a 22R, 23R- configuration (41) displayed 

much higher levels of bioactivity than those containing the 225, 235- configuration (42). The 

related 22R, 235-isomer (43) and the 225, 23/?-isomer (44) possess weak biological activity, 

and removal of either hydroxyl group from the side chain results in greatly diminished 

biological activity. The nature and stereochemistry of an alkyl substituent at C-24 also 

affects biological activity. Thus, 24-epibrassinolide (17) and other brassinosteroids 
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containing a 24i?-alkyl substituent (45) show much reduced bioactivity compared to 

brassinolide (l).40 The length of the alkyl substituent at C-24 plays a crucial role, since 28-

homobrassinolide (40) displays only one-tenth the activity compared to brassinolide.40 

Absence of an alkyl substituent at C-24 (46) also greatly diminishes the level of biological 

activity.40 Interestingly, recent work in our group has shown that free hydroxyl groups are 

not needed for optimum biological activity, since the methyl ether 47 retains strong biological 

activity.47 

Recent results obtained by our group and by others have shown that changes in the 

substituent at C-25 have a large effect on bioactivity. As mentioned earlier, it was reported 

by Adam et al. that one metabolic pathway involves hydroxylation at C-25 in the side chain, 

followed by glucosylation at C-25.28 If this metabolic site is blocked, as in the case of the 

synthetic analogue 25-methylbrassinolide (48), it was speculated that the plant growth-

promoting effects might prove more persistent in plants, thus affording longer-lasting 

activity. Indeed, 25-methylbrassinolide has been reported to possess slightly higher 

biological activity than brassinolide,48 although in our hands it proved comparable to 1. 

Similarly 25-methoxybrassinolide (49)49 was synthesized and was shown to have strong 

activity over a broad range of doses. Short chain substituents at C-25, (e.g. 50) produce ca. 

10% of the biological activity of 1. Addition of longer alkyl chains at C-25, (e.g. 51 and 52) 

resulted in almost no biological activity. Cyclic substituents at C-24 also have a strong effect 

on bioactivity. Thus, surprisingly, cyclopropyl (53) or cyclobutyl (54) analogues have shown 

an increase of nearly one order of magnitude in biological activity compared to brassinolide51 

at mid-range dosage levels of between 1 and 100 ng. Increasing the size of the cyclic 
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substituent to a five-membered ring (55) has resulted in comparable biological activity to 1, 

but the six-membered analogue 56 showed decreased biological activity compared to 

brassinolide.52 Other reported side-chain analogues that have exhibited surprising results 

include 25-azabrassinolide (57) and 25-flurobrassinolide (58), which showed no biological 

activity whatsoever at all dosage levels studied.49 The small size of the fluorine atom and 

replacement of carbon with nitrogen in the aza analogue was not expected to have such a 

strong negative effect on the biological activity. Indeed, since hydroxylation and 

glucosylation at C-25 is precluded in these analogues, it might be expected that they would 

resist metabolic deactivation and exhibit prolonged activity relative to 1. A possible 

explanation for the absence of bioactivity is that fluorine and nitrogen substiruents in the side 

chain change its conformation, which results in unfavorable interactions with the active site 

of the putative receptor. Another possibility is that hydroxylation at C-25 is necessary for 

biological activity, and that brassinolide is not the active phytohormone, but merely its 

precursor. However, the high activity of compounds 48 and 49, where such oxidation is 

similarly precluded, casts doubt on this explanation.49 
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1.5.2 Structure-Activity Relationships of the Brassinosteroid Nucleus 

Kishi and co-workers have prepared and assayed several B-ring brassinosteroid 

analogues.56 They suggested that the presence of a ketone or lactone functionality is crucial 

to promoting biological activity. The 6-oxalactone analogue 59 (Figure 1.6), showed 

marginal activity.56 6-Azalactam 60 and 7-thiono-6-azalactam 61, were shown to be 

completely inactive.56 Compound 62 showed 1/100* the bioactivity of l,56 and 63 has shown 

less activity than 62.56 Thiolactones 64 and 65 showed roughly 1/1000* the biological 

activity of brassinolide.56 The 6-deoxo analogue 66 was shown to retain significant 

biological activity.5 

Okada and Mori59 have also reported the synthesis of heterocyclic B-ring 

brassinosteroid analogues 59, 60, and 61 as shown in Figure 1.6 and noted similar results 

pertaining to the biological assays. It should be noted that both of these structure-activity 

studies involved the use of brassinosteroids that have a different side-chain than that of 

brassinolide (1). Therefore, it is not possible to make direct assessments of the effects of 

variations of the B-ring structures of the synthetic analogues prepared by Kishi et al.56 and by 

Okada and Mori59 relative to brassinolide, the most potent of the natural brassinosteroids. 

That the functional groups contained in the B-ring of brassinosteroids play an 

important role in determining their plant growth promoting activity, is also evident from 

several other structure-activity studies on the brassinolide nucleus.37'38'41'53 The key structural 

feature of the B-ring of 1 is the 7-membered lactone moiety. A 7-membered lactone 

functionality shows ca. two to ten-fold greater activity when compared to the 6-keto B-ring 
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Brassinolide (1) 59 

OH 

H O 

60 

61 62 63 

64 65 66 

Figure 1.6 B-ring Brassinosteroid Analogues Prepared by Kishi and Co-workers 56 

analogue, castasterone (10).39 As well, 67 (Figure 1.7) and other related 6-oxalactone 

brassinosteroids show much reduced biological activity compared to 7-oxalactones like 

j 42,44,45 Substitution of the lactone ring oxygen atom with sulfur or nitrogen as in 68 and 69, 
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respectively, where the side chain is identical to that of 1, results in good retention of 

biological activity. Cyclic ether 70 also shows relatively strong activity. These results are 

in contrast to the earlier work of Kishi et al.56 and of Okada and Mori,59 who investigated 

similar B-ring variations, but with different side chains, as explained earlier. Increasing the 

size of the B-ring in castasterone to a seven-membered ring, which also represents 

replacement of the lactone ring oxygen in brassinolide with a carbon atom (i.e. 71), causes 

decreased activity in the rice lamina inclination bioassay.53 Similarly, the presence of 

exocyclic methylene groups in 72 and 73, while retaining the flattened conformation of the B-

ring of 1 or of castasterone (10) with an sp2 hybridized carbon at C-6, does not restore any 

biological activity.53 Compounds without any polar functionality in the B-ring, as with 7253 

and 73 and 6-deoxocastasterone (74), lose almost all biological activity. Thus, it has been 

concluded that a polar functional group in the B-ring is essential for biological activity. The 

nature of this group can vary considerably and the compound can still retain strong activity, 

although the lactone moiety of 1 results in the most potent brassinosteroids. 
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Ring A monohydroxybrassinosteroids 75 and 76 generally display lower biological 

activity compared with dihydroxybrassinosteroids of either configuration.45 The 

configurations of the hydroxyl groups in the A-rings of 77-79, have a strong effect on 

biological activity, with the order of activity as follows: 2a,3a (10)> 2a,38 (77)> 20,3a 

(78)> 2(3,3(3 (79).37 A trans-fused A/B ring system,54'55 such as occurs in most natural and 

synthetic brassinosteroids, is required for optimum biological activity. Brosa et al41 recently 

reported the synthesis of several cis-fused A/B ring-containing brassinosteroids. 

Surprisingly, they claimed that a 2p,3p\5p-triepibrassinolide 80 showed relatively high 

biological activity in a single dose bioassay. This report was recently refuted by Seto and co

workers,54'55 who demonstrated that the above mentioned 2p,3|3,5|3-triepibrassinolide (80) 

and 5(3-epibrassinolide (81) (Figure 1.8) showed almost no biological activity by themselves 

over a wide range of doses. Used together with the auxin indole-3-acetic acid (IAA), these 

compounds showed minimal biological activity at a dose of 100 ng/plant. This represents 

activity only ca. 1/1000* of that of brassinolide and confirms the original belief that the 

trans-fused 5a structure is necessary for significant bioactivity. 

Overall, the key structural features needed for maximum biological activity are: a-

oriented vicinal hydroxyl groups in the A-ring, a trans-fused A/B ring junction, a polar 

functionality in the B-ring of the nucleus, and a vicinal diol group in the side chain (not 

necessarily free hydroxyl groups). Moreover, Back and co-workers have shown significant 

increases in biological activity when small cyclic substituents are introduced into the side 

chain, which resulted in a new class of "superbrassinolides".51'52 
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23,33,53-Triepibrassinolide (80) 2a,3a,53-Epibrassinolide (81) 

Figure 1.8 2p,3p\5p-Triepibrassinolide (80) and 2a,3a,5p-Epibrassinolide (81) 

1.6 Syntheses of Brassinolide 

Numerous syntheses of brassinosteroids have been reported and reviewed in the 

literature.61"65 The side chain of brassinolide poses the greatest challenge in the synthesis of 

this sterol. Four contiguous chiral centers with the appropriate stereochemistry are needed 

for maximum bioactivity. Upon examination of readily available starting materials such as 

82 and 83, one is tempted to consider the direct c/s-dihydroxylation of their side chains61 in 

order to obtain the required vicinal diol moiety (Figure 1.9). However, the subsequent 

required inversion of stereochemistry at C-24 is not easily carried out in the former case, 

while degradation of the extra carbon atom in the side chain of 83 is similarly nontrivial. 

Nevertheless, syntheses of 24-epibrassinolide57 (17) and 28-homobrassinolide58 (40) are 

easily carried out by direct treatment of precursors with appropriately modified steroid nuclei 

with osmium tetroxide to form the corresponding diols in the side chains. These two 

compounds and related analogues have been the focus of numerous large scale field trials, 36 



30 

due to their relative ease of synthesis by this approach, despite their substantially lower 

bioactivity compared to brassinolide. 

Ergosterol (82) Stigmasterol (83) 

Figure 1.9 Naturally-Occurring Potential Brassinolide Precursors 

Although unsuitable for the preparation of brassinolide, the direct m-dihydroxylation 

of the existing side chains of naturally-occurring sterols such as 82 and 83 have been 

investigated and reviewed. When the oxidation was carried out on the A double bond of 

derivatives of 82 with osmium tetroxide (Scheme 1.6), a mixture of RJl- and S,S- diols was 

produced. Since the (22i?,23i?)-diol is the required intermediate en route to 24-

epibrassinolide (17), a more stereoselective approach was desired. Thus, the use of a chiral 

catalyst under Sharpless asymmetric dihydroxylation conditions was investigated. The chiral 

ligands employed in this reaction were dihydroquinine p-chlorobenzoate (DHQ-CLB) and 

dihydroquinidine p-chlorobenzoate (DHQD-CLB) to form the respective stereoisomers. Use 

of DHQD-CLB produced the desired (22R,23R) in a ratio of 8:1 with the (225,235) isomer. 

With DHQ-CLB, the reverse occurred, where the ratio of (22R,23R) : (225,235) was 1:9 

(Scheme 1.6). 
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Scheme 1.6 Direct C/s-hydroxylation of Derivatives of 82 

Since there are no readily available precursors that can be used to prepare brassinolide 

itself via the direct dihydroxylation approach, the alternative has generally been to add 

various nucleophiles to C-22 aldehydes to obtain the Cram addition products. Once the 

nucleophile is in place, further elaboration of the side chain is necessary to introduce the 

stereocenters with the correct configurations at C-23 and C-24. The C-22 aldehydes can be 

accessed by treatment of the intact side chains of protected stigmasterol or ergosterol 

derivatives by ozonolysis. 

Two differing approaches exist for the synthesis of brassinolide: functionalization of 

the nucleus followed by the elaboration of the side chain, or vice versa. Both approaches 

have been investigated in the past with varying results. In general, however, syntheses of 

brassinolide are lengthy and afford low overall yields. The reader is directed to the review 
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literature cited earlier in this section for additional details. To date, the most efficient 

synthesis of brassinolide was developed in our laboratory50'52'66"69 and only this one will be 

summarized in detail. 

1.6.1 Back's Synthesis 

Back and co-workers have utilized various approaches in obtaining synthetic 

brassinolide.50'52'66"69 In general, they relied on the elaboration of the steroidal nucleus first 

(Scheme 1.7), followed by construction of the side chain. 

Stigmasterol (83) was first converted to the corresponding tosylate, followed by 

neighboring group-assisted solvolysis to afford 3,5-cyclosterol 85. The C-6 hydroxyl group 

was next oxidized with CrO3/H2S04 to the corresponding ketone 86. Treatment with NaBr 

under acidic conditions isomerized the cyclopropane moiety to the enone 87. Stereoselective 

a's-dihydroxylation from the a-face with osmium tetroxide and 4-methylmorpholine N-oxide 

was carried out next, giving 88. The diol and ketone moieties were then protected as the 

corresponding acetonide and dioxolane, respectively, to afford 91. The existing side chain of 

stigmasterol was cleaved by treatment with ozonolysis and reductive workup to yield the key 

aldehyde intermediate 92. The latter compound was thus obtained in eight steps in an overall 

yield of ca. 40% by relatively minor variations of literature procedures.7 '71 
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The most successful approach by Back and co-workers ' ' involved the elaboration 

of aldehyde 92 with a selenium-stabilized anion (Scheme 1.8). This anion 93 was added to 

the C-22 aldehyde 92, followed by oxidative workup to effect a selenoxide syn-elimination, 
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thus affording the desired allylic alcohol. The desired Cram addition product 96 was thus 

formed in a greater than 95:5 ratio to the corresponding anti-Cram product, and with an E:Z 

ratio greater than 95:5. This key step greatly increases the stereoselectivity and is superior to 

earlier approaches utilized by Back and co-workers.66"69 The allylic alcohol 96 was then 

reacted under Sharpless conditions with L-(+)-diethyl tartrate to give a 70:30 mixture of 

threo:erythro epoxides 97 and 98, respectively. The separation of epoxides 97 and 98 was 

not carried out and, instead, the crude mixture was treated with isopropylmagnesium chloride 

in the presence of a copper (I) catalyst, affording a mixture of four products. The products 

included a nearly quantitative recovery of unreacted erythro epoxide 98, recovered allylic 

alcohol 96 from epoxide deoxygenation, the desired 1,2-diol 99, formed in 82% yield from 

the threo-epoxide 97, and a minute quantity of the regioisomeric 1,3-diol 100. It should be 

noted that this mixture was easily separable by column chromatography. The diol 99 can be 

deprotected under standard acidic conditions to generate castasterone (10) in good yield, or 

can be reacted under Baeyer-Villiger conditions to afford brassinolide (1) and it's 6-oxa 

regioisomer 67 in a 9:1 ratio. Crystallization of this mixture afforded pure brassinolide in 

53% yield. 
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One interesting point in the synthesis of 1, is the unexpected formation of the 7-oxa-

lactone as the major brassinolide regioisomer instead of the corresponding 6-oxa-lactone. In 

the Baeyer-Villiger oxidation, the carbon atom best able to stabilize a positive charge is the 

atom that migrates preferentially. The 7-oxa-lactone isomer results from migration of the 

less substituted carbon center. One proposed explanation, by Takatsuto and co-workers,73 is 

that an inductive effect due to the electron-withdrawing hydroxyl substituents at C-2 and C-3 

of the A-ring reverses the normal outcome of the reaction. 

The above brassinolide synthesis by Back and co-workers is the most efficient 

synthesis of brassinolide reported to date.50 The synthesis is 12 steps in length and gives an 

overall yield of ca. 10%. The selenium-stabilized anion 93 is not available commercially, but 

can be prepared in just three steps50 (Scheme 1.9) from diphenyl diselenide (101) and 

diiodomethane. Furthermore, by-products from the addition of the anion to the aldehyde can 

be recycled. Thus, this approach represents a relatively short and efficient route to 

brassinolide, with high stereoselectivity, and generally good yields. Nevertheless, the entire 

procedure is quite time-consuming and costly, affording several grams of brassinolide at most 

in a laboratory-scale batch. Consequently, brassinolide remains an extremely expensive 

commodity (CIDtech Inc., the only current commercial supplier of brassinolide, offers it for 

$11,500 US per gram), thereby prohibiting the majority of potential commercial applications. 
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1.7 Design of Non-Steroidal Analogues 

Although brassinolide exists ubiquitously in the plant kingdom, its low concentration 

in natural sources prohibits large scale extraction to obtain commercial quantities. Similarly, 

fermentation technology has so far failed as an alternative means of production. The 

synthesis by Back and co-workers50 is concise and relatively efficient, with good 

stereoselectivities in key steps, but is still prohibitively expensive to scale up from the current 

ca. 5 g batches. It would be advantageous to design and synthesize a mimetic of brassinolide 

that would elicit the same biological response but be much cheaper to produce. Even if 

higher doses of such mimetics were needed to obtain the required physiological response, the 
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lower cost could potentially lead to commercial applications. There is literature precedence 

for non-steroidal mimetics of steroid hormones in mammalian physiology but not for those of 

the plant growth-promoting type. 

One example of a non-steroidal mimetic of a naturally occurring sterol is the drug 

diethylstilbestrol (105), which mimics the estrogen estradiol (106) (Figure 1.10).74 Based on 

the trans-stilbene framework, diethylstilbestrol (105) contains key structural features needed 

to mimic estradiol (106), and has been shown to bind to the estrogen receptor in calf uterine 

tissue.75 Evidently, the rigid framework of diethylstilbestrol (105) holds the hydroxyl 

functional groups with the correct spatial orientation to mimic estradiol. If it were possible to 

apply the same rationale to the design of brassinolide mimetics, this could result in cheaper 

non-steroidal analogues. These compounds would need to retain the key functional groups 

required for optimum biological activity. From the structure-activity studies described in 

section 1.5, it is known that the vicinal diol groups in the A-ring at C-2 and C-3, and in the 

side chain at C-22 and C-23, are needed for optimum biological activity. The B-ring of 

brassinolide tolerates a wide variety of structural changes without having a strongly adverse 

effect on biological activity. Thus, the 7-membered lactone moiety is not necessary for 

inducing biological activity, but the presence of a polar functional group is required.53 Our 

plan (Figure 1.11) was to design such mimetics (i.e. 107) by utilizing rigid bicyclic subunits 

containing the key functional groups, joined together by an appropriate linker molecule. This 

linker molecule must hold the subunits the correct distance apart, and in the correct spatial 

orientation, to permit the mimetics to superimpose onto brassinolide, and thus to bind to the 

same receptor in plants. It was hoped that the understanding gained from the structure-
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activity work carried out by Back and co-workers,47'49"53'72 as well as by other groups,37" 

4 ,4 ,54-5 , j ; 0 g e m e r w j m knowledge of the minimum energy conformation of brassinolide 

gained from molecular modeling studies,72 would allow the preparation of novel and 

biologically active brassinolide mimetics. Through the use of molecular modeling, a series of 

proposed mimetics based on naphthalene, tetrahydronapthalene, and trans-

decahydronaphthalene frameworks were designed to allow for variation in the A- and fi

rings. Initially, symmetrical mimetics were targeted, making for an easier synthesis, despite 

the redundant functional group on subunit B in 107. For the linker molecule, acetylenic, 

trans-alkene, saturated, disulfide, or hydrazone linkers were envisaged, since these generate 

structures that show good superimposition with brassinolide. Since no non-steroidal 

brassinolide mimetics have been reported to date, success in synthesizing an active mimetic 

would be quite exciting. 

Diethylstilbestrol 105 Estradiol 106 

Figure 1.10 Diethylstilbestrol 105 and Estradiol 106 

In addition to work reported in this Thesis, simultaneous efforts in our group by Dr. 

Denise Andersen and Dr. Karol Michalak has resulted in the production of seven non

steroidal mimetics that showed a strong resemblance to brassinolide. The global energy 

minimum conformation of brassinolide was calculated by an initial minimization using an 
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MM2 force field, followed by a Monte Carlo search in Macromodel® to locate the global 

minimum energy conformation. Next, the structure was imported into Spartan® and refined 

by an ab initio calculation utilizing a STO 3G basis set.72 With the minimum energy 

conformation in hand, this served as a logical starting point for the design and synthesis of 

the non-steroidal brassinolide mimetics. The mimetics synthesized by Andersen (108-111 

and 113-114) and Michalak (112) are shown in Figure 1.12. Molecules 108-111 and 113-

114 were modeled similarly to 1 and were found to superimpose very closely with that of 

brassinolide. All of the compounds shown in Figure 1.12 were subjected to the rice leaf 

lamina bioassay and compounds 109, 110 and 113 have shown statistically significant 

activity. 

Brassinolide 1 

107 
prototype mimetic 

Figure 1.11 Prototype Brassinolide Mimetic 
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Figure 1.12 Non-Steroidal Mimetics of Brassinolide Synthesized by Andersen and Michalak 
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The preparation of 112 by Michalak76 was based on the use of symmetrical tri-

hydroxyiodonapthalene subunits joined by a trans-alkene linker as shown in Scheme 1.10. 

Coupling of the subunits was achieved by means of a Stille77 reaction, using £-1,2-

bis(tributylstannyl)ethylene.78 Since the resulting deprotected product was unstable toward 

air oxidation, it was hydrogenated to the corresponding alkane-linked product 112, which 

proved more stable. 

QSi(Me)2t-Bu 
,0 

115 

+ 

B u s S n ^ ^ 
SnBu3 

112 
116 

Scheme 1.10 Retrosynthetic Analysis of Mimetic 112 

Andersen synthesized six of the mimetics shown in Figure 1.12. Compounds 108-

110 were based on hydroxyl-substituted tetrahydronaphthalene subunits joined by an 

acetylene linker. To illustrate, the synthesis of mimetic 110, containing both vicinal diol and 

phenolic hydroxyl groups, is shown retrosynthetically in Scheme 1.11. The method 

employed iodide-functionalized subunit 118, which was prepared in seven steps with an 

72 
overall yield of 16%. Compound 110 was prepared from 118 in two steps with a yield of 



43 

24% overall. Since this work was considered exploratory, no efforts were made at 

optimizing the yields. 

118 

117 

Scheme 1.11 Retrosynthetic Analysis of Mimetic 110 

Compound 114 was prepared by Andersen via the protected ketone 120 (see Scheme 

1.12), obtained in 5 steps with an overall yield of 16%.72 This ketone was converted to the 

corresponding enol triflate 119, which was then joined to an identical subunit by Stille 

coupling with bis(tributylstannyl)acetylene (121).79 Removal of the protecting groups in 80% 

acetic acid afforded mimetic 114. The preparation of 113 was achieved similarly by using E-

1,2-bis(tributylstannyl)ethylene (116) instead of 121. 
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114 

OTf 

121 

Scheme 1.12 Retrosynthetic Analysis of Mimetic 114 

120 

Compound 111 was prepared from ketone 122 (Scheme 1.13). The monoprotected 

ketone was not used since it was discovered by Andersen72 that once formation of the azine 

was complete, attempted deprotection resulted in complex mixtures. Therefore, the 

unprotected ketone was refluxed in «-butanol with only 0.25 equivalents of hydrazine 123 to 

afford the desired compound 111 with a minimum of polymerization. All of the mimetics 

described above, except for 112, were obtained and assayed as mixtures of stereoisomers 

because of the difficulty in separating them. 
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NH2NH2 
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Scheme 1.13 Retrosynthetic Analysis of Mimetic 111 

1.8 Objectives 

Since the initial isolation of brassins in 1970 by Mitchell and co-workers and the 

subsequent identification and isolation of brassinolide in 1979 by Grove and co-workers, 

there has been much interest in the synthesis of brassinolide, and in related brassinosteroid 

analogues. The synthetic route to brassinolide developed by Back and co-workers has made 

multigram amounts of this compound available, but it is still too expensive for most 

commercial applications. A multitude of analogues has been prepared in order to determine 

the structural features required for optimum biological activity. A current extension of this 

work involves the preparation of novel brassinolide mimetics that would retain the desired 

bioactivity but be easier and cheaper to synthesize. The objective of this Thesis is twofold. 

First, in order to complete our group's investigation of the structure-activity relationships of 

the B-ring of brassinosteroids, we desired to prepare and submit for bioassay the two 

„OH 

"OH 
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epimeric 6-hydroxy analogues 124 and 125 of castasterone (Figure 1.13). It will be recalled 

that the B-ring requires the presence of a polar functional group, but tolerates a considerable 

diversity of structures, including lactone, ketone, cyclic ether, lactam, thiolactam, etc. 

However, the alcohols 124 and 125 were novel compounds when this project started and it 

was of interest to see if hydroxyl functions would result in strong bioactivity. The second 

objective was to prepare three additional candidates in our search for brassinosteroid 

mimetics. The target molecules 126, 127, and 128 (Figure 1.13) were complementary to 

those that were prepared concurrently by Drs. Andersen and Michalak. It should also be 

noted that the results of the bioassays of the 6-hydroxy analogues 124 and 125 of castasterone 

were intended to validate (or otherwise) the choice of target structures in our attempted 

design and preparation of nonsteroidal mimetics, which in many cases contain hydroxyl 

groups on the subunits corresponding to the B-ring portion of the molecule. 
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124 125 

Figure 1.13 Proposed Castasterone Analogues 124 and 125 and Proposed 
Brassinolide Mimetics 126,127 and 128 



48 

Chapter Two 

Synthesis and Bioassay of 6-Hydroxy Analogues of Castasterone 

and of Three Novel Non-Steroidal Brassinolide Mimetics 

2.1 Introduction 

Numerous brassinosteroid analogues have been prepared and tested in structure-

activity studies. 7"5 Our group has made significant contributions in ascertaining the key 

functional groups and structural features needed for optimum biological activity. With 

the synthesis of many heterocyclic B-ring analogues of brassinosteroids, as well as 

removal of the carbonyl functional groups in some B-ring analogues,53 the question still 

remained as to what the biological effect would be if the carbonyl group in castasterone 

(10) was replaced by a hydroxyl group. Section 2.2 will discuss the synthesis of two 

novel 6-hydroxy analogues 124 and 125 of castasterone. In section 2.3, the results of 

biological testing of these analogues using the rice leaf lamina inclination bioassay will 

be discussed. While this work was in progress, Fujioka and coworkers80 independently 

reported the synthesis of the 6a-epimer 125, as well as a deuterated derivative. They 

also demonstrated that 125 is a biosynthetic precursor of castasterone (10) and 

brassinolide (1). 

Section 2.4 will discuss the design and synthesis of three novel non-steroidal 

brassinolide mimetics and the biological testing of these mimetics will be presented in 

section 2.5. 
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2.2 Novel 6-Hydroxy Analogues of Castasterone 

Before the synthesis of 124 and 125 could be carried out, castasterone (10) had to 

be prepared50'69 via the twelve step sequence, starting from stigmasterol (83), as outlined 

in Schemes 1.7 and 1.8. Stereoselective reduction of 10, with sodium borohydride in 

methanol81"86 afforded the axial alcohol 124 in 77% yield along with 19% of the 6a-

epimer (Scheme 2.1). Formation of 125 in 53% yield, along with 10% of 124, was 

achieved by reduction of 10 with sodium metal in ethanol " (Scheme 2.1). Both 

compounds were characterized by their ^-NMR, 13C-NMR, and IR spectra, and by their 

mp's. Although numerous reagents exist in the literature for obtaining alcohols from the 

reduction of ketones, the two above methods were chosen due to the availability of the 

required reagents and literature precedents for similar reductions of other 6-keto 

steroids.90 Due to the highly polar nature and low volatility of these compounds, the 

corresponding diacetonides 129 and 130 were prepared from 124 and 125, respectively, 

for the purpose of further characterization by mass spectrometry. The stereochemical 

assignments for analogues 124 and 125 was based on two factors. The first is literature 

precedents90 for the stereochemistry of other 6-keto steroid reductions by these methods. 

The second is that in the ^-NMR spectrum of 124, the newly formed carbinol proton at 

C-6 resonates further downfield (5 3.69) than the C-6 proton of 125 (5 3.18). Since 

equatorial protons resonate further downfield than axial ones in substituted 

cyclohexanones,91 it follows that 124 has an equatorial hydrogen atom at C-6 and an axial 

6(3-hydroxyl group. Thus, 125 is the corresponding 6cc-epimer. Furthermore, the angular 

methyl group at C-19 of 124 is shifted downfield (5 1.02) compared with 125 (5 0.71), 
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consistent with an alcohol group in 124 that is 1,3-diaxial with respect to C-19.91 Finally, 

it should be noted that Fujioka et alSOa also obtained 125 by the similar reduction of 10 

with lithium in liquid ammonia. 

Castasterone (10) 

NaBhU, 
MeOK/ 

A 

63-Hydroxy Epimer (124) 
(77%) 

p-TsOH 
.OCHs 

X (89) 
X OCH3 

Na, 
BOH 

A 

6oc-Hydroxy Epimer (125) 
(53%) 

P-TsOH 
\ / O C H 3 

X (89) 
x OCH3 

63-Hydroxy 
diacetonide derivative (129) 

(80%) 

6a-Hydroxy 
diacetonide derivative (130) 

(68%) 

Scheme 2.1 Reduction of Castasterone (10) 
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Numerous investigations have been reported in the literature for the use of 

borohydride reagents and alkali metals in reductions of ketones.81"89 For reductions using 

hydrides,81"86 the stereochemical outcome is governed by two factors:85 steric approach 

control, and product development control. Steric approach control is based on the 

competition between attack from the less hindered and more hindered side of the carbonyl 

carbon atom.84 Product development control involves the relative stabilities of the 

products resulting from the reduction.84 Use of sodium borohydride has been found to 

produce the more stable equatorial alcohol (product development control) when an 

unhindered ketone is reduced, as in 132 (vs. 131) (Figure 2.1).86 On the other hand, when 

^ ,u 
0 
BH3 

ij 
H 

r—7S1 © 
I^~—J "BH3 

7^0 
/ i 

131 132 
disfavored transition state favored transition state 

unhindered cyclohexanone 

N r * o-H 

I I1 

H *\ ^ BH3 

A—7S1 © 
/^—-j "BH3 

133 134 
favored transition state disfavored transition state 

hindered cyclohexanone 

Figure 2.1 Transition States for Borohydride Reduction of Cyclohexanones 
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attack of the incoming borohydride molecule is hindered by a 1,3-diaxial interaction with 

a bulky substituent, as in 134 (vs. 133) (Figure 2.1),86 then steric approach control 

dominates. Thus, in the case of castasterone (10), where the angular methyl group at C-

19 provides a 1,3-diaxial interaction with the attacking borohydride species, steric 

approach control results in predominance of the 6p-epimer. In Figure 2.1, it is assumed86 

(but not shown) that the cyclohexane ring is anchored to prevent ring-flipping. 

Alkali metal reduction of ketones favors formation of the more 

O n 

thermodynamically stable alcohol epimer, which for the reduction of castasterone (10) 

is the 6a alcohol 125. An explanation for the stereochemical outcome is based on a 

mechanism put forth by House,89 as illustrated in Scheme 2.2. Cyclohexanone 135 

contains a methyl substituent which provides a conformational anchor to impede ring-

flipping. The first step of the reduction involves single electron transfer to form radical 

anion 136. Next, protonation at oxygen forms 137, followed by another single electron 

transfer, giving anion 138, where the relatively bulky hydroxyl group occupies an 

equatorial position while the lone pair is axial. Finally, protonation at carbon affords 139, 

where the hydroxyl group remains equatorial. Thus, similar reduction of castasterone 

(10) affords the equatorial 6a-alcohol 125. 
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Scheme 2.2 Mechanism and Stereochemistry of Sodium Reduction of Cyclohexanones 

2.3 Biological Activity of 6-Hydroxy Analogues 124 and 125 

Castasterone analogues 124 and 125 were both subjected to the rice leaf lamina 

09 

inclination bioassay, with castasterone (10) as the standard, through a collaboration with 

R.P. Pharis and co-workers in the Department of Biological Sciences. In addition, 124 

and 125 were also tested in the presence of 1000 ng of co-applied indole-3-acetic acid 

(IAA) to investigate possible synergistic effects.33'93'94 The biological data is presented in 

Figures 2.2 - 2.5. Testing of both compounds involved four replicate bioassays over a 
09 

period of one year due to high variation between each bioassay. The cause of the 

variation stemmed from a relatively large number of poorly responding plants. An outlier 

program analysis at 2 standard errors of the mean was applied by Pharis and co-workers 
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to remove extreme outliers, followed by averaging of the mean leaf angle values at each 

dose of the four bioassays.92 
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Thus, 124 and 125 both showed biological activity at dosage levels of 1000 ng 

and 10000 ng (Figures 2.2 and 2.4).92 In the case of co-application of IAA with either 6-

hydroxy analogue (Figures 2.3 and 2.5), a significant synergistic effect was seen.92 The 

bioactivity of both 124 and 125 was increased by ca. one order of magnitude at dosage 

levels above 1 ng with co-applied IAA (Figures 2.3 and 2.5). Neither 124 nor 125 was as 

strongly bioactive as castasterone (10) at the highest doses (1000 and 10000 ng for 124 

and 10000 ng for 125), although 125 was comparable to 10 at the dose of 1000 ng. When 

IAA was co-applied with 10 or the hydroxy analogues, 10 proved more active than either 

124 or 125, except at the highest dose of 10000 ng, where all three compounds showed 

comparable activity. 

A possible explanation for the large number of poorly responding plants is that 

analogues 124 and 125 could be biological precursors to 10. This is supported by the 

very recent paper by Fujioka et al, who showed that 125 was a direct biosynthetic 

precursor of castasterone (10), a known phytohormone. In order for the plant to produce 

10, and thus ultimately 1, analogues 124 and 125 would have to be transported from the 

leaf to the root of the plant, where biosynthetic transformations into 10 would likely 

occur, followed by transport of 10 to the stem. The additional variability of the rate of 

transport in individual plants would presumably affect the overall response to 124 and 

125 by the plant.92 
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2.4 Non-Steroidal Mimetics of Brassinolide 

The preparation of mimetics 126, 127 and 128 (Figure 1.13) are the subjects of 

this section for reasons explained in Chapter 1. Mimetic 126 does not possess any B-ring 

phenolic hydroxyl groups and contains a trans-a\kene linker. Although quite similar in 

structure to Andersen's compound 108, which showed no biological activity,72 126 was 

still interesting since molecular modeling has shown the acetylenic linker to hold the key 

vicinal diol moieties a shorter distance apart than required for superimposition onto 

brassinolide. A trans-alkmQ linker would presumably lengthen the distance between 

diol moieties. However, the absence of a polar substituent in the aromatic rings of 126 

led to the overall expectation that no activity would be observed. Thus, 126 was included 

for the purpose of comparison with the phenolic compounds 127 and 128. Mimetics 127 

and 128 include a Jrans-alkene and saturated linker, respectively. Compound 110 (Figure 

1.12), which is similar to both mimetics but contains an acetylene linker, was shown to 

possess weak biological activity.72 Moreover, the saturated linker of 128 was expected to 

provide an even longer tether and increase the conformational mobility of the system. 

Thus, it was of interest to determine whether changes made to the type of linker used to 

join the phenolic subunits would result in changes in activity. 

2.4.1 Molecular Modeling of Non-Steroidal Mimetics 126-128 

In order to validate the design of the three novel non-steroidal brassinolide 

mimetics, the structures were modeled to see how close the key vicinal diol groups would 

superimpose with those found in the structure of 1. Mimetics 126-128 were modeled in a 
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similar fashion as that described earlier for the modeling of brassinolide (1). The 

modeling involved calculating the global energy minimum conformations of mimetics 

126-128 using Macromodel®. The structures that were obtained from this initial 

calculation were then imported into Spartan®, the geometry was further optimized and 

the heats of formation were calculated at the semi-empirical level using an AMI force 

field. In order to have the best possible fit of the hydroxyl groups of the mimetics with 

the hydroxyl groups of brassinolide (1), some of the key dihedral angles were constrained 

to equal those found in the structure of brassinolide. Geometry optimizations and the 

heats of formation of the constrained structures were similarly calculated using Spartan®. 

Full experimental details are given in Chapter 3, section 3.20. The heats of formation, 

key interatomic distances between hydroxyl groups and dihedral angles of brassinolide 

and the mimetics are presented in Table 2.1. 

Table 2.1 Intramolecular Distances and Dihedral Angles of Brassinolide and Mimetics 
126-128. 

Compound Distances 

r 

Dihedral Angle 
(Degrees) 

01-04= 2.81 01-C2-C3-04 = -53. lc 

05-08 = 2.67c 05-C6-C7-08 = -55.6C 

01-05= 11.36b 01-C2-C6-05 = -25.4b 

01-08 = 13.77" 01-C2-C7-08 = -50.9"1 

04-05= 10.94" 04-C3-C6-05= -31.3C 

E of Global Min. = -1484.9 kJ/mol 04-08= 13.496 04-C3-C7-08 = -0.6" 
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4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

01-04= 2.83 01-C2-C3-04= -55.1 

4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

05-08= 2.81 05-C6-C7-08= -55.6C 

4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

01-05= 10.54 01-C2-C6-05 = -26.5 

4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

01-08 = 12.28 01-C2-C7-08= -51.0C 4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

04-05= 11.56 04-C3-C6-05= -31.3° 

4 
126 

E of Global Min. = -638.4 kJ/mol 
E of Conformer = -623.8 kJ/mol 

04-08= 13.12 04-C3-C7-08= -1.7 

OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 

01-04= 2.81 01-C2-C3-04= -57.7 OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 

05-08 = 2.81 05-C6-C7-08 = -55.6C 

OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 

01-05= 10.77 01-C2-C6-05 = -16.4 

OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 

01-08= 12.41 01-C2-C7-08= -51.0° 

OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 

04-05= 11.21 04-C3-C6-05= -31.3C 

OH 

\ /^T/^OH 

. r^ OH 

H O V - ^ / \ 

OH \ — / 
HO 127 

E of Global Min. = -1006.3 kJ/mol 
E of Conformer = -1000.5 kJ/mol 04-08= 13.21 04-C3-C7-08= -1.3 

OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 

01-04= 2.66 01-C2-C3-04= -55.1 OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 

05-08 = 2.89 05-C6-C7-08= -55.6C 

OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 

01-05 = 9.32 01-C2-C6-05= -34.0 

OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 

01-08= 10.94 01-C2-C7-08= -51.0C 

OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 

04-05 = 9.74 04-C3-C6-05= -31.3C 

OH 

\ /S^C/ 0H 

9 / O H 

1 J^—^^-7 ( 5 

H07L-~^/ \ 
OH ) — v 

H O 128 

E of Global Min = -1129.2 kJ/mol 
E of Conformer = -1115.5 kJ/mol 04-08= 11.60 04-C3-C7-08 = -4.9 

(a) Numbering used in figures was arbitrary and does not reflect IUPAC rules. 
(b) Value was from reference 72 
(c) Indicates a constrained dihedral angle; all other angles were calculated 
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From the molecular modeling, the interatomic distances between the hydroxyl 

groups within each mimetic were shown to be quite similar to those for the same 

functionalities in brassinolide. The calculated energies for the constrained structures 

were all within 15 kJ/mol (3.6 kcal/mol) of their respective global energy minima. The 

largest differences that arose when comparing the calculated structures of the mimetics 

with those of brassinolide were from the calculated interatomic distances between 

hydroxyl groups on different subunits. These distances varied by as much as 2.8 A in the 

case of mimetic 128 (01-08 distance), when compared with brassinolide. Furthermore, 

the 01-05, 04-08 distance and 04-05 distances in 128 were shorter by roughly 1.2-2.0 

A. One possible explanation for this is that, even with the imposed constraints on 

selected dihedral angles, the alkane linker in 128 imparts a large degree of flexibility to 

the mimetic scaffold, thereby allowing the two subunits to be held at a less than optimal 

orientation relative to each other in many of the possible conformers. For mimetics 126 

and 127, the calculated interatomic distances between hydroxyl groups generally 

resembled those of 1 more closely, with the greatest discrepancy observed for 01-05 of 

o 

126 (1.5 A). Furthermore, except for 04-05, the calculated interatomic distances of 126 

are generally closer to those of 1 than for 108,72 which contains an acetylenic linker. 

Similarly, 127 shows better correlation with 1 than does acetylene 110.72 Thus, trans-

alkenes 126 and 127 provide closer superimposition with 1 than their acetylene 

counterparts 108 and 110, respectively. Inspection of the calculated dihedral angles for 

mimetics 126-128 also reveals close accordance with those calculated for 1. However, as 

noted previously, the conformations may be quite different in the aqueous environment 

of a biological system, where hydrogen-bonding with water molecules must be taken into 
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account. In spite of this, molecular modeling provides a simple means for evaluating a 

first generation of mimetics. 

2.4.2 Synthesis of Mimetic 126 

The retrosynthetic analysis of 126 is shown in Scheme 2.3. Mimetic 126 is 

constructed from two successive Sonogashira couplings95 of the functionalized iodide 

140, which is then followed by reduction of the acetylenic linker. 

„OH s V" \ . . " 0 H I 
i 

"OH K X ^ '"OH 
& 

\ , " O H 

"^"OH 
** 

K X 
N 

140 
HO. . .^ YS + 

H O " ' ^ XJ 
108 

H - ^ E ^ 

141 

-TMS 
126 

Scheme 2.3 Retrosynthetic Analysis of Mimetic 126 

In the synthesis of 126 (Scheme 2.4), 1-aminonaphthalene (142) was first 

converted to 143 via literature procedures96'97 over two steps in an overall yield of 55%. 

At this stage, 143 was cfs-dihydroxylated by reaction with a catalytic amount of osmium 

tetroxide, using 4-methylmorpholine N-oxide as the stoichiometric oxidant. Reaction of 

140 with one equivalent of trimethylsilylacetylene (141) and a catalytic amount of 

dichlorobis(triphenylphosphine)palladium(II) under typical Sonogashira conditions,95 

followed by removal of the trimethylsilyl group with tetrabutylammom'um fluoride, 

resulted in a 67% yield of 144. Similar coupling of 144 with a second molecule of 140 
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produced 108 in a yield of 22%. The 'H-NMR and 13C-NMR spectra of 108 were 

compared with those of authentic material prepared by Dr. Denise Andersen72 and found 

to be identical. 

142 

1) Na, xylenes, 
BOH 

2) Nil2,n-BuONO, 
n-Bu4NI 

HO„ 

HO" 

Os04, 
NMO 

143 (55%) 

108(22%) 

,OH 

"OH 

140, 

PdCI2(PPh3)2, 
Cul, Et3N 

OH 

OH 

140(67%) 

1)PdCI2(PPh3)2, 
Cul, EtsN, 
II = TMS 

141 
2) n-BujNF 

H 

ccc 
OH 

OH 

144(67%) 

Scheme 2.4 Synthesis of Intermediate 108 

An attempt was then made to reduce 108 by using lithium aluminum hydride 

(Scheme 2.5). This reagent was chosen because it had been reported to give 

predominantly the desired trans-reduction products with other acetylenes.98,99 However, 

attempted reduction of 108 resulted in almost complete recovery of starting material, even 

after reflux for 6 h in THF, along with small amounts of unidentified products. The 

reactions were monitored by TLC as well as by ^-NMR spectroscopy at intervals of 2 h 
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during the reaction after quenching and work-up of aliquots. A possible explanation for 

the observed results is that the relatively acidic hydroxyl groups of 108 are deprotonated 

under these conditions and the resulting alkoxides (presumably coordinated to the 

aluminum atom originating from the reagent) resist reduction because of their relatively 

strong anionic properties. 

In order to prevent alkoxide formation, the reduction of the bisketal 145 was also 

attempted using excess lithium aluminum hydride in refluxing THF (Scheme 2.5), but 

resulted in a complex mixture. ^-NMR analysis confirmed no formation of the desired 

trans-alkene product 126 in any appreciable amounts. Attempted separations of the 

complex mixtures by column chromatography (silica gel) or by preparative TLC failed to 

produce significant amounts of identifiable products. 

HO„ 

HO" 

„OH 

"OH X 
OCH3 

OCH3 
89 

p-TsOH 

,0 

"d 

>Co6 
108 

IJAIH4, THF, 
6 h , A 

145 

UAIH4, THF, 
48 h, A 

no reaction complex mixture 

Scheme 2.5 Attempted Reductions of 108 and 145 with Lithium Aluminum 
Hydride 
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Due to the unsuccessful attempts at producing mimetic 126 by reduction of 108 or 

its bisketal 145, a completely different approach was undertaken, the retrosynthetic 

analysis of which is outlined in Scheme 2.6. This second approach involves a one-pot 

Stille77 coupling of iodide 140 with bis(tributylstannyl)ethylene (116) to give 126. 

140 

+ 

126 
B u s S r k ^ ^ 

SnBu3 

116 

Scheme 2.6 Second Approach to Mimetic 126 

Starting from 140, a one-step Stille coupling77 was used to introduce the trans-

alkene linker by reaction of 140 (1 equiv.) with 116 (0.5 equiv.), in the presence of 

catalytic amounts of tetrakis(triphenylphosphine)palladium(0) and lithium chloride in dry 

1,4-dioxane under an argon atmosphere (Scheme 2.7). Bis(tributylstannyl)ethylene (116) 

was prepared via literature procedures78 in two steps with an overall yield of 56%. 

Although 126 was formed in low yield (28%) by this approach, it avoided the need for 

two couplings (Scheme 2.4) and the accompanying tedious purification procedures. 

During the reaction, numerous unidentified side products were formed along with 126, as 
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shown by TLC, following work-up of the reaction. The 'H-NMR spectrum of the crude 

product also confirmed the formation of unidentifiable side products. A large amount of 

the crude material was in the form of a dark brown tarry substance which remained at the 

top of the column during chromatography, suggesting competing polymerization. 

Since mimetic 126 was formed from the coupling of racemic subunits, the final 

product was produced as a mixture of a pair of enantiomers and the corresponding meso 

diastereomer. This was the result of coupling matched and mismatched subunits, 

respectively. The mixture of stereoisomers was not separable by column chromatography 

or by recrystallization. The "H-NMR spectrum of mimetic 126 showed a resonance at 5 

7.17 ppm, representative of the vinylic protons of the linker. Two doublets and one 

,,OH 

"'OH 

140 

(1 equivalent) 

B 

116 

(0.5 equivalents) 

Pd(PPh3)4, LiCI, 

dioxane 

A 

(+/-)-126 (28%) 
(meso-126 not shown) 

Scheme 2.7 Synthesis of 126 via Stille coupling 

triplet signal in the ^-NMR spectrum at 8 7.44, 7.13, and 7.00 ppm, respectively, 

corresponded to the aromatic protons. Two multiplet signals at 8 4.65 and 4.62 ppm were 



65 

attributed to the carbinol protons, while the methylene protons resonated as multiplets at 

8 2.89 ppm. The separate signals of the two diastereomers were not distinguishable. 

2.4.3 Synthesis of Mimetics 127-128 

With the successful introduction of the trans-alkene linker in the preparation of 

mimetic 126, a similar Stille77 coupling was utilized in the approach to mimetics 127 and 

128. The retrosynthetic analysis for both mimetics is shown in Scheme 2.8. These two 

mimetics differ from 126 in the presence of phenolic hydroxyl groups and, in the case of 

128, in the degree of unsaturation of the linker. 

OH 

<z 

SnBm 

Bu3Sn 

116 

+ 

118 

147 146 

Scheme 2.8 Retrosynthetic Analysis of Mimetics 127 and 128 
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The key intermediate 146 was synthesized in five steps from 1-naphthol (147) by 

literature methods100'102 in an overall 54% yield. Starting from 147 (Scheme 2.9), Birch 

reduction with lithium metal in liquid ammonia afforded 148 in 96% yield.100 Next, 

protection of 148 as the corresponding acetate 149, followed by introduction of the cis-

diol moiety, gave 150. ' The acetate protecting group was chosen for 149 because in 

the course of the Woodward-Prevost cz's-dihydroxylation method,102 one of the hydroxyl 

groups is introduced as the corresponding acetate. Therefore, saponification of 150 gave 

151 in one step without the need for a second deprotection step for the phenol. Attempts 

to convert 148 directly to 151 with osmium tetroxide resulted in poor yields. Next, 

protection of 151 as the corresponding acetonide derivative gave 146. The iodide was 

then introduced by reaction of 146 with chloramine-T and sodium iodide by a literature 

procedure for the iodination of unprotected phenols.103 Attempted Stille77 coupling of 

unprotected 118 with 116, afforded 127 in very poor yield (9%). Thus, 118 was protected 

as the silyl ether 115 (99% yield) and coupling77 of 115 furnished 152 in a yield of 34% 

under similar conditions to the coupling reaction employed in the preparation of 126. 

Again, the formation of a brown tarry material suggested competing polymerization. In 

contrast to Scheme 2.7, where Stille77 coupling was performed on the unprotected diol 

140, protection of 151 as the acetonide was necessary to improve its limited solubility in 

most organic solvents. 
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147 

Li, EtOH 
liq. NH3 ' 

OAc 

Ac2Q, 

pyr 

AgOAc, b 
AcOH, H20 

148(96%) 149 

118(46%) 

f-BuMe2SiCI, 
imidazole 

115(99%) 

chloramine-T 

Nal, DMF 

X 
OCH3 

OCH3 
89 

146 (56% from 148) 

B u 3 S r K ^ N SnBu3 

116 

Pd(PPh3)4, LiCI, 
dioxane.A 

p-TsOH 

OAc 

NaOH, 
MeOH 

151 

Si(Me)2-*-Bu 

152 (34%) 

Scheme 2.9 Synthesis of Intermediate 152 

Next, treatment of 152 with tetrabutylammonium fluoride at 0°C to remove the t-

butyldimethylsilyl protecting groups (Scheme 2.10), followed by stirring in 80% aqueous 

acetic acid to remove the acetonide groups, furnished 127 in good yield (80%). The 

synthesis of mimetic 128 was carried out by hydrogenation of 152 over a 

palladium/charcoal catalyst, which gave an 89% yield of 153, which now contained a 
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saturated linker. As with 152, successive deprotections of 153 using 

tetrabutylammonium fluoride and 80% aqueous acetic acid furnished 128 in good yield 

(74%). Purification of compounds 127 and 128 was carried out by triturating the crude 

products with a 1:1 methanol/chloroform solution to remove more soluble impurities, and 

the structures of both compounds were confirmed by ^-NMR and 13C-NMR 

spectroscopy. As in the synthesis of 126, both mimetics 127 and 128 were formed as 

inseparable mixtures of pairs of enantiomers and the corresponding meso diasteriomers. 

The ^-NMR spectra for mimetics 127 and 128, were quite similar to the !H-

NMR spectrum of 126, since all three mimetics were based on similar frameworks which 

would presumably display similar signals in their 'H-NMR spectra. More specifically, 

the 'H-NMR spectrum of 127 showed a sharp singlet at 5 6.90 ppm, again, representing 

the vinylic proton of the linker. The difference between chemical shifts for the vinylic 

protons in 126 (8 7.17) and 127 arises from the electron donating phenolic hydroxyl 

group in 127, which is expected to shift the vinylic proton of the linker further upfield. In 

the 'H-NMR spectrum of 128, no vinylic signals were observed, but a new multiplet in 

the region between 5 2.8 and 8 2.4 ppm appeared. The integration showed that six 

protons in total were present in this region. In the same region of the ^-NMR spectrum 

of 127, two multiplets at 5 2.82 and 8 2.62 ppm only integrated for a total of four protons. 

This increase in two protons and disappearance of the vinylic proton signal as seen in the 

1 H-NMR spectrum of 128 therefore lends more evidence for the inclusion of a saturated 

linker in the structure of 128. A comparison of the 13C-NMR spectra of 127 and 128, 

indicates that the methyne signal at 8 123.3 ppm of 127 is replaced by a new methylene 
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signal resonating at 5 33.2 ppm in 128, providing further evidence for the presence of the 

saturated linker in 128. 

OSi(Me)2-r-Bu 

H2,Pd-Ci 

EtOAc 

OSi(Me)2-r-Bu 
,0 

OSi(Me)2-r-Bu Si(Me)2-/-Bu 

152 

1)n-Bu4NF,NH4CI 
2) AcOH, H20 

153 (89%) 

1)n-Bii4NF, NH4CI 
2) AcOH, H20 

H0„ 

HO"' 

(+/-)-127 (80%) 
meso-127 not shown 

(+/-)-128 (74%) 
meso-128 not shown 

Scheme 2.10 Synthesis of Mimetics 127 and 128 



70 

2.5 Biological Activity of Mimetics 126-128 

Mimetics 126-128 were subjected to the rice leaf lamina inclination bioassay with 

brassinolide (1) as the standard (Figures 2.6, 2.8 and 2.10). As mentioned earlier, LAA is 

known to synergize the effect of brassinosteroids in this bioassay,33'93,94 and was co-

applied with each of the mimetics 126-128 in separate bioassays, as shown in Figures 2.7, 

2.9 and 2.11. In those bioassays where LAA was used, 1000 ng of LAA was applied 

together with either the mimetic or the brassinolide standard. Mimetic 126 was 

essentially inactive in the bioassay with or without LAA (Figures 2.6 and 2.7). This was 

not surprising, since 126 does not contain any polar functionality corresponding to the B-

ring lactone moiety of 1, which has been shown to be necessary for biological activity. 
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Moreover, the introduction of a trans-alkene linker into 126 did not have any effect on 

biological activity, compared with compound 108,72 despite the closer resemblance to 1 

and longer tether of 126. Mimetic 128, containing a saturated linker, also showed no 

significant biological activity at any of the dosages studied, with or without co-applied 

IAA (Figures 2.10 and 2.11). This can be explained by the many possible conformations 

of 128, due to free rotation around the saturated linker, many of which would not be 

expected to fit into the putative brassinolide receptor. 

Mimetic 127, where the subunits are joined by a trans-alkene linker, was inactive 

by itself, but produced statistically significant bioactivity at the highest dose of 10000 ng 

when applied together with IAA (Figure 2.9). Thus, the trans-alkene linker in 127 

slightly increases the bioactivity over the corresponding acetylene or alkane-linked 

mimetics. This has also validated the molecular modeling results, which showed that the 

trans-alkene linker holds the diol groups on different subunits, relatively closer to those 

distances found in brassinolide than the acetylene linker of 110. This would allow for a 

closer superimposition of 127 onto 1, compared with the superimposition of 110 onto 1. 

2.6 Attempted Synthesis of Mimetic 154 

From the biological data presented in section 2.5, it appeared that a polar 

functionality such as a phenolic hydroxyl group was needed in the aromatic ring to elicit a 

biological response. Our group had previously prepared ketone-containing mimetics, of 

which some were shown to have relatively strong biological activity. Based on these 

results, mimetic 154 was identified as a potential candidate for synthesis and bioassay. 
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However, no mimetics containing ketone groups had been prepared directly from a 

phenolic precursor. Benezeneseleninic anhydride and benzeneseleninic acid are two 

oxidizing agents reported104"109 to convert phenols to quinones. Thus, despite the 

introduction of a second redundant carbonyl group in the quinone moiety, we decided to 

attempt the synthesis of o-quinone subunits linked by a suitable connecting group to see if 

they would display biological activity. 

The retrosynthetic analysis for mimetic 154 is shown below in Scheme 2.11. 

Starting from 118, oxidation with either benzeneseleninic anhydride or benzeneseleninic 

acid was expected to produce intermediate 155, which could then be coupled using the 

77 

Stille method under similar conditions as used in the preparation of mimetics 126-128. 

OH 

118 

Scheme 2.11 Retrosynthetic Analysis of Mimetic 154 

To explain the formation of the o-quinone moiety from the oxidation of phenols 

using benzeneseleninic anhydride, Barton and co-workers106 postulated the mechanism 

shown in Scheme 2.12. In the major pathway, initial reaction between benzeneseleninic 

O 

„o 

X 
155 

154 

B u a S i x ^ ^ 
SnBu3 

116 
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anhydride and phenol 156 forms the corresponding seleninyl ester 157. A [2,3] 

sigmatropic rearrangement leads to the o-hydroxylated derivative 158. Finally, 158 

decomposes by elimination of benzeneselenol to give o-quinone 159. In these oxidations, 

156 

160 

(PhSeO)20 

-HSePh 

OSePh 

[2,3] sigmatropic 
rearrangement 

157 

major pathway 

*• minor pathway 

R = unspecified alkyl group 

161 

158 

-HSePh 

159 

Scheme 2.12 Oxidation of Phenol 156 with Benzeneseleninic Anhydride 

106 the corresponding jp-quinone is also formed, but in minor amounts. The postulated 

mechanism for £>-quinone formation is also shown in Scheme 2.12, where initial o-
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seleninylation of phenol 156 leads to 160, followed by a sigmatropic rearrangement to 

form 161. Subsequent loss of benzeneselenol then furnishes p-qvdnone 162. 

The mechanism by which benezeneseleninic acid oxidizes phenols106 (Scheme 

2.13) is quite different than that shown for benzeneseleninic anhydride. The major 

product is generally the /?-quinone. Barton and co-workers have reported106 that this 

reagent favors initial formation of an aryl phenyl selenoxide in the ^-position of the 

phenol, as in 163. Next, a seleno-Pummerer rearrangement occurs to givep-quinone 162, 

via hydrolysis of intermediate 164. The minor pathway shown in Scheme 2.13 involves 

initial aryl phenyl selenoxide formation in the o-position, giving 160, followed by 

subsequent seleno-Pummerer rearrangement to afford o-quinone 159. In cases where the 

/^-position is blocked, as in iodophenol 118, the corresponding o-quinone would 

presumably form as the expected major product. 

The attempted oxidations of 118 with benezeneseleninic anhydride and 

benezeneseleninic acid are summarized in Table 2.2. Benezeneseleninic anhydride was 

first tried in the oxidation of 118. From Table 2.2 entry 1, acetic anhydride was used 

because it had been reported106 that this solvent promotes the reaction and affects the 

regiochemistry in favor of the o-quinone via formation of a mixed acetic seleninic 

anhydride. The resulting seleninyl ester intermediate would then follow the mechanism 

outlined in Scheme 2.12 to form the desired o-quinone. However, under these conditions, 

only a complex mixture was seen by TLC and 'H-NMR analysis. In entry 2 of Table 2.2, 

phenol 118 was reacted with potassium-Mmtoxide, prior to reaction with 

benzeneseleninic anhydride. It was hoped that initial formation of the phenoxide would 
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facilitate the formation of the seleninyl ester. However, under these conditions a complex 

mixture again resulted, as evidenced by TLC and 'H-NMR analysis. 
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Scheme 2.13 Oxidation of Phenol 156 with Benzeneseleninic Acid 

In Table 2.2, entry 3, phenol 118 and benezeneseleninic anhydride were heated 

together in THF for 3 h at 50°C. Compound 118 was converted to 155 in very low yield 

(12%) (Scheme 2.14). There was competition from formation of quinone 166 (10%), 
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arising from oxidative deiodination at C-4 of 118. The structure of 155 was confirmed 

through the use of 'H-NMR, 13C-NMR and IR spectroscopy, where the 'H-NMR 

spectrum displayed a sharp singlet at 8 7.65 ppm, which integrated for one proton, and is 

most likely the proton at C-3 (Scheme 2.14). The carbinol protons of 155 resonated at 8 

4.61 ppm, and the methylene and acetonide protons resonated at 8 3.18, 3.09, 2.27, 1.31, 

and 1.26 ppm. The 13C-NMR spectrum of 155 showed two distinct peaks in the carbonyl 

region at 8 182.9 and 178.9 ppm, confirming the presence of two carbonyl carbon atoms, 

suggesting formation of the desired o-quinone. The IR spectrum also showed two distinct 

absorptions at 1658 and 1652 cm"1, which fall into the expected range reported for other 

o-quinones.1 

Compound 166 displayed a singlet at 8 6.77 ppm integrating for two protons and 

corresponds to the protons at C-2 and C-3 (Scheme 2.14). The carbinol protons resonated 

at 8 4.62 ppm and the methylene protons resonated at 8 3.11, 3.07, 2.27 and 2.23 ppm. 

Two singlets for the acetonides were seen at 8 1.31 and 1.26 ppm. In the 13C-NMR 

spectrum there is one carbonyl peak at 8 185.8 ppm, consistent with thep-quinone. The 

IR spectrum of 166 also showed a characteristic carbonyl stretch at 1649 cm"1, which is in 

agreement with the IR spectra of other similar /7-quinones.1 7 

In this reaction, a large amount of dark brown tarry material was also formed, 

which remained at the top of the column during chromatography and was not eluted, even 

when very polar solvents were used. 
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Table 2.2 Attempted Oxidations of 118 with Benezeneseleninic Anhydride and 
Benzeneseleninic Acid 

Entry Reactant Conditions Product 

1 (PhSeO)20 Ac20, RT, 24 h complex mixture3 

2 (PhSeO)20 1) K O-t-Bu, THF 
2) THF, 50°C, 2 h. 

complex mixture3 

3 (PhSeO)20 THF, 50°C, 3 h 

155 166 
(12%) (10%) 

4 (PhSeO)20 THF, 50°C, 24 h complex mixture3 

5 (PhSeO)20 indole, THF, 50°C, 2 h. complex mixture3 

6 PhSe02H Ac20, RT, 2 h complex mixture3 

7 PhSeQ2H CH2C12, RT, 5 h complex mixture3 

a) Based on TLC and 'H-NMR analysis 
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118 

(PhSeO)20 

THF 

155(12%) 166(10%) 

PhSeQ2H t 

CH2CI2, RT 
complex mixture 

Scheme 2.14 Oxidation of 118 with Benezeneseleninic Anhydride and Benzeneseleninic 
Acid 

In entry 4 of Table 2.2, the reaction was run for a longer period of time than in 

entry 3 to see if this would have any effect on the yield of the desired product. This 

reaction resulted in a complex mixture as evidenced by TLC and 'H-NMR analysis with 

none of the desired 155 present. In entry 5 of Table 2.2, indole was added to the reaction 

mixture, since it had been reported by Barton and co-workers106 that formation of 

selenenylated by-products could occur from the reaction of electrophilic selenium (II) 

species produced during the oxidation with the original phenol. The addition of indole 

was reported to suppress this minor reaction pathway, by scavenging these selenenic 

electrophiles.104 Unfortunately, a complex mixture was again observed from TLC and 

H-NMR analysis of the crude product from this reaction. Since use of benzeneseleninic 

anhydride was not producing the desired o-quinone in appreciable amounts, oxidation 

using benezeneseleninic acid was also tried. This reagent was used since it also had been 

reported to produce o-quinones directly from phenolic precursors, although not as the 

major products. However, in our case, the o-quinone might be formed in high yield since 
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the ^-position is blocked. The acid was reacted with 118 (Scheme 2.14) but did not 

furnish the desired o-quinone 155. The reactions were run according to the conditions 

outlined in Table 2.2, entry 6 and 7. Both attempts only produced complex mixtures, as 

evidenced by TLC and ^-NMR analysis. 

Since o-quinone 155 could not be produced in sufficient yields to proceed with 

the synthesis of 154 via the approach shown in Scheme 2.11, introduction of this moiety 

at a later stage was attempted. The retrosynthetic analysis for this approach is given in 

Scheme 2.15, in which Stille77 coupling precedes oxidation of the phenol moieties. It was 

hoped that blocking the C-4 position with a more robust carbon-carbon bond, compared 

with the carbon-iodine bond of 118, might reduce competing /?-quinone formation and 

improve the yield of the corresponding o-quinone. 

OSi(Me)2-*-Bu 

115 

Scheme 2.15 Retrosynthetic Analysis of Second Approach to 154 

Compound 167 was prepared from 115 by Stille77 coupling with 116, followed by 

deprotection of the silyl ether groups with tetrabutylammonium fluoride. It was then 

oxidized with benzeneseleninic anhydride (Scheme 2.16). No success resulted from this 

,.OH 

"OH 

154 
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attempt. The products that were isolated from this reaction were recovered starting 

material (17%) and one oxidative cleavage product. Furthermore, the cleavage product 

was identical to j?-quinone 166, as evidenced by a comparison of their 'H-NMR and I3C-

NMR spectra. During purification of the crude reaction mixture by column 

chromatography, dark brown tarry material that did not elute off the top of the column, 

was again observed. 

(p h S e 0>20 A A " " y + recovered 
THF K^J<J-. f\ starting material 

(17%) 

166(18%) 

Scheme 2.16 Oxidation of 167 with Benezeneseleninic Anhydride 

In order to circumvent the problem of bond cleavage, 152 was hydrogenated, 

followed by deprotection of both silyl groups with tetrabutylammonium fluoride, to give 

168 (Scheme 2.17). Our expectation was that the saturated linker would be more resistant 

to oxidative cleavage than the trans-a\kene linker. Thus, oxidation of 168 was expected 

to afford o-quinone 169, deprotection of which would provide the desired compound 170. 

The oxidation of 168 was attempted, but only a complex mixture resulted, as evidenced 

by TLC and 'H-NMR analysis. 
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OSi(Me)2-r-Bu 
.A 

OH 

:x 
OSi(Me)2-?-Bu 

152 

„OH 

''OH 

1)H9,Pd-C_ 
2) n-Bu4NF 

AcOH, H20 

X b" 

o< 

)H 

168 

hSeO)20 
THF 

170 169 

Scheme 2.17 Attempted Oxidation of 168 

From the unsuccessful attempts at producing o-quinone 154 or its saturated 

analogue 170 using benezeneseleninic anhydride, our efforts turned to using Fremy's salt 

(potassium nitrosodisulfonate 172) to oxidize phenol 118, since it had been reported in 

the literature to oxidize various phenols to their corresponding o-quinones.110"117 The 

general mechanism for this reaction has been shown to occur over a series of three 
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steps,110'111 as shown in Scheme 2.18. Starting from phenol (171), initial reaction with 

one molecule of Fremy's salt (172), results in a hydrogen atom transfer reaction to give 

the phenoxy radical 173 and one molecule of dipotassium hydroxyimidobissulfate 

(174).111 

OH 

+ 2 (0-K 
S03K 

171 

SO3K 

172 

o-

2^ 

4 
173 

H O - < 
S03K 

S03K 

174 

(KS03)2NOy 

172 
(KS03)2NO 

172 

(S03K)2N-0' 

HN(KS03)2 

177 

°t> 

(S0 3 K) 2 N-Cr 4 > l 

176 

-HN(KS03)2 
177 

178 

Scheme 2.18 Pathway for o- and/?-Quinone Formation from Phenol with Fremy's 
Salt 

Next, reaction of 173 with another molecule of Fremy's salt can give either 

cyclohexadienone intermediates 175 or 176. The ratio of the two intermediates is 
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dependent upon the substituents present on the aromatic ring, which are omitted in the 

example given in Scheme 2.18. In general, if a bulky substituent is present at C-4 of the 

representative phenol, then radical coupling favors 175.U3 On the other hand, if the 

position at C-4 is not sterically hindered by a bulky group, then radical coupling occurs to 

give 176 preferentially.113 From either cyclohexadienone 175 or 176, elimination of 

dipotassium imidobissulfate (177) occurs to give quinones 178 and 179, respectively. 

Deya and co-workers113 have investigated the regioselectivity of the reaction and 

have found that the regiochemical outcome of Fremy's salt oxidations are highly 

unpredictable when the o- and /(-positions are unsubstituted. Molecular orbital 

calculations have shown that the largest SOMO coefficient exists at C-4 (p-position),113 

followed by those centers at C-2 or C-6 (o-position). These calculations suggest that ap-

quinone would be the major product in oxidations with Fremy's salt. As mentioned 

earlier, this is the case with the majority of phenols where there is no bulky substituent 

present at C-4. However, some phenols without bulky C-4 substituents were found to 

form the corresponding o-quinones in Fremy's salt oxidations.113 Thus, Deya and co

workers concluded that molecular orbital calculations are unreliable for determining the 

regiochemistry of the reaction and that steric and other factors must also be taken into 

account, in order to explain the formation of o-quinones from phenols.113 

Starting with phenol 118, the oxidations with Fremy's salt were attempted as 

shown in Scheme 2.19 and Table 2.3. In entry 1, the oxidation was carried out in 

methanol and potassium dihydrogen phosphate buffer. The buffer was needed to 

maintain fairly neutral conditions during the course of the reaction, since it had been 
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reported that Fremy's salt would decompose under either acidic or basic conditions.110 

From Table 2.3, entry 1, only starting material (84%) was recovered, as seen from TLC 

and ^-NMR analysis of the crude product. In entry 2 of Table 2.3, the solvent for the 

reaction was changed to hexamethylphosphoramide (HMPA) because it had been 

reported to facilitate the oxidation of phenols with Fremy's salt.114 Again, no reaction 

was seen by TLC and l H-NMR analysis of the crude reaction mixture. Starting material 

was recovered in a yield of 80%. When the solvent for the reaction was changed to 

acetone (Table 2.3, entry 3), jo-quinone 166 was formed in a yield of 12%. Other 

unidentified products were also present in the reaction mixture, as shown by TLC and 1H-

NMR analysis. Starting material was also recovered in a 36% yield. The side-products 

formed in the reaction consisted of a dark red tarry substance which was significantly 

more polar than the starting material and could not be identified by its ^-NMR 

spectrum, following isolation by column chromatography. 

(KSCh)2NO || ] | l V / recovered 
aq.KHaPa V A ^ ' ^ N starting material 
acetone (36%) 

118 166(12%) 

Scheme 2.19 Oxidation of 118 with Fremy's Salt 
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Table 2.3 Attempted Oxidation of 118 with Fremy's Salt 

Entry Conditions Product3 

1 aq. KH2P04, MeOH, 0°C->RT, 
24 h 

recovered starting material 
(82%) 

2 aq. KH2PO4, HMPA, 5°C-*RT, 
24 h 

recovered starting material 
(80%) 

3 aq. KH2P04, acetone, RT, 24 h 

to 
O 

166 (12%) 

+ recovered starting material 
(36%) 

a) Based on TLC and H-NMR analysis 

Thus, once again oxidative deiodination of 118 was the only reaction leading to an 

identifiable product. There have been reports where phenols bearing a chloride 

substituent in the /»-position have formed £>-quinones even when the o-positions did not 

bear any substituents,116'117 so in retrospect the formation of 166 was perhaps not 

surprising. Thus, a new approach was tried, in which oxidation was attempted on 168 

(Scheme 2.20), in the hope that a carbon-carbon bond at C-4 would be stronger and more 

resistant to cleavage, compared with the carbon-iodine bond in 118. Oxidation of 168 

resulted in a complex mixture, as evidenced by TLC and the H-NMR spectrum. The 

mixture on TLC showed a clearly defined spot for starting material, and highly colored 

streaks running one third the length of the plate from the baseline. When the crude 

reaction mixture was subjected to column chromatography, no identifiable products were 
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isolated, except for recovered starting material (25%). A significant amount of material 

could not be eluted from the top of the column, even when highly polar solvents were 

used. Due to the consumption of the starting materials required for further attempts at 

producing o-quinone mimetics, this approach was abandoned. 

(KS03)2NQ^ complex 
, . _. . *" mixture 
MeOH 

aq. KH2PO4 

Scheme 2.20 Attempted Oxidation of 168 with Fremy's salt 
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2.7 Conclusions and Future Work 

The synthesis of two 6-hydroxy analogues of castasterone, the novel 6P-epimer 

124 and the known 6cc-epimer 125, was accomplished. These analogues showed 

biological activity only at relatively high doses without co-applied IAA, but displayed 

enhanced activity in the presence of IAA. However, both epimers were less active than 

castasterone (10), in the presence or absence of IAA. The activity of 124 and 125 may be 

due to their conversion to 10 and 1 in vivo. 

Mimetics 126-128 were all based on tetrahydronaphthalene subunits containing 

vicinal diol groups, which have been shown to be the key functional groups necessary for 

the biological activity of brassinosteroids. Mimetic 126 did not show significant 

biological activity with or without co-applied IAA across all dosage levels. This was not 

surprising because of the absence of polar functionalities corresponding to those found in 

the B-ring of natural brassinosteroids. Mimetic 127 contained two phenolic hydroxyl 

groups and two vicinal diol groups. The subunits were joined by a trans-a\kene linker. 

This mimetic showed statistically significant biological activity in the rice leaf lamina 

inclination assay at the highest dosage level with co-application of IAA. Mimetic 128 

also contained phenolic hydroxyl groups but differed from mimetic 127 in that it 

contained a saturated linker instead of a trans-a\kene one. Mimetic 128 showed no 

significant biological activity across all dosages with or without co-applied IAA. Thus, it 

appears that the more rigid fra«s-alkene linker holds the mimetic in a conformation 

sufficiently similar to that of brassinolide to permit bioactivity. On the other hand, the 

saturated linker may be too flexible compared with either acetylene or trans-alkene 
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linkers, thus creating many other conformations, in addition to a potentially active 

conformation, thus impeding recognition by the putative brassinolide receptor. 

Future work could include mimetics containing angular methyl groups and/or a 

lactone functionality in order to create an even closer resemblance with 1. To date, there 

have been no reports of non-steroidal brassinolide mimetics. Thus, compound 127, as 

79 

well as 109, 110, 113 prepared simultaneously by Andersen, comprise the first non

steroidal compounds that show brassinosteroid activity in the rice leaf lamina inclination 

assay. 
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Chapter 3 

Experimental 

3.1 General Comments 

Melting points were determined on an A.H. Thomas hot-stage apparatus and are 

uncorrected. IR spectra were recorded on a Mattson 4030 spectrometer. Proton and 

carbon NMR spectra were obtained on a Bruker ACE 200 (JH, 200 MHz, 13C, 50 MHz), 

a Bruker AM 400 (lR, 400 MHz, 13C, 100 MHz) or a Bruker DRX 400 ^H, 400 MHz, 

13C, 100 MHz) spectrometer. Deuteriochloroform, methanol-^, or DMSO-^o" were used 

as the solvent and residual chloroform, methanol, or dimethyl sulfoxide, respectively, 

were used as the internal standards, unless otherwise noted. For all 13C-NMR spectra, the 

signals were assigned as C, CH, CH2, or CH3 by DEPT experiments.118 Low and high 

resolution mass spectra were obtained on a VG 7070 or a Kratos MS 80 mass 

spectrometer by Ms. Q. Wu or Ms. D. Fox. All mass spectra were obtained by electron 

impact ionization at 70 eV with direct probe sample introduction. GC-MS spectrometry 

was done on a Hewlett Packard 5890 Series II instrument with a Hewlett Packard OV 

101, low polarity, 12 m X 0.2 mm column, employed in conjunction with a Hewlett 

Packard Mass Selective Detector 5971 A. Analytical TLC was carried out with Merck 

silica gel 60 F-254 aluminum sheets, and the spots visualized with UV light, or by 

dipping in 9% ammonium molybdate (VI) tetrahydrate solution in 16% aqueous sulfuric 

acid, followed by heating for several seconds. Preparative TLC was carried out using 

Analtech 20 X 20 glass plates coated with 1 mm of silica gel GF. Flash chromatography 
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was performed on Merck 230-400 mesh silica gel. Castasterone (10),50'69 5-iodo-l,4-

dihydronapthalene (143),96'97 5,8-dihydro-l-naphthol (147), 10° £-l,2-bis(tributylstannyl)-

ethylene (116),78 and potassium dihydrogen phosphate buffer119 were prepared via 

literature procedures. Authentic 108 was provided by Dr. Denise Andersen.72 Anhydrous 

THF and 1,4-dioxane were distilled from lithium aluminum hydride, anhydrous DMF was 

distilled from calcium hydride, and anhydrous dichloromethane was distilled from 

phosphorus pentoxide. Triethylamine and pyridine were distilled from potassium 

hydroxide. All other chemicals were commercially available and were used without 

further purification. Solutions of K2CO3, NaCl, NaHC03, NH4CI used for washing 

organic phases were saturated unless otherwise specified. For the mixtures of 

diastereomers reported in section 2.4, the 'H-NMR and 13C-NMR data is reported for the 

entire mixture. In general, there was complete overlap of signals from separate 

diastereomers, and so only a unique set of signals is reported. The stereochemical 

designators a and |3 are used to refer to the bottom and top faces, respectively, of the 

molecule as it is drawn. Reported integrations for the 'H-NMR spectral data of 

symmetrical structures are based on half of the molecule only. 

The bioassays on the novel castasterone analogues (section 2.3), novel 

brassinolide mimetics (section 2.5), and standards castasterone and brassinolide were 

carried out by Dr. R.P. Pharis and his group using dwarf rice seedlings Oryza sativa var. 

Tan-ginbozu in the rice leaf lamina inclination bioassay.33 The standards and test 

samples were dissolved in 95% ethanol and applied as 0.5 |iL microdrops to the 

germinated rice seedlings grown on 0.8% water agar. After ca. 3 days, the leaf lamina 
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angles were measured using a protractor. Each data point in the graphs of the bioassays 

represents the mean leaf lamina angle from 36 plants for the 0.1-100 ng/plant doses and 

24 plants for the 1000 and 10000 ng/plant doses. Where IAA was used in the bioassays, 

it was applied at a dosage of 1000 ng/plant ca. 2 h before application of the 

brassinosteroid or of the mimetic. The controls for all the bioassays involved application 

of ethanol alone or IAA alone (1000 ng). 

3.2 Preparation of (2i?,35,5oc,6i?,22i?,23i?,245)-2,3,6,22,23-
pentahydroxyergostane (124) 

HO„2 

H O " ' 3 \ ^ 5 

124 

Sodium borohydride (30 mg, 0.79 mmol) was added to castasterone (10) (34 mg, 

0.072 mmol) in dry methanol (15 mL). The mixture was stirred at room temperature for 

4 h, at which time a second portion of sodium borohydride (30 mg) was added. The 

mixture was stirred overnight at room temperature and 10 mL of IN HC1 solution was 

added. The reaction mixture was then extracted with 10% isopropanol-chloroform (8 X 

10 mL). The combined organic layers were washed with NaHCC>3 solution (25 mL) and 

NaCl solution (25 mL), dried (MgSQ4), and concentrated in vacuo. The residue was flash 
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chromatographed (elution with 0-10% methanol-chloroforai) affording a trace amount of 

starting material, 6.3 mg (19%) of epimer 125, and 26 mg (77%) of 124 as a white 

crystalline powder: mp 213-216 °C (from methanol); TR (KBr) 3416 (OH), 1457, 1378, 

1059, 1028, 751 cm"1; 'H-NMR (400 MHz, CDCI3-CD3OD): 5 3.96 (br d, J = 2.7 Hz, 1 

H, H-3), 3.69 (m, 3 H, H-2, H-23 and H-6), 3.51 (br d, . /= 8.4 Hz, 1 H, H-22), 1.99 (m, 3 

H), 1.02 (s, 3 H, Me-19), 0.96 (d, J= 6.7 Hz, 3 H, Me-21), 0.93 (d, J = 6.7 Hz, 3 H, Me-

28), 0.90 (d, / = 6.7 Hz, 3 H, Me-26 or Me-27), 0.84 (d, J = 6.4 Hz, 3 H, Me-26 or Me-

27), 0.74 (s, 3 H, Me-18); I3C-NMR (100 MHz, CDCI3-CD3OD) 8 77.4 (CH), 74.8 (CH), 

73.4 (CH), 71.3 (CH), 69.2 (CH), 56.2 (CH), 54.2 (CH), 52.6 (CH), 42.7 (C), 42.6 (CH2), 

42.4 (CH2), 40.9 (CH), 40.3 (CH), 40.1 (CH2), 39.7 (CH2), 37.1 (CH), 36.8 (C), 30.9 

(CH), 30.0 (CH), 27.9 (CH2), 24.3 (CH2), 21.0 (CH3), 20.9 (CH2), 20.8 (CH3), 16.1 

(CH3), 12.1 (CH3), 12.0 (CH3), 10.2 (CH3). 

3.3 Preparation of (2R,3S,5a,6R,22R,23R,24S)-(2,3),(22,23)-
bis(isopropylidenedioxy)-6-hydroxyergostane (129) 

129 
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Compound 124 (9.3 mg, 0.020 mmol), 2,2-dimethoxypropane (120 JIL, 1.0 mmol) 

and a catalytic amount of/7-toluenesulfonic acid were dissolved in dichloromethane (5 

mL) and stirred at room temperature overnight. The reaction mixture was diluted with 

K2CO3 solution (10 mL) and extracted with dichloromethane (8 X 10 mL). The 

combined organic layers were washed with NaCl solution (25 mL), dried (MgSCU), and 

concentrated in vacuo. The crude residue was flash chromatographed (elution with 

chloroform) affording 8.7 mg (81%) of 129 as a pale yellow oil: IR (film) 3427 (OH), 

1643, 1379, 1243, 1215, 1046, 1018 cm-1; 'H-NMR (400 MHz-CDCl3) 8 4.30 (m, 1 H, 

H-3), 4.11 (m, 1 H, H-2), 3.82 (m, 2 H, H-23 and H-6), 3.74 (dd, J= 8.4, 3.9 Hz, 1 H, H-

22), 1.50 (br s, acetonide, 3 H), 1.36 (br s, acetonide, 3 H), 1.32 (br s, acetonide, 3 H), 

1.25 (br s, acetonide, 3 H), 0.97 (d, J - 6.6 Hz, 3 H, Me-21), 0.94 (d, J= 6.9 Hz, 3 H, 

Me-28), 0.93 (s, 3 H, Me-19), 0.89 (d, J = 6.9 Hz, 3 H, Me-26 or Me-27), 0.86 (d,J = 6.8 

Hz, 3 H, Me-26 or Me-27), 0.68 (s, 3 H, Me-18); mass spectrum, m/z (relative intensity, 

%) 531 (M+-CH3, 70), 475 (23), 431 (36), 373 (24), 171 (86), 142 (87), 99 (88), 43 (100). 

Exact mass calcd for C33H5505 (M+-CH3): 531.4050. Found: 531.4076. 
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3.4 Preparation of (2R,3S,5a,6S,22R,23R,24S)-2£,6,22,23-
pentahydroxyergostane (125) 

OH 

125 

Sodium metal (960 mg, 42 mmol) was cut into small pieces and added over 2 h to 

a refluxing solution of castasterone (10) (70 mg, 0.15 mmol) in absolute ethanol (15 mL). 

The reaction mixture was then cautiously diluted with water (20 mL) and extracted with 

10% isopropanol-chloroform (8 X 10 mL). The combined organic layers were washed 

with NaCl solution (25 mL), dried (MgS04), and concentrated in vacuo to afford a crude 

mixture of products. The residue was flash chromatographed (elution with 0-10% 

methanol-chloroform) to afford 19 mg (27% recovery) of starting material, 6.9 mg (10%) 

of minor epimer 124 and 37 mg (53%) of major epimer 125 as a white crystalline solid: 

mp 238-243°C (from methanol); lit.80a mp 253-254°C (from ethyl acetate); IR (KBr) 3394 

(OH), 1456, 1038, 975 cm"1; 'H-NMR (400 MHz, CDC13-CD30D) 5 3.88 (br s, 1 H, 3-

H), 3.58 (d, J= 7.6 Hz, superimposed on m, 2 H, H-2 and H-23), 3.43 (d, J= 8.3 Hz, 1 H, 

H-22), 3.18 (dt, J= 10.5, 4.3 Hz, 1 H, H-6), 2.05 (br d, 1 H, H-5), 1.88 (m, 3 H), 0.86 (d, 

J= 6.5 Hz, 3 H, Me-21), 0.84 (d, J= 7.3 Hz, 3 H, Me-28), 0.78 (d, J= 6.2 Hz, 3 H, Me-
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26 or Me-27), 0.74 (d, J= 6.8 Hz, 3 H, Me-26 or Me-27), 0.71 (s, 3 H, Me-19), 0.57 (s, 3 

H, Me-18); 13C-NMR (100 MHz, CDC13-CD30D) 5 77.4 (CH), 74.8 (CH), 73.4 (CH), 

69.5 (CH), 68.8 (CH), 56.3 (CH), 53.9 (CH), 52.6 (CH), 45.2 (CH), 42.5 (C), 41.7 (CH2), 

41.1 (CH2), 40.3 (CH), 40.0 (CH2), 38.2 (C), 37.1 (CH), 34.4 (CH), 30.8 (CH), 29.8 (2 

CH2), 27.9 (CH2), 24.2 (CH2), 21.0 (CH3), 20.8 (CH3), 13.5 (CH3), 12.0 (CH3), 11.9 

(CH3), 10.2 (CH3). 

3.5 Preparation of (21?,3£,5o,6£,22JR,23.R,24S')-(2,3),(22,23)-
bis(isopropylidenedioxy)-6-hydroxyergostane(130) 

Compound 125 (15 mg, 0.032 mmol), 2,2-dimethoxypropane (194 pJL, 1.63 

mmol) and a catalytic amount of j?-toluenesulfonic acid were dissolved in 

dichloromethane (5 mL) and stirred overnight at room temperature. The reaction mixture 

was diluted with K2CO3 solution (10 mL) and extracted with dichloromethane ( 8 X 1 0 

mL). The combined organic layers were washed with NaCl solution (25 mL), dried 

(MgSCU) and concentrated in vacuo. The crude residue was flash chromatographed 

(elution with 0-2% methanol-chloroform) to give 12 mg (68%) of the bisketal 130 as a 
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pale yellow oil: IR (film) 3417 (OH), 1643, 1379, 1242, 1217, 1056, 1022, 756 cm"1; *H-

NMR (400 MHz, CDC13) 5 4.27 (m, 1 H, H-3), 4.11 (m, 1 H, H-2), 3.83 (d, J= 8.2 Hz, 1 

H, H-23), 3.74 (dd, / = 8.4, 4.1 Hz, 1 H, H-22), 3.32 (m, 1 H, H-6), 8 2.52 (dd, J= 15.2, 

2.8 Hz, 1 H, H-5), 1.50 (br s, 3 H, acetonide), 1.34 (br s, 9 H, acetonide), 0.97 (d, J= 6.5 

Hz, 3 H, Me-21), 0.94 (d, J= 6.8 Hz, 3 H, Me-28), 0.89 (d, J = 6.9 Hz, 3 H, Me-26 or 

Me-27), 0.86 (d, / = 6.7 Hz, 3 H, Me-26 or Me-27), 0.73 (s, 3 H, Me-19), 0.65 (s, 3 H, 

Me-18); mass spectrum, m/z (relative intensity, %) 546 (M+, 0.8), 531 (M^-CHs, 7), 271 

(8), 229 (7), 171 (35), 142 (29), 59 (65), 43 (100). Exact mass calcd for C33H5505 (M+-

CH3): 531.4050. Found: 531.4009. 

3.6 Attempted Reduction of 108 with Lithium Aluminum Hydride 

(+/-)-"! 08 meso-108 

Compound 108 (23 mg, 0.066 mmol) in dry THF (1 mL) was added to a 

suspension of lithium aluminum hydride (65 mg, 2.0 mmol) in dry THF (2 mL) and the 

resulting solution was refluxed for 1.5 h. Following this, an aliquot (1 mL) of the 

reaction mixture was quenched at 0°C with 2 mL of methanol, followed by 2 mL of H20. 
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The inorganic precipitate was filtered off and the remaining solution was extracted with 

10% isopropanol-chloroform ( 6 X 5 mL). The organic layers were washed with NaCl 

solution (15 mL), dried (MgS04) and concentrated in vacuo. Only recovered starting 

material was present, as seen by TLC and 'H-NMR analysis. The reaction mixture was 

left to reflux for an additional 4 h. At 2 h intervals, aliquots were taken and subjected to 

work up as outlined above. After a total of 6 h at reflux, no reaction had occurred, as 

evidenced by TLC and ^-NMR analysis. 

3.7 Attempted Reduction of 145 with Lithium Aluminum Hydride 

8 _ 

5 4 

(+/-)-! 45 meso-145 

Compound 108 (74.8 mg, 0.213 mmol), 2,2-dimethoxypropane (341 |iL, 2.78 

mmol) and a catalytic amount of j>-toluenesulfonic acid were dissolved in 

dichloromethane (3 mL) and stirred overnight at room temperature. Following this, the 

reaction mixture was diluted with 10 mL of dichloromethane and washed with K2CO3 

solution (10 mL). The mixture was extracted with dichloromethane ( 6 x 5 mL) and 

washed with NaCl solution (15 mL). The organic layer was dried (MgS04), and 
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concentrated under reduced pressure to afford 82 mg (89%) of 145 as a pale yellow oil: 

'H-NMR (200 MHz, CDC13) 8 7.46 (m, 1 H, H-2), 7.16 (m, 2 H, H-3 and H-4), 4.62 (m, 

2 H, H-6 and H-7), 3.40-3.25 (m, 1 H), 3.08-2.90 (m, 1 H), 2.88-2.78 (m, 2 H), 1.32 (s, 3 

H, acetonide), 1.16 (s, 3 H, acetonide). This was used directly in the next step. 

Bisketal 145 (20 mg, 0.046 mmol) was dissolved in 2 mL of dry THF. Lithium 

aluminum hydride (10 mg, 0.26 mmol) was added and the resulting solution was refluxed 

for 24 h. An aliquot (0.5 mL) was removed from the reaction mixture and slowly 

quenched with 0.5 mL of water. The inorganic precipitate was filtered off and the 

remaining solution was extracted with chloroform ( 6 X 2 mL). The organic layers were 

washed with NaCl solution (5 mL), dried (MgSCU), and concentrated in vacuo. Starting 

material and traces of desired product were evident from TLC and ^-NMR analysis. 

The mixture was refluxed for an additional 24 h. After this, the remaining portion of the 

reaction mixture was subjected to work-up as outlined above. Only a complex mixture 

was evidenced by TLC and 'H-NMR analysis. 
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3.8 Preparation of (E)-(±)-l,2-Bis[6oc,7a-dihydroxy5,6,7,8-tetrahydronaphthyl] 
ethene (126) and its Meso Isomer. 

(+/-)-! 26 meso-126 

The iodide 140 (217 mg, 0.748 mmol) and £-l,2-bis(tributylstarmyl)ethylene 

(116) (235 mg, 0.374 mmol) were dissolved in 2 mL of dry dioxane. A solution of 

lithium chloride (100 mg, 2.36 mmol), tetrakis(triphenylphosphine)palladium(0) (50 mg, 

0.043 mmol), and 2,6-dw-butyl-4-methylphenol (a few crystals) in 4 mL of dry dioxane 

was added. The mixture was refluxed under nitrogen for 24 h. After 24 h, another 

portion of 100 mg of tetrakis(triphenylphosphine)palladium(0) was added and stirring 

was continued for 24 h under nitrogen. The reaction mixture was then diluted with water 

(10 mL) and 10% isopropanol-chloroform (10 mL). The aqueous layer was extracted 

with 10% isopropanol-chloroform (8 X 10 mL) and the combined organic layers were 

washed with NaCl solution (20 mL), dried (MgSC^) and concentrated in vacuo to afford a 

white solid. The crude product was flash chromatographed (elution with 0-15% 

methanol-chloroform) to afford 27 mg (19%) of 126 as white crystals: mp 260-263°C 

(from methanol); IR (KBr) 3344 (OH), 1676, 1456, 1057 cm"1; 'H-NMR (400 MHz, 



101 

DMSO-e?6) 5 7.44 (d, J= 7.9 Hz, 1 H, H-2), 7.17 (s, 1 H, H-9), 7.13 (t, J= 7.7 Hz, 1 H, 

H-3), 7.00 (d, J= 7.7 Hz, 1 H, H-4), 4.65 (d, J= 3.8 Hz, 1 H, H-6 or H-7), 4.62 (d, / « 

4.5 Hz, 1 H, H-6 or H-7), 3.91 (m, 2 H, 2 OH), 2.89 (m, 4 H, H-5 and H-8); 13C-NMR 

(400 MHz, DMSO-40 8 136.2 (C), 134.8 (C), 132.3 (C), 128.4 (CH), 127.7 (CH), 125.7 

(CH), 123.1 (CH), 68.1 (CH), 67.7 (CH), 34.9 (CH2), 32.4 (CH2); mass spectrum, m/z 

(relative intensity, %) 352 (M+, 59), 221 (67), 115 (79), 60 (100), 43 (67). Exact mass 

calcd for C22H24O6: 352.1675. Found: 352.1671. 

3.9 Preparation of (£)-(±)-l ,2-Bis [6oc,7a-(isopropylidenedioxy)-4-f-
butyldimethylsilyloxy-5,6,7,8-tetr any dronaphthyl] ethene (152) 
and its Meso Isomer. 

OSi(Me)2-f-Bu 
.,0 

5 [4 
OSi(Me)2-*-Bu 

OSi(Me)2-/-Bu 
O 

OSi(Me)2-/-Bu 

(+/-)-! 52 meso-152 

The iodide 115 (1.5 g, 3.3 mmol was dissolved in dry dioxane (3 mL). £-1,2-

bis(tributylstannyl)ethylene (985 mg, 1.63 mmol) was added in 1 mL of dry dioxane, 

followed by tetxakis(rriphenylphosphine)palladium(0) (198 mg, 0.171 mmol), lithium 

chloride (413 mg, 9.74 mmol), and 2,6-di-A>utyl-4-methylphenol (a few crystals) in 20 
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mL of dry dioxane. A further portion of dry dioxane (10 mL) was added and the resulting 

solution was refluxed under nitrogen for 4 days. Several additional portions (total 2.5 

mol %) of tetrakis(tiiphenylphosphine)palladium(0) were added during this time. The 

reaction mixture was cooled to room temperature, diluted with ether (200 mL), and 

washed with 5% ammonium hydroxide solution (5 X 75 mL). The aqueous layers were 

extracted with diethyl ether (3 X 75 mL) and the combined organic layers were dried 

(MgSC>4), and concentrated in vacuo. The crude product was flash chromatographed 

(elution with 0-5% ethyl acetate-hexanes) to afford 150 mg (14%) of 152 as a clear 

colorless oil: IR (film): 1593, 1486, 1277, 1163, 1037 cm"1; 'H-NMR (400 MHz, CDC13) 

5 7.37 (d, J= 8.6 Hz, 1 H, H-2), 7.13 (s, 1 H, H-9), 6.73 (d, J= 8.5 Hz, 1 H, H-3), 4.49 

(m, 2 H, H-6 and H-7), 2.96 (m, 4 H, H-5 and H-8), 1.34 (s, 3 H, acetonide), 1.27 (s, 3 H, 

acetonide), 1.05 (s, 9 H, Si(Me)2-*-Bu), 0.25 (s, 6 H, Si(Me)2-r-Bu); 13C-NMR (100 MHz, 

CDCI3) 5 152.6 (C), 135.0 (C), 130.1 (C), 126.8 (CH), 126.2 (C), 124.7 (CH), 117.6 

(CH), 108.4 (C), 74.5 (CH), 74.0 (CH), 30.5 (CH2), 27.5 (CH2), 26.9 (CH3), 26.1 (3 CH3, 

Si(Me)2-*-Bu), 24.8 (CH3), 18.5 (C), -3.8 (CH3, Si(Me)2-r-Bu), -3.9 (CH3, Si(Me)2-f-Bu); 

mass spectrum, m/z (relative intensity, %) 692 (M+, <1), 635 (M+-C4H9, 1), 277 (44), 73 

(100). Exact mass calcd for C4oH6006Si2: 692.3929. Found: 692.3943. 
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3.10 Preparation of(±)-l,2-Bis[6a,7oc-(isopropylidenedioxy)-4-f-
butyldimethylsilyloxy-5,6,7,8-tetrahydronaphthyl] ethane (153) 
and its Meso Isomer. 

OSi(Me)2-/-Bu 

..Q 

"O 

0„ 

b" 

OSi(Me)2-?-Bu 

O 

OSi(Me)2-r-Bu OSi(Me)2-r-Bu 

(+/-)-! 53 meso-153 

Compound 152 (152 mg, 0.219 mmol) was dissolved in 8 mL of ethyl acetate. 

Palladium on charcoal (2.4 mg of 10%) was added and the mixture was stirred vigorously 

at room temperature under 1 atm of hydrogen (balloon) overnight. The mixture was 

filtered through Celite and concentrated in vacuo to afford the reduced product 153 (140 

mg, 95%) as a clear, colorless oil: IR (film) 1596, 1486, 1268, 1057, 841 cm"1; 'H-NMR 

(200 MHz, CDC13) 6 6.81 (dd, / = 8.4, 5.1 Hz, 1 H, H-2), 6.60 (dd, J= 8.3, 2.2 Hz, 1 H, 

H-3), 4.34 (m, 2 H, H-6 and H-7), 3.04-2.71 (m, 6 H, H-5, H-8 and H-9), 1.33 (s, 3 H, 

acetonide), 1.28 (s, 3 H, acetonide), 1.02 (s, 9 H, Si(Me)2-f-Bu), 0.20 (s, 6 H, Si(Me)2-f-

Bu); 13C-NMR (50 MHz, CDC13) 5 151.3 (C), 135.2 (C), 132.3 (C), 128.0 (CH), 126.1 

(C), 117.0 (CH), 108.4 (C), 74.5 (CH), 74.1 (CH), 34.8 (CH2), 30.6 (CH2), 27.6 (CH2), 

26.9 (CH3), 26.1 (3 CH3, Si(Me)2-*-Bu), 24.7 (CH3), 18.5 (C), -3.9 (CH3, Si(Me)2-r-Bu), -
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3.9 (CH3, Si(Me)2-f-Bu); mass spectrum, m/z (relative intensity, %) 694 (M*, <1), 561 

(10), 521 (7), 347 (100). Exact mass calcd for C4oH6206Si2: 694.4085. Found 694.4069. 

3.11 Preparation of (ii)-(±)-l,2-Bis[4-hydroxy-6a,7a-(isopropylidenedioxy)-
5,6,7,8-tetrahydronaphthylJethene (167) and its Meso Isomer. 

(+/-)-167 meso-167 

Silyl ether 152 (204 mg, 0.295 mmol) was dissolved in 22 mL of dry THF, cooled 

to 0°C, and tetrabutylammonium fluoride (620 |iL of a 1 M solution in THF, 0.62 mmol) 

was added. After 10 min., NH4CI solution (16 mL) was added and the reaction mixture 

was stirred for 15 min at 0°C. The mixture was extracted with ethyl acetate (4 X 25 mL), 

washed with NaCl solution (30 mL), dried (MgS04), and evaporated under reduced 

pressure. The crude product was flash chromatographed (elution with 0-80% ethyl 

acetate-hexanes) to give 122 mg (89%) of the corresponding bisphenol 167: mp 233-238 

°C (from methanol); IR (KBr) 3344 (OH), 1592, 1156, 1048 cm"1; 'H-NMR (400 MHz, 

DMSO-ck) 8 9.26 (s, 1 H, OH), 7.37 (d, / = 8.6 Hz, 1 H, H-2), 7.06 (s, 1 H, H-9), 6.70 (d, 
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J= 8.5 Hz, 1 H, H-3), 4.50 (m, 2 H, H-6 and H-7), 3.00 (ddd, J= 15.0, 4.0, 3.9 Hz, 1 H), 

2.92 (m, 1 H), 2.70 (m, 1 H), 2.55 (m, 1 H), 1.22 (s, 3 H, acetonide), 1.03 (s, 3 H, 

acetonide); 13C-NMR (100 MHz, DMSO-^y) 5 153.6 (C), 134.4 (C), 127.2 (C), 124.6 

(CH), 123.7 (CH), 121.3 (C), 113.1 (CH), 106.9 (C), 73.5 (CH), 72.9 (CH), 29.0 (CH2), 

26.4 (CH3), 25.7 (CH2), 24.3 (CH3); mass spectrum, m/z (relative intensity, %) 464 (Ivf, 

5), 406 (29), 348 (100), 115 (20). Exact mass calcd for C28H3206: 464.0243. Found: 

464.2199. 

3.12 Preparation of (£)-(±)-l,2-Bis[4,6a,7a-trihydroxy-5,6,7,8-
tetrahydronaphthyljethene (127) and its Meso Isomer. 

OH OH 

(+/-)-127 meso-127 

Bisphenol 167 (109 mg, 0.228 mmol) was stirred in 5 mL of 80% acetic acid 

solution for 1 h at 60°C. The solvent was evaporated in vacuo to afford a yellow solid 

that was triturated with 3 mL of 50% methanol-chloroform, filtered and dried to afford 

127 (68 mg, 76%) as a white crystalline solid with m.p. > 310°C; IR (KBr) 3329 (OH), 

1587, 1458, 1282, 1067 cm"1; !H-NMR (400 MHz, DMSO-ck) 8 9.23 (s, 1 H, OH), 7.25 
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(d, J= 8.4 Hz, 1 H, H-2), 6.90 (s, 1 H, H-9), 6.63 (d, J= 8.3 Hz, 1 H, H-3), 4.54 (dd, J = 

13.0, 3.3 Hz, 2 H, H-6 and H-7), 3.86 (m, 2 H, 2 OH), 2.82 (m, 2 H), 2.66 (d, J= 5.2 Hz, 

2 H); 13C-NMR (100 MHz, DMSO-4?) 5 154.4 (C), 133.2 (C), 127.5 (C), 124.8 (CH), 

123.3 (CH), 121.3 (C), 112.0 (CH), 68.1 (CH), 67.4 (CH), 32.4 (CH2), 29.4 (CH2). 

3.13 Preparation of (±)-l,2-Bis[4-hydroxy-6a,7oc-(isopropylidenedioxy)-5,6,7,8-
tetrahydronaphthyl] ethane (168) and its Meso Isomer. 

(+/-)-168 meso-168 

Compound 153 (318 mg, 0.457 mmol) was dissolved in 35 mL of dry THF at 0°C. 

Tetrabutylammonium fluoride (1 mL of a 1 M solution in THF, 1 mmol) was added and 

the mixture was stirred at 0°C for 10 min. Saturated NH4CI solution (35 mL) was added 

and the mixture was stirred for 15 min. The mixture was then extracted with ethyl acetate 

(4 X 50 mL). The organic layers were combined and washed with NaCl solution (30 

mL), dried (MgSCu) and evaporated to dryness. The crude product was flash 

chromatographed (elution with 0-80% ethyl acetate-hexanes) to afford 184 mg (86%) of 
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the desilylated product 168: mp 210-215°C (from methanol); IR (KBr) 3332 (OH), 1596, 

1495, 1283, 1209, 1159, 1046 cm"1; 'H-NMR (400 MHz, DMSO-cfc) 8 8.92 (s, 1 H, OH), 

6.73 (d, J= 8.2 Hz, 1 H, H-2), 6.55 (d, / = 8.2 Hz, 1 H, H-3), 4.43 (s, 2 H, H-6 and H-7), 

2.90-2.50 (m, 6 H, H-5, H-8 and H-9), 1.22 (s, 3 H, acetonide), 1.03 (s, 3 H, acetonide); 

13C-NMR (400 MHz, DMSO-rf6) 5 152.3 (C), 134.4 (C), 129.6 (C), 127.1 (CH), 121.3 

(C), 112.5 (CH), 106.9 (C), 73.5 (CH), 73.0 (CH), 34.4 (CH2), 29.4 (CH2), 26.4 (CH3), 

25.9 (CH2), 24.4 (CH3); mass spectrum, m/z (relative intensity, %) 466 (M", 1), 233 (29), 

175(81), 128(100). Exact mass calcd for C28H34O6: 466.2355. Found: 466.2387. 

3.14 Preparation of (±)-l,2-Bis[4,6oc,7a-trihydroxy-5,6,7,8-tetrahydronaphthyI] 
ethane (128) and its Meso Isomer. 

OH OH 

OH OH 

(+/-)-128 meso-128 

The bisketal 168 (110 mg, 0.235 mmol) was stirred in 6 mL of 80% acetic acid at 

60°C for 2 h. The solvent was evaporated in vacuo to afford a pale yellow solid. The 

crude product was triturated with 5 mL of 50% chloroform-methanol solution to afford 
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70 mg (77 %) of 128 as a white crystalline solid: mp > 315°C; ffi. (KBr) 3298 (OH), 

1589, 1458, 1283, 1062 cm"1; 'H-NMR (400 MHz, DMSO-cfe) 8 8.90 (s, 1 H, OH), 6.80 

(d, J= 8.1 Hz, 1 H, H-2), 6.55 (d, J= 8.1 Hz, 1 H, H-3), 4.51 (m, 2 H, H-6 and H-7), 3.85 

(s, 2 H, 2 OH), 2.76 (m, 2 H), 2.66 (m, 2 H), 2.54 ( br s, 2 H); 13C-NMR (100 MHz, 

DMSO-40 5 153.0 (C), 133.3 (C), 130.0 (C), 126.1 (CH), 121.3 (C), 111.4 (CH), 68.2 

(CH), 67.5 (CH), 33.2 (CH2), 31.7 (CH2), 29.6 (CH2). 

3.15 Attempted Oxidation of 118 with Benzeneseleninic Anhydride or 
Benzeneseleninic Acid 

118 

3.15.1 Table 2.2, Entry 1 

Iodide 118 (143 mg, 0.413 mmol) was dissolved in 4 mL of acetic anhydride and 

added to a solution of benzeneseleninic anhydride (108 mg, 0.301 mmol) in 2 mL of 

acetic anhydride. The reaction mixture was stirred vigorously at room temperature for a 

period of 24 h. The mixture was diluted with dichloromethane (30 mL), washed with 

NaHC03 solution (15 mL) and NaCl solution (15 mL). The organic layer was dried 

(MgS04), and concentrated under reduced pressure to afford a complex mixture, as seen 

by TLC and the JH-NMR spectrum of the crude mixture. 
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3.15.2 Table 2.2, Entry 2 

Potassium-f-butoxide (314 mg, 2.80 mmol) was added to a solution of 118 (98 

mg, 0.28 mmol) in 2 mL of dry THF. The resulting solution was added dropwise to a 

solution of benezeneseleninic anhydride (53 mg, 0.14 mmol) in dry THF (2 mL). The 

mixture was heated at 50°C for 24 h. The reaction mixture was cautiously quenched with 

water (5 mL) and diluted with 40 mL of diethyl ether. This was washed with NaHCCb 

solution (15 mL) and NaCl solution (15 mL). The organic layer was dried (MgS04), and 

evaporated under reduced pressure. The crude reaction mixture was a complex mixture, 

as evidenced by TLC and 'H-NMR analysis. 

3.15.3 Table 2.2, Entry 3 

Preparation of 4-iodo-6oc,7oc-(isopropylidenedioxy-5,6,7,8-tetrahydro-l,2-
naphthalenedione (155) and formation of 6oc,7a-(isopropylidenedioxy-5,6,7,8-
tetrahydro-l,4-napthalendione(166). 

155 

Iodide 118 (155 mg, 0.447 mmol) was dissolved in 2 mL of dry THF and added 

dropwise over 15 min. to a solution of benezeneseleninic anhydride (121 mg, 0.336 

mmol) in 5 mL of THF. The reaction mixture was heated at 50°C for 3 h under argon. 

The mixture was diluted with dichloromethane (30 mL) and washed with NaHCC>3 

166 
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solution (30 mL) and NaCl solution (30 mL). The organic layer was dried (MgS04), 

concentrated in vacuo, and flash chromatographed (elution with 10% ether-hexanes) to 

afford 19 mg (12%) of 155 as a dark red oil: IR (film) 1658 (C=0), 1652 (C=0), 1578, 

1210, 1049 cm"1; *H-NMR (400 MHz, CDC13) 5 7.65 (s, 1 H, H-3), 4.61 (m, 2 H, H-6 and 

H-7), 3.18 (dd, J= 16.5, 1.7 Hz, 1 H), 3.09 (dd, J= 16.2, 1.5 Hz, 1 H), 2.27 (m, 2 H), 

1.31 (s, 3 H, acetonide), 1.26 (s, 3 H, acetonide); 13C-NMR (100 MHz, CDC13) 5 182.9 

(CO) , 178.9 (CO) , 146.1 (CH), 141.3 (C), 139.5 (C), 119.3 (C), 108.4 (C), 72.9 (CH), 

72.6 (CH), 27.2 (CH3), 26.7 (CH2), 26.0 (CH3), 24.4 (CH2); mass spectrum, m/z (relative 

intensity, %) 360 (M+, 0.3), 345 (M+-CH3, 5), 285 (11), 158 (7), 89 (21), 43 (100). Exact 

mass calcd for C13Hi304I: 344.9624. Found: 344.9628. 

Further elution with 10% ether-hexanes afforded 10 mg (10%) of 166 as a dark 

red oil: IR (film) 1649 (CO) , 1597, 1207, 1045 cm-1; 'H-NMR (400 MHz, CDCI3) 5 

6.77 (s, 2 H, H-2 and H-3), 4.62 (m, 2 H, H-6 and H-7), 3.11 (m, 1 H), 3.07 (m, 1 H), 

2.27 (m, 1 H), 2.23 (m, 1 H), 1.31 (s, 3 H, acetonide), 1.26 (s, 3 H, acetonide); 13C-NMR 

(100 MHz, CDCI3) 8 185.8 (CO) , 140.8 (C), 136.5 (CH), 108.5 (C), 72.9 (CH), 26.7 

(CH3), 25.8 (CH2), 24.5 (CH3); mass spectrum, m/z (relative intensity, %) 219 (M^CHs, 

5), 177 (7), 159 (19), 147 (100), 91 (46), 57 (43), 43 (27). Exact mass calcd for C12H11O4 

(M^-CHs): 219.0657. Found: 219.0663. 
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3.15.4 Table 2.2, Entry 4 

This experiment was conducted the same as in entry 3, except that the reaction 

was run for 24 h instead of 3 h. A complex mixture was obtained, as evidenced by TLC 

and ' H-NMR analysis. 

3.15.5 Table 2.2, Entry 5 

Benezeneseleninic anhydride (130 mg, 0.360 mmol) was dissolved in dry THF (5 

mL). To this, iodide 118 (125 mg, 0.360 mmol) in 2 mL of dry THF and indole (42 mg, 

0.36 mmol) were added. The reaction mixture was heated at 50°C for 2 h. The mixture 

was diluted with chloroform (30 mL) and washed with saturated NaHCC>3 solution (15 

mL), and NaCl solution (15 mL). The organic layer was dried (MgSCU), and evaporated 

to dryness. A complex mixture was obtained, as evidenced by TLC and *H-NMR 

analysis. 

3.15.6 Table 2.2, Entry 6 

Iodide 118 (35 mg, 0.10 mmol) was dissolved in acetic anhydride (1 mL) and 

added to a solution of benzeneseleninic acid (28 mg, 0.15 mmol) in 2 mL of acetic 

anhydride. The resulting mixture was stirred at room temperature for 2 h. The reaction 

mixture was diluted with diethyl ether (20 mL) and washed with NaHCCh solution ( 4 X 5 

mL) and water (10 mL). The organic layer was dried (MgS04), and evaporated to 

dryness. A complex mixture was obtained, as evidenced by TLC and H-NMR analysis. 
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3.15.7 Table 2.7, Entry 7 

This experiment was conducted the same as in entry 6, except that 

dichloromethane was used as the solvent, instead of acetic anhydride, and the reaction 

time was 5 h instead of 2 h. This method resulted in a complex mixture (TLC and lH-

NMR). 

3.16 Oxidation of (£)-(±)-l,2-Bis[4-hydroxy-6oc,7a-(isopropylidenedioxy)-
5,6,7,8-tetrahydronaphthylJethene (167) to/7-Quinone 166 

Compound 167 (122 mg, 0.263 mmol) in 2 mL of dry THF was added to 

benzeneseleninic anhydride (141 mg, 0.392 mmol) in THF (2 mL). A further portion of 

THF (4 mL) was added and the reaction mixture was heated at 50°C for 5 h. The mixture 

was diluted with diethyl ether (50 mL), washed with NaHC03 solution (25 mL) and NaCl 

solution (25 mL). Next, the organic layer was dried (MgSCM) and concentrated under 

reduced pressure. The crude product was flash chromatographed (elution with 20-60% 

ethyl acetate-hexanes) to afford 166 as a pale red oil, identical by TLC, ^-NMR, 13C-

NMR, IR, low and high resolution mass spectra to the same product 166 obtained in 

section 3.15.3 above. 
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3.17 Attempted Oxidation of 168 with Benezeneseleninic Anhydride 

(+/-)-! 68 meso-168 

Compound 168 (122 mg, 0.261 mmol) was dissolved in 4 mL of dry THF and 

added to a solution of benzeneseleninic anhydride (142 mg, 0.392 mmol) in dry THF (4 

mL). The reaction mixture was heated at 50°C for 2 h. The mixture was diluted with 

diethyl ether (60 mL) and washed with saturated NaHCC>3 solution (30 mL) and NaCl 

solution (30 mL). The organic layer was dried (MgSCv), and concentrated in vacuo. A 

complex mixture was obtained, as indicated by TLC and 'H-NMR analysis. 

3.18 Attempted Oxidation of 118 with Fremy's Salt 

118 
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3.18.1 Table 2.3, Entry 1 

Potassium nitrosodisulfonate (56 mg, 0.21 mmol) was dissolved in 0.16 M 

potassium dihydrogen phosphate buffer solution (1 mL) and cooled to 0°C. Iodide 118 

(33 mg, 0.095 mmol) in 1 mL of methanol was added and the reaction mixture was stirred 

for 2 h at 0°C. The reaction mixture was warmed to room temperature and stirred for 24 

h. The mixture was diluted with H2O (10 mL), extracted with ethyl acetate (4X15 mL), 

and washed with NaCl solution (20 mL). The organic layer was dried (MgS04), and 

concentrated in vacuo. Only starting material (82%) was recovered (TLC, 'H-NMR). 

3.18.2 Table 2.3, Entry 2 

This experiment was conducted the same as in entry 1, except that 

hexamethylphosphoramide was used as the solvent instead of methanol. The crude 

product contained only recovered starting material (80%), as evidenced by TLC and H-

NMR analysis. 

3.18.3 Table 2.3, Entry 3 

This experiment was conducted the same as in entry 1, except that acetone was 

used as the solvent instead of methanol. The entire reaction was conducted at room 

temperature. The crude product following the work-up procedure as outlined in entry 1, 

was chromatographed (elution with 5-20% ethyl acetate-hexanes) to afford a mixture of 

166 (12%o) and recovered starting material (36%), as evidenced by !H-NMR analysis. 
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The reported yields are based on integration of the 'H-NMR spectrum of the mixture, 

where the ratio of 118:166 was found to be 3:1. 

3.19 Attempted Oxidation of 168 with Fremy's Salt 

OH OH 

OH OH 

(+/-)-168 meso-168 

Bisphenol 168 (30 mg, 0.064 mmol) was dissolved in 2 mL of methanol. To this 

a solution of potassium nitrosodisulfonate (102 mg, 0.380 mmol), H2O (2 mL) and 

potassium dihydrogen phosphate buffer solution (0.16 M) was added. The resulting 

solution was stirred vigorously at room temperature for 0.5 h. The mixture was diluted 

with H2O (5 mL) and extracted with chloroform ( 4 X 5 mL). The organic layers were 

washed with NaCl solution (10 mL), dried (MgS04), and concentrated in vacuo. A 

complex mixture was obtained, as seen by TLC and ^-NMR analysis. 
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126 127 128 

The global energy minimum conformations of non-steroidal mimetics 126-128 

were first calculated by Monte Carlo searches using Macromodel®.120 The structures 

were imported into Spartan® and the heats of formation were calculated (semi-

empirical, AMI). The dihedral angles and atomic distances for brassinolide (1) were 

taken from Andersen,72 who had previously calculated the global minimum energy 

conformation of 1 by a similar method. These results are displayed in Table 2.1. Some 

of the dihedral angles of mimetics 126-128 were constrained in the same manner as had 

been performed previously by Andersen for other mimetics, in order to provide 

consistency for purposes of comparison. The constrained angles are: 01-C2-C7-08 = -

50.9°, 04-C3-C6-05 = -31.3°, 05-C6-C7-08 = -55.6°, C9-C10-C11-C12 - 180°. An 

energy minimization of the constrained structures using an AMI force field at the semi-

empirical level was carried out. From this, the relative heats of formation, dihedral 

angles, and interatomic distances were obtained. 
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