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Abstract 

Brassinolide and xestobergsterol A are two highly oxygenated steroidal natural 

products, which display p o w e f i  biological activity. Brassinolide is an extremely potent 

plant growth-promoter and xestobergsterol A is a strong inhibitor of histamine release. 

This Dissertation describes improvements to the synthesis of brassinolide, and the 

preparation and structure-activity studies of novei B-ring analogues and nonsteroidai 

mimetics. In addition, two approaches for the preparation of xestobergsterol A are 

described. 

The synthesis of brassinolide was substantially improved by a modified procedure 

for the preparation of a key intermediate, (2R,3SY5a,22S.23E)-6,6-(ethy1enedioxy)-2,3- 

(isopropylidenedioxy)-26,27-dinorcholest-23-en-22-ol. The novel approach to the allylic 

alcohol demonstrated excellent stereoselectivity and was achieved by addition of a- 

lithio-n-propyl phenyl selenide to (2R,3S,5a,20S)-6,6-(ethylenedioxy)-2,j-(isopropyl- 

idenedioxy)-pregnane-20-carboxaldehyde, followed by facile selenoxide elimination. 

Subsequent epoxidations of the resulting allylic alcohol, as well as of variously 

substituted allylic alcohol analogues, were studied by molecular modeling, and by the use 

of peracid, and transition metal-catalyzed epoxidation protocols. In general, it was found 

that the presence of cis substituents resulted in threo-selectivity, while their absence 

favored the corresponding erythro epoxides. 

B-Homocastasterone and 6-methylidene-B-homocastasterone, two novel B-ring 

analogues, were synthesized fiom castasterone, a synthetic precursor of brassinolide. 

Diazomethane-mediated homologation provided the first product, and similar 

homologation, followed by Lombardo-Oshima methylenation led to the latter. The rice 

leaf lamina inclination assay, the most common bioassay for brassinosteroids, indicated 

that B-homocastasterone was less active than castasterone while 6-rnethylidene-£3- 

homocastasterone was completely inactive. 

Six novel nonsteroidal mimetics of brassinolide were prepared and evaluated for 

biological activity. The products included 1,2-bis[4,6a,7a-~ydroxy-5,6,7,8- 

tetrahy dronaphthylleth yne, 1 -[4,6a,7a-trihydroxy-5,6,7,8-tetrahy&onaph~yl]-2- 



[6aY,7a'-dihydxoxy-5',6' ,7',8'-tetrahydronaphthyl]ethpe, 1 ,2-bis[6aY7a-dihydroxy- 

5,6,7,8-tetrahydronaphthy llethyne, 6,7-dihydroxy-2,3 .4a,5,6,7, 8,8a-octahyd-0x0- 

naphthalenone azine, 1,2-bis[~ans-(4aa,8ap)-4-0~0-6a,7a-dihydroxy-4a,5,6,7,8,8a- 

hexahydro-(3H)-naphthyllethyne, and (E)- l ,2-bis[~ans-(4aaY8ap)-J-0x0-6a,7a- 

dihydroxy-4a,5,6,7,8.8a-hexahydro-(3 H)-nap hthy llethy lene. The first and last two 

mirnetics displayed modest bioactivity. The other two mimetics were inactive. 

Coajugate zdditicn r e ~ c d o ~ s  lavere explored as a amtegy for the synthesis of 

xestobergsterol A. Attempts to add enolate equivalents to (3Syl5S,16R.20E)-341- 

butyldimethylsily1oxy)- lj, 1 6-epoxypregna3Jdene via 1,4 conjugate addition were 

unsuccessful. However, the conjugate addition of the Gilman reagent prepared &om 

(3S, 1 5 R)- 1 5-benzyloxy-3 -t-butyldirnethy lsilyloxy- 1 7-iodoandrosta-5,16-diene to (4-6-  

methyl-2-hepten-4-one provided an advanced intermediate, (3s. 1 5 R,20S)- 1 5-benzyloxy- 

3-t-butyldimethylsilyloxy-cholesta-5,16-dien-23-one7 but with epi stereochemistry at C- 

20. 
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Chapter One 

Chemistry of Brassinosteroids - Introduction 

1.1 Plant Hormones 

A hormone is ciassicaiiy defined & an organic siibsC~~ce that zca in ;mall 

quantities at sites remote from its synthesis.' This definition was originally applied to 

animal hormones and therefore is not strictly applicable to plants. A more recent, general 

definition states that a plant hormone is a "natural compound in plants with an ability to 

affect physiological processes at concentrations far below those where either nutrients or 

vitamins would affect these processes."2 Plant growth-regulators or hormones play a 

vital role in the development, growth and differentiation of plants. Although present only 

in minute quantities endogenously, they can have profound effects on plant development 

by altering gene expression, modifying the role of enzymes or changing the properties of 

membranes.' The five classical categories of plant hormones. including auxins, 

gibberellins, cytokinins, abscisic acid and ethylene, have been studied for over thirty 

years.4 A summary of these five classes is given in Table 1.1 . ' s ~  

Lately, several classes of nontraditional plant growth-regulators have been 

identified and characterized, including: salicylic acid,' polyamines,6 ~li~osaccharins,' 

jasrnonates' and bra~sinosteroids.~.~ Table 1 .Z shows examples of the nontraditional plant 

growth-regulators and a brief overview of their effects on plant growth and development. 

Of these, only brassinosteroids have gained acceptance as endogenous plant hormones 

which are essential for normal plant growth. Brassinosteroids have been isolated from 

seeds, m t s ,  stems, flower buds, shoots, galls and pollen at Levels between 0.5 pg and 

190 ng/g fresh weight, with the highest concentrations in pollen.' The transport of 

exogenous brassinosteroids to "target tissues" and the synergistic effects with other plant 

hormones were identified in the early 1980's? However, only recently has the in depth 

analysis of the biosynthesis and metabolism of brassinosteroids, as well their molecular 

biology, confirmed the prediction that brassinosteroids need to be considered along with 



the auxins, gibberellins, cytokinins, abscisic acid, and ethylene in models for plant 

development. ' O  

Table 1.1 Classical Categories of Plant Growth ~ormones'' 

I Auxins (Indole-3-acetic acid) 

! Category (representative) i 

1 stimulate cell elongation for primary growth 

Physiological Effects 

induce cell division and differentiation 

promote fruit set and growth 

I Gibberellins (Gibberellin A,) 1 stimulate cell elongation and division in stems 

promote leaf and fruit growth ! 

i 
induce flowering I 

HO increase seed germination and bud break 
I I 

I 
Cytokinins (Zeatin) 1 increase cell division and differentiation in roots 1 

I 

I Abscisic Acid I inhibits cell division and growth in some organs ( 
inhibits germination and amylase induction 

helps minimize dehydration during water stress 

1 

Ethylene influences growth (usually inhibits, but effects 

are species dependent) 

I 1 promotes fruit ripening I 
enhances leaf abscission and senescence 



Table 1 -2 Nontraditional Categories of Plant Growth-Regulators 

1 Salicylic *=id' 

Class (representative) 

increases disease resistance 

regulates flowering in thennogenic 

Physiological Effects 
r 

-CO,H 

I 
promote or inhibit growth depending on i I 

plants 1 

Poly amines (spermidine16 

H3N+-(CH,)3-NH-(CHp)4-NH,+ 

species 

affect floral initiation 

influence reproductive differentiation 

modulate the elicitation of defense 

responses 

Jasrnonates (Jasmonic ~ c i d ) '  inhibit germination of nondormant 1 
seeds and stimulate germination of 

dormant seeds 

inhibit root growth I 
influence insect and disease resistance 

mechanisms 

Brassinosteroids (~rassinolide)'~' 

HO,, 

HO" 
0 

. cause cell elongation and division 

inhibit root ~ o ~ t h  I 
enhance gravitropism 

I 

retard leaf abscission I enhance resistance to stress 
i 

promote xylem differentiation I I 
j 
1 



1.2 Brassinolide 

1.2.1 History, Isolation and Biological Properties 

Almost thirty years have past since Mitchell et al. " isolated "brassins", a partially 

purified emact of poiien from Brussicu nupus. ~ I i i c h c ~ ~ .  -tmrkhg *A?& k c  C.S. 

D e p m e n t  of Agricdhxe in Beltsville, Maryland. found that brassins stimulated cell 

elongation and division in plants. These early reports of the chemical and physical 

properties of brassins suggested that the active component(s) could prove to be a sixth 

class of plant hormones. However, this notion was met with considerable criticism since 

the active component(s) had yet to be isolated and identified. Initially, it was believed 

that the active brassin constituents were glucosyl esters of fatty acids," but, after 

exhaustive fractionation and chromatography, Grove et al. '' isolated the first member of 

this new class of plant hormones, (2R,3S.5a,22R,23Re 24s)-24-methy 1-23 22.23- 

tetrahydroxy-B-homo-7-oxacholestan-6-one or brassinolide (I)  (Figure 1.1). Grove 

obtained ca. 4 mg of pure crystalline brassinolide (1) from approximately 40 kg of rape 

pollen collected by honeybees in Canada. The structure was elucidated using traditional 

Figure 1.1 Structure of Brassinolide (1) 



spectroscopic techniques and was later confirmed by an X-ray crystal structure." 

Brassinolide is the first naturally occurring steroid found to contain a seven-membered 

lactone B-ring. '4 The two vicinal diol groups are also unusual structural features. The 

unique structure of brassinolide, together with its potent plant growth-promoting effects, 

quickly sparked international interest in brassinosteroid research. Over forty naturally 

occurring brassinosteroids, inciuding three conjugates, have now been isuiated and 

characterized." All are highly oxygenated derivatives of cholestane. and to date, 

brassinolide remains the most potent of these analogues. 

1.2.2 Biosynt hesis 

In recent years, substantial progress has been made on the elucidation of the 

biosynthetic pathways leading to brassinosteroids. 10.15-23 Based on the structure of the 

side chain, campesteroi (9) was predicted to be the most likely progenitor of 

bra~sinolide.'~ However, it is important to note that campesterol (9) is a bulk sterol found 

in plant membranes, and is not exclusively devoted to the synthesis of brassinolide. In 

contrast* carnpestanol (10) and later intermediates are considered as committed to 

brassinolide biosynthesis. The synthesis of campesterol via the mevalonic acid and 

isoprenoid pathway is illustrated in Scheme 1.1 .lo The M e r  reduction of campesterol 

(9) to carnpestanol (lo), the common intermediate for both of the proposed biosynthetic 

pathways (vide inpa), has been confirmed by radiolabeled feeding experiments." 

1.2.2.1 Biosynthesis via Early C-6 Oxidation 

The biosynthesis of brassinolide (1) from carnpesterol (9) was postdated in 1991 

by Yokota er 02. '* (Scheme 1.2). The authors noted that the biological activities of some 

of the intermediates were as follows: brassinolide (1) > castasterone (17) > typhasterol 

(16) > teasterone (14) > campesterol(9). The fact that the biological activity increased as 

the oxidation progressed supported the proposed pathway. The biosynthetic oxidation of 

campestanol (10) to 6-oxocarnpestanol (12) and cathasterone (13) to 



Scheme 1 . 1  Biosynthesis of Carnpestanol 

Mevalonic Acid (2) IsopentyI pyrophosphate (3) Geranyl pyrophosphate (1) 

Y 

\ \ 

'I 
'. 

\OP2O6H3 
Famesyl pyrophosphate (5) 

Squaiene (6) 

Carnpestanol (lo) 

castasterone (17) has now been confirmed by feeding experiments with isotopically 

labeled However, the conversion of 6-oxocampestanol(12) to cathasterone 

(13) was not observed, possibly due to the low endogenous concentration of cathasterone 

in comparison to 6-oxo~am~estanol.'~ The final biosynthetic step, that is the oxidation of 

castasterone (17) to brassinolide (I), was found to be species dependent. 18.1920 F~~ 

example, castasterone (17) was further converted into brassinolide (1) in cell cultures of 

Catharanthus roseus.1920 but not in mung bean cuttings and rice seedlings.18 Hence, the 



biological activity observed in the latter two species is apparently due to castasterone 

itself. In general, the biosynthetic pathway follows stepwise oxidation of the side chain 

followed by oxidation of the steroid nucleus. Epimerization of the C-3P alcohol in 

teasterone (14) to the C-3a alcohol in typhasterol(16) is presumed to occur in two steps, 

via 3-dehydroteasterone (15). . 

Scheme 1.2 Biosynthesis of Brassinolide (1) via the Early C-6 Oxidation Pathway 

0 
Teasterone (1 4) Cathasterone (13) 

HO" 

Castasterone (1 7) Brassinolide (1) 



1.2.2.2 Biosynthesis via Late C-6 Oxidation 

A number of 6-deoxobrassinosteroids have been identified in brassinosteroid 

extracts" suggesting that an alternative biosynthetic pathway to brassinolide, with "late 

C-6 oxidation", may also be operating (Scheme 1.3). As the name suggests, the major 

difference hetween the early and late C-6 oxidation pathways is that. in the latter, C-6 

oxidation does not occur until the penultimate step of the biosynthesis. Fujioka et al. 

Scheme 1.3 Biosynthesis of Brassinolide (1) via the Late C-6 Oxidation Pathway 

0 
Castasterone (1 7) 

HO,. 

HO " 
0' 

Brassinolide (I) 



have demonstrated that 6-deoxocastasterone (22) is a biosynthetic precursor of 

castasterone (17) in several different plant species2 and is confirmed as a precursor of 

brassinolide in Catharanthus r ~ s e u s . ~  However, presently there is no evidence for the 

conversion of campestan01 (10) to 6-deoxocathasterone (18). In cultured cells of 

Catharanthus roseus, representatives fiom both the "early C-6 oxidation" and "late C-6 

oxidation-' pathways were isoiated," supporiing rh* hypsthcsis that i i G t  ~ i ' i  do So& 

pathways occur, but also demonstrating that both can actually coexist in the same plant 

species. Moreover, the large number of naturally occurring brassinosteroids with 

variances in the -4-ring and the side chain imply that the biosynthesis of this class of 

steroids may be even more complicatedl with new pathways and interconnections that are 

yet to be discovered. 

1.2.3 Metabolism of Brassinosteroids 

Only recently has the metabolism of brassinosteroids been investigated in detail. 

In 1991 Yokota et al.," reported the isolation of a 23-0-glucoside metabolite of 

brassinolide fiom mung bean cuttings, while castasterone was converted into a non- 

glucosidic metabolite. Since this time, a more comprehensive study of the metabolism of 

brassinosteroids was reported by Adam et a1? Radiolabeled derivatives of 24- 

epibrassinolide (23) and 24-epicastasterone (24) were chosen for the study due to their 

greater ease of synthesis over brassinolide (1). 

1.2.3.1 Metabolism of 24-Epicastasterone (24) and 24-Epibrassinolide (23) in Cell 

Cultures of Lycopersicon escufentum 

In metabolism experiments with Lycopersicon esculenrum, (Scheme 1.1) the 

principal metabolic pathway involves hydroxylation of the side chain at C-25 or C-26, 

followed by glucosylation at these sites. Rice leaf lamina bioassays indicate that 

glucosides 27 and 31 show reduced activity, while aglycones 25 and 29 were 

significantly more active than 24-epibrassinolide (23). Based on these findings, Adam 



suggested that 25-hydroxy-24-epibrassinolide (25) is not a detoxification product of 

exogenously applied 24-epibrassinolide (23), but rather is the final compound in the 

biosynthetic sequence." In addition to C-25 and C-26 glucosides, a number of other 

Scheme 1.4 Metabolism of ZCEpibrassinolide (23) and 24-Epicastasterone (24) 

in Lycoperszcon escuienturn 



glucosylated metabolites have been detected for 24-epicastasterone (24).'" Glucosylation 

occurred at C-23 (33) and, after epimerization of the C-3a hydroxyl group to the C-3P 

alcohol, at C-2 (34) and C-3 (35). 

123.2 Metabolism of 24-Epicastasterone (24) and 2CEpibrassinolide (23) in Cell 
Cultures of Omithopas sari;ur 

Quite different metabolites were detected in cell suspension cultures of 

Ornithopus sarivus (Scheme 1.5).'* Both ZCepibrassinolide (23) and 24-epicastasterone 

(21) undergo catabolic side chain removal, resulting in prepane-like metabolites. 

Intermediates formed after epimerization at C-3 and hydroxylation at C-20 have been 

Scheme 1 .j Metabolism of 21-Epibrassinolide (23) and 24Epicastasterone (24) 

in Ornirhopus sarivus 

0 
R = O-CH2 R = CH, 

36 R1= HO 40 R1= HO 
37 R1= CH,(CH,),,C(O)O 41 R1 = CH3(CH2)IOC(0)0 
38 R' = CHj(CHJ 12C(0)0 42 R1 = CH3(CH3 llC(0)O 
39 R1= CH3(CH2),,C(0)0 43 R1 = CHj(CH2),,C(0)0 



isolated (44 and 45). These compounds are susceptible to enzymatic attack, which results 

in bond cleavage between C-20 and C-22, giving the corresponding C-20 ketones 46 and 

47, respectively. Fatty acyl esters of 3,24-diepibrassinolide (36) and 3,24- 

diepicastasterone (40) were also isolated. However, the hc t i on  of these metabolites is 

presently unknown. 

~ l though  the biosynthetic and metaboiic pail~ways af b r ~ ~ i i i ~ ~ t ~ i ~ i d ~  wcic 

considered independently in the above discussion, this is a gross oversimplification. 

Obviously, the mechanisms of biosynthesis and metabolism are interrelated and represent 

a finely tuned cycle for the production and consumption of brassinosteroids. Moreover, 

the diverse number of endogenous brassinosteroids that have been characterized, and the 

large number of metabolites isolated from exogenously applied brassinosteroids. 

illustrates that these processes are not only quite complicated but also that significant 

variation exists £iom species to species. 

1.3 Bioassays for Brassinosteroids 

Bioassays are tests which measure specific physiological responses of biological 

systems to chemical  substance^.^ Various bioassays have been invaluable in the isolation 

and purification of natuml brassinosteroids, as well as in the testing of novel synthetic 

analogues to establish structure-activity relation~hi~s. '~ The three most common 

bioassays for brassinosteroids are summarized below. 

1.3.1 Bean Second-Internode Bioassay 

The bean second-internode bioassayz5 was fust applied to brassinosteroids when 

Mitchell used it to identify biologically active fractions during the isolation of 

"brassins"." The brassinosteroid is dispersed in lanolin and applied to the second 

internode of 6 day-old decapitated Phaseolus vulgwis beans. The increased internode 

length of test plants is then compared to control plants to evaluate brassinosteroid 

activity. Treated plants also show curvature and swelling of the second internode at low 



doses, and splitting of the internode at higher doses. This unique response allows activity 

induced by brassinosteroids to be distinguished from that caused by gibberellins, since 

the latter only cause elongation in this assay. This bioassay is reasonably sensitive, 

detecting concentrations as low as 10 ng/plant. Cytokinins and auxins are not active in 

this bioassay. 

1.3.2 Wheat Leaf Unrolling Test 

While investigating the growth-promoting activity of brassinolide and 

castasterone on cereal plants. Wada et U L ? ~  found that the brassinosteroids also 

stimulated the leaf unrolling of etiolated wheat seedlings. The general procedure 

involves germinating wheat seeds (Triticum aestivum) on a wet cotton sheet. The seeds 

are then grown in vermiculite for 6 days. Leaf segments are removed from the leaf tip 

and incubated for 24 h in 1 mL of dipotassiurn maleate solution that also contains a 

known amount of the brassinosteroid test compound. The amount of unrolling of the leaf 

segments was determined by measuring their width with calipers. Treatment with 

brassinosteroids resulted in complete unrolling of the leaf segments to about 3.6 cm in 

width, as compared to 1.2 to 2.0 cm increases in control plants. Although the arnount of 

unrolling is dose dependent, brassinolide and castasterone showed virtually the same 

activity. l h s  is in contrast to what has been observed in the bean second-internode 

bioassay.'5 The wheat leaf unrolling bioassay can be used for doses of brassinosteroids 

as low as 0.5 ng/mL. Zeatin (a cytokinin) also shows a very strong response in this 

bioassay at concentrations of 1 ng/mL, whereas other cytokinins and gibberellins are only 

moderately active. Auxins and abscisic acid, on the other hand, inhibit the unrolling of 

wheat leaf segments. 

1 3 3  Rice Leaf Lamina Inclination Test 

Although the rice leaf lamina inclination test was originally employed for 

evaluating awin and gibberellin activity, it has now become the standard method for 

measuring brassinosteroid bioacti~it~." Wada e f a2. 28 and Takeno and pharis2' 



independently reported that rice seedlings (Ovza saliva) demonstrate a similar bending 

response of the second leaf lamina with the application of brassinosteroids. Takeno and 

Pharis' procedure'g involves incubating seeds of dwarf rice, Oryza saliva var. Tan- 

ginbozu or Waito-C, in tap water for three days and then planting the germinated seeds in 

an agar medium. After a further three day incubation period, the brassinosteroid is 
t 

applied and the seediings are ailowed to grow for anather t k c c  d q i .  ne mglc bct-~-ec;; 

the lower part of the stem and the second leaf lamina is then measured. Brassinosteroids 

cause the angle to decrease from ca. 170' in control plants, to ca. 70" or even less, for 

highly active brassinosteroids. The rice leaf lamina inclination test is the most sensitive 

of the biological assays used for brassinosteroids, giving statistically significant results in 

the 1 ngplant to 10,000 ng/plant range. 

The effects of other plant hormones on the rice leaf lamina inclination bioassay 

were also e~amined.'~ Neither gibberellin (GA3) nor ethylene had an effect on the 

bending of the second leaf lamina, but as expected. GA3 induced significant leaf sheath 

elongation. Indole-3-acetic acid (IAA, an auxin) decreases the angle of the second leaf 

lamina only at very high doses of 5000 ngblant. Interestingly however, at lower doses 

(1000 ng/plant), IAA exhibits a significant synergistic effect with brassinosteroids. In 

fact, modified rice lamina inclination assays that take advantage of the synergistic effect 

between IAA and brassinosteroids have been developed.'930 Indeed, the detection limit 

for brassinolide decreases to 0.01 ng/plant, ca. two orders of magnitude lower than the 

detection limit for brassinolide alone. Thus, the rice leaf lamina inclination test is highly 

specific for detecting and quantifying the plant-growth effects of brassinosteroids. The 

method developed by Takeno and ~haris" provides a rapid, simple, and highly sensitive 

means for determining the biological activity of brassinosteroids. 

1.4 Structure-Activity Relationships of Brassinosteroids 

Almost immediately after the isolation and identification of brassinolide in 1979, 

reports of brassinolide analogues began appearing in the literature. 3132 In fact, 24- 

epibrassinolide (23), the first brassinolide analogue to be synthesized, has been 



indispensable in brassinosteroid re~earch?~" Biological assays show 24-epibrassinolide 

(23) to be approximately 10% as active as brassinolide3' and therefore indicate the 

importance of the stereochemistry at C-24. Since these early reports on structure-activity 
3432 relationships, a large number of studies of natural and synthetic brassinosteroids were 

carried out to identify the important structural features required for high biological 

acdviry. However, it is importmi to note t h ~ i  thz i~1;tfv-e bijacd;-ity of k c  

brassinosteroid analogues may vary. depending on both the specific bioassay used. and 

the dosage level examined. Nonetheless, structure-activity studies do provide valuable 

information about the structural requirements for strong bioactivity. This information 

may be used to gain a better understanding of putative brassinosteroid-receptor 

interactions, as well as aid in the design of brassinosteroids that maintain high bioactivity, 

but are more synthetically accessible or are more resistant to metabolic deactivation. 

1.4.1 Structure-Activity Relationships of the Brassinosteroid Side Chain 

As mentioned earlier, the first two brassinosteroid analogues reported in the 

literature were side chain analogues, namely 24-epibrassinolide3i (23) and 28- 

homobrassinolide3' (48) (Figure 1 2). Numerous structure-activity studies 3 7.39.30.4349 

since this time have given researchers insight into the substitution of the side-chain that is 

needed for optimal biological activity (Figure 1.3). Both the configuration and the 

Figure 1.2 Early Analogues of Brassinolide 



substituent at C-24 are very important, where brassinosteroids possessing a 24s methyl 

group (49) are the most active. Analogues which contain an ethyl group (SO), no 

substiment at all (51) or a 24R methyl group (52) are all less active, with the latter 

retaining the highest level of b i o a ~ t i v i t ~ . ~ ~  Interestingly, the unusual 23 - 
phenylbrassinosteroid analogue (53), has been reported to possess very high biological 

actlwty .'" 
A vicinal diol functionality at C-22, C-23 is also required for high bioactivitv, 

where compounds lacking one or more of the hydroxyl groups (54 and 55) are virtually 

inactive." In addition. the stereochemistry of the alcohols is important. Thus the 22s. 

23s isomer (56) is less active than the natural 22R, 23R isomer (51), while the 22R, 23s 

(57) and 22S. 23R (58) analogues have only weak biological activity. It is noteworthy 

that free hydroxyl groups at C-22 and (2-23 are not required, since conversion to the 

corresponding methyl ethers affords a product (59) that is ca. 10% as active as 

brassinolide (I).* 

Figure 1.3 Structural Variations of the Brassinosteroid Side-Chain 
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Analogues that maintain the 21s methyl group, but differ in the other substituent 

at C-24 have also been investigated (Figure 1.4). 13.15.47-19 Two brassinosteroids, the 

natural 25-hydroxybrassinolide (60)" and the unnatural 26,27-bisnorbrassinolide (61)"' 

display virtually the same activity as brassinolide, while another unnatural 

brassinosteroid, 25-rnethylbrassinolide (62), was reported to be slightly more potent than 

brassinolide (1) in the rice leaf lamina inclination bioassay." Extensive mdies were 
4345 conducted by Back and coworkers to systematically examine the effects of changes in 

the side chain of brassinosteroids on biological activity. Various chain lengths, 

conforxnationally restricted groups and substituents that can prevent metabolic 

deactivation were considered. Long lipophilic chains (64 and 65) resulted in the loss of 

bioactivity but the shorter n-propyl substituent (63) was ca. 10% as active as brassinolide 

(1). In contrast, the analogues containing rings varying in size from cyclopropyl to 

cyclohexyl all showed relatively high biological activity. Remarkably, the cyclopropyl 

(66) and cyclobutyl(67) anaiogues were significantly more active than brassinolide (1) in 

the rice leaf lamina inclination bioassay.s0 Methyl ether 70, was nearly as active as 

brassinolide, but conversely, the 25-fluoro (71) and 25-aza (72) compounds were 

completely inactive. The findings from these C-25 substituted brassinosteroids suggest 

that brassinolide (1) may not be the principal plant growth-promoter, but is merely a 

biosynthetic precursor of the oxidized metabolite (60), which is the true plant hor~none.~' 

This hypothesis is consistent with the high activity of the 25-hydroxy derivative 602" and 

the observation that compounds where enzymatic hydroxylation at C-25 is blocked (i.e. 

71 and 72), are inactive. However, the strong activity of 62, where C-25 is quaternary, is 

difficult to rationalize if this hypothesis is correct. Alternatively, the fluorine or nitrogen 

atoms may simply impede binding to a putative receptor. 



Figure 1.4 Structural Variations in the C-24 Substituent 

1.4.2 Structure-Activity Relationships of the Brassinosteroid Nucleus 

The importance of the seven-membered B-ring lactone and the hydroxyl groups in 

the A ring on bioactivity has been examined34353s*39"'"2 (Figure 1.5). Brassinosteroids 

containing both the 2a,3a vicinal diol moiety and the 7-oxalactone (73) display the most 

activity. The 6-oxa regioisomer (74) is significantly less active. 39.4 1.42 In general, as the 

oxidation state of the B-ring decreases, the biological activity does as well. Therefore the 

bioactivity, in decreasing order, of some B-ring analogues is: 7-oxalactones (73) > 6- 

ketones (75) > carbocycles (76). For example, in the rice leaf lamina inclination test 

castasterone (17) was ca. 20% as active as brassinolidel' (1) and 6-deoxocastasterone 

(22) showed virtually no activity3' 



Figure 1 .j Structure Variations of the Brassinosteroid Nucleus 
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The substitution and orientation of the hydroxyl groups also plays an important 

role in determining biological activity. Bioassays of naturally occurring 6-0x0 

brassino~teroids'~ and other synthetic analogues'"*" reveal that the level of oxidation in 

the A-ring is directly related to the biological activity of the analogue; diols (73 and 77 - 
79) are more active than the monohydroxy steroids (SO), which in turn are more active 

than dideoxy brassinosteroids (8l)." The orientation of the vicinal hydroxyl groups is 

also crucial, with the order of activity as follows: 2a, 3a, (73) > 2a, 3p (77) > 2P. 3a 

(78) > 43, 3P (79).j4 All naturally-occurring brassinosteroids have bans fused A and B 

rings,'' and until recently, all synthetic analogues did as well. In 1996 Brosa el GTZ.,'~ 

reported the synthesis of analogues with A/B cis ring junctions. In the same work they 

also tested the bioactivity of 2P, 3P diolst which were previously reported to have the 

lowest activity of the 2,3 vicinal diols." As expected, they found that analogues that had 



a 2P, 3p diol (79) moiety had very low activity. Interestingly however, analogues 

containing both a 2P, 3P diol and an A/B cis ring junction (82 and 83) exhibited 

relatively high biological activity. Unfortunately, the bioassay that Brosa et al. used in 

this study only tested each compound at the 1000 nglplant level. Therefore, the statistical 

significance of their results is debatable. 

In summary, the generdiy accepted requirements for high bioiogicai activity 

include (2a, 3a)- and (22R, 23R)-  vicinal diol moieties, 5a configuration (trans-fused 

PLiB rings), 7-oxa-6-0x0-lactone moiety and a 24s methy 1 substituent . Stmcture-activity 

studies by Back and coworkers indicate that substituting the isopropyl group at C-24 with 

small rings actually increases the biological activity5' relative to brassinolide. 

1.4.3 Previous Related Synthetic Analogues 

In the preceding section. the effect of the unusual seven-membered B-ring on the 

bioactivity of brassinosteroids was briefly explored. In addition to these studies. a 

number of heterocyclic B-ring analogues have been reported (Figure 1 .6)."-j3 In all cases 

the side chain differed from that of 1, thereby prohibiting direct comparisons of the 

bioactivity of the analogues with that of brassinolide (I). In one of the studies the authors 

reporteds2 6-azalactam 85 and 7-thiono-6-azalactam 86 to be completely inactive, and 

hence concluded that a lactone or ketone group in the B-ring is crucial for biological 

activity. However, the validity of this conclusion is questionable since the 

brassinosteroid control with a 6-oxalactone B-ring and the same side-chain (84) showed 

only marginal activity itself. In contrast, another studys3 found that the lactone in the B- 

ring is not essential for biological activity, since Iactam 87, thiolactone 88 and 6-deoxo 

derivative 89 were all biologically active. Unfortunately, it is difficult to quantify the 

effects of these B-ring modifications because the researchers only used brassinolide (1) 

for comparison, rather than also including 28-homobrassinolide (48), which has the same 

side chain as the analogues that were tested. 



Figure 1.6 Heterocyclic B-Ring Analogues 

1.5 Previous Syntheses of Brassinolide 

The large number of brassinosteroid syntheses have been summarized in 

 review^,''.^^ and since the publication of these, two more syntheses were reported in the 

literat~re.~~"' The stereoselective generation of the four contiguous chiral centers at C- 

20, C-22, C-23 and C-24 in the side chain of brassinolide (1) poses the greatest synthetic 

challenge. 

The stereochemistry of the vicinal diol functionality in the side chain is 22R, 23R; 

therefore, one attractive option for the elaboration of the side chain is stereoselective cis- 

dihydroxylation of the A~ bond of appropriately substituted precursors." Unfortuiately, 

there are no relatively inexpensive, readily available sterols with the required substituent 

and configuration at C-24. Both ergosterol (90), the major sterol found in fungi, and 



brassicasterol (91), the principal sterol of canola oil? have the C-24 methyl group in the 

opposite configuration to that of brassinolide (1). Stigmasterol (92), the predominant 

plant sterol of soybean oil, contains an ethyl, rather than a methyl substituent at C-24 

(Figure 1.7). Furthermore, epirnerization at C-24 of ergosterol or brassicasterol 

derivatives, or degradation of C-29 of stigmasterol derivatives are not synthetically viable 

options. Nonetheless, direct cis-dhydroxylation of the a?? bond of ergosreroi derivatives 

(93) and stigmasterol derivatives (94), can provide the fully fhctionalized side chains of 

24-epibrassinolide (23) and 28-homobrassinolide (481, respectivelys" (Table 1.3). 

Unfortunately, the oxidation proceeds with very poor stereoselectivity for the 

Figure 1.7 Readily Available Starting Materials for cis-Dihydroxylation of the Side Chain 

Ergosterol (90) Brassicasterol(9 1) Stigmasterol (92) 

desired diol unless Sharpless asymmetric dihydroxylation conditions are employed. Thus 

dihydroxylation with dihydroquinidine p-chlorobenzoate (DHQD-CLB) or 

dihydroquinidine 9-phenanthryl ether (DHQD-PHN) as the chiral ligands, results in the 

preferential formation of the required 221, 23R vicinal diol (Table 1.2). Hence, the side 

chains of 24-epibrassinolide and 28-homobrassinolide can be elaborated in just one step. 

The higher activity of 24-epibrassinolide (23) as compared to 28-homobrassinolide 

(48),j7 in addition to its convenient synthesis, has made this analogue extremely valuable 

in metabolism s ~ u d i e s ~ ~  (Section 1.2.3) and in large-scale field trials? Although 

significant increases in crop yields for a variety of crops have been observed with the 

application of 10-100 mg of 24epibrassinolide/hectare, the results tend to be difficult to 

reproduce consistently.58 If one recalls that 24-epibrassinolide (23) is only ca 10% as 



active as brassinolide, it is easy to understand why the development of efficient and 

inexpensive syntheses of brassinolide (1) remains an active area of research. 

Table 1.3 Cis-Dihydroxylation of Readily Available Sterol Side Chains 

A variety of other routes for the elaboration of the stereochemically complex side 

chain of brassinolide have been developeds4 because of the limitations of the direct cis- 

dihydroxylation method. The main approaches include additions to C-22 aldehydes (991, 

substitution of C-24 esters (100) and functionalization of pregnane derivatives (101) 

(Figure 1.8). Since, C-24 esters (100) and pregnane derivatives (101) can not be prepared 

fiom readily available, inexpensive starting materials, approaches using these starting 

materials tend to be prohibitively expensive and impractical. Therefore, only routes from 

C-22 aldehydes will be considered finther in this Dissertation. Moreover, the addition of 

a variety of nucleophiles to C-22 aldehydes is one of the preferred methods because the 

correct stereochemistry for C-22 is favored by Cram's rule6' (Figure 1.9). The 

I 
Ratio 1 Ref. 

(Yield) I 
Starting Products I Chiral 

I Material 1 Ligand 
I 
I 

I 
I 

OH - OH - None I 1 : l  31 j 
7 3 

St OH St 
i 

L 

59 

I 4 

95 (22R, 23R) 96 (2Z, 23s) 
DHQD- 
CLB 

None 

I I 

13 : I 
(78%) 

I 

59 i 
I 

I 
I 

St OH 

St = Various steroid nuclei. 

8 : I  94 

PHN 1 (81%) 

I 

97 (22R. 23 R) 98 (22s. 23s) DHQD- 



Figure 1.8 Common Starting Materials for Side Chain Elaboration 
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stereocenters at C-23 and C-24 can be installed with further manipulations of the Cram 

product, using the established stereocenter at C-22 to control the stereochemistry of these 

new chlral centers. The aldehyde starting materials are easily synthesized by cleaving the 

existing side chains of suitably protected ergosterol (90) or stigmasterol (92) derivatives 

by ozonolysis. 

Figure 1.9 Illustration of Cram's hle61 on Steroidal C-22 Aldehydes 
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A number of synthetic routes to brassinolide have been developed over the last 

two decades. The first two syntheses of brassinolide were reported independently by 

Fung and ~ i d a l 1 ~ ~  and Ikekawa el in 1980. Since this time, other synthetic 

approaches to brassinolide have generally been lengthy and very expensive. However, in 

1996, McMoms and coworkers published an improved synthesis of brassinolide5' based 

on their 1984 communicati~n.~ The above syntheses, as well as previous work on 

brassinolide by Back et a~.,6'"~ are summarized in the following sections to illustrate 

approaches based on aldehyde 99. An improved procedure for the synthesis of 

brassinolide, developed by Back and coworkers, will be described in Chapter ~ w 0 . j ~  

1.5.1 Fung and Siddall's Synthesis 

Fung and ~ i d d a l l ' s ~ ~  strategy (Scheme 1.6) involved elaboration of the side chain, 

folIowed by functionalization of the nucleus. Thus, stigmasterol (92) was easily 

converted into the readily available (20s)-carbaldehyde 102, in which the .4/8 ring 

functionality was protected by conversion to the 3,5-cyclosteroid. Nucleophilic addition 

of alanate 103 to aldehyde 102 gave an 85 : 15 mixture of Cram (105) and anti-Cram 

(104) allylic alcohols, which were separated by column chromatography. The 

stereocenters at C-23 and C-24 were installed in a two step process; hydroxyl-directed 

epoxidation followed by anti-Markovnikov reduction of threo epoxide (107) to give the 

C-22, C-23 diol (109). Epoxidation of allylic alcohol 105 with rn-chloroperoxybenzoic 

acid proceeded with high diastereoselectivity, affording a 95 : 5 ratio of threo (107) and 

erythro (106) epoxides and the reduction of threo epoxy alcohol 107 with lithium 

borohydride and b o r n e - t e y o  complex yielded a mixture of vicinal diol 109 

and l,3 diol 108 in a 3 : 1 ratio. With the elaboration of the side chain complete, the .4/B 

rings were deprotected and the resulting C-22, C-23 diol was protected as the acetonide 

(110). Subsequent tosylation at C-3, followed by ktallation of the oxygen functionality 

at C-6 by hydroboration-oxidation afforded alcohol 11 1. Enone 112 was synthesized 

fiom compound 111 by elimination of p-toluenesulfonic acid with lithium carbonate in 

refluxing dimethylacetamide, followed by Jones oxidation of the C-6 alcohol. The 



Scheme 1.6 Fung and Siddall's Synthesis 
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2aJa diol 113 was formed by stereoselective cis-dihydroxylation with stoichiometric 

osmium tetroxide. Finally, treatment with a mixture of trifluoroacetic acid and 

trifluoroperoxyacetic acid resulted in both deprotection of the side-chain and Baeyer- 

Villiger oxidation of the B-ring to provide brassinolide (1). 

Brassinolide (1) was thus synthesized in 14 steps f?om commercially available 

stigmasterol (92), with good stereoselectivity both in ~e formarion of rhe aiiyiic aicohoi 

(105) and in its epoxidation to threo epoxide 107. Unfortunately, the efficiency of the 

method can not be fully evaluated since experimental details were limited and the yields 

for many of the steps were not given in their publication. In addition, the yield for the 

alkylation of aldehyde 102 was quite low and the alanate (103) used for this 

transformation is not commercially available and is difficult to handle. 

1.5.2 Ikekawa's Synthesis 

Ikekawa et reported in 1980 another synthesis of brassinolide (1) which 

installed the side chain prior to manipulation of the nucleus (Scheme 1.7). Starting fiom 

C-22 aldehyde 115, which was synthesized fiom commercially available dinorcholenic 

acid (114), reaction with 3-methylbut-1-ynyl-lithium (116) gave a 1 : 1 m i m e  of the C- 

22 alcohols (117 and 118). The desired 22R epimer (1 18) was isolated in 38% yield by 

recrystallization. Hydrogenation with Lindlar catalyst afforded 97% of the cis alkene 

119. Subsequent epoxidation with t-butyl hydroperoxide-vanadyl acetylacetonate, 

resulted in the highly stereoselective formation of threo epoxide 120 (85% yield). Since 

attempts to open epoxide 120 with a variety of methyl nucleophiles were unsuccessful, 

the authors employed a multi-step sequence to install the C-24 methyl group. Treatment 

of the acetate derivative of 120 with hydrogen cyanide catalyzed by triethylaluminum, 

gave nitrile 121 with inversion of configuration at C-24. Saponification of the C-22 

acetate group, protection of the resultant diol as the acetonide and removal of the THP 

protecting group in the A-ring, yielded compound 122. The nitrile moiety was reduced to 

the corresponding aldehyde with diisobutylalumhum hydride, which was subsequently 



Scheme 1.7 Ikekawa' s Synthesis 
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converted in five steps and 77% yield to the desired methyl group. Further 

transformation into mesylate 124 was effected by saponification of the C-3 acetate group 

followed by reaction with methanesulfonyl chloride. Enone 112 was synthesized with an 

overall yield of 50% fiom 124 by regio- and stereoselective hydroboration of the A' bond, 

followed by pyridinium chlorochromate oxidation of the resultant C-6 alcohol and 

elimination of the rnesylate group with lithium bromide in dimethylformarnide. Catalytic 

cis-dihydroxylation of the double bond at C-2 with osmium tetroxide, removal of the 

acetonide, and acetylation of the four hydroxyl groups provided castasterone tetraacetate 

(125) in 56% overall yield. Finally, brassinolide (1) was obtained in 54% yield from 125 

by Baeyer-Villiger oxidation followed by deprotection. 

One of the major drawbacks in this synthesis is the lack of stereoselectivity in the 

formation of the C-22R alcohol (118). Furthermore, the synthesis is prohibitively long, 

requiring 24 steps to prepare brassinolide (1) from C-22 aldehyde 115. However, it is 

noteworthy that the epoxidation of the cis alkene (119) proceeded with excellent 

stereoselectivity. affording only the desired isomer (120). 

1.53 McMorris' Synthesis 

In 1996, McMorris and coworkers reported an improved synthesis of brassinolide 

(Scheme 1.8):~ based upon an earlier communication.& The key step involved the 

addition of a lactone enolate to a C-22 aldehyde. The required aldehyde (126) was 

synthesized by literature procedures from stigmasterol (92) in eight steps and 27% overall 

yield. Aldol condensation between the anion formed fiom 3-isopropylbutenolide (127) 

and C-22 aldehyde 126 resulted in the stereoselective formation of the desired 22R, 25R 

product (129). The isomeric 22R1 23s product (128) was formed in 9% yield. The final 

stereocenter at C-24 was installed by stereoselective hydrogenation to give the 

corresponding saturated lactones 131 and 130 in a 5 : 1 ratio. After chromatographic 

separation, lactone 131 was reduced with lithium alumhum hydride and the C-22, C-23 

vicinal diol moiety was protected as the corresponding acetonide (132). Oxidation of the 



Scheme 1.8 McMorris' Synthesis 
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alcohols at C-6 and C-29 proceeded smoothly with Collins' reagent to give keto aldehyde 

133 in 91% yield. Subsequent decarbonylation in the side chain using Wilkinson's 

catalyst afforded castasterone bisacetonide (134). Simply reacting compound 134 with 

trifluoroacetic acid produced castasterone (117). Alternatively, addition of trifluoroacetic 

acid followed by treatment with excess trifluoroperoxyacetic acid gave a 9 : 1 mixture of 

brassinoiide ( i j  and the 6-oxa-7-ow regioisomer (I3Sj ilircs':~. Piiie biassinolide (1) 

was obtained in 62% yield after recrystallization. 

McMorris' procedure showed good stereoselectivity in the formation of the chiral 

centers of the side chain and was also relatively concise and efficient. Brassinolide was 

synthesized in 7% yield over 15 steps from stigmasterol. The main disadvantage of this 

synthesis is the fact that 3-isopropylbutenolide, the precursor to lactone enolate 127, is 

not commercially available and therefore must be synthesized. Although the two-step 

synthesis of this reagent from 3-methylbutan-2-one is reasonably simple, it is quite time 

consuming and the yield over the two steps is only 12%. 

1.5.4 Back's Synthesis 

A number of synthetic methods have been used by Back and coworkers for the 

preparation of brassinolide (1).'6g6568 In all cases the protected castasterone nucleus was 

constructed prior to the elaboration of the side chain. Thus, stigmasterol (92) was first 

converted, by minor variations of literature procedures,69 into known aldehyde 140 

(Scheme 1.9). Solvolysis of the tosylate of stigmasterol provided 3.5-cyclo-6-01 136. 

Jones oxidation of the C-6 alcohol and isomerization of the 3,j-cyclosteroid afforded 2- 

en-Cone 137, which was subsequently cis-dihydroxylated from the a face to give 

intermediate 138. The diol and ketone moieties were protected by conversion to the 

corresponding acetonide and dioxolane groups, respectively (compound 139). Finally, 

the existing side chain of stigmasterol was cleaved by ozonolysis with a reductive work- 

up to yield aldehyde 140. The elaborated aldehyde (140) was thus synthesized in 42% 

yield over 8 steps. 



Scheme 1.9 Synthesis of Elaborated Aldehyde 140 
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In their first procedure, Back et reported the synthesis of castasterone (17 

and the formal synthesis of brassinolide (1) using a selenosulfonation-based approach6' 

(Scheme 1.10). Hence, reaction of elaborated aldehyde 140 with propargyllithiurn 

species 141, followed by treament with tetrabutylarnmoniurn fluoride, gave a 1 : 1 

mixture of epimeric acetylenes. The crude mixture was then subjected to 

selenosulfonation, affording the corresponding Cram (143) and anti-Cram (142) alcohols 

in 24% and 25% yield, respectively. Isomerization of 143 with triethylamine yielded 

allylic alcohol 144 and subsequent selenoxide syn-elimination with r-butyl hydroperoxide 

afforded a mixture of allenes 145. The required isopropyl group was then introduced by 

treatment of the mixture with the higher order organocuprate 146. Removal of the p- 

toluenesulfonyl group with magnesium in methanol gave dlylic alcohol 150 as the major 

product, as well as homoallylic alcohol 148 and diene 149. Allylic alcohol 150 was 

easily transformed into castasterone (17) by literature methods.62 



Scheme 1.10 Synthesis of Allylic Alcohol 150 
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Castasterone (17) 

Although the selenosulfonation-based approach did provide allylic alcohol 150, 

the synthesis is quite long compared to Fung and Siddall's synthesis of the similar key 

intermediate 105. Also, as was the case in the acetylide addition in Ikekawa's synthesis 

(Scheme 1.7), the propargyllithium species 141 did not add stereoselectively to aldehyde 

140. Moreover, competing elimination and isomerization reactions during the synthesis 

of 150 resulted in a relatively low isolated yield for this compound. 

To address these problems Back and  coworker^^'*^^ developed a new approach 

involving the stereoselective addition of (E)-1-propenyllithium (151) to aldehyde 140 

(Scheme 1.11). The Cram (153) and anti-Cram (152) allylic alcohols were formed in a 

3 : 1 ratio and 95% yield. After column chromatography, the desired 22s epimer (153) 

was converted into a 67 : 33 ratio of threo (154) and erythro (155) epoxy alcohols by 

Sharpless epoxidation. The two epoxides were very difficult to separate but formitously 

Back and coworkers discovered that the fhreo isomer reacts with nucleophiles 

considerably faster than the erythro isomer. Therefore, the unseparated mixture was 



subjected to copper@)-catalyzed epoxide opening with isopropylrnagnesium chloride to 

give diol 157 in a highly stereoselective ring opening (63% yield based on threo epoxide 

154) and recovered erythro epoxide 155 (83%). A small amount of l,3 diol 156 (1 1 % 

based on threo epoxide 154) was also formed. Removal of the protecting groups from 

the A and B rings of 157 gave castasterone (17) in 88% yield. Treatment of castasterone 

tetraacetate with nifluoroperoxyaceric acid gave a 4 : i mixture of iii~iom~ 159 hid 158. 

Brassinolide (1) was obtained after saponification of the acetate groups. 

The regiochernistry observed in the Baeyer-Villiger reaction is somewhat 

anomalous and requires further comment. In Baeyer-Villiger oxidations the group that is 

most able to accommodate a positive charge migrates, which is normally the more 

substituted carbon atom. However, in the synthesis of brassinolide, the less substituted, 

C-7 methylene group migrated preferentially to give 7-oxa lactone 153 as the major 

product. Although this phenomenon is not completely understood. it does seem to be 

general for 6-keto steroids that contain a variety of electron-withdrawing substituents in 

the C-1, C-2 andor C-3 positions.70-~ The effect of the groups is independent of their 

configuration and appears to be cumulative. Therefore. Ikekawa et a[." suggested that 

the inductive effects of the electron-withdrawing substituents in the A-ring may simply 

decrease the migrating aptitude of C-5. 

Back and coworkers' propenyllithiurn approach provides a concise and efficient 

method for the elaboration of the side chain of castasterone (17) and brassinolide (1). 

Unfortunately, the stereoselectivity for the formation of the Cram allylic alcohol (153) is 

quite poor, and the resulting epimers are difficult to separate by column chromatography, 

thereby prohibiting large-scale reactions. 



Scheme 1.1 1 Synthesis of Brassinolide via Propenyllithium Reagent 151 
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In conclusion. despite the plethora of synthetic routes to brassinosteroids, nor 

many are practical for the preparation of gram quantities of brassinolide since they are 

too long, employ exotic reagents, or suffer from poor selectivity in key steps. 

Commercial production of brassinolide (e.g. in kg quantities) is not presently feasible. 

and research continues on developing industrially amenable syntheses. 



Design of Nonsteroidal Analogues 

Notwithstanding the concise and relatively high-yielding syntheses of brassinolide 

developed in recent years, the cost to produce brassinolide is still very high.73 Therefore, 

the discovery of nonsteroidal blassinosteroid mimics, which may be cheaper and simpler 

to produce, would be extremely valuable. The use of nonsteroidal analogues to mirmc 

the action of particular steroids is not without literature precedence. For example, a 

nonsteroidal analogue of 17P-estradiol, diethylstilbestrol(160), has a high affinity for the 

estradiol receptor in calf uterine tissue? The pans-stilbene framework of 

diethylstilbestrol(160) orients the hydroxyl groups in a similar spatial relationship to the 

hydroxyl functionalities of estradiol (161). It may therefore be possible to design 

nonsteroidal mimics of brassinolide in a similar fashion. Structure-activit~; studies have 

demonstrated that vicinal diol moieties in the A-ring at C-2 and C-3 and in the side 

Figure 1.10 Comparison of Conformations of Diethylstilbestrol and Estradiol 

chain at C-22 and C-23 are required for high biological activity." Moreover, structure- 

activity studies on the B-ring indicated that a polar function at C-6 or C-7 is 

ad~anta~eous. '~ Using the three-dimensional structure of brassinolide as a guide, we 

considered that it might be possible to design analogues that contain the essential 

functional groups on appropriate subunits, attached together by a suitable linker group. 

Symmetrical systems containing identical subunits were of special interest because of 

their relatively simple syntheses. Namely, pans-decahydr onap hthalene-based 

frameworks were explored since these can support both the required vicinal diol 

functionality in one ring and a polar group in the other ring. Molecular modeling has 



shown that the relatively rigid decahydronaphthalene-based scaffolding mimics the 

brassinolide skeleton remarkably well, with the hydroxyl groups held in a similar spatial 

orientation to the vicinal diol functions of brassinolide (Figure 1.1 1). Both alkynyl and 

trans-alkenyl linkers gave excellent superimposition of the novel structures with 

brassinolide. Moreover, tetrahydronaphthalene subunits, where the rings attached to the 

linker are aromatic, also superimposed well with brassinolide. The anticipated lower cost 

and easier preparation of simple nonsteroidal analogues could greatly increase the 

industrial applications of brassinosteroids, should any of these compounds prove to be 

reasonably active. 

Figure 1.1 1 Proposed Nonsteroidal Analogues of Brassinolide 

Brassinolide 

R = Hydroxyl or Carbonyl Group 
L = Linker 

1.7 Conclusions and Objectives 

Since the isolation of brassinolide in 1979, research on the biosynthesis, 

metabolism, agricultural applications, structure-activity relationships, and synthesis of 

brassinosteroids have continued to be active areas of investigation. In particular. an 



efficient, highly stereoselective, and concise synthesis of brassinolide is needed. As 

discussed earlier, the side chain of brassinolide provides the principal challenge in its 

synthesis. One of the more common strategies involves the epoxidation of appropriately 

functionalized unsaturated substrates, followed by the stereo- and regioselective opening 

of the epoxide ring. This general method was exploited in Back's 1993 synthesis6' of 

castasterone and brassinoiide (Scheme 1. i i j. Aihough, the side chain was eiaborarea 

from C-22 aldehyde 140 in just three steps, the stereoselectivity in the propenylation of 

the aldehyde was only moderate and a chiral oxidant was required in the epoxidation 

step. Therefore, as part of this Dissertation, improvements for the preparation of allylic 

alcohol 153 were investigated. 

Our improved syntheses of brassinolide and castasterone, which will be discussed 

in detail in Chapter Two, not only provided efficient access to the aforementioned 

compounds, but also furnished the required starting materials for the synthesis of novel 

nuclear analogues. Specifically, this Dissertation also explores the effects of substituting 

the 7-membered lactone ring of brassinolide with other functional groups to determine 

the role of the B-ring upon biological activity. 

Also, because epoxidation techniques are fundamental not only to the synthesis of 

brassinolide, but to other sterols with highly oxygenated side chains as well? a detailed 

examination of the stereoselectivity of hydroxyl-directed epoxidation of sterol side chains 

was undertaken and is described in Chapter Three 

In addition, the low natural abundance and the lack of an industrially applicable 

synthesis of brassinolide have restricted its use in agriculture to small-scale field trails. 

Therefore, a number of nonsteroidal analogues of brassinolide were designed, 

synthesized and tested for biological activity. These experiments are described in 

Chapter Four. 

An unrelated synthetic effort directed towards the synthesis of the marine sterol 

xestobergsterol A, a compound with potent antihistamine activity, is described separately 

in Chapter Five. 



Chapter Two 

Improved Procedure for the Synthesis of Brassinolide and Structure-Activity 

Studies of Brassinolide B-Ring Analogues 

Introduction 

The synthesis that Back and coworkers reported in 1993'~ provided a very concise 

method for the elaboration of the stereochemically complex side-chain of brassinolide, 

requiring just three steps (Scheme 1.1 1). The major drawback in this synthesis was the 

poor stereoselectivity observed in the addition of 1-propenyllithium to C-22 aldehyde 

140. Moreover, column chromatography of the resulting Cram and anticram allylic 

alcohols was problematic, thereby prohibiting large-scale syntheses. To address this 

problem, new approaches involving selenium-stabilized anions were investigated for the 

synthesis of the key allylic alcohol. These endeavors are detailed in section 2.2. The 

remaining steps of the synthesis were optimized in collaboration with Dr. W. Luo and 

Suanne Nakajima and will be discussed in section 2.3. This improved synthesiss6 (vide 

in*) permits the preparation of multigram quantities of castasterone (17) and 

brassinolide (I), which can serve as starting materials for the synthesis of nuclear 

analogues. Therefore, a series of novel brassinolide B-ring analogues was prepared and 

tested for biological activity in order to evaluate M e r  the role the seven-membered 

lactone has on bioactivity. The bioassays were conducted by Dr. R.P. Pharis and 

coworkers using the rice leaf lamina inclination assaJg (section 1.3.3). Recalling that 

indole-3-acetic acid (IAA) significantly enhances the brassinosteroid response in the rice 

leaf lamina inclination bioassay,'gJ0 the analogues were also tested with the simultaneous 

application of K4. The results will be described in section 2.4. 



Selenium-Stabilized Anions 

Ever since the discovery that stable solutions of a-lithio selenides could be 

numerous applications of selenium-stabilized anions in the area of C-C bond 

formation have been developed.76 Moreover, the wide range of reactions available for 

the conversion of the resultant selenides into selenium-free compounds has made 

selenium-stabilized organometallic reagents powerful tools in organic synthesis. In 

particular, a-lithio selenides are known to react with aldehydes or ketones to give 

P-hydroxy selenides (Scheme 2.1). These compounds are very useful intermediates, 

which can be converted into a variety of products, depending upon the substitution of 

both the selenium-stabilized anion and the carbonyl group. Provided the selenium 

component contains a P-hydrogen, oxidation of the P-hydroxy selenide to the 

selenoxide, followed by gentle warming has been demonstrated to result in selenoxide 

syn elimination giving the corresponding allylic alcohol. Hence, in this case, the 

selenium-stabilized anions function as vinyllithium equivalents. Moreover, the 

Scheme 2.1 General Reaction of a-Lithio Selenides with Aldehydes or Ketones 

R4 HO R! 
~hse.& R 3 W ~ '  oxidation 

~i R' R4 SePh 

selenoxide elimination was shown to be both highly regioselective, with little or no en01 

formation observed,76 and stereoselective, favoring formation of the tram double bond 

when the product is a 1,2-disubstituted 01efin.~' The latter point is of special importance 

since allylic alcohol 153 in Back's synthesis (Scheme 1.1 1);' requires tram geometry. 

Therefore, the viability of replacing the vinyllithium reagent used in the synthesis of 

allylic alcohol 153 with selenium-stabilized anion 165 (Figure 2.1) was explored. 



However, prior to examining this approach, a discussion of preparative methods of 

selenium-stabilized anions, such as 165, is warranted. Unlike the analogous a-lithio 

sulfides, which can be prepared by direct lithimhydrogen exchange,'* most aryl and 

alkyl selenides are insufficiently acidic to be metallated directly.76 Furthermore, 

Figure 2.1 a-Lithio-n-Propyl Phenyl Selemde 

treatment of aryl and allcyl selenides with alkyllithium reagents usually results in 

fragmentation of the molecule due to preferential lithiurdseleniurn exchange.76 Two 

common alternatives to circumvent these problems include: deprotonation of the 

substantially more acidic seleno~ides,'~ or n-butyllithium cleavage of selenoacetals or 

- k e t a l ~ ' ~ . ~ ~  (Scheme 2.2). 

Scheme 2.2 Generation of Selenium-Stabilized Anions 
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2.2.1 Selenoxide Approach 

One of our initial investigations into the use of selenium-stabilized anions 

involved the addition of a-lithio-n-propyl phenyl selenoxide (168) to C-22 aldehyde 102 

(Scheme 2.3). Model aldehyde 102 was chosen due its more convenient synthesisa' as 
I 

compared to the more tughly elaborated aidehyde 140.'"-?ropyi pnenyi seieniae (166 

was oxidized at low temperature to selenoxide 167 with m-chloroperoxybenzoic acid. 

Subsequent in situ deprotonation with excess lithium diisopropylamide, followed by 

addition of aldehyde 102, resulted in the formation of Cram allylic alcohol 170 after 

spontaneous syn selenoxide elimination that occurred when the solution was gently 

heated to 65 OC. Diisopropylamine was added to the solution to neutralize the 

benzeneselenenic acid (PhSeOH) formed during the elimination, since selenenic acids 

can also function as electrophiles and may result in unwanted side reactions.82 

Unfortunately, the selectivity for the reaction was very poor, with a Cram : anti-Cram 

ratio of only 2.7 : 1. 

Scheme 2.3 Addition of a-Lithio Selenoxide (168) to Aldehyde 102 
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2.2.2 Selenoacetal Approach 

Since the selenoxide approach failed to improve the stereoselectivity of the 

propenylation step of the synthesis, we investigated an alternative method using a-lithio 

selenide 165, which was easily generated fkom the corresponding selenoacetal 169 



(Scheme 2.2). Addition of anion 165 to the elaborated aldehyde 140 afforded a mixture 

of C-23 selenide epimers (172 and 173) (Scheme 2.4). The epimers were initially 

separated by column chromatography , and individually treated with hydrogen peroxide. 

Scheme 2.4 Addition of a-Lithio Selenide 165 to Aldehyde 140 

>95 : 5 Cram : anticram 
> 9 5 : 5 E : Z  

Fortunately, both selenides (172 and 173) afforded the desired E allylic alcohol 153 as 

the sole steroidal product. and therefore in subsequent reactions, the crude reaction 

mixture containing the unseparated selenides was simply treated with excess hydrogen 

peroxide, thus effecting an in sifu selenoxide elimination of each isomer. The high 

stereoselectivity for the E isomer can be rationalized by examining the Newman 

projections of each of the corresponding selenoxide epimers. as viewed along the C-23, 

C-24 bond (Figure 2.2). Since syn selenoxide elimination requires coplanarity of the 

participating centers," the molecule is necessarily placed in an eclipsed conformation 

with respect to the pertinent bond. For both 172 and 173 the eclipsed conformations 

which lead to the Z isomer (A and A', respectively) are presumably less favorable, due to 

nonbonded repulsions between the C-25 methyl group and C-22 of the sterol, than the 

corresponding conformers which lead to the E isomer (B and B', respectively). Overall, 

the reaction demonstrated excellent stereoselectivity, affording 73% of allylic alcohol 

153, with no detectable amount (by M) of either the antiCram (22R) isomer or the Z 

double bond isomer. The 'H-NMR spec- of the product matched the spectrum of 



allylic alcohol 153 prepared by the alternative route shown in Scheme 1.1 1. The high 

stereoselectivity also facilitated the chromatographic isolation of the product. 

Figure 2.2 Rationale for High E Stereoselectivity Observed for Selenoxide Elimination 
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Selenoacetal 169, the precursor to a-lithio selenide 165, was conveniently 

prepared f?om commercially available diphenyl diselenide (174) by the route illustrated 

in Scheme 2.5. Hence, diphenyl diselenide (174) was converted into bis(phenylse1eno)- 

methane (175) by reduction with sodium borohydride to the corresponding selenolate, 

followed by reaction with diiodomethane. Subsequent deprotonation of selenoacetal 

(175) with lithium diisopropylamide followed by allrylation with iodoethane yielded the 

desired selenoacetal (169). It is worth noting that, in contrast to simple akyl phenyl 

selenides, the more acidic selenoacetal can be deprotonated by hindered amide bases such 

as lithium d i i s ~ ~ r o ~ ~ l a m i d e . ~ ~  A further attractive feature of the method shown in 

Scheme 2.5 is that the original starting material, diphenyl diselenide, can be recovered in 



c a  70-90% yield by reduction of the byproduct of the selenoxide elimination, 

benzeneseleninic acid (PhSe02H) (176), with sodium sulfite. 

Scheme 2.5 Preparation and Reaction of Selenoacetal 169 
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2.3 Improved Synthesis of Brassinolide 

With the propenylation of aldehyde 140 significantly improved, the remaining 

steps in the synthesis of brassinolide (1)j6 (Scheme 2.6) were optimized by Dr. W. Luo 

and completed in a similar manner to Back's early synthesis.68 More consistent results 

were obtained in the Sharpless oxidation of allylic alcohol 153 when cumene 

hydroperoxide was used in place of t-butyl hydroperoxide. The threo and erythro 

epoxides were formed in a ratio of ca 70 : 30. Additionally, in Back's original 

procedure68 brassinolide (1) was synthesized fiom diol 157 in a lengthy four step 

sequence (Scheme 1.1 I), which involved several protection and deprotection steps. 

Therefore, in an analogous procedure to that reported by McMorris et a ~ . , ~ '  the A and B- 



ring protected diol 157 was treated with trifluoroacetic acid, followed by 

trifluoroperoxyacetic acid, thereby effecting the removal of the ketal protecting groups, 

followed by Baeyer-Villiger oxidation of the C-6 ketone in a one-pot procedure. 

Brassinolide (1) and its 6-oxa-7-0x0 regioisorner (135) were formed in a 9 : 1 ratio and 

subsequent recrystallization afforded brassinolide in 53% yield. Finally, recalling that 

the unwanted erythro isomer (155) was recovered intact after epoxide opening ro form 

diol 157, a procedure was developed by Suanne Nakajirna to recycle this intermediate 

back to ally lic alcohol 153'~ by means of Dittmer' s telluride-based deoxygenation 

Scheme 2.6 Improved Synthesis of Brassinolide from Allylic Alcohol 153 
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protocol.83 Thus, the corresponding acetate of the erythro epoxide (155) was treated with 

elemental tellurium and lithium triethylborohydride to afford the desired E allylic alcohol 

153 in 75% overall yield. 

The aforementioned synthesis of brassinolide (1) represents the most concise and 

efficient route to date, with 8% overall yield in twelve steps from commercially available 

stigmasterol (92). Moreover, when the recycling of erythro epoxide 155 is taken lnto 

account, the overall yield is significantly higher, ca. 10%. 

Preparation and Biological Activities of Novel Brassinosteroid B-Ring 

Analogues 

As described in Chapter One, several B-ring analogues of brassinolide have been 

studied. However. with the exception of naturally occurring castasterone (17) and 6- 

deoxocastasterone (22), all of the compounds had side chains that differed from that of 

brassinolide (1): thereby making direct comparisons impossible. Therefore, a series of 

novel analogues that had the same side chain as 1 were synthesized and tested for 

biological activity (Figure 2.3). The synthesis of these was a collaborative project, where 

brassinosteroids 177-179 and 181 were prepared by Dr. W. Luo. The biological activity 

of these compounds is included for the purpose of comparison to the other B-ring 

analogues that were prepared by this author (180 and 182). 

Brassinosteroids 177 and 178 were chosen in order to investigate the effects of 

exchanging the ring oxygen at C-7 for nitrogen and s u l k  heteroatoms, respectively. The 

effects of removing the carbonyl group at C-6, as in cyclic ether 179, or of replacing the 

ring oxygen at C-7 with a methylene unif as in seven-membered ketone 180, were also 

determined. Furthermore, comparison of B-homocastasterone (180) with castasterone 

(17), would indicate the effects of ring expansion on biological activity. Finally, 

exocyclic methylene derivatives 181 and 182 were used to determine the effects of 

removing all of the heteroatoms in the B-ring, whilst maintaining a flattened 

conformation, similar to that of brassinolide (1) or castasterone (In, by virtue of the sp2- 

hydridized center at C-6. The results of the biological testing of the exocyclic 



methylidene derivatives were expected to clarify how the B-ring of brassinolide interacts 

with the active site of a putative receptor. Namely, we wished to determine whether the 

lactone in the B-ring is binding with a putative receptor primarily through polar effects 

(hydrogen bonding, dipole interactions, etc.), or alternatively, whether the interaction is 

based on steric factors, where the lactone group holds the B-ring in a conformation that is 

amenable for the required receptor interaction. 

Figure 2.3 Novel Brassinosteroid B-Ring Analogues 

n= 1 6-Methy lidenecastasterone (1 81) 
n=l 6-Methylidene-B-homocastasterone (182) 

The preparation of compounds 177-179 and 181 is summarized in Scheme 2.7. 

Analogues 177-179 were synthesized in a straight-forward manner from the bisacetonide 

of brassinolide (183). Transesterificaton of protected brassinolide (183) with potassium 

methoxide, followed by reaction of the primary alcohol at C-7 with p-toluenesulfonyl 

chloride provided tosylate 184. Cyclization with ammonium hydroxide and subsequent 

deprotection with acetic acid provided lactam 177 in 34% overall yield from brassinolide. 



Scheme 2.7 Synthesis of Compounds 177 - 179 and 181 
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Alternatively, sulfurization of 184 with sodium thioacetate and cyclization of the 

comsponding thioacid afforded thiolactone 178 (12% overdl yield fiom l), after 

deprotection. To synthesize cyclic ether 179, brassinolide bisacetonide (183) was 

initially reduced to the corresponding diol and addition of 1 equivalent of p- 

toluenesulfonyl chloride resulted in a mixture of monotosylates. These were then directly 

subjected to an intrarnolecuiar ~iiiiamson eher synthesis, which, foliowed by 

deprotrction with trifluoroacetic acid, gave 6-deoxobrassinolide (179) in 43% yield over 

the five steps. Exocyclic methylidene derivative 181 was conveniently obtained from the 

known bisacetonide of castasterones' by a Wittig reaction with phosphorus ylide 185 and 

subsequent deprotection (3 1% overall yield from 17) 

For compounds 180 and 182, the proposed synthetic routes were initially 

investigated using model ketone 186~' (Scheme 2.8). A preliminary one-pot 

homologation of the 3-ring was attempted with diaz~rnethane,~~ which proved unreactive 

towards 186 when used alone. However. Lewis acids are known to accelerate the 

reactions5 and. fortunately, with the addition of substantial quantities of boron trifluoride 

etherate, homologation of the 6-membered ketone did occur to give compound 187. 

Saponification provided the seven-membered homologue 188. Unfortunately, attempts to 

react the corresponding acetonide 189 with Wittig reagent 185, in an analogous fashion to 

the preparation of the methylidene derivative of castasterone (181), resulted only in the 

recovery of starting material. Conversely, reaction of protected ketone 187 with the 

Lombardo-Oshima reagenta6 did provide the exocyclic methylidene analogue 191 after 

removal of the acetate groups. 



Scheme 2.8 Homologation of the B-ring of Model Ketone 186 
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Compounds 180 and 182 were synthesized from castasterone (Scheme 2.9) in a 

similar fashion to that tested for the model system in Scheme 2.8. Hence, castasterone 

(17) was first converted into its known tetraacetate (125)68*87 and treated with 

diazomethane in the presence of boron trifluoride etherate to effect a ring expansion to 

the 7-membered ketone 192. Unlike the model system, the homologation reaction did not 

go to completion and it proved extremely difficult to separate the product from weacted 

starting material by column chromatography. Therefore, preparative HPL C was 

employed to pm ketone 192. The competing formation of the 7-0x0 regioisomer was 

not observed in the ling expansion reaction. Saponification of compound 192 afforded 



B-homocastasterone (180) in 24% yield fiom castasterone (17). The ketone and hydroxy 1 

groups were clearly evident in the IR spectrum at 1694 and 3394 cm-l, respectively. 

Compound 180 gave a satisfactory elemental analysis and the low resolution mass 

spectrum was consistent with the structure. The methine proton a to the carbonyl group 

appeared as a doublet of doublets at 6 3.25 ppm, and the H-7 protons appeared as a 

multiplet and a doublet of doublets of doublets at 6 2.45 and 2.31 ppm, respectively, in 

the 'H-NMR spectrum. This is in good agreement with the 'H-NMR spectrum of 

castasterone (17), where these sieals, appear at 6 3.13, 2.36 and 2.32 ppm, 

respectively.88 Subsequent to the publication of our results on the synthesis and 

Scheme 2.9 Synthesis of Compounds 180 and 182 

Castasterone (1 7) 



biological activity of 177-182 in 1998;' Seto and coworkers reported their independent 

work in 1999 on the preparation and testing of B-homocastasterone ( 1 8 0 ) ~ ~  In an 

approach similar to ours, they synthesized 180 in a one-pot procedure using 

trimethylsilyldiazomethane and boron trifluoride etherate. They were also able to isolate 

the minor regioisomer, 7-0x0-B-homocastasterone, which was formed in the ratio of 1 : 

1 u with the desired 6-0x0-B-homosteroid 180. Fhdiy? ~e sy nhesized e ~ o i y i l i ~  

methylidene derivative 182, albeit in only 9% overall yield from castasterone (17), by 

reaction of ketone 192 with the Lombardo-Oshima reagent,86 followed by saponification. 

The IR spectrum showed the presence of an alcohol at 3474 cm'l and a carbon-carbon 

double at 1637 cm-I, and the low and high resolution mass spectra were consistent with 

its structure. Moreover, the 'H-NMR spectrum was in good agreement with the presence 

of an exocyclic methylene group. These protons appeared as broad singlets at 6 4.89 and 

3.66 ppm. 

Derivatives 177 - 182 were tested for biological activity using the rice leaf lamina 

inclination bioassay29 and the results are displayed in Figures 2.4-2.15. The graphs are 

plotted with the leaf lamina angle in degrees versus the brassinosteroid dose in ngplant. 

For all of the analogues. brassinolide (I), the most potent naturally occumng 

brassinosteroid, was included as a standard. However, in addition to brassinolide, 24- 

epibrassinolide (23) was included as a standard for compounds 177-179. One may recall 

that the more conveniently prepared 24-epibrassinolide (23) was used extensively in field 

trials, despite its lower activity. It was therefore also interesting to see how the activity of 

these novel brassinosteroids compared to that of 23. Castasterone (17): a plant-growth 

promoter itself, was chosen as a standard for analogues 180-182 since it contains a ketone 

group in the B-ring and therefore more closely resembles their structures. 

Both 7-azabrassinolide (1 77) and 7-thiabrassinolide (1 78) showed significant 

biological activity, where at low doses both compounds were comparable in activity to 

21-epibrassinolide (23) (Figures 2.4 and 2.5 ? respectively). Interesting1 y, at the higher 

dose of 1000 nglplant, the activity of lactarn 177 was very close to that of brassinolide 

(1). The bioactivity of both compounds was significantly increased with the addition of 

IAA, although the synergism of IAA with 7-azabrassinolide (177) was only appreciable 



at the 100 ng and 1000 ng doses (Figure 2.6). At the 1000 ngplant dose and in the 

presence of IAA, thiolactone 178 was comparable in activity to brassinolide (1) alone, 

but was much less active than brassinolide in the presence of IAA (Figure 2.7). Both 177 

and 178 were comparably in bioactivity to 24-epibrassinolide (23) with or without the 

presence of IAA. 

Cyclic ether 179 was found to rerain 'nigh bioiogicai activity (Tigure 2.83. in the 

mid-range doses, the activity was significantly higher than that of 2bepibrassinolide (23) 

and virtually the same as that of 23 at the 1000 @plant dose. The addition of IAA 

enhanced the activity of 6-deoxobrassinolide (179) at all of the dose levels studied 

(Figure 2.9), resulting in comparable activity to that of brassinolide (1) alone at the 1000 

ng/plant dose. The bioassay of B-homocastasterone (180) is shown in Figure 2.10? where 

bmsinolide (I) and castasterone (17) were included as standards. Even though analogue 

180 did display significant activity at the higher doses, it was considerably less active 

than either brassinolide (1) or castasterone (17). Synergism of compound 180 with IAA 

was observed at the 100 and 1000 @plant doses (Figure 2.1 1). In their subsequent 

studies, Seto er ~ 1 . ~ '  found B-homocastasterone (180) to be ca. 1/20" as active as 

brassinolide (1). 

Lastly, 6-methylidenecastasterone (18 1) and 6-methylidene-B-homocastasterone 

(182) were completely inactive at all dosage levels tested (Figures 2.12 and 2.13, 

respectively). When tested with the simultaneous application of IAA, compound 181 

remained inactive (Figure 2.14), whereas compound 182 displayed very slight, but 

statistically significant, inhibition at the 1 and 100 ng/plant dose Levels (Figure 2.15). 



Figure 2.4 Rice Leaf Lamina Bending 
Assay of 177 

Figure 2.5 Rice Leaf Lamina Bending 
Assay of 178 
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Figure 2.6 Rice Leaf Lamina Bending 
Assay of 177 + IAA 
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Figure 2.7 Rice Leaf Lamina Bending 
Assay of 178 + IAA 
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Figure 2.8 Rice Leaf Lamina Bending 
Assay of 179 

Figure 2.9 Rice LeafLamina Bending 
Assay of 179 + IAA 
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Figure 2.1 1 Rice Leaf Lamina Bending 
Assay of 180 + IAA 
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Figure 2.12 Rice Leaf Lamina Bending 
Assay of 181 
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Figure 2.13 Rice Leaf Lamina Bending 
Assay of 182 
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Figure 2.15 Rice'Leaf Lamina Bending 
Assay of 182 + IAA 
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Figure 2.14 Rice Leaf Lamina Bending 
Assay of 181 + IAA 
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Conclusions 

The use of selenium-stabilized anion 165 to prepare allylic alcohol 153 

represented a substantial improvement to Back's previously reported synthesis of 

brassinolide (1)F8 Furthermore, the optimized conditions for the other steps and the 

recycling procedure deveioped to conven the undesired e ~ l h r o  epoxide (l55j back into 

allylic alcohol 153, permitted the preparation of multigram quantities of brassinolide (1) 

in ca. 10% yield from stigmasterol (91). 

With relatively large amounts of brassinolide (1) and castasterone (17) in hand. 

the preparation of a number of B-ring analogues possessing the same side chain as 

brassinolide was made possible for the first time. The rice leaf lamina bioassays of these 

compounds revealed that significant variations in the structure of the B-ring are well 

tolerated. The fact that lactam 177 and thiolactone 178 retained significant activity 

indicates that the B-ring oxygen at C-7 in brassinolide (1) can be replaced by nitrogen or 

sulfur atoms. respectively. Moreover, neither the carbonyl group, nor the oxygen atom at 

C-7 are essential, since both the cyclic ether 179 and B-homocastasterone (180) were 

considerably active. However, it is noteworthy that homologated ketone 180 had lower 

activity than either brassinolide (1) or castasterone (17). This may indicate that, just as 

the ketone in the 6-membered B-ring of castasterone is converted into the seven- 

membered lactone of brassinolide in some plant compound 180 may be 

similarly oxidized to a less active eight-membered lactone analogue. Alternatively, 

optimal interactions with a putative receptor may require a heteroatom at C-7. Further 

investigations, including the synthesis and bioassay of an eight-membered lactone 

brassinosteroid analogue are needed to test these hypotheses. Both the six- and seven- 

membered exocyclic methylidene derivatives (compounds 181 and 182, respectively) 

were completely inactive, indicating that a polar group at either C-6 or C-7 is required for 

biological activity. This may reflect the need for a hydrogen-bonding or dipolar 

interaction between the B-ring and the corresponding binding site in the receptor. 

Our results on the improved preparation of brassinolidej6 and on the synthesis and 

bioactivity of the above novel B-ring analoguesg9 have been published. 



Chapter Three 

Study of the Stereoselectivity of Directed Epoxidations of Steroidal Side Chains 

3.1 Background 

Stereoselective epoxidation of appropriately substituted unsaturated substrates 

was one of the many approaches employed in the synthesis of the side chain of 

brassinolide (see section 1.5 for examples). Furthermore, this general strategy has also 

been used in the synthesis of a variety of other sterols which contain oxygenated side 

chains?' The resultant epoxides are convenient intermediates which can be easily 

transformed into alcohols by hydride reduction or by reaction with carbon nucleophiles. 

Moreover, in the epoxidation of allylic alcohol systems, participation of the hydroxyl 

group can result in the preferential formation of one epoxide diastereomer when the 

hydroxyl group itself is attached to a chiral center.g2 In fact, over the past thuty years, 

hydroxyl-directed peracid and hydroxyl-directed metal-catalyzed epoxidation reactions 

have been widely used in the synthesis of many biologically active compounds. 92 A 

variation of the latter method quickly became a cornerstone in organic synthesis with 

Sharpless and Katsuki's discovery in 1980 of a new titanium-catalyzed, asymmetric, 

catalytic epoxidation reaction, which resulted in enantioselective, as well as 

diastereoselective, formation of the product epoxy alcohols.g3 

As mentioned earlier, Back and coworkers' synthesis of brassinolide was centered 

around a concise and efficient three-step process to elaborate the side chain, in which the 

second step involved the hydroxyl-directed epoxidation of an allylic a l ~ o h o l . ~ ~ . ~ ~  Back et 

al. first investigated the epoxidation of the model allylic alcohol 170 with a variety of 

achiral oxidants (Table 3 . 1 ) ~ ~ ~  In all cases the stereoselectivity proved unfavorable and 

the desired rhreo isomer (193) was obtained as the minor product or only in slight excess 

over its erythro counterpart. The problem was partly overcome by use of the Sharpless- 

Katsuki o x i d a t i ~ n , ~ " ~ ~  where the asymmetric environment provided by the chiral ligand, 

(L)-diethyl tartrate (Schemes 1.1 1 and 2.6), presumably altered the substrate-controlled 



tendency towards eryrhro-selectivity. In order to better understand these results, a 

detailed study of epoxidation of steroidal side chains was undertaken and will be 

described in section 3.4. In addition, a brief summary of some of the above epoxidation 

methods in terms of their mechanisms, as well as the stereoselectivity observed for 

nonsteroidal allylic alcohol systems, will be presented in sections 3.2 and 3.3. 

Table 3. l A c h a l  Epoxidation of Allylic Alcohol 170 

- -  - 

(a) Isolated yield unless otherwise noted. 
(b) Ratio determined by NMR integration of the crude reaction mixture. 
(c) Yield determined by NMR integration. 

OH OH OH 

epoxidation 
b 

OMe OMe OMe , I 

170 193 (threo) 194 (erythro) 
# 

I 

3.2 Mechanistic Considerations 

The directing effect of a hydroxyl group has been studied in the epoxidations of 

both cyclic and acyclic allylic alc~hols.~' The high diastereoselectivity that is often 

observed is generally accepted as resulting fiom high levels of organization in the 

postulated transition states for these processes. 

Threo : E thro T' Ratio 
1 

40 : 60 

Oxidant 

1 MCPBA 

Y ielda 

87 



3.2.1 HydroxyCDirected Peracid Epoxidation Reactions 

The effect of directing groups on the stereochemical outcome of peracid 

epoxidations was first recognized in 1959 by Henbest and wilsonY5 and actually 

represents one of the first examples of a substrate-directed stereoselective reaction. Since 

ths time, a number of modeis have been proposed to expiain the observed 

diastereosele~tivity?~ Of these, Sharpless and coworkers' 96c has gained the 

most acceptance in the literature?' They postulated that the plane of the peracid is 

oriented at ca. 60' to the plane of the olefin, which allows one of the pairs of nonbonding 

electrons on the hydroxylic peracid oxygen atom to begin bonding with the olefinic 

carbons, whilst the other nonbonding pair is favorably disposed to hydrogen bond with 

the allylic hydroxyl moiety. This supports the stereoelectronic requirement for back-side 

displacement on the peroxide bond and is feasible for 0-C-C=C dihedral angles of ca. 50' 

- 1 30°, where a dihedral angle of 120' is optimal. The two possible conformers (195 and 

196), which lead to the threo and ev thro  epoxides, 197 and 198, respectively, are shown 

in Figure 3.1. 

Figure 3.1 Proposed Conformations for Peracid Epoxidation 

threo isomer 
197 

erythro isomer 
198 



3.2.2 Hydrosyl-Directed Metal-Catalyzed Epoxidation Reactions 

Interest in catalytic epoxidation greatly increased with Indictor and Brill's 

discovery that t-butyl hydroperoxide in the presence of a variety of transition metal 

catalysts can be used to epoxidize the double bond of aiiyiic aicohois." Airhough h e  

most common metals are vanadium, molybdenum, and titanium, this area of research has 

now expanded to include almost every transition 

Similar to the mechanistic considerations discussed in section 3.2.1 for peracid 

epoxidations, the optimal O-C-C=C dihedral angle has also been assigned for vanadiurn- 

catalyzed epoxidations.96b96e In this case, a predicted dihedral angle of ca. 50' best 

accommodates the stereoelectronic requirement of back-side displacement on the 

peroxide bond by the alkene n-bond. The two complexes giving the threo and e ~ t h r o  

epoxides. respectively, are illustrated in Figure 3.3. 

Figure 3.2 Proposed Conformations for Vanadium-Catalyzed Epoxidation 

AB: 
H threo isomer 

erythro isomer 
198 



Molybdenum-catalyzed epoxidations have not been studied in as much detail as 

either peracid or vanadium-catalyzed epoxidations, but were reported to give results 

similar to MCPBA for allylic alcohols which are unsubstituted or have fram alkyl 

groups. For allylic alcohols with cis or gem substituents, the observed selectivity was 

intermediate between peracid and vanadium-catalyzed epoxidations. 96699 

* 

3.3 Previous Studies of the Stereoselectivity of Directed Eposidations of 

Nonsteroidal Acyclic AUylic Alcohols 

Before exploring the epoxidation of steroidal side chain allylic alcohols7 a brief 

examination of epoxidations of a variety of nonsteroidal allylic alcohol systems is 

appropriate. The epoxidation protocols discussed in section 3.2 have been studied in 

substantial detail for a variety of acyclic allylic alcohols with alkyl substituents in the 

gem, cis and/or m n s  positions and typical examples are shown in Table 3.2. 96d.99 In 

general, MCPBA epoxidation of the allylic alcohols modestly favored formation of the 

threo isomer when either no substituents were present (compound 201) or the substituent 

was in the nuns position (compounds 202 and 203). The presence of a cis substituent 

significantly increased this preference (alcohols 205 and 206). On the other hand? 

vanadium-catalyzed epoxidations strongly favored the erythro isomer unless the allylic 

alcohol contained a cis methyl group. The stereoselectivity for the molybdenum- 

catalyzed epoxidations was intermediate, between that observed for the other two 

epoxidation methods, in each of the examples shown in Table 3.2. 

In conclusion, although the epoxidation of simple acyclic allylic alcohols has been 

studied in depth, a similar study of steroidal allylic alcohols has not been done. 

Moreover, a comparison of the data obtained for the epoxidation of allylic alcohol 170 

(Table 3.1) and the trans allylic alcohols 202 and 203 in Table 3.2, clearly shows a 

discrepancy in the observed stereoselectivity for peracid epoxidations. The former 

favored the erythro isomer whereas the latter showed a modest preference for the ihreo 

isomer. Therefore, since epoxide-based methods are important for the synthesis of 
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brassinolide as well as other sterols, a systematic study on the epoxidation of A~-22-01 

steroidal side chain allylic alcohols was performed. 

Table 3.2 Stereoselectivity of Epoxidations of Secondary Acyclic Allylic Alcoholsa 

~ U y l i c  Alcohol I MCPBA I VO(arac)-, I-Bu02H I Mo(CO)~, t-Bu02H I 

I 

I 
206 

OH 

I 

Threo : Erythro Threo : Erythro 

(a) Experimental data obtained from reference 96d unless otherwise noted. 
(b) Results taken fiom reference 99. 

Threo : Erythro l 



Stereoselectivity of Directed Epoxidations of Sterol Side Chains 

To systematically study the effects of double bond substituents on the 

stereoselectivity of epoxidation, a series of A~-22-sterols with methyl groups in the R,,, 

Rcis and & positions (Figwe 3.3) were prepared and subjected to MCPBA epoxidation. 

vanadium-catalyzed epoxidation. and molybdenum-catalyzed epoxidauon. Systems 

where the alcohol moiety was blocked with a bulky protecting group to prevent 

coordination with the epoxididng reagent were included for comparison. 

Figure 3.3 Steroidal Allylic Alcohols 

A 
OMe 

207 

3.4.1 Synthesis of Steroidal Allylic Alcohols 

All of the allylic alcohols (170, 208-211) were prepared by reacting the readily 

available aldehyde 102~ '  with the appropriate Grignard reagent or organolithium 

compound (Table 3.3). The addition products were fonned as mixtures of the desired 

Cram (170, 208-211) and the unwanted anti-Cram allylic alcohols (171, 212-215), with 

the Cram product fonned as the major isomer in all cases. The Cram isomers 170, 208, 

210 and 211 had been previously reported in the literature.loO For all of the novel sterols 

(compounds 209, 213 and 215), as well as those for which full characterization details 

were not available, the structures were confirmed by spectroscopic methods. The 

presence of a hydroxyl group was apparent in their IR spectra and the chemical shift of 



Table 3.3 Synthesis of Side Chain Allylic Aicohois 

Grganome*d lic # Reagent - + 

Y 
OMe OMe OMe 

I 102 Cram Product anti-Cram Product 1 
OrganometaUic 

Reagent 
Cram Product, 

Yield 
Anti-Cram Product, 

Yield 

(a) Results taken from reference 68. 



the carbinol proton of the alcohol was ca 6 3.4 ppm for each of the sterols. Moreover, 

the 'H-NMR spectra of the allylic alcohols showed the C-2 1 methyl group ca. 6 0.05 ppm 

further upfield in the Cram isomer. Hence, the C-21 methyl group appeared as a doublet 

at ca. 6 0.95 ppm for compounds 170, 208, 210 and 211, and at ca. 6 1.00 pprn for 

compounds 171, 212,214 and 215. The Cram alcohols were also consistently less polar 

by TLC than the corresponding antiCram allylic alcohols. Since sterols 209 and 113 

were both new compounds, their C-22 configurations were assigned on the basis of the 

above observations. Therefore, the less polar isomer with the C-21 methyl group at 6 

0.81 ppm in the proton spectrum was designated as the Cram product (209): and 

similarly, the more polar isomer with the C-21 methyl group at 6 0.96 pprn was assigned 

as the anti-Cram product (213). Derivatives 216 and 217 were easily prepared by further 

reaction of Cram ailylic alcohol 170 with t-butyldimethylsilyi chloride or pivaloyl 

chloride (Scheme 3.1). Both compounds gave ' 3 ~ - ~ ~ ~  spectra and low and high 

resolution mass spectra consistent with their structures. The t-butyl groups of 216 and 

217 were clearly evident in their 'H-NMR spectra, appearing at 6 0.90 and 1.23 ppm, 

respectively. 

Scheme 3.1 Synthesis of Silyl Ether 216 and Pivaloate 217 
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3.4.2 Epoxidation of Steroidal Allylie Alcohols 

Allylic alcohols 170 and 208-211 were subjected to epoxidation with MCPBA, 

and with t-butyl hydroperoxide catalyzed by either vanadyl acetylacetonate, or 

molybdenum hexacarbonyl. Compounds 216 and 217, where the C-22 alcohol group is 

blocked, were only oxidized wirh MCPBA since vanadium or molybdenum-catalyzed 

epoxidations failed when a free alcohol group was unavailable. The results are 

summarized in Table 3.4. 

With the exception of epoxides 218 and 219, all of the epoxides in Table 3.4 were 

new compounds and needed to be fully characterized. In cases where the threo and 

erythro isomers could not be separated by column chromatography, the mixture of 

epoxides was converted into the corresponding benzoates and then chromatographed. 

Subsequent saponification of the individual benzoates provided the isomerically pure 

epoxy alcohols for characterization purposes. All of the new compounds gave 

satisfactory elemental analyses or 13c-NMR spectra and low and high resolution mass 

spectra consistent with their structures. The ratio of epoxides was usually determined by 

integration of the carbinol proton of the alcohol at C-22. or if this was obscured, by 

integration of the H-23 or H-24 protons, depending on which were better resolved. 

The stereochernistry of the new epoxides was confirmed either by spectroscopic 

methods or by stereospecific transformation into known compounds (Scheme 3.2). The 

stereospecific Corey-Winter deoxygenation protocol'0' was used to identify the epoxides 

produced from the unsubstituted allylic alcohol (epoxides 220 and 221) and the allylic 

alcohol with a gem methyl group (epoxides 222 and 223), after conversion into 

appropriate 1,2 diols. Thus, erythro epoxide 221 was converted into diol 232 by 

regioselective ring opening with isopropylmagnesium chloride and a catalytic amount of 

copper(1) cyanide. lo2 Diol232 was further reacted with 1 . 1 '-thiocarb~nyldiimidazole,'~~ 

followed by trimethylphosphite, to afford the known 2-cholest-22-ene derivative 234.1M 

Unfortunately, analogous epoxide opening of gem-methyl erythro epoxide 223 with 

isopropylmagnesiurn chloride and copper(I) cyanide failed and only unreacted starting 



Table 3.4 Epoxidation of Steroidal Allylic Alcohols 

(a) Yield of the unseparated mixtures of epoxides after column chromatography. 
(b) Ratio determined by NMR integration. 
(c) Results taken fiom reference 68. 

Allylic 
Alcohol 

Epoxides 
% Yielda (threo : erythro ratiolb 

MCPBA 

I 

VO(acac)*, 
t-Bu02H 

MO(CO)~, 
t-Bu02H 



Scheme 3.2 Determination of Stereochernisby 
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material was recovered. However, regioselective ring opening with a selenium-based 

nucleophile was more successful, and reaction of erythro epoxide 223 with 

mesitylene~elenolate'~~ resulted in the formation of diol 235. Compound 235 was then 

subjected to a Corey-Winter reactioni0' to yield olefin 237 and the geometry of the 



double bond was determined to be Z on the basis of NOE experiments.lo6 Hence, 

Irradiation of the olefinic proton at 6 4.97 ppm produced a 3.3% enhancement of the 

olefhic methyl group at 6 1.82 ppm, and a 3.4% enhancement was observed for the 

reciprocal experiment. The stereochemistry of the erythro isomer 225, synthesized from 

cis-methyl allylic alcohol 210, was confirmed by regioselective hydride opening of the 

epoxide. Therefore, lithium borohydride-titanium(IV) isopropoxide reducuon!" of 225 

resulted in the formation of the same C-22, C-23 diol (238) that was formed by hydride 

reduction of known erythro epoxide6' 219. Threo epoxide 226 was also neated with 

lithium borohydride-titanium(N) isopropoxide'07 to furnish diol 239, which was further 

reacted with catalmc p-toluenesulfonic acid to give the known triollo8 240. The 

configurations of the silyl ether and pivaloate epoxides (compounds 228-229 and 230- 

231, respectively) were easily determined since epoxy alcohols 218 and 219 are both 

known compounds.68 Hence, authentic erythro epoxide 219, was subjected to silylation 

or esterification and the resulting silyl ether and pivaloate were simply compared to the 

mixtures obtained fiom epoxidation of silyl ether 216 and ester 217, respectively. 

3.4.3 Discussion of Epoxidation Results 

The presence of a substituent in the ~ u n s  position seemed to have little effect on 

the stereoselectivity of the reaction since the unsubstituted allylic alcohol 208 and the 

tram-allylic alcohol 170 gave very similar threo : erythro ratios for all of the epoxidation 

methods in Table 3.4. In all cases the corresponding e'ythro isomer was favored. For the 

peracid and molybdenum-catalyzed epoxidations, the selectivity was modest, and for the 

vanadium-catalyzed epoxidation, the erythro isomer was formed almost exclusively. 

These results are somewhat contrary to what has been observed for the epoxidation of 

similarly substituted non-steroidal allylic alcohols (Table 3.2): where the threo product 

was the predominant isomer except in the case of vanadium-catalysis. 

In contrast to the above cases, gem and cis substituents had very striking effects 

on stereoselectivity. Gem-substituted allylic alcohol 209 gave the erythro epoxide 223 

with very high selectivity for all three epoxidation methods. In fact, the threo isomer 222 



was not even detected in the 'H-NMR spectra of the crude reaction mixtures. Although 

epoxidation of other gem-substituted allylic alcohols generally favors formation of the 

erythro epoxide, the strong preference observed in the peracid oxidation is somewhat 

anomalous. Epoxidation of the allylic alcohols with a methyl group in the cis position 

(210 and 211) favored formation of the threo epoxides (224 and 226, respectively), with 

the selecnvity highest for rhe MCPBA and moiybdmum-catdyz~d epsddiiiians. Thc;e 

results agree well with those reported for the cis-substituted nonsteroidal allylic alcohols 

in Table 3.2. 

The oxidation of the protected allylic alcohols 216 and 217 was only investigated 

with MCPBA, since molybdenum or vanadium-catalyzed epoxidations are generally 

limited to systems possessing a free-alcohol group in the allylic or homoallylic position. 

As explained earlier for peracid epoxidations, the stereoselectivity is thought to be the 

result of the alcohol group acting as a hydrogen bond donor to the hydroxylic peracid 

oxygen atom. This results in a relatively ordered transition state, and depending upon the 

substitution of the double bond, a preference for oxidation to occur fiom one face or the 

other. Hydrogen bonding is not possible for compounds 216 and 21 7, and therefore one 

might expect different selectivities fiom those found for the free allylic alcohol 170. 

However, this was not observed and both silyl ether 216 and pivaloate 217 gave similar 

eryrhro selectivity to that obtained for 170. 

The high diastereoselectivity observed in the peracid oxidation of several of the 

allylic alcohol systems can be rationalized on the basis of the steric interactions in the 

two conformers 195 and 196 in Figure 3.1, which result in the formation of the threo and 

e v h r o  epoxides, respectively. Hence, the high threo selectivity that was observed for 

peracid oxidation of the two cis-substituted allylic alcohols 210 and 211 can be attributed 

to destabilizing A(1,3) strain between ki5 and R in erythro conformer 196. 

Similar consideration of the conformations expected for vanadium-catalyzed 

epoxidation (199 and 200) (see Figure 3.2) predict that a substituent in the gem position 

should favor formation of the e ~ t h r o  isomer. Indeed, this was observed for gem- 

substituted allylic alcohol 209: which gave eryrhro epoxide 223 as essentially one 



diastereomer with vanadium-catalysis. The high selectivity can thus be attributed to 

A(l ,2) strain between hem and R in the threo-forming conformer 199. 

Computer molecular modeling was also done to aid our understanding of the 

above oxidations. Compounds 170, 208-211, 216, and 217 were modeled with 

MacroModel@ (Version 4.5) and their geometries were minimized in the MM2 mode. 

Subsequent Monte Carlo searches were used to determine the conformation with the 

global energy minimum for each compound. The energies and the 0-C(22)-C(23)-C(24) 

dihedral angles, are summarized in Table 3.5. The dihedral angle was arbiaarily assigned 

Table 3.5 Molecular Modeling of iUlylic Alcohol Derivatives 170,208-211,216 and 217 

Ally lic 
Alto hol i Global Energy Minimum 

(kJ/mol) 
I 

0-C(22)-C(23)-C(24) 
Dihedral Angle (degrees) 



as positive when C-23 moved clockwise relative to C-22 while sighting fiom C-22 to 

C-23. It is interesting to note that all of the allylic alcohols which afforded the 

corresponding threo epoxides as the major products had relatively large negative dihedral 

angles (- 158.1 * and -1 5 8 . 5 O )  and conversely, those which yielded the erythro isomers as 

the predominant products had small positive dihedral angles (8.2' - 24.3'). The latter 

conformations placed the alcohol moiety in close contact with the czs subsrituenr. 

Therefore, it was quite surprising that bulky 0-protecting groups had little effect on the 

dihedral angle. 

Similar modeling was also performed on rotationally restricted conformations of 

each of the allylic alcohols (Figure 3.4). It was hoped that these conformations could 

serve as models for the complexes with peracids and vanadium catalysts and thus the 

ensuing transition states. (see Figures 3.1 and 3.2). Hence, the O-C(22)-C(23)-C(24) 

dihedral angle for each system was constrained to - 120' and 120°, which correspond 

Figure 3.4 Rotationally Constrained Conformations of 

Allylic Alcohol Derivatives 170 and 208-211 

Peracid Epoxidations 

OH 

241a 

dihedral angle = -1 200 
leads to threo isomer 

Vanadium-Catalyzed Epoxidations 

242a 
dihedral angle = -500 
leads to threo isomer 

dihedral angle = 1200 
leads to erythro isomer 

242b 
dihedral angle = 500 
leads to erythro isomer 



to the preferred dihedral angles for peracid epoxidations leading to the threo and erythro 

epoxides, respectively. The vanadium-catalyzed epoxidations were similarly modeled 

using constrained dihedral angles of -50" and 50'. It was hoped that this simplified 

analysis could be used to quantify the A-strain that was postdated earlier for some of the 

epoxidations. As well, this molecular modeling study was intended to identify any other 

strongly destabilkmg interactions. The energies of the consuained aliyiic aicohoi 

derivatives are given in Table 3.6. Compounds 216 and 217 were not included in this 

study since they lack a free hydroxyl group that is required for the two models that were 

discussed in section 3.2. 

Table 3.6 Molecular Modeling of Rotationally Restricted Conformers 

Allylic Eof241a Eof241b  hE AE 

Alcohol (kJImol) (kJ/mol) 
1 

The most significant energy differences between the erythro- and threo-forming 

conformations were found for the peracid epoxidations of the systems containing a cis- 

methyl group (210 and 211), as well as for the vanadium-catalyzed epoxidation of gem- 

methyl allylic alcohol 209. For the peracid oxidation of 210 and 211, energy differences 

of 20.4 and 23.3 id/mol? respectively, were calculated, which is consistent with 

significant A(1,3) strain between the methyl group in the cis position and the group a to 

the allylic alcohol moiety in the erythto-forming conformer 241b. For the vanadium- 

catalyzed method, the energy difference observed for compound 209 was -7.3 k.J/mol and 



is attributed to A(1,2) strain between C-20 of the steroid and the gem-methyl group in 

ihreo conformer 242a. The other AE values in Table 3.6 were too small for basing 

significant conclusions. This high selectivity for the erythro epoxide has significant 

literature precedents and has been exploited in synthesis.log One interesting example was 

the use of a trimethylsilyl group as a dummy substituent in the gem position to provide 

diastereomerically pure eryrhro epoxy alcohol:'?44 (Scheme 3.3). The tnrnethylsilyi 

group was then simply removed with fluoride anion. 

Scheme 3.3 Epoxidation of a Gem-trhethylsilyl Substituted Allylic Alcohol 

In general, minimization of A(1.2) or A(1,3) strain dictates the observed 

stereoselectivity in the epoxidation of allylic alcohols containing gem or cis substituents. 

respectively. However, these interactions are relatively weak for monosubstituted or 

pans olefins, where otherwise subordinate steric and stereoelectronic factors become 

relatively more important in determining the stereoselectivity of the reaction. Therefore, 

in the absence of gem or cis substituents, the stereochemical outcome of the epoxidation 

is difficult to determine a priori. This in turn is reflected in the modest threo selectivity 

predicted for both peracid and vanadium-catalyzed epoxidations of pans-substituted 

allylic alcohol 170 and terminal allylic alcohol 208, in contrast to the modest erythro- 

selectivity that was found experimentally. 

3.5 Conclusions 

In summary, erythro selectivity was observed in all three of the epoxidation 

methods studied for allylic alcohols lacking a cis-methyl substituent. For these 



epoxidations, the vanadium-catalyzed method displayed the highest selectivity, affording 

the corresponding erythro epoxide as essentially one diastereomer. For the gem 

substituted alcohol 209 molecular modeling studies identified A(1,2) strain in conformer 

242a as the cause of this high erythro selectivity. On the other hand, allylic alcohols 

possessing a cis substituent demonstrated high threo selectivity in peracid and 
I 

molybdenum-catalyzed epoxidations, and moderate selectivity for vanadium catdysis. 

Molecular modeling indicated that A(Lj) strain in conformer 241b is responsible for the 

strong threo preference in the peracid oxidations of the cis-substituted allylic alcohols 

210 and 211. Attempts to use molecular modeling to rationalize the results from the 

other allylic alcohol systems lacking cis or gem substituents, were inconclusive. As well, 

conversion of the hydroxyl group of 170 to the conesponding silyl ether (216) or 

pivaloate (217) had little effect on the stereoselectivity of the peracid epoxidation of these 

systems. As a h a l  note, although the Sharpless model for peracid epoxidations used in 

this study is widely accepted in the literature, the smcture of the transition state has 

remained elusive until very recently. Bach and  coworker^'^' found an intricate hydrogen 

bonding network involving not only the hydrogen atom of the alcohol moiety, but of the 

peracid hydrogen atom as well, in the transition state. Thus, the dominant interaction is 

hydrogen bonding of the allylic alcohol to the carbonyl oxygen atom of the peracid and 

the 0-C-C=C dihedral angle is only of secondary importance. In another study, Sarzi- 

Amadt et al. 'I2 also found that hydrogen bonding to the carbonyl oxygen atom can be 

important. In their study they calculated a number of plausible transition state structures 

and did indeed find ones that closely resembled the Sharpless peracid model. Hence, the 

predictions for the epoxidation of steroidal allylic alcohols made simply on the basis of 

the Sharpless model may no longer be completely valid. However, it is important to 

point out that both studies only modeled the very simple oxidation of 2-propen-1 -01 with 

peroxyformic acid. Therefore, caution must be used in applying their conclusions to 

more elaborate systems. 

The results of our systematic study of the stereoselectivity of directed 

epoxidations of steroidal side chains have been 



Chapter Four 

Design, Synthesis and Biological Assays of Potential 

Nonsteroidal Mimetics of Brassinolide 

Introduction 

One may recall that although brassinosteroids are ubiquitous in plants, the 

conceneations are extremely low; ppt to ppb concentrations are typical.' The realization 

that natural sources were a completely unrealistic source of brassinolide for commercial 

applications quickly led to the development of a number of synthetic In fact 

our 1996 synthesis,56 which was discussed in detail in Chapter Two, is the most concise 

synthesis to date. Multigram quantities of brassinolide have been prepared in ca. 10% 

yield over twelve steps fiom commercially available stigmasterol. However, large-scale 

production of brassinolide is not presently economically viable. Therefore, the discovery 

of brassinolide mimetics would be of considerable interest. The use of simple, readily 

synthesized, nonsteroidal analogues may offer a cheaper alternative to the use of 

brassinolide and its derivatives in agribusiness. 

As introduced in Chapter One, brassinolide mimetics comprised of two relatively 

simple subunits joined by an appropriate linker group were investigated. The subunits 

contained the essential features required for bioactivity while the linken were used to 

hold these key hctional groups in the correct spatial orientation to mimic the structure 

of brassinolide. The design of the mimetics using computer molecular modeling is 

discwed in section 4.2 and their syntheses are outlined in section 4.3. Biological assays 

of the new compounds were performed by Dr. Pharis and coworkers using the rice leaf 

lamina inclination a s s a y  and the results are presented in section 4.4. 



Design of Novel Nonsteroidal Brassinolide Mimetics 

The nonsteroidal mimetics were designed by considering both the crucial features 

of the brassinolide molecule which are needed for high bioactivity, as well as the three- 

dimensional relationships between these key functional groups. Structure-activity studies 

indicate that vicinal &oi groups in the A-ring and on the side cnain,""* as weii as a poiar 

functional group in the ~ - r i n ~ * ~  are essential for high bioactivity. The relative spatial 

orientation of the alcohol moieties of brassinolide is illustrated in Figure 4.1, where the 

Figure 4.1 Minimum Energy Conformation of Brassinolide With 

the Crucial Regions Highlighted 

conformation was calculated by an initial iMM2 minimization. followed by a Monte Carlo 

search in MacroModela and finally by ab initio refinement with Spartan@ (ST0 3G 

basis set). The minimurn energy conformation of brassinolide was then used as a starting 

point for the rational design of nonsteroidal analogues. Hence, a variety of relatively 

rigid bicyclic subunits that contain the key diol groups were designed, with the subunits 

held approximately the correct distance apart using acetylene, trans-alkene, disulfide and 

hydrazone linkers (Figure 4.2). For greater ease in synthesis, most of the mimetics were 

assembled &om two identical subunits. Moreover, since all of the c h i d  subunits were 

racemic, the mimetics derived from them were formed as racemates and mixtures of 

diastereomers arising from pairs of matched and mismatched subunits. Although the 

similarities between brassinolide (1) and the potential mimetics was not initially obvious, 

computer molecular modeling (vide *a )  of some of the structures showed remarkable 



overlap of the key hydroxyl groups with the vicinal diol functionalities of brassinolide. 

The inclusion of phenolic hydroxyl groups in subunits 246 and 247, instead of ketone or 

lactone carbonyl groups as found in castasterone (17) and brassinolide (I), was justified 

by the observation that reduction of the 6-keto group of castasterone affords a pair of C-6 

alcohol epimers that are both significantly bioactive. ' '' Subunits lacking all polar 

hctrons at t h s  position (2.16 and 247 with I-ij were inciuaea for comparison. 

Figure 4.2 Proposed Subunits and Linkers for Brassinolide Analogues 

Subunits 

HO "' HO t H 0 "' 
OH (or H) OH (or H) 

L inkers 
- - - -. 

i 'It- 1, ?- s# S N 
I 

N' 
- -  - - - -  - - -  1 I * - -  

Work on the synthesis of brassinolide mimetics has been a collaborative effort in 

Dr. T.G. Back's laboratory and to date, ten analogues have been prepared (Fiewe 4.3); 

compound 260 was synthesized by Dr. Karol Michalak and compounds 257-259 were 

synthesized by M.Sc. student Gabriel Sung. Therefore, only compounds 254-256 and 

261-263 will be considered further in this Dissertation. 

4.2.1 Molecular Modeling of Noasteroidal Analogues 

Compounds 254-256 and 261-263 were subjected to molecular modeling to 

determine how closely the hydroxyl groups of the mimetics superimpose with the 



Figure 4.3 Brassinolide Mimetics 

I - - - -1- - 1 -  

254 R,R'=OH, 257 RR'=OH 259 RR' =OH 
255 R = O H , R ' = H  258 R = O H , R ' = H  
256 RR'= H 

vicinal diol functions of brassinolide itself. With the exception of compound 263, their 

global minimum energy conformations were determined by Monte Carlo searches in 

MacroModelGO. These structures were then imported into Spartan0 and the heats of 

formation were calculated (semi-empirical, AMI). For analogue 263, the global energy 

minimum was determined in Spartan using an Osawa conformational search because 

MacroModel@ does not support nitrogen-nitrogen bonds. To obtain the best 

superimposition of the hydroxyl groups of the mimetics with the hydroxyl groups of 

brassinolide, some of the key dihedral angles in the mimetics were constrained to match 

the conformarion of brassinolide. Full experimental details for these calculations are 

provided in Chapter Seven, section 7.6. Geometry optimization of the constrained 

structures with Spartan@ (semi-empirical, AM1) confirmed that their energies were 



reasonably close to the respective global energy minima calculated earlier. The energies, 

relevant dihedral angles, and intramolecular distances between hydroxyl groups of 

brassinolide and the mimetics are summarized in Table 4.1. In addition, the constrained 

conformations of 254-257 and 261-263 are displayed in Figure 4.4. 

Table 4.1 Dihedral Angles and Intramolecular Distances of Brassinoiide and 
Constrained Mimetics 254-256 and 261-263 

E of Global Min. = -864.5 kJ/mol 
E of Conformer = -858.0 kJ/mol 

Distances (A) 
01 -04=  2.81 

Compounda 

1 

continued 

Dihedral Angles (degrees) 
01-C2-C3-04= -53.1 

I E of Global Min. = -682.4 kJ/mol 
E o f  Conformer = -675.8 kJ/mol 

04-C3-C7-08 = -0.1 04-08 = 12.61 



Table 4.1 Continued fiom Previous Page 
. -- -- 

Compounda I Dihedral Angles (degrees) I Distances (A) 
* 

E of Global Min. = -498.3 kJ/mol 
E of Conformer = -493.8 k.T/rnol 

E of Global Min. = -9 1 8.3 kJ/mol 
E of Conformer = -91 7.7 kJ/mol / 04-C3-C7-08 = -1.2 

1 E of Conformer = -1066.3 kl/mol I 04-C3-C7-08 = -0.7 1 04-08 = 12.78 1 

04-C3-C7-08 = 4 . 3  

04-08 = 12.25 I 

262 1 E of Llabal Min. = -1068.3 ldimol 

04-08= 12.58 

(a) Numbering used in figures was arbitrary and does not reflect nrPAC rules. 
(b) Indicates a constrained dihedral angle; all other dihedral angles were calculated. 

04-C3-C6-05 = -31.3 

E of Global Min. = -1072.2 W/mol 
E o f  Conformer = - 104 1.3 kJlmol 

04-05 = 10.43 i 
I 

04-C3-C7-08 = -10.2 04-08 = 10.42 



Figure 4.4 Graphical Comparison of the Minimum Energy Conformation of Brassinolide 
with the Constrained Conformations of Mimetics 254-256 and 261-263 

Minimum Energy Conformation of Brassinolide ( I )  
I 

Mimetic 254 Mimetic 261 I 

4 

Mimetic 255 

Mimetic 256 

Mimetic 262 

Mimetic 263 



Inspection of the molecular modeling results shows that the hydroxyl groups on 

the mimetics superimposed quite we11 with the alcohol groups on brassinolide, and with 

the exception of compound 263, the energies of the constrained structures were all within 

8 id/mol (2 kcal/mol) of the corresponding global minimum energies. The largest 

sh-ucturd discrepancies were noted for the inaamolecuiar distances berween hydroxyi 

groups on separate subunits, where in some instances the values determined for the 

mimetics were 2A shorter than the values determined for brassinolide (01-05  and 01- 

08). This suggests that a linker that holds the subunits slightly M e r  apart may be 

required. Indeed, the values obtained for the bond distances for compound 262, which 

contains a tram-alkene linker, were significantly closer to the values calculated for 1. 

Comparison of the mimetics based on the tetrahydronaphthalene-type subunit 246 

(compounds 254-256) with those based on the more elaborate carbonyl fimctionalized 

subunit 218 (compounds 261-263) show that the unconstrained dihedral angles of the 

latter systems are closer to the values for brassinolide than the former mimetics. The 

most striking improvement is for the 0 1-C2-C6-05 dihedral angle which falls within 2" 

of the -25.C value determined for 1. However, it is important to note that the calculated 

conformations of brassinolide, as well as those of the mirnetics? may be substantially 

different in the aqueous environment of biological systems where hydrogen-bonding with 

water molecules may significantly affect their structures. Notwithstanding this limitation, 

molecular modeling does provide a convenient means by which a fint generation of 

potential mirnetics can be evaluated and refined. 

4.3 Preparation of Brassinolide Mimetics 

43.1 Synthesis of Mimetics 254-256 

The partial retrosynthesis of rnimetics 254-256 is shown in Scheme 4.1. It was 

envisaged that the simplest access to the desired compounds would be from Stille 

coupling reactions115 between bis(tributy1stamyl)acetylene (266)'16 and appropriately 



substituted tetrahydronaphthalene subunits (264 and/or 265). Alternatively, a two step 

procedure could be used where the subunit (264 or 265) is first coupled to a terminal 
117,118 acetylene, such as commercially available (trimethylsily1)acety lene (267), and after 

removal of the trimethylsilyl group, the newly formed terminal acetylene would be 

combined with a second molecule of subunit 264 or 265. 

Scheme 4.1 Retrosynthetic Analysis of Mimetics 254-256 

254 RR'= OH, 
255 R = O H , R ' = H  
256 RR'= H 

364 265 
X = Triflate or Haiide 

4.3.1.1 Synthesis based on a Triflate-Functionalized Subunit 

Our fust attempts to prepare rnimetics 254-256 involved the use of the triflate 

analogue of 264, the synthesis of which is shown in Scheme 4.2. 

The literature ~ i e l s - ~ l d e r " ~  reaction between butadiene (268) and bentoquinone 

(269) provided 5,8-dihydro- 14-naphthalenediol (270) in 76% yield after isomerization 

with t i n o  chloride. Although the direct dihydroxylation of 270 using the Woodward- 

~ r e v o s t " ~  protocol, followed by protection of the resultant diol as the acetonide to give 

274, has been reported in the literature,121 in our hands the yield of 274 was QO%. 

However, when the phenol groups of 270 were protected by conversion to the known 

b e q l  ether 271''' prior to cis-hydroxylation, the overall yield of 274 fkom 270 was 



68%. Monosilylation then gave phenol 275 in 49% yield, which was converted into 

triflate 276 using the mild triflating reagent, N-phenyltrifluoromethanesulfonimide, l2 

Scheme 4.2 Synthesis of Triflate 276 

6 + 4 "A'"" 
2) SnCl?, AcOH. 

HCl, H,O 1 OH 

- 
I 

0 OSn 

AcOH, 
AgOAc, 
1,. 85 O C  

OBn OBn 1 

) % p & c  1) KIC03, MeOH 
2) (MeO),CMe,. HO"' 

I p-TsOH Aco"am 
OH OBn OBn 

With the synthesis of the subunit complete, Stille coupling''' of 276 with 

bis(aibuty1stannyl)acetylene (2 66) and palladium-catalyzed coupling of 276 with 

(trimethylsily1)acety lene (267) 117*L18 were both explored under a variety of conditions 

similar to those recommended in the literature for related reactions. Regretfully, both 

methods failed to provide any of the desired coupled product (Table 4.2). 



Table 4.2 Attempted Coupling of Triflate 276 with an Acetylene Linker 

i 1 Entry ( Acetylene Linker I Conditions 

(PhsP)zPdClz (5 rnol %), LiCl, BHT, 

I 
DMF, 24 h, 100 "C 

Results" 
I 

r 

1 

N.R. 1 
Bu,Sn-SnBu, / ( P l ~ ~ P ) ~ P d c l ~  (5 mol YO), LiC1, BHT? 

266 / DMF. 24 h RT 
N.R. 1 

I 
4 

I 

p- 

i (Ph3P)Sd (5 rnol %), LiCl, 1.Cdioxane. i 6 1 266 
1 , 24 h, 75 "C 

4 

1 (Ph3P)2PdC12 (5 rnol %), LiCl, BHT, 
266 1 DMF, 24 h. 130 'C 

4 

1 - 
! 3 
t 

I 
N.R. 1 

I 

I 

C.M. I 

266 

(Ph3P)$d ( 5  rnol %), LiC1, 1,J-dioxane. 

24 h, 100 O C  

I 

(CH3CN)2PdC12 ( 5  rnol %), LiCI, BHT. 
266 i DMF, 24 h, RT 

N.R. 
I 

I 

1 
I 

C.M. 1 
I 

i 

(Ph3P)JPd (5 rnol %), LiCl, toluene, 

24 h, 110°C 

(Ph3P)2PdC12 (10 rnol %), Ph3P (0.4 

equiv.), LiC1, BHT, DMF, 24 h, 100 "C 

I 
N.R. 1 

I 

C.M. 
i 

N.R. 1 Me$-H I I 267 
I 

(Ph3P)2PdC12 (2.5 mol%), EtjN, DMF, 

24 h, 75 O C  

/ PdC12 (6 mol%)? PPhl (12 rnol %), 

1 Cd (4 mol%)? Et3N_ 24 h, 85 "C 

t 

-- 

(a) Based on 'H-NMR and TLC; N.R. = no reaction; C.M. = complex mixture. 

i 10 . 267 
(Ph3P)2PdC12 (2.5 rnol %), EtjN 

N.R. 



1.3.1.2 Synthesis Based on an Iodide-Functionalized Subunit 

Since triflate 276 could not be coupled with an acetylene linker, the use of the 

corresponding iodide was explored. The synthesis of iodide 280 is outlined in Scheme 

4.3. Following a literature procedure, phenol 279 was prepared in 3 1% overall yield 
.-* *.I.. 

from a-naphthol. " '"" Compound 279 was then iodinared in 57% yieid using 

chloramine T and sodium iodide.12' However, since iodination can occur either para or 

ortho to the hydroxyl group, the regiochemistry of 280 needed to be confirmed. Hence, 

iodophenol280 was converted into its corresponding methyl ether (281) (Figure 4.5) and 

NOE experimentslo6 were used to confirm the regiochemistry of the product. Thus. 

irradiation of the methyl group at 6 3.80 pprn produced a 20% enhancement of the 

aromatic proton at 6 6.56 ppm and vice versa (10% enhancement), thereby verifying that 

the iodide and alcohol groups were in apara orientation. 

Scheme 4.3 Synthesis of Iodophenol280 

I )  Li, MI,, EtOH (MeO)2Cbl+, 

Chioroamine T 
SaI, DMF 



Figure 4.5 Confirmation of the Regiochemistry of Iodophenol280 

Using Methyl Ether 281 

Although iodophenol 280 provided the necessary subunit for the preparation of 

mimetic 254, which was comprised of identical hydroxyl functionalized B-ring subunits, 

the synthesis of a subunit unfunctionalized in the B-ring, was needed for the preparation 

of the other two tetrahydronaphthalene-based mimetics (compounds 255 and 256). Thus, 

I-aminonaphthalene was converted by literature procedures 125,126 into 5-iodo- 1,4- 

dihydronaphthalene (283) in 35% overall yield. Subsequent cis-dihydroxylation using 4- 

methylmorpholine N-oxide and a catalytic amount of osmium tetroxide provided iodide 

284 (Scheme 4.4). 

Scheme 4.4 Synthesis of Iodide 284 

1) Na, EtOH 

2) NiI,, n-BuNO, HO"' 

With the appropriately hctionaiized subunits available (compounds 280 and 

284), ~ o n o ~ a s h i r a " ~  coupling with (trimethylsily1)acetylene (267) was explored as a 

method of introducing the necessary acetylene linker in a two step sequence (Scheme 

4.5). Therefore, both iodophenol 280 and iodide 284 were individually treated with 

acetylene 267 and catalytic amounts of copper@) iodide, and dichlorobis(tripheny1- 

phosphine)palla&ium(II) to M s  h the corresponding mono functionalized acetylenes 285 



Scheme 4.5 Synthesis of Mimetics 254-256 
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and 286, respectively, after removal of the trimethylsilyl group with tetrabutylammonium 

fluoride. Further reaction of the intermediate acetylene 285 with iodophenol280 yielded 

the desired symmetrical mimetic 254 after deprotection with acetic acid. Similarly, the 

unsymmetrical compound 255 and the symmebica.1 256 were synthesized by fiuther 

appropriate couplings of acetylene 286. Mimetic 255 was formed in 48% overaii yieid 

from the reaction of 286 with the t-butyldimethylsilyl ether of iodophenol 280 

(compound 288) and mimetic 256 was produced in 43% yield by the analogous coupling 

of 286 with iodide 284. 

Since all of the subunits used in the coupling steps were racemates, the final 

products for the symmetrical mimetics were produced as mixtures of a pair of 

enantiomers and the rneso diastereomer, resulting from the combination of matched and 

mismatched subuni~, respectively. Unsymmetrical mimetic 255 was produced as a 

mixture of two (+/-) pairs. The diastereomers could not be separated by chromatography 

or recrystallization. The presence of a triple bond was clearly evident in the "c-NMR 

spectra for compounds 254-256, where the acetylenic carbon atoms appeared at ca. 6 92 

4.3.2 Synthesis of Mimetics 261 and 262 

The retrosynthesis of our first attempt to prepare mimetic 290 from subunit 291 is 

shown in Scheme 4.6. The intention was to introduce the linker by SN2 displacement of a 

leaving group from compound 291 with lithium acetylide (292). Compound 291 would 

in turn be synthesized £?om protected ketone 293. 

4 3.2.1 Synthesis Based on Protected Ketone Intermediate 298 

, 

A synthesis of protected ketone 293, which partially controlled the relative 

stereochemis~ of the four chiral centers, was developed as shown in Scheme 4.7. 

Following a literature protocol,'27 monoketal 295 was synthesized from cis-(4a,8a)- 



2,3,4a,5,8,8a-hexahydro- 1,4-naphthdened  (294a). 12* The amount of diprotected 

compound 296 was minimized by using only 0.5 equivalents of ethylene glycol. 

Scheme 4.6 Retrosynthetic Analysis of 290 

P = Protecting Group 
X = Leaving Group 

It is important to note that acid-catalyzed epimerization of the cis-fused rings to the more 

stable nuns-fused rings"' occurred during this protection step."' Hence, the diprotected 

product (296), the monoprotected product (295), and recovered starting material (294) 

were all obtained as mixtures of cis- and trans-hsed ring isomers. Dihydroxylation of 

295, which was chromatographically separated fiom 294 and 296, with osmium tetroxide 

and 4-methylmorpholine N-oxide provided cis-diol 297 as an inseparable mixture of 

diastereomers. The mixture of diols (297) was then treated with 2,2-dimethoxypropane 

and catalytic p-toluenesulfonic acid to furnish acetonides 298. Unfortunately, all 

attempts to separate the diastereomers either by chromatography or recrystallization were 

unsuccessfui. In view of the stereochemical complexity of the mixture of products, this 

approach was abandoned. 



Scheme 4.7 Synthesis of Protected Ketone 298 
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4.3.2.2 Synthesis Based on Protected Ketone Intermediate 301a 

Although the desired diastereomer of compound 298 could not the separated from 

the other isomers, the general protocol outlined in Scheme 4.7 nevertheless provided a 

viable method for synthesizing subunit 293. Indeed, greater success was observed when 

the ethylene glycol used for the monoketalization of 294a was replaced with 2,2- 

dimethyl-1,3-propanediol (Scheme 4.8). Monoprotection of dione 29Ja using 0.5 

equivalents of 2,2-dimethyl- l,3-propanediol resulted in the formation of monoketals 

299a and 299b in a ratio of 20 : 80 for the cis and tram ring-hed isomers, along with 

unprotected 294a and 294b, which was removed chromatogaphically. The ratio of 

monoketals 299a and 299b was determined by integration of the methyl groups at ca. 6 



1.06 and 0.98 ppm for 299a and ca. 6 1.24 and 0.78 ppm for 299b. The ratio was 

assumed to favor the trans isomer on the basis of literature precedents.'" Cis- 

dihydroxylation of 299a and 299b provided a mixture of diols (3OOa-c). Interestingly 

however, diol 300c, which was formed as a single isomer from the oxidation of 299a, 

could be cleanly isolated by column chromatography. Finally, protection of diols 300a 

and 300b gave acetonides 3Ola and 301b, which in conuast to h e  ethyyienedioxy 

analogues (298), were conveniently separated by column chromatography. 

Scheme 4.8 Synthesis of Ketone 301b 

294a cis 
294b trans 52 

38% 299a cis 
299b trans 

59% (based on diol) 

\OSO,, NMO 

62% 300c (8%) 
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300b p,p dioi 

In addition, cis-fused diol 300c was also converted into its acetonide (301c) 

(Scheme 4.9). The stereochemistry of diol 300c and hence of acetonide 3 0 1 ~ .  was 

assigned by assuming that the exo face of the double bond should be less hindered and 

thus the exo diol should be favored. The conformation of 299a is shown in Figure 4.6 

where the B-ring is in a chair conformation and the cyclohexene ring is in a twist-chair 



Scheme 4.9 Epimerization of 301c to 301a 

conformation. Treatment of acetonide 301c with sodium hydroxide resulted in 

epimerization at C-8a to give the more stable tram-fused ring isorner.l2' The 'H-NMR 

spectnun of the isomerized material was identical to the spectrum of 301a obtained from 

300a in Scheme 4.8. Moreover, this isomerization of 301c supports our initial 

assignment of the stereochemistry of the progenitor, cis-diol300c. 

Figure 4.6 Conformation of 299a 

Endo Attack 

, Exo Attack 
, , ' (favored) - - 

0 0 

K H 

Further evidence for the assignment of the relative stereochemistry of the two 

acetonides, 301a and 301b, was obtained by using a variety of 1 D-NMR and ZD-NMR 

techniques, including DEPT,'~" COSY :l3Ob H M Q c ~ ~ ~ ~  and experiments. The 

equatorial and axial protons adjacent to the protected alcohol groups were assigned on the 

basis of their chemical shifts and coupling patterns. It is known that axial protons on 

rigid cyclohexane rings are consistently found 0.1 to 0.7 ppm firrther upfield than the 

corresponding equatorial protons.'3' As well? according to the Karplus curve,'32 axial 

protons are expected to show one large vicind coupling constant, 3~aid.aid, since the 



dihedral angle between these protons would be approximately 180'; for equatorial 

protons, the vicinal coupling constants would be smaller since all of the pertinent dihedral 

angles would be closer to 60'. Consequently, for each isomer, the proton which appeared 

at ca. 6 4.25 pprn with a width at half-height of 1.7 H z ,  in the 'H-NMR spectrum, was 

assigned as the equatorial . proton (H-6 for 301a and H-7 for 301 b). Similarly, the axial 

protons, H-7 for 301a and H-6 for 301b, were assigned to the signals at ca. 6 4.02 ppm 

with a width at half-height of 2.7 Hz (Figure 4.7). The COSY. and HMQC spectra were 

Figure 4.7 Chair Conformations of 301a and 301 b 

30 1 a 

P = Protecting Group 

then used to map the spin systems of ketones 301a and 301b. By use of the HMQC 

spectra the two ring-fusion protons, H-4a and H-8% were easily identified and H-8a was 

assigned to the lower field chemical shift signal. This is consistent with the expectation 

that protons a to a carbonyl group should appear further downfi~eld than those adjacent to 

a ketal moiety.'33 Surprisingly, H-8a was not as far downfield as expected, appearing at 6 

2.63 pprn for 301b and at 6 2.24 pprn for 301a. The CH signal of H-4a appeared at S 

1.99 pprn for 3Ola, and at 6 1.5 l pprn for 301 b. Confinnation of these assignments was 

made using HMBC e ~ ~ e r i r n e n t s ~ ' ~ ~ ~  which show NO and three bond correlations 

beween protons and carbons. Therefore, it was possible to confidently assign H-8a and 

H-4a on the basis of their correlation with either the ketone carbon (C-1) at ca. 6 2 10 ppm 

or the ketal carbon (C-4) at ca. b 96 ppm. The data is summarized in Tables 4.3-4.5 and 

Figures 4.8 and 4.9. 



Table 4.3 COSY Analysis of  Ketones 301a and 301 b 

Ketone 301a 

I 

I 2.42, ddd I 1.49, rn; 2.33, m t 

Signal (ppm), multiplicity 

r 

4.27, m 

4.01, ddd 

3.02, ddd 

1 4 

1.49, m I 3.02, ddd 1 

Correlated to: 

Signal (ppm), Multiplicitya 

2.04, m; 2.57, br d 4.01, ddd 

1.36, m; 2.28, m; 4.27, m 

1.49, m;2.33, dd; 2.42, dt 

I 
t I 

Ketone 301b 

4.2 1, ddd I 1.73, ddd; 2.28, m; 4.01, ddd 

1.36, m 4.01, ddd 
i 
I 
I 

3.03, ddd 
I 

1.40, ddd; 2.28, m 2.45, m 
i 

4.0 1, ddd 

I 

2.63, ddd I 1.66, ddd; 2.45? m; 1.5 1, rn 
i 

I 

1.66, ddd; 2.5, m; 4.21 , ddd 

2.45, m 1.66, ddd 
I 

2.35, m 

I 
1.40, ddd; 2.28, m 

1 

2.28, m 

2.28, rn 

1.51, m; 1.73 ddd 
I 

2.45? m; 3.03, ddd I I 

1.73, ddd 

4 

I 

1.51, m 

1.66, ddd 

1.40, ddd I 3-03, ddd 

4.0 1, ddd 
I 

I t 
(a) Due to the symmetrical nature of a COSY spectrum, most of the redundant ' 

1.51, m 

correlations have been omitted. 

1.73, ddd 



Table 4.4 HMQC and HMBC Analysis of Ketone 301a 

I (a) Due to overlap, HMBC correlations for carbons that were close in chemical shift 
I I I 

could not be determined. 

Carbon Signal (ppm), 
multiplicity 

22.5, CH3 
23.6, CH; 
26.1, CH2 
26.6, CH2 
26.9, CH3 
29.0, CH3 

Correlations in HMQC 
Spectrum: Proton Signal 

@pm) 
0.76 
1.20 
2.04,2.57 
1.49, 3.02 

1 

Correlations in HMBC 
Spectrum: Proton Signal 

@pm)" 
1.20 
0.76 
-- I 
-- 

29.3: CH2 
30.4, C 
37.4, CHz 
45.0, CH 
45.5, CH 
70.2, CH2 

7 1.0, CH? 

1.32 I -- 
1.46 
1.36, 3.38 
- 

-- 
-- 
-- 

2.33,2.42 I 1.49, 3.02 
1.99 
2.24 
3.37,3.43,3.70 
and/or 3.72 
3.37,3.43, 3.70 
and/or 3.72 

-- 
-- 
-- 

-- 
I 



Table 4.5 HMQC and HMBC Analysis of Ketone 301b 

3.03 
(a) Due to overlap, correlations in the HMBC spectrum for carbons that were close in 

chemical shift could not be determined. 

Carbon Signal (ppm), 
multiplicity 

21 $7, CH3 
23.5, CH3 
26.8, CH2 

Correlations in HMQC 
Spectrum: Proton Signal 

@pm) 
0.74 
1.20 
1.40, i .66> 2-45? 
3.03 

Correlations in HMBC i Spectrum: Proton Signal : 

(P emla [ 

1.20 
0.74 
-- 



Figure 4.8 NMR Assignments for Ketone 301a (6 of 'H signals 

are given first, followed by 13c signals in parentheses) 

Figure 4.9 NMR Assignments for Ketone 301 b (6 of 'H signals 

are given first, followed by I3c signals in parentheses) 



Scheme 4.8 describes a convenient synthesis of protected ketone 301a, which 

could potentially be elaborated into a subunit that contains a leaving group in place of the 

ketone moiety (Scheme 4.10). To allow for the closest possible superposition of the 

mimetic with brassinolide, the linker in compound 290 needs to be attached in the 

equatorial position of the subunit, which predicates that the leaving group in compound 

302 must in an axial posiuon if the acetylene iinker is to be attached by SN2 dispiacement 

with lithium acetylide. With the judicious choice of reducing agent, we hoped to 

Scheme 4.1 0 Potential Synthesis of Analogue 290 

30 1 a 302 X = Leaving Group 290 

stereoselectively reduce the ketone group in 301a to either the axial or equatorial alcohol 

which would then be transformed into an appropriate leaving group. Both lithium tri-sec- 

butylborohydride (L-Selectride@) and lithium tri-t-butoxyaluminohydride were 

investigated since it is known that for the reduction of 4-t-butylcyclohexanone: the axial 

alcohol is favored for reductions with the first reagent and the equatorial alcohol is 

favored for reductions with the latter (Scheme 4.1 1).'14 The stereoselectivity can be 

rationalized by considering steric and torsional effects. For the reduction of 

cyclohexanones, the axial alcohol is preferred when the reducing agent is a hindered 

hydride donor, such as a trialkylborohydride, because the equatorial direction of approach 

is less sterically demanding. Although lithium tri-t-butoxyduminohydride is also quite 



Scheme 4.1 1 Stereoselectivity of Hydride Reducing Agents 

bulky, it seems that in this instance torsional factors predominate in controlling the 

stereochemical outcome of the reduction. In the formation of the axial isomer, torsional 

stain develops as the oxygen of the carbonyl group passes through an eclipsed 

conformation with the equatorial hydrogens on the a carbons, and hence results in a 

preference for the formation of the equatorial alcohol. Fortunately, the reduction of 

ketone 301a with the aforementioned reducing agents. proceeded as expected and only 

the axial alcohol 306 was obtained from the reduction with lithium tri-sec- 

butylborohydride, while only the equatorial alcohol 307 was isolated from the reaction 

with lithium tri-t-butoxyaluminohydride (Scheme 4.12). Again. the assignment of the 

stereochemistry of the alcohol was determined by considering the chemical shift of the 

adjacent hydrogen atom. For axial alcohol 306, H-1 appeared at 6 3.69 ppm with a width 

at half-height of 0.8 Hz. For equatorial alcohol 307 the signal for H-l was significantly 

upfield at 6 3.28 ppm; the width at half-height could not be determined because of 

overlapping signals. 

Attempts to transform axial alcohol 306 into its mesylate or tosylate derivative 

were unsuccessful, and either gave no reaction or resulted in complex mixtures. In 

addition, some reactions with equatorial alcohol 307 were examined since it is known 

that chlorination of an alcohol with thionyl chloride in nonpolar solvents, such as 

methylene chloride or chloroform, proceeds with inversion of configuration at the 

reacting center.''' Unfortunately, the reaction of 307 with thionyl ~h lor ide"~  gave only a 

complex mixture of products. 



Scheme 4.12 Hydride Reductions of Ketone 301a 

At this point it was evident that SN2 displacement of the leaving group from 302 

with lithium acetylide (292) was not going to be a feasible method for the synthesis of 

brassinolide mimetics. Consequently, a new approach was explored which involved 

Stille coupling"5 between the vinyl eiflate moiety of 308 and 

bis(tributylstanny1)acetylene (266)'16 or E-l,2-bis(tributylstanny1)ethylene (309)'" 

(Scheme 4.13). Triflate 308 was in turn, prepared from the same protected ketone (301a) 

that was used above to synthesize alcohols 306 and 307. 

Treatment of ketone 301a with LDA resulted in selective formation of the kinetic 

enolate, which was easily trapped as the vinyl triflate 308, using N-phenyltrifluoro- 

methanesulfonimide.'" Stille coupling"s with either 266 or 309 proceeded smoothly to 

provide the protected coupled products 3 10 and 3 11, respectively. The protecting groups 

were removed with 80% acetic acid to afford the desired products (Scheme 4.14) 



Scheme 4.13 Retrosynthetic Analysis of Mimetics 261 and 262 

Their structures were c o d e d  by the following (inter alia) evidence. The hydroxyl and 

ketone functions appeared at ca. 3380 and 17 10 cm*', respectively, in the IR spectra of 

compounds 261 and 262. For compound 261, the presence of a triple bond was evident 

fiom the "c-NMR signal at 6 89 pprn, and the "c-NMR spectrum of compound 262 

contained olefinic CH signals at S 140 and 132 ppm. In forming the mimetics, two 

molecules of racemic 308 are required. Therefore the coupled product is formed as a 

mixture enantiomers and meso diastereomers arising from the combination of either 

homochiral subunits or heterochiral subunits, respectively. 

4.33 Synthesis of Mimetic 263 

Following the retrosynthetic analysis in Scheme 4.15, we hoped to prepare azine 

263 from the same protected ketone (301a) used previously in the synthesis of mimetics 

261 and 262. Thus, following a literature method for the preparations of symmetrical 



Scheme 4.14 Synthesis of Mimetics 261 and 262 
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Scheme 4.1 5 Retrosynthetic Analysis of Mimetic 263 

a ~ i n e s , ' ~ ~  ketone 301a was refluxed in n-butanol with 0.5 equivalents of hydrazine. This 

provided protected azine 312 in 83% yield (Scheme 4.16). Unfortunately, all attempts to 

remove the protecting groups resulted in the formation of complex mixtures of products. 

To avoid this problem, unprotected diketone 313, which was prepared in 89% yield from 

cis-dihydroxylation of tram-(4q8a)-2,3,4a,5,8,8a-hexahydro- 14-naphthalenedione 

(294b),'39 was used in place of ketone 301a (Scheme 4.16). Diketone 313 and 0.25 

equivalents of hydrazine were refluxed in n-butanol to afford 56% of the mixture of adne 

stereoisomen. Less than the stoichiometric amount (0.5 equiv.) of hydrazine was used to 

minimize the amount of oligimeric byproducts containing more than two 

octahydronapthalene subunits. The hydroxyl, ketone, and imine groups were evident in 

the IR spectrum from absorptions at 3428, 1710 and 1634 cm-I, respectively. As well, 

the low and high resolution mass spectra were consistent with the structure. As in the 

case of the other rnimetics, the product is again formed as a mixture of stereoisomers. 

However, for mimetic 263, the mixture is much more complex, since the racemic ketone 

precursor 313 contained two diasfereotopic ketone groups which can each react with the 

hydrazine initially, and each of the carbon-nitrogen double bonds can be E or Z (only the 

E, E form, which is presumably the major geometric isomer, is shown in Scheme 4.16). 

This leads to eight possible isomers (four pairs of enantiomers) after one of the nitrogens 

of hydrazine has reacted with 313. Further reaction of this intermediate with a second 



molecule of 313 then results in a theoretical maximum of sixty-four possible 

combinations, of which thlay represent unique structures. 

Scheme 4.16 Synthesis of Mimetic 263 

NH,NH, (0.5 equiv.) - 

NH,NH, (0.25 equiv.) 

u I I  

'OH 

(+I-)-263 + meso-263 
(56% based on hydrazine) 



Bioassays of Brassinolide Mimetics 

The brassinosteroid activity of mimetics 254-256 and 261-263 was tested using 

the rice leaf lamina inclination bioassay.29 Brassinolide was used as the standard for all 

of the bioassays and each mimetic was tested alone and in the presence of IAA. 

The resuits o i  he bioassays of the three nlimztics bassd sn thz 

tetrahydronaphthalene subunit (254-256) are given in Figures 4.1 0-4.1 5. The 

symmetrical phenolic mimetic 254 displayed very slight, but statistically significant 

activity at the 3000 nglplant dose, the highest dose tested (Figure 4.10). With the 

addition of IAA, this activity was substantially increased (Figure 4.1 1). Although the 

unsymmetrical mimetic 255 did not have any appreciable activity when tested alone 

(Figure 4.12), weak activity was observed at the 300: 1000 and 3000 ng/plant doses when 

255 was tested in the presence of IAA (Figure 4.13). Symmetrical mimetic 256, which 

lacks a polar functional group in the B-ring, was completely inactive, as expected 

(Figures 4.14 and 4.15). The weak activity at the 100 nglplant dose in the presence of 

IAA is presumably anomalous, as activity disappeared at higher doses 

The three mimetics with a carbonyl group in the B-ring (compounds 261-263). 

showed no significant activity with or without IAA in the standard rice leaf lamina 

inclination bioassay (Figures 4.16-4.2 1): except possibly for the highest dose (I OtOOO ng) 

of 263 in the presence of IAA. Since compounds 261 and 262 had poor solubility in 

water or ethanol, the solvents used for their application, the bioassays of 261 and 262 

were repeated using dimethyl sulfoxide as the solvent (Figures 4.22-4.25). Mimetic 261, 

which contains decalin-based subunits linked together by an acetylene group, was 

inactive when tested alone (Figure 4.22). However, in the presence of IAA, appreciable 

activity was observed at all of the doses tested (Figure 4.23). Mimetic 262, in which the 

linker is a tram-lkene group, displayed modest activity at the 100, 1000 and 10,000 

ng/plant doses (Figure 4.24) and significant synergism of 262 with IAA was shown 

across a wide range of doses (Figure 4.25). 
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Figure 4.14 Rice Leaf Lamina Bending 
Assay of 256 

Figure 4.15 Rice Leaf Lamina Bending 
Assay of 256 + IAA 
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Figure 4.16 Rice Leaf Lamina Bending 
Assay of 261 
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Figure 4.17 Rice Leaf Lamina Bending 
Assay of 261 + 1.M 
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Figure 4.19 Rice Leaf Lamina Bending 
Assay of 262 + I U  
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Figwe 4.1 8 Rice Leaf Lamina Bending 
Assay of 262 
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Figure 4.20 Rice Leaf Lamina Bending 
Assay of 263 
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Figure 4.21 Rice Leaf Lamina Bending 
.4ssay of 263 - IAA 
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Figure 4.22 Rice Leaf Lamina Bending 
Assay of 261 in DMSO 
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Figure 4.23 Rice Leaf Lamina Bending 
Assay of 261 + IAA in DMSO 
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Figure 4.25 Rice Leaf Lamina Bending 
Assay of 262 + IAA in DMSO 
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Conclusions 

The synthesis of six novel brassinolide mimetics (254-256 and 261-263) 

containing tetrahydronaphthalene (246) or nonaromatic carbonyl-hctionalized subunits 

(248) with acetylene, pans-alkene or hydrazone linkers, was achieved. Compounds 254 

mc! 255, which had phenolic hydroxyl groups in the B-ring and compounds 261 and 262. 

which had carbonyl groups in the B-ring, displayed the strongest activity. The results for 

254 and 262 are especially promising since activity, albeit relatively low compared to 

brassinolide, was observed even without added IAA. Compound 256, which lacks a 

hctional group in the B-ring was inactive and thus reaffirms our hypothesis that a polar 

functional group in the B-ring is essential for biological activity. 

In the molecular modeling studies, although compounds 254 and 255 gave 

dihedral angles between the hydroxyl goups that were in good agreement with the values 

calculated for brassinolide, the intramolecular distances between the alcohols were 

somewhat shorter. Moreover, comparison of the molecular modeling data obtained for 

261 and 262 suggested that changing the linker from an acetylene group to a nuns-alkene 

group can reduce this discrepancy. It will therefore be of considerable interest to see if 

compounds 257 and 258, which contain the same subunits as 254 and 255, but are linked 

by a pans-alkene group, show improved biological activity as compared to 254 and 255. 

The more elaborate decalin-based mimetics 261-263 were almost completely inactive 

when water or ethanol was to dissolve the mimetic for application to the rice seedlings. 

The use of a better solvent, such as dimethyl sulfoxide, for the bioassays on mimetics 261 

and 262, resulted in stronger observed bioactivity. This may be due to an increased 

amount of the compound that is absorbed by the plant. The inactivity of compound 263 

may be partly due to the existence of this compound, as complex mixture of 

stereoisomers. However, since the activity of the mixture was negligible at even the 

highest doses, it is unlikely that any of the isomers, even relatively minor ones, are 

strongly bioactive. Moreover, the problems encountered in trying to remove the 

protecting groups from azine 312, imply that the hydrazone linker may be too labile in 

aqueous environments. 



Chapter Five 

Approaches Towards the Synthesis of Xestobergsterol A 

Introduction 

This Dissertation has focused on the chemistry of brassinosteroids, including 

improvements to Back's 1993 synthesis, the preparation and biological testing of B-ring 

analogues, as well as nonsteroidal analogues, and finally a detailed investigation of the 

epoxidation of A"-22-01 steroidal side chains. With these endeavors complete, we started 

working on the synthesis of another highly oxygenated steroid, xestobergsterol A, which 

has potential medicinal applications (vide i n f i ) .  

5.2 History, Isolation and Biological Properties 

Xesrobergsterols comprise a novel class of steroids, which are based on a unique 

pentacyclic skeleton and have an unusual cis-fused CID ring junction. 1J0*141 In 1992, 

Umeyama, Kobayashi, and coworkers discovered that the crude extract of the Okinawan 

marine sponge Xestospongia berquisra ~ r o r n o n t ' ~  was a powerful inhibitor of histamine 

release. Using this biological activity as a guide, the researchers were able to purify two 

novel steroids after exhaustive fractionation and chromatography. Thus, 

(3 R,ja,6R97R, 14P, 1 6s: 1 7S,23 R)- 1 6,23-cyclo-3,6,7,23-tetrahydroxy- 1 5-cholestanone 

(xestobergsterol A) (314) and (1S,2R,X,Sa,6R,7R, 14P, 16S,1 7S,23R)-16,23-cyclo- 

1,2?3,6,7,23-hexahydroxy- 1 5-cholestanone (xestobergsterol B) (315): constituted the first 

two members of this unique class of sterols. Standard spectroscopic techniques were 

used to elucidate the structures of xestobergsterols A and B. However, it was not until 

1995 when Kobayashi et isolated the third member of this class, 

(2S,3S,Sa,6R,7R, 14P, 16s: 1 7S723R)- 16,23-cycl0-2,3,6,7,23-pentahydroxy- 1 5-cholestan- 

one (xestobergsterol C) (316), fiom Ircinu sp., that a reexamination of the NMR 



spectroscopic data for all three compounds led to a correction in the assigned 

configuration at C-23. Moreover, in conjunction with the NMR data the CD excitation 

chirality method'42 was used to determine the absolute stereochemistry of xestobergsterol 

A. The absolute configurations of xestobergsterols B and C were assumed to be the same 

as that of xestobergsterol A. Structurally related to the xestobergsterols, is the steroid 

contignasterol (317), which was the first naturally-occurring steroid found to have the 

14P ~onfi~auration. '~~ The structures of the xestobergsterols and contignasterol are shown 

in Figure 5.1. 

Figure 5.1 Structure of Xestobergsterols A? B and C and Contignasterol 

Xestobergsterol A (314) Rl,R? = H 
Xestobergsterol B (315) R1,RZ = OH 
Xestobergsterol C (316) Rl = H, Rl = OH Contignasterol (317) (IZP-94005) 

Xestobergsterols A and B were found to inhibit histamine release fiom rat 

peritoneal mast cells, which had been induced by irnmunoglobin E (IgE) antibodies, and 

gave ICjo values of 0.05 and 0.10 pMl respectively.14o For comparison. the inhibitory 

effect of xestobergsterol A is ca. 5000 times more potent than that of the well-known 

antiallergenic drug, disodiurn cromoglycate = 262 pM) (Figure 5.2). Mast cells and 

basophils release histamine when binding to a specific IgE antibody occurs and this plays 

a key role in allergic reactions and asthma1* Moreover, the mechanism of action of 

xestobergsterol A on IgE-dependant histamine release has been shown to be at least 



partially due to the inhibition of phosphatidylinositol phospholipase C (PI-PLC),'" which 

is involved in an early stage of the histamine release pathway. At the present time, the 

mechanism of the inhibitory activity of xestobergsterol B is unknown.'" Contignasterol 

(317), isolated in 1992 by Andersen el a/.,"' is also a powerful inhibitor of histamine 

release. The ICso value of contignasterol (317) is 0.8 pm for anti-IgE induced histamine 

release fiom rat peritoneal mast ce l l s . "~o reove r ,  contignasterol has been shown to 

inhibit antigen-induced bronchoconstriction and airway smooth muscle contractions in 

guinea pigs and is therefore of pharmaceutical value as an antiasthma agent?' The 

potent inhibitory effect of xestobergsterol A (314) on histamine release through inhibition 

of PI-PLC, suggests that 314 may also be a useful antiallergenic drug. As well, in 

another study, xestobergsterols A and C displayed cytotoxicity against L-1210 murine 

leukemia cells, giving IC values of 4.0 mM and 4.1 mM, respectively. Xestobergsterol 

B did not show any significant activity in this bioassay. 

Figure 5.2 Structure of Disodium Cromoglycate (318) 

0 0"f-0 0 

NaO 

5.3 Background on the Synthesis of a Structurally Related Compound 

In 1992, Back and Hu reported the synthesis of antibiotic A25822 B (319) fiom 

epiandrosterone (32O)(Scheme 5.1 ). 14' Interestingly however. attempts to introduce the 

Zemethylene group into intermediate 323 after deprotection of the 24-ketone moiety, 



Scheme 5.1 Synthesis of Antibiotic A25822 B 

Epiandrosterone (320) 32 1 322 

Antibiotic A25822 B (319) 

resulted primarily in the formation of the corresponding aldol condensation product 324 

(Scheme 5.2). The structural similarity between compound 324 and xestobergsterol A 

(314) was quite compelling, and suggested that the E-ring in the pentacyclic skeleton of 

xestobergsterol.4 could be introduced via an intramolecular aldol reaction of compound 

325 (Scheme 5.3). However, before describing our approaches to the synthesis of 

Scheme 5.2 Unexpected Formation of Aldol Condensation Product 324 from 323 



intermediate 325, and hence to xestobergsterol A (314), a brief examination of the 

relevant literature is appropriate. At the time our work in this area began, the 

xestobergsterols had not yet received any synthetic attention. However, since that time, 

two groups reported the synthesis of xestobergsterol analogues and these are described in 

section 5.4. 

Scheme 5.3 Proposed Introduction of the E-ring of Xestobergsterol A (314) via an 

Intramolecular Aldol Reaction of Compound 325 

Xestobergsterol A (31 4) 325 
P = Protecting Group 

5.4 Synthetic Approaches to Xestobergsterol A 

5-4.1 Jung and Johnson's Synthesis of 7-Deoxyxestobergsterol A 

Jung and Johnson reported the synthesis of 7-deoxyxestobergsterol A (332) in 

1 99714' (Scheme 5.4). Their synthesis employed an intramolecular aldol reaction to form 

the E-ring and Breslow remote functionalization in a key step. The synthesis began with 

known alcohol 326, which can be prepared in five steps and 69% overall yield from 

readily available stigmasterol (92). The C-23 alcohol was then protected as the 

corresponding pivaloate and subsequent treatment with p-toluenesulfonic acid provided 

327 in 88% overall yield after protection of the C-3 alcohol with benzyl bromide. 





Hydroboration-oxidation of the alkene, acetylation of the resultant alcohol, and removal 

of the benzyl protecting group afforded alcohol 328 in 57% yield fiom 327. Mitsunobu 

reaction with (4-benzoy1)phenylacetic acid gave ester 329 in 90% yield. Photolysis of 

compound 329 resulted in the generation of a radical species, which abstracted the 

hydrogen atom at C-14, thus eventually resulting in the formation of a double bond. The 

three ester groups were saponified with sodium hydroxide and the alcohol groups were 

protected by treatment with t-butyldimethylsilyl trifluoromethanesulfonate. Compound 

330 was produced in 48% overall yield, and was then subjected to careful hydrolysis of 

the primary silyl ether at C-23. Oxidation of the alcohol to the corresponding aldehyde, 

reaction of this aldehyde with isobutylmagnesium bromide, hydroboration-oxidation of 

the double bond at C-14, and oxidation of both secondary alcohols furnished dione 331 in 

46% yield over the five steps. The silyl protecting groups were removed under acidic 

conditions, and just as we had hypothesized, treatment of the dione with base resulted in 

an intramolecular aldol reaction to give 7-deoxyxestobergsteroI(332). 

The synthesis of 7-deoxyxestobergsterol (332) is 22 steps @om stigmasterol with 

an overall yield of 7%. The stereoselectivity for the key aldol step is excellent, where the 

desired isomer is isolated in nearly quantitative yield. The main disadvantage of the 

synthesis is that the final compound lacks the 7-hydroxyl group of xestobergsterol A 

(314) and installation of this group would obviously necessitate at least a partial redesign 

of the synthetic approach. 

5.4.2 Krafft's Approaches to Xestobergsterol A 

Krafft and coworkers have also reported attempts at the synthesis of 

xestobergsterol A (314). Their first approach involved preparing the pentacyclic 

xestobergsterol A skeleton (334) fiom compound 333 via an intramolecular Pauson- 

Khand reactionlS0 (Scheme 5.5). Although they did succeed in this effort, the method 

was abandoned because of the low yield obtained for this key cyclization step. 



Scheme 5.5 Krafft's Key Pauson-Khand Reaction for the Preparation of the Pentacyclic 

Skeleton of Xestobergsterol A 

OMOM 
MOMO 

In their second approach, Kraft et 01. 1 5 '  investigated the independent syntheses of 

the CIDE  rings and the A/B rings of xestobergsterol A. M e r  exploring a number of 

different routes for the preparation of the pentacyclic framework of xestobergsterol A, the 

highest yields and best stereoselectivities were obtained for the sequence shown in 

Scheme 5.6. Epiandrosterone (320) was converted quantitatively into enone 335 by 

means of a palladiurn(I1) oxidation of the intermediate en01 silyl ether. Addition of 2- 

lithio-&methyl- l,3-dithiane to enone 335. followed by acid-catalyzed rearrangement of 

the resultant allylic alcohol, afforded compound 336 in 76% overall yield. Deprotection 

with thallium nitrate gave the corresponding C-20 ketone. The C-3 alcohol was then 

selectively protected as the silyl ether and rhodium-catalyzed hydrogenation of the A" 

bond provided hydroxy ketone 337 in 56% yield from 336. The side chain was further 

elaborated by Wittig olefination to give alkene 338 in 73% yield. Hydroboration- 

oxidation, preferential tosylation of the new primary alcohol, and substitution at C-23 by 

cyanide ion furnished nitrile 339 in 60% overall yield. Dione 340 was then formed in 

72% overall yield after reaction with isobutylmagnesium bromide and oxidation of the C- 

15 hydroxyl group. As in Jung's synthesis, treatment of dione 340 with aqueous base 

provided the desired pentacyclic skeleton 341. 

For the preparation of the highly oxygenated A and B rings of xestobergsterol A 

(311), Krafft and coworkers used testosterone (342) as the starting material (Scheme 

5.7).15' Ketalization of 342 resulted in deconjugation to give the A' alkene. 



Scheme 5.6 Synthesis of CIDE Rings of Xestobergsterol A (314) 
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Intermediate 343 was then produced in 81% overall yield after the C-17 alcohol was 

convened to its methyl ether. Oxidation at C-7 with Collins reagent followed by 

dissolving metal reduction of the resultant enone gave ketone 344 (76% overall yield). 

The C-6 and C-7 alcohol groups were installed stereoselectively in a two step procedure. 

Thus, conversion of the ketone to the corresponding en01 silyl ether, followed by 

hydroboration-oxidation, provided diol 345 in 65% yield fiom 344. Finally, acid 



hydrolysis of the ketal protecting group followed by reduction with lithium tri-sec- 

butylborohydride gave 3a-alcohol346 preferentially. 

Scheme 5.7 Synthesis of AIB Rings of Xestobergsterol A (314) 

Testosterone (342) 343 (8 1%) 344 (76%) 

I I )  LDA, Me3SiC1 
2) BH3-THF 

NaOH, H20, 

- - -  

1 ) pTsOH 
2) LiB(rec-BuhH 

NaOH. H202 OH HO"' : OH 
OH 345 (65%) 

All of the stereocenters in Krafft's approach were established with excellent 

stereocon~ol. The most significant drawback of Krafft's synthesis is that application of 

the two partial syntheses to the synthesis of xestobergsterol A will require significant 

modifications. 

5.5 Retrosynthetic Analysis of Dione 325 

One may recall that our initial interest in xestobergsterol A was predicated upon 

the structural resemblance of the unexpected pentacyclic aldol condensation product 324 

reported in 1993 by Back and Hu, to the pentacyclic skeleton of xestobergsterol A (314). 

Therefore, we wished to prepare dione 325 as a potential precursor to 314 (refer to 



Schemes 5.2 and 5.3). We intended to investigate the preparation of the C/D/E rings of 

xestobergsterol A, and then to examine methods for the elaboration of the A and B rings. 

Dehydroisoandrosterone (347) (Figure 5.3) was chosen as the starting material because it 

is functionalized in both the B and D rings. In particular, we hoped that the double bond 

at C-5 could be elaborated into the C-6, C-7 diol that is required for xestobergsterol A 

(314), and that the functiondized side chain of compound 325 couid be introduced &er 

appropriate transformations of the C-17 ketone. 

Figure 5.3 Structure of Dehydroisoandrosterone (347) 

Dehydroisoandrosterone (347) 

The first method that was investigated (Scheme 5.8) involved a sequence 

resembling that used by Back and Hu in their synthesis of antibiotic A25822 B (refer to 

Scheme 5.l).''' Thus, dione 325 would be prepared from allylic alcohol 348. 

Furthermore, similar to the preparation of 322 in the synthesis of antibiotic A25822 B, it 

might be possible to obtain intermediate 348 by 1,4 addition of an appropriately 

substituted organocuprate to protected epoxy olefin 349. The addition of organocuprates 

to such systems has been previously shown to proceed with high regio- and 

stereoselectivity to afford the desired configuration at C-20.152 



Scheme 5.8 Retrosynthetic Analysis of Dione 325 via Epoxy Olefin 349 

325 

P = Protecting Group 

Dehydroisoandrosterone (347) R = masked ketone 
P O U P  

5.5.1 Preparation of Starting Materials 

The concise and efficient literature preparation of epoxy olefin 354 is shown in 

Scheme 5.9. 'j3 Trmsacetylation of the t-butyldimethylsilyl ether of dehydroiso- 

androsterone with isopropenyl acetate furnished en01 acetate 351. Subsequent treatment 

of compound 351 with palladium acetate, tributyltin methoxide and ally1 methyl 

carbonate in refluxing acetonitrile produced enone 352. The P-epoxide 353 was formed 

preferentially when enone 352 was subjected to epoxidation with t-butyl hydroperoxide 

in the presence of Triton B. Finally, Wittig olefination of ketone 353 produced epoxy 

olefin 354. Only the E-isomer was detected in the crude reaction mixture. Compound 

354 was thus synthesized in five steps and 33% yield fiom commercially available 

dehydroisoandrosterone (347). 



Scheme 5.9 Synthesis of Epoxy Olefin 354 

Dehydroisoandrosterone (347) 

t-Bu02H 

' H Triton B . 
t-BuMe,SiO 

With the synthesis of the steroidal starting material complete. we turned our 

anention to the preparation of cuprate 350. Since cuprate 350 contains a masked ketone 

group vicinal to the metal, it can be thought of as an enolate equivalent. It has been 

reported in the literature that N,!V-dimethyhydrazones of enolizable aldehydes and 

ketones can be selectivity metallated in the a position. and therefore have potential 

applications as enolate equivalents.'" Moreover, the reaction is highly regioselecdve and 

metallation occurs at the less substituted carbon atom.15' Further reaction of the a-lithio- 

N.Ai-dimethylhydrazone intermediates with copper(1) salts results in the formation of the 

corresponding cuprate reagents15s (Scheme 5.10). Obviously, a requirement for 

metallated N,N-dimethylhydrazones 357 or 358 to serve as equivalents of enolate ions is 

that the Ai,N-dimethylhydrazone group can be removed cleanly and efficiently from the 

final product. The two most common methods for this cleavage include oxidative 

hydrolysis with sodium periodate, and treatment with excess iodomethane in an ethanol- 

water mixture.'j6 An example of the utility of h:N- dimethylhydrazone cuprates (358) 



Scheme 5.1 0 General Preparation of Metallated N,  N-Dimethy lhydrazones 

in organic synthesis was demonstrated by Corey and Enders in their preparation of 

bicyclic ketone 362 (Scheme 5.1 l).'j7 2-Methylcyclohexanone (359) was quantitatively 

converted into cupmte 360 and subsequent conjugate addition to methyl vinyl ketone 

provided dione 361 after oxidative hydrolysis. Treatment of dione 361 with ethanolic 

base then finished compound 362. 

Scheme 5.1 1 Corey's Synthesis of Bicyclic Ketone 362 

5.5.2 I,l-Cuprate Addition Reactions 

The conjugate addition of cuprate 363, which was prepared from 4-methyl-2- 

pentanone IY ~ - d i m e t h ~ l h ~ d r a z o n e ' ~ ~  by the general method of corey,'j5 to epoxy olefin 

354 was investigated fun. Based on literature precedents'48*'s2 we expected to obtain the 

desired configuration at C-20 in a stereo- and regioselective 14-cuprate addition. The 

reaction was attempted under a variety of conditions. These included varying amounts (1 

to 10 equivalents) of the cuprate 363, employment of the cyano derivative 364, as well 

the use of additives such as chlorohethylsilane, boron trifluoride etherate and 

hexarnethylphosphoramide. Unfortunately, most of these gave no reaction. The use of 

other enolate equivalents, such as ethoxyvinyl cuprate 365'" or Reformatsky reagent 



366160 resulted in mixtures of 1,2 and 1,4 addition products. The crude 'H-NMR spectra 

of these latter reactions indicated that in both cases the 1,2 product was formed 

preferentially. The ratio was determined by integration of the quartet at ca. 6 5.6 ppm, 

which corresponds to H-20 for the 1,2 adduct, and of the doublet at ca. 6 5.8 ppm, which 

corresponds to H-16 for the 1,4 adduct. As these products were quite capricious and 

difficult to purify, they were not fully characterized. Moreover, in view of the poor 

regioselectivity obtained, this avenue was not pursued any further. The results are 

summarized in Table 5.1. 

Table 5.1 Attempted 1 ,4-Addition of Enolate Equivalents to Epoxy Olefin 354 

1,J addition 

Enolate 

(Entry I Nueleophile I Equiv. I Conditions 1 Results' 1 

! 

2 

3 

I I I 1 
Continued 

363 

4 

363 

1.1 

363 

I 

ether, -78 O C  + RT, 12 h 1 N.R. 
I 

2.5 
I 

I THF, -78 "C + RT, 12 h I N.R. 
I 

10 
1 

THF, -78 O C  -, RT, 12 h ( C.M. 



Table 5.1 Continued form Previous Page 

I THF, -78 'C + RT, 12 h I 

Enm 

5 

i l i  Me3SiC1 (2.0 equiv.) THFI 1 N.R. 1 1 -78 O C  + RT, 12 h 

Nucleop hile 

363 

1 -78 O C  + RT, 12 h 

Equiv. 

1 

7 

Conditions 

BF3*Et20 (1.0 equiv.) 

I 

363 

Me2N2, 

Cu(CN)Li .J!J, 
I 

364 

Resultsa 
I 

N.R. 

(a) Based on 'H-NMR analysis; N.R.= no reaction; C.M. = complex mixture. 

HMPA (2.0 equiv.) THF, 

2 

9 

Modified Retrosynthetic Analysis of Dione 325 

N.R. 

1 L ~ C U W E ~ )  
2 

365 

10 

In the previous section, the cuprate addition of an enolate equivalent to epoxy 

olefin 354 was investigated. Since this method failed to produce the desired adduct, we 

began researching an alternative method for introducing the side chain of 325. In our 

second approach to the synthesis of xestobergsterol A (Scheme 5.12), it was hoped that 

the C-15 oxygen function could be installed by allylic oxidation of alkene 367. 

THF? -40 "C + RT, 
12 h 

I 

excess 
BrZn, C0,Et 

366 

N.R. 

f 
1 
I 

THF. hexanes, 

-40 O C  + RT, 12 h 

3.6 : 1 1 
(1.2:1,4 / 

I 

addition) I 

I 

I 

ether. Cu(acac)? (5 mol %) 

1 h, RT 

4 : l  
I 

( 2 : 1 , 4  i 
addition) 



Disconnecting the side chain via a Michael addition would give vinyl iodide 368 and 

enone 369 or 370. This method is not as attractive as the first one because the 

configuration of C-20 would not only be hard to predict, but laborious to assign, as well. 

However, based on literature precedents,'61 we felt that the use of additives, such as 

chlorotrimethylsilane, in the conjugate addition reaction might help control the 

stereochemistry at C-20. Moreover, we aiso intended to investigate the possibility of 

using the stereochemistry of the double bond in the enone to control the configuration of 

C-20. 

Scheme 5.12 Retrosynthetic Analysis of Dione 325 via Iodide 368 

P = Protecting Group 

Dehydroisoandrosterone (347) 

5.6.1 Preparation of Starting Materials 

Vinyl iodide 371 16' and (a-6-methyl-2-hepten-4sne (369)163 are known 

compounds and their syntheses are illustrated in Schemes 5.13 and 5.14, respectively. 



Scheme 5.13 Synthesis of Protected Vinyl Iodide 372 

Dehydroisoandrosterone (347) 371 

The hydrazone derivative of dehydroisoandrosterone was oxidized with iodine in the 

presence of DBN following Barton's method,16' to give vinyl iodide 371. Protection of 

the hydroxy 1 group as the t-butyldirnethy lsilyl ether provided compound 372 (3 8% 

overall yield). Enone 369 was synthesized by the aldol-dehydration sequence outlined in 

Scheme 5.14. Deprotonation of 373 with LDA, followed by condensation with 

acetaldehyde, gave the crude aldol product 374. It was then converted into its 

corresponding mesylate, which eliminated to give enone 369 in 45% overall yield from 

373. The enone consisted of >95% of the E isomer, which was evident by 'H-NMR 

Scheme 5.14 Synthesis of Q-6-methyl-2-hepten-4-one (369) 

I )  LDA OH 0 1) MsCl. pyr 

2) Er,N 

373 374 369 



and GC-MS analyses. Although Q-6-methyl-2-hepten-4sne (370) has been reported in 

the literature,'64 its preparation involved generating a mixture of Z and E isomers, which 

were separated by preparative gas chromatography. As this was not a viable method for 

our needs, (2)-enone 370 was synthesized from isovaleryl chloride and (2)-1- 

propenylmagnesium bromide in 58% yield by the general method reported by Kochetkov 

et ai. i65 (Scheme 5.15). The stereochermcal punty of enone 370 by GC-MS analysis was 

>95%. 

Scheme 5.1 5 Synthesis of (a-6-methy 1-2-hepten-4-one (370) 

5.6.2 Conjugate Addition Reactions of a Cuprate Based on 372 

The stereochemical outcome of conjugate addition reactions can be difficult to 

predict for acyclic enones, such as 369 and 370, which lack bulky substituents in the P 
position. As mentioned, one method of altering the stereochemical course of conjugate 

addition reactions involves the addition of chlorotrimethylsilane'6' to the cuprate. For 

instance, Corey et al. found that the stereoselectivities of the addition of lithium 

dirnethylcopper(1) to 4-akoxy spiroenone 376 were the opposite for reactions performed 

with and without added chlorotrimethylsilane (Scheme 5.16).'66 indeed, when the 

conjugate addition of cuprate 379 to enone 369 was performed in the absence and 

presence of chlorotrimethylsilane, a reversal of stereochemistry was observed (Scheme 

5.17). The addition products 380 were formed in a 3.5 : 1 ratio for the non-assisted 

reaction and a 1 : 2 ratio for the latter reaction, which now favored the opposite isomer. 

The ratio was determined by integration of the 'H-NMR signals for the C-18 methyl 



Scheme 5.16 Effect of Chloromethylsilane on Conjugate Addition Reactions of 

Organocopper Reagents 

~ 9 9 %  diastereoselectivity 

92% diastereoselectivity 

Scheme 5.17 Addition of Gilman Reagent 379 to Enone 369 in the Absence 

and Presence of Chlorotrimethylsilane 

1) t-BuLi (2 equiv.) 
2) CuI (0.5 equiv.) 

(3.5 : 1) 
70% based on 369 

49% based on 372 C 

369 

CuLi 

:p2] -?-- - 
L. 

369 
(1 : 2) 77% based on 372 

379 Me3SiC1 (2 equiv.) 26% based on 369 

groups at 6 0.80 and 0.83 ppm, respectively. The 'H-NMR spectra of the products also 

showed a doublet at ca 6 1.04 pprn for the methyl group at C-20 and a doublet at ca. 

6 0.91 ppm for the methyl groups at C-26 and (2-27. As well, the presence of a ketone 



group was supported by an IR absorption at ca. 1714 cm.-' The yields were not 

optimized, and since either C-20 epimer could be obtained preferentially using (@-enone 

369, cuprate additions of 379 to (a-enone 370 were not investigated. Moreover, the 

simple Gilman reagentI6' 379, necessarily wastes one equivalent of vinyl iodide 372, and 

substantial quantities of the byproduct alkene 381 were recovered from the reactions. 

The configuration of C-20 in the two epirners of 380 was unknown and because of h e  

conformationally flexible nature of the pendant side chain, NMR spectroscopic 

techniques (such as NOE experiments) could not be used to answer this question. 

Little is known about the mechanism of the chlorosilane-assisted 1,4-additions?" 

Nonetheless, it is clear that the chlorosilane is not simply trapping the enolate anion, 

because this mechanism does not account for the fact that the rate of conjugate additions 

is typically accelerated in the presence of chlorosilanes. Moreover, the silylation of the 

enoIate does not provide a rationale for the altered stereochemical outcome that i s  often 

observed when chlorotrimethylsilane is added to the reaction mixture.'61 .4 number of 

mechanisms have been proposed to account for these observations. 166+'68 However, there 

seems to be limited agreement on the exact role that the chlorotrimethylsilane has in the 

reaction. 

5.6.3 Allylic Oxidation of 380 

Prior to spending a significant amount of time optimizing the conjugate addition 

reaction or determining the stereochemistry of the products, we wished to investigate the 

feasibility of the next key step in the synthetic sequence, namely allylic hydroxylation of 

the h16 bond of compound 380. Although the rules proposed by ~ui l le rnonat '~~  clearly 

state that hydroxylation occurs a to the more highly substituted end of the double bond, 

which in our case would give the wrong regioisomer, the rules also state that when the 

double bond is in a ring, oxidation in the ring is preferred. However? it is unclear fiom 

the literature which rule takes precedence. Allylic oxidation of the A' bond may also 

complicate hs step. When the major isomer from the conjugate addition reaction was 

treated with selenium dioxide under standard  condition^,"^ only the C-20 hydroxyl 



product 382 was obtained (Scheme 5.1 8), which was evident fiom the quaternary signal 

at 6 73.5 ppm in the spectrum. It was assumed that the oxidation would 

proceed in a similar fashion for the other C-20 isomer of compound 380 and, in view of 

the small amount of the minor epimer that was available, the reaction was not 

investigated further. 

Scheme 5.18 Selenium Dioxide Oxidation of Alkene 380 

380 (Major epimer fiom 
3.5 : I mixture) 

5.6.4 Modification of Protected Vinyl Iodide 372 

Since the C-15 hydroxyl group could not be introduced using allylic oxidation, it 

became obvious that the C-15 alcohol moiety needed to be in place prior to the conjugate 

addition reaction (Scheme 5.19). Starting from epoxide 353, which one may recall was 

the intermediate used in the synthesis of epoxy olefin 354 (refer to Scheme 5.9): 

treatment with sodium phenylseleno(triethoxyborate)17' provided hydroxy ketone 383, 

which was subjected to the same reaction sequence that had been used to convert 

dehydroisoandrosterone (347) into vinyl iodide 371. This fimished compound 385. 

Protection of the hydroxyl group as the benzyl ether gave protected vinyl iodide 386 in 

68% overall yield. 



Scheme 5.19 Synthesis of Protected Vinyl Iodide 386 

5.6.5 Unexpected Byproduct Formed During the Preparation of 385 

During the oxidation of hydrazone 384 with iodine in the presence of l,l,3,3- 

tetramethylguanidine, an interesting result was observed. In addition to the expected 

vinyl iodide 385, a significant amount of a byproduct was isolated and identified as 387 

(Scheme 5.20). DEPT experiments performed on 387 indicated the presence of three 

quaternary olefinic carbon atoms and one olefinic CH atom. In addition, the C-18 methyl 

group had shifted downfield to 6 2.21 ppm in the 'H-NMR spectnun, which indicated 

Scheme 5.20 Formation of Rearranged Product 387 



attachment to a double bond. All other spectroscopic data supported the structure of 387. 

A plausible explanation for its formation is shown in Scheme 5.21 that is, in pa* based 

on the mechanism postulated by Barton et al. 16' for the iodination reaction. Hydrazone 

384 is thus oxidized by iodine to give d i m  compound 388, and further reaction with 

iodine results in the diazonium intermediate 389. Loss of nitrogen from 389 can 

Scheme 5.2 1 Possible Mechanism for the Formation of Rearranged Product 387 

Base (2 equiv.) 

OH 

path b - 

path a Base I 
OH 



lead to the formation of iodocarbocation species 390. Abstraction of a proton by the base 

(path a) gives the expected vinyl iodide 385. Alternatively, migration of the C-18 methyl 

group (path b) could produce rearranged iodocarbocation intermediate 391, leading to 

387 by overall reductive elimination. Although such iodocarbocation rearrangements are 

occasionally observed, 162,172 the products are usually formed by the loss of a proton from 

the rearranged iodocarbocauon species. Tne unusual loss of the iodonium ion from 591 

in our case appears to be unprecedented. 

5.6.6 Conjugate Addition Reactions of a Cuprate Based on 386 

Vinyl iodide 386 was treated with two equivalents of t-butyllithium and 0.5 

equivalents of solubilized copper(1) iodide167 to give cuprate 392. Cuprate 392 was then 

reacted with (4-enone 369 with and without added chlorotrimethylsilane. In addition, 

we wanted to see the effect on the configuration of C-20 when cuprate 392 was added to 

the (2)-enone 370. The results of this study are shown in Scheme 5.22. From the first 

two experiments it was clear that although the addition of chlorotrimethylsilane did 

increase the yield, it did not significantly affect the stereochemical outcome. The same 

C-20 isomer (393) was isolated fiom both reactions and was later shown to have the 

undesired ZOS configuration. Moreover, reaction of (2)-enone 370 with cuprate 392 also 

gave compound 393. Alkene 394 and h e r  395 were also isolated from the crude 
r 

reaction mixture. Presumably, compound 395 was formed fiom the reaction of cuprate 

392 with the vinyl iodide starting material 386 or fiom dimerization of the corresponding 

vinyl radical. The determination of the configuration of C-20 will be discussed in the 

next section. 



Scheme 5.22 Conjugate Addition Reactions of Gilman Reagent 392 
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5.6.7 Determination of Stereochemistry of 393 

As previously discussed, the lack of rigidity of the side chain makes the 

ambiguous determination of the stereochemistxy at C-20 impossible by NMR analysis. 

However, if compound 393 could be converted into the corresponding cyclized product 



(Scheme 5.23), this would restrict the conformational flexibility of the system and 

potentially allow the stereochemistry at C-20 to be determined by NOE experiments. 

Therefore to accomplish this, we investigated the possibility of removing the benzyl 

Scheme 5.23 Proposed Cyclization of 393 

protecting group and reducing the C-16 double bond of addition product 393 (Scheme 

5.24). 14a-Steroids are known to undergo preferential hydrogenation of the a-face of 

b16 bonds,'73 thus resulting in the correct stereochemistry at C-17. As well? there are 

literature precedents for the preferential reduction of A ' ~  bonds in the presence of A' 
bonds 1 52.15j Moreover, since benzyl groups are cleaved in the presence of hydrogen and 

palladium catalysts,"" we anticipated that the deprotection and hydrogenation of 

compound 393 could be accomplished in one step. Unfortunately, this led to mixtures of 

partially hydrogenated materials (396) after short reaction times, and unidentifiable 

products after longer ones. The use of platinum oxide in the presence of hydrogen gave a 

small amount of a material which appeared to have undergone complete hydrogenation as 

well as hydropenolysis and was tentatively identified as 397. The assignment was based 

on the lack of an alcohol absorption in its IR spectrum and the absence of olefinic signals 

in its 'H-NMR spectrum. Due to the minute quantity of material isolated, compound 397 

was not fully characterized and the structure assignment is speculative. An alternative 

method that would selectively remove the benzyl protecting group was then considered. 

Treatment of compound 393 with sodium in liquid ammonia'74 resulted not only in 



Scheme 5.24 Deprotection and Reduction of 393 

debenzylation, but also reduction of the ketone (Scheme 5 24). Although, 

hydrogenations of similar ~ '~-15-sterols have been reported in the literature, 152,153 the 

hydrogenation of 398 failed to provide the desired product. The results were extremely 

difficult to reproduce and generally afforded complex mixtures that could not be purified. 

Because the C-23 hydroxyl group may have interfered in the hydrogenation step, we 

endeavored to protect the C-23 ketone prior to removal of the benzyl group. Thus, 

ketone 393 was treated with 2,2-dimethyl-1,3-dioxolane in the presence of a catalytic 

amount of p-toluenesulfonic acid.175 However, this resulted in the elimination of benql 

alcohol to give triene 399 (Scheme 5.25). Thus, the only method which had provided any 

of the desired material was the palladium-catalyzed hydrogenation of 393 (refer to 

Scheme 5.24). The synthesis of the cyclized product was therefore continued with the 

small amount of product 396 that had been obtained in this way. Hence, 396 was 



Scheme 5.25 Attempted Protection of Compound 393 

2,2-Dimethyl- 1,3- 
dioxolane, p-TsOH 

oxidized to the corresponding mixture of diones 400. The product was not l l l y  

characterized, but IR analysis did indicate the absence of an OH absorption and the 

presence of a ketone absorption at ca. 171 5 cm-'. Subsequent treatment of 400 with 

sodium hydroxide in ethanol and TW, under the conditions reported by Krafft to effect 

the intramolecular aldol reaction,ls1 gave no reaction (Scheme 5.26). Based on the 

literature precedent for the cyclization, '49*151 this preliminary result triggered our 

suspicion that the unwanted 20s isomer had been formed in the conjugate addition step. 

This conclusion was supported by Krafft's discovery that the ZOR-epimer 401 underwent 

aldol condensation smoothly, whereas the 20s stereoisomer 402 remained unaffected 

under these conditions (Scheme 5 .27).15' 

Scheme 5.26 Attempted Cyclization of Compound 400 

NaOH, THF _ NO 

Reaction 
t-BuMe,SiO 



Scheme 5.27 Cyclization of Krafft's Diones 401 and 402 

NaOH, THF 
EtOH 

In spite of the mounting evidence that our conjugate addition had produced the 

incorrect C-20 isomer of the product 393, conclusive proof was still lacking. Final 

confirmation for the stereochemistry of C-20 was obtained by preparing an authentic 

sample of the 20s-isomer 407 by the method of Tsuji et 02. l'S' as shown in Scheme 5.28. 

This was accomplished by the palladium-catalyzed addition of P-keto ester 405 to epoxy 

olefin 354, followed by decarboxylation. When 407 was subjected to acid-catalyzed 

dehydration, it produced a triene that was identical in all respects ('H-NMR, "c-NMR 

and mp) to triene 399, that had been obtained earlier fkom ketone 393 (see Scheme 5.25) .  

This permits the unambiguous conclusion that the conjugate addition of cuprate 392 to 

enones 369 or 370 (Scheme 5.22) produced the undesired configuration at C-20. 

5.6.8 Explanation of Results 

The above results can be partially explained by considering the mechanism in 

Scheme 5.29. For reasons of clarity only the (4-enone is shown in the scheme. 

Complexes involving the d electrons of the copper and the x* bond of the olefin (408 or 

409) are widely accepted as intermediates to copper(II1) adducts (410 or 411).I" 



Scheme 5.28 Preparation of Triene 399 From Epoxy Olefin 354 

HMPA, NaI 
180 O C  

Irreversible reductive elimination from the copper(II1) adduct gives the final product. 

The first two steps are reversible and hence allow for equilibration between d-x* 

complexes, which in turn results in the equilibration of the E and Z forms of the enone. 

Therefore, the ensuing configuration of C-20 is based on which copper(II1) adduct is 

preferred (410 or 411), and not on the starting configuration of the double bond in the 

a$-unsaturated ketone. Although this mechanism provides justification for why the 

same product was favored for both (4-enone 369 and @)-enone 370. it does not 

adequate1 y explain why the 20s epimer (293) was preferred. 

5.7 Conclusions 

This chapter explored a number of different approaches for the synthesis of the 

pentacyclic skeleton of xestobergsterol A (314). Our first method involved the 1,4- 

addition of a functionalized cuprate to epoxy olefin 354. This failed to give any of the 



Scheme 5.29 Mechanism of the Conjugate Addition 

. 
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desired product and was abandoned. Our next approach involved the addition of 

elaborated cuprate 379 to (E)-6-methyl-2-hepten4-one. Even though this did provide the 

desired conjugate addition product, the required hydroxyl group at C-15 could not be 

introduced. The use of the modified cuprate 392, which contains the necessary oxygen 

functionality, unfortunately resulted in the formation of the undesired C-20 epimer (393). 



Chapter Six 

Overall Conclusions and Future Work 

In Chapter Two, a substantial improvement to one of the key steps in Back and 

coworkers ' earlier synthesis of casmerone (1 7'j and brassinoiide ( I  j was discussed. T' 

novel approach relied on the highly stereoselective addition of a-lithio-n-propyl phenyl 

selenide to elaborated aldehyde 140 followed by in situ selenoxide syn elimination to 

fUmish allylic alcohol 153. The excellent Cram selectivity for this process improved the 

yield and obviated the need for the difficult chromatographic separation of the epimeric 

C-22 alcohols formed in the original procedure. This in turn has made multigram 

amounts of 1 and 17 available for Euture research. 

The next step in the original synthesis of brassinolide involved the stereoselective 

epoxidation of ally !ic alcohol 153. The unfavorable diastereoselectivity that was 

obtained, unless a chiral oxidant was employed, prompted a systematic investigation of 

the stereoselectivity of hydroxyl-directed epoxidations of the structurally related steroidal 

allylic alcohols 207. This endeavor was discussed in Chapter Three. Our results led to 

an understanding of the poor threo selectivity that was observed for the epoxidation of 

153. However, our studies also revealed that little could be done to improve the threo : 

eryrhro ratio since the erythro diastereomer was preferred for all of the examples except 

for those which contained a cis-substituent. Furthermore, blocking the fkee alcohol with 

a bulky protecting group did not result in any significant changes in selectivity for the 

reaction and hence was not a viable method for realizing threo diastereoselectivity. 



A 
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207 

This Dissertation also describes the synthesis and biological testing of a number 

of B-ring analogues of brassinolide. These structure-activity studies indicated that 

neither the ring oxygen nor the carbonyl group was essential for biological activity. 

However, analogues lacking a polar group in the B-ring were completely inactive. The 

results suggest that the lactone ring in brassinolide interacts with a putative receptor 

through polar effects such as hydrogen bonding or dipolar interaction. 

Chapter Four detailed the synthesis and biological testing of novel brassinosteroid 

mirnetics. All of the mimetics were based on tetrahydronaphthalene or nonaromatic 

carbonyi-hctionalized subunits joined with acetylene, trans-alkene or hydrazone 

linkers. Mimetics 254, 255, 26 1, and 262 showed statistically significant biological 

activity, but only at high doses. 

OH 

'OH 

254 EL,R'= OH, 
255 R = O H , R ' = H  
256 RK=H 



To date, no mimetics containing a lactone function have been synthesized. 

Molecular modeling results also indicated that trans-alkene linkers should hold the 

subunits in a spatial relationship that permits the most favorable overlap of the hydroxyl 

groups of the mimetics with the vicinal diol moieties of brassinolide. Thus, an obvious 

extensio~~ of this work would he the preparation of the more elaborate. unsymmetrical 

mimetic 412. The synthesis of compound 412 should be facile since it is based on 

subunits that would require only slight modification 60m those already prepared. 

Since C-S and S-S bonds are longer than C-C or C=C bonds, disulfide linkers 

might also be worth investigation in the future. 

In Chapter Five, two approaches for the synthesis of the pentacyclic skeleton of 

the xestobergsterols were investigated. These included a conjugate addition of an enolate 

equivalent to epoxy olefm 354 and the Michael addition of a highly functionalized 

steroidal cuprate to either (Q- or (Z)-6-rnethyl-2-hepten-4-one. As the regioselectivity of 

the &st method was very poor this approach was abandoned. The latter method resulted 

in the synthesis of advanced intermediate 393, which had the undesired configuration at 

C-20. 



An alternative method for attaching the side-chain may be the use of a Heck 

coupling'77 bemeen 386 and (E)-6-methyl-2-hepten-4-one. However. this method would 

require stereoselective hydrogenation of the and A'' bonds to give the correct 

configuration at these two centers. Considering the vast literature that is available on 

catalytic hydrogenation,'78 including many asymmetric methods, this task should not 

prove insurmountable. If conditions could be found that predominantiy m-ord rhe 

reduced product with the correct stereochemistry at C-17 and C-20, then removal of the 

benzyl group and oxidation of the resultant alcohol would provide the desired dione 

intermediate 325. 

1) hydrogenation 
2) deprotection 
3) oxidation ---------* - - - - - - - - - - - -  

OBn Reaction OBn 0 



Chapter Seven 

Experimental Section 

General Comments 

Melting points were obtained on an A.H. Thomas hot-stage apparatus and are 

uncorrected. IR spectra were recorded on a Mattson 4030 spectrometer. Proton and 

carbon spectra were obtained on a Bruker ACE 200 ('H, 200 MHz; ' 3 ~ ,  50 MHz), a 

Bruker AM 400 ('H, 400 MHz; 13c, 100 MHz)  or a Bruker DRX 400 ('H, 400 MHz; "c. 
100 MHz) spectrometer. Deuteriochloroform was used as the solvent and residual 

chloroform or tetramethylsilane 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.'3oa Low and high resolution mass spectra were obtained on a VG 

7070 or a Kratos MS80 mass spectrometer by Ms. Q. Wu or Ms. D. Fox. All mass 

spectra were obtained by electron ionization at 70 eV with direct probe sample 

introduction. Elemental analyses were determined by Ms. D. Fox. Preparative HPLC 

was performed on a Waters 4886 HPLC Pump equipped with a 25 mm x 100 mm Waters 

Nova-Pak C 18 reversed phase column, using a Waters 486 Tunable Absorbance Detector. 

GC-MS spectrometry was done on a Hewlett Packard 5890 Series I1 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 5971A. The high pressure hydrogenation 

reactions were performed in a Pan microreactor, 50 mL, model 4592. Analytical TLC 

was carried out with aluminum sheets coated with Merck silica gel 60 F-254, and the 

spots were visualized with W light, or by spraying with a 2% ceric sulfate solution in 

12% aqueous sulfiuic acid, or by dipping in 9% ammonium molydate (VI) tetrahydrate 

solution in 16% aqueous sulfuric acid, followed by heating for a few minutes. 

Preparative TL,C was carried out on Analtech 20 X 20 glass plates coated with 1 rnm of 

silica gel GF. Radial chromatography was done on a model 7924T Chromatron using 

glass plates coated with 2 mm of Merck silica gel 60 PF-254. Column chromatography 



refers to flash chromatography179 and was performed on Merck 230-400 mesh silica gel. 

(3 ~~ja,6~,20~)-6-methox~-3 ,5-cyclopregnane-20-carboxaldehydes ' (102), (2R,3Sy5ay 

20s)-6,6-(ethylenedioxy)-2,3 -(isoprop 1 i d e n e d o ) - e g n e -  - c b o ~ a l d e h ~ d e ~ ~  (140) 

(2R,3S,5~,24R)-24-ethyl-2,3-dihydroxychole-6-0ne diacetate60 (186), phenyl n- 

propy 1 selenidel (166), bi~(~hen~lseleno)rnethane'~~ (175), alcohol-free diazo- 
. "- 

methane, 18 '  Lombardo-Oshima reagent,d~-propenyllithiun,l"L (2)- l -propenyl- 

magnesium bromide,lS3 2-methyl- 1 -propenyllithium,184 di(2?4,6-trimethylpheny 1) 

diselenide,ls5 5,8-dihydro- 1 ,4-naphthalenedioll l9 (270), 5,8-dihydro- 1 -naphth01~~~ 5- 

iodo- l,4-dihydronaphthalene 125,126 (283), cis-(4a,8a)-2,3,4a,5,8,8a-hexahydro- l,4- 

naphthalenedione128 (294a), ~ans-(4a,8a)-2,3,4q5,8,8a-hexahydro-1,4-naphthalenedi- 

one13g (294b), bis(trib~ty1stann~l)acetylend~~ (266), (0-l,2-bis(nibutylstanny1)- 

ethy1ene1j7 (309), (3S, 1 jS, 1 6R,20E)-3-t-butyldimethylsilyloxy- lj,l6-epoxypregna-5,17- 

diene15' (354), (3s)-3-hydroxy- 17-iodoandrosta-5,1 6-dienet'' (371) (3S, 1 5S, 16R)-3-t- 

butyldimethylsilylox);- l5,l 6-epoxy+ost-5-en- 1 7-one (353), (3S, 1 jS,ZOS)-3-i-butyl- 

dimethylsilyloxy- 1 5-hydroxycholesta-5,16-dien-23-0ne~~~ (407), 4-methyl-2-pentanone 

dimethylhydrazone,158 ethyl bromozinc acetate,'86 and (~)-6-rneth~l-t-he~ten-4-one"~ 

(369) were prepared according to literature methods. 24-Epibrassinolide (23) was 

purchased from the Sigma Chemical Co. Propenyllithiurn and 2-methyl-l- 

propeny llithium were titrated with diphenylacetic acid.' 87 (a- 1 -Propenylmagnesium 

bromide and t-butyllithium were titrated using 1 M sec-butyl alcohol in xylenes and 1,lO- 

phenanthr~line'88 as the indicator. n-Butyllithiurn was titrated with 2,s-dimethoxybenzyl 

alcohol. Is9 Castasterone (1 7) was acety lated to the known tetraacetate 12568.87 as 

previously described. MCPBA was purified by washing with a pH 7.5 phosphate 

buffer''' and was assumed to be 100% pure. Oil-free sodium hydride was obtained by 

washing twice with pentane and then quickly transferring to an argon-purged flask. 

Lithium diisopropylamide (LDA) solutions were prepared by a literature rneth~d.'~' THF 

and ether were distilled from lithium a l e u r n  hydride, and methylene chloride was 

distilled from phosphorus pentoxide. Anhydrous acetonitrile, benzene, toluene, 

diisopropylamine, pyridine and DMF were obtained by distillation f?om calcium hydride. 

Benzyl bromide and iodomethane were passed through a short column of neutral alumina 



prior to use. All other chemicals were commercially available and were used without 

further purification. Solutions of NaCl, NaHC03, (N&)2S04, m C 1 ,  and KF used for 

washing organic phases were saturated unless otherwise specified. 

For most of the mixtures of diastereomers described in section 7.4, the 'H-NMR 

and "c-NMR data is reported for the entire mixhue; specific assignments of the signals 
* 

to one particular stereoisomer are not made. The stereochemical designators (3 and a are 

used to refer to the fiont and rear faces, respectively, of the molecule as it is drawn. In 

addition, some of the structures shown in this section are numbered for convenience and 

not necessarily according to IUPAC regulations. 

The bioassays on the novel B-ring analogues in Chapter Two and the 

brassinosteroid mimetics in Chapter Four, as well as the standards brassinolide (I), 24- 

epibmsinolide (23) and castasterone (17)] were carried out by Dr. R.P. Pharis and his 

group using the rice leaf lamina inclination assay with dwarf rice seedlings O v a  sativa 

var. ~ a n - ~ i n b o ~ u . ~ ~  The test sample or standard was dissolved in 95% ethanol and 

applied as 0.5 yl microdrops to the germinated rice seedlings grown on 0.8% water agar. 

After ca. 65 h, the leaf lamina angle was measured. Each data point in the graphs of the 

bioassay results represents the mean leaf angle from 36 plants for the 0.1 - 100 ng/plant 

doses and 24 plants for the 1000 and 10 000 ng/plant doses. In the bioassays where IAA 

was included, 1000 ng of IAA per plant was applied ca. 2 h before the brassinosteroid. 

Applications of ethanol alone and IAA alone (1000 ng) were performed as controls for all 

of the bioassays. 



7.2 Experiments Pertaining to Chapter Two 

7.2.1 Preparation of (3p,Sa,6R ,22S,23E)-6-Methoxy-3,5-cyclo-26,27-dinor- 

cholest-23-en-22-ol(171) and its 22R Isomer (172) 

A 
OMe 

Purified m-chloroperoxybenzoic acid (0.1 1 g, 0.66 mrnol) was added to a solution 

of n-propyl phenyl selenide (166) (0.13 g, 0.66 mmol) in 5 mL of dry THF at -Ij°C. 

M e r  20 min the solution was cooled to -78OC and LDA (2.1 rnL o f  0.67 M solution in 

THF, 1.4 rnmol) was added, and the mixture was stirred for 5 min. Aldehyde 102 (0.23 

g, 0.66 -01) in 3 mL of THF was then added over 30 min. Thesolution was stirred for 

1 h and then 0.20 mL (1.4 mrnol) o f  diisopropylamine was added and the m i m e  

refluxed for 15 min. After this, 20 mL of 5% NaHC03 solution was added and the 

mixture was extracted three times with ethyl acetate. The combined organic layers were 

washed with 10% aqueous HCl solution, NaHC03 solution, NaCl solution, dried 

(MgS04) and the solvent was evaporated. Chromatography with 5% ethyl acetate- 

hexanes afforded 117 mg (46%) o f  171 and 43 mg (17%) of 172. Both compounds had 

spec~oscopic properties in accord with authentic samples.68 

7.2.2 Preparation of 1,l-Bis(phenyke1eno)propane (169) 

LDA (40 mL of a 2.18 M solution in THFI 0.0870 mol) was added via cannula 

over 30 min to bis(pheny1seleno)methane (175) (26.0 g, 0.0796 mol) in 140 mL of THF 



at -78 OC . After 10 min, iodoethane (6.96 mL, 0.0870 rnol) was added, and the solution 

was permitted to warm to room temperature. The mixture was stirred for 12 h and then 

was poured into 300 mL of 1 M HCl solution. This was extracted twice with 50% ether- 

hexanes and the organic extracts were washed with NaHC03 solution, dried (Na2S04), 

and concentrated under vacuum. The oily residue was subjected to Kugelrohr distillation, 

bp 170 'C at 0.1 Tom, to afford 25.0 g (89%) of selenoacetai 169. The 'H-NMR and "c- 
NMR spectra were identical to those reported in the literaturelsO for the same compound 

prepared £room propanal and benzeneselenol by the general method of Krief et ~ 1 . l ~ ~  

n-Butyllithium (12.3 rnL of a 2.5 M solution in hexanes, 31 mmol) was added 

slowly to a solution of bis(phenylse1eno)propane (169) (10.7 g, 30.3 mmol) in 60 mL of 

dry THF at -78'C, and the mixture was stirred for 20 min. Aldehyde 140 in 60 mL of 

dry THF was added dropwise via c d a  over 15 rnin andsthe m i m e  was stirred for an 

additional 3 h at -7g°C. Acetic acid (1.8 mL, 31 mmol) was added, the mixture was 

warmed to O°C, HzOz (35 mL of 30% solution in water, ca 0.3 rnol) was slowly added, 

and stirring was continued at room temperature for 15 h. The solution was then diluted 

with ether and washed with 10% Na2S03 solution, NaHC03 solution and NaCl solution, 

dried (Na2S04), and the solvent was evaporated. Chromatography with 045% 

acetonitrile-methylene chloride afforded 6.6 g (70%) of diphenyl diselenide (174) and 8.6 

g (73%) of  allytic alcohol 153, which had spectroscopic properties in excellent agreement 



with an authentic sample prepared by a different route? Neither the 22R epimer, nor the 

(2)-oleh were detected by 'H-NMR analysis of the crude reaction mixture. 

7.2.4 Preparation of (2R JS,5a,24R)-24-Ethy1-2,3-dihydrozny-B-homocholestan- 

6-one Diacetate (187) 

Excess alcohol- free diazomethane 18' and boron trifluoride etherate (0.23 rnL, 1.9 

mmol) were added to a solution of ketone 186 (459 mg, 0.863 mmol) in 5 rnL of ether, 

and the mixture was stirred for 18 h at room temperature. The m i m e  was diluted with 

ether, washed mice with NaCl solution, dried (MgSO4). and concentrated under vacuum. 

The residue was purified by chromatography (elution with 15% ether-hexanes) to give 

28 1 mg (60%) of homologated ketone 187 as a powdery white solid: mp 161-1 64 O C  

(from ethanol); IR (KBr) 1 757 (acetate C=O), 1727 (acetate C=O), 1699 (ketone C=O), 

1290, 1255, 1242, 1180 cm-'; 'H NMR (400 MHz) G 5.33 (d, J =  2.5 Hz, 1 H? H-3), 4.85 

(m, 1 H, H-2), 3.14 (dd, J =  12.8,4.0 Hz, 1 H, H-j)? 2.47 (m, 1 H) ,  2.12 (s, 3 H, acetate), 

2.00 (s, 3 H, acetate), 0.91 (d, J =  6.5 Hz, 3 H, H-21), 0.86 (d, J =  7.8 Hz, 3 H, H-26 or 

H-27),0.83 (dd, J = 9 . 1 , 6 . 9 H ~ ,  3 H, H-29), 0.83 (s,3 H, H-19), 0.82 (d, J=9.2Hz, 3 H, 

H-26 or H-27), 0.63 (s, 3 H, H-18); "C NMR (100 MHz) 6 213.7 (ketone C=O), 170.3 

(acetate C=O), 170.2 (acetate C=O), 69.3 (CH), 68.4 (CH), 58.5 (CH), 56.2 ( 0 ,  55.9 

(CH), 48.1 (CH), 45.8 (CH), 43.6 (2 CH2), 41.9 (C), 40.8 (C), 39.61 (CH2), 39.58 (CH2), 

39.1 (CH), 36.1 (CH), 33.7 (CH2), 29.1 (CH), 27.9 (CH2), 27.6 (CH2), 26.0 (CH2), 25.8 

(CH2), 23.0 (CHl), 22.8 (CHz), 21.2 (CH3), 21.1 (CH3), 19.8 (CH3), 19.0 (CH3), 18.7 

(CH3), 15.6 (CHI), 12.0 (CH3), 11.6 (CH3); mass spectrum, m/l (relative intensity %) 544 



(M', 4), 484 v - A c O H ,  20), 469 (13), 442 (SO), 424 (66), 43 (100). Exact mass calcd 

for C3QHj205: 544.4128. Found: 544.4076. 

7.2.5 Preparation of (2RJS,Sa f 4R)-24-Ethyl-2 J-dihydroxy-B-homocholestan- 

6-one (188) 

Ketone 187 (16 mg, 0.029 mmol) was refluxed in 1 mL of 15 : 1 methanol and 

1 M NaOH solution. After 2 h, the mixture was neutralized with 10% HCl solution and 

the methanol was removed in vacuo. The residue was dissolved in ether and washed with 

NaCl solution, dried (Na2S04) and evaporated under reduced pressure to give 11 rng 

(84%) of diol 188 as a white powder: IR (KBr) 3428 (OH), 1704 (ketone C=O), 1174, 

1112, 1084, 1055, 1023 cm-'; 'H NMR (400 MHz) G 4.01 (br s, 1 H, H-3), 3.70 (br d, J =  

9.7 Hz, 1 H, H-2), 3.25 (dd, J =  12.6, 3.9 Hz, 1 HI H-5), 2.46 (m, 1 H), 2.30 (m, 1 H), 

2.15 (m, 1 H), 0.92 (d, J =  6.2 Hz, 3 H, H-21), 0.87 (d, J =  7.8 Hz, 3 H, H-26 or H-27), 

0.85 (d, J=7.9 H i ,  3 H, H-260r H-27),0.84(t, J=7 .8  Hz, 3 H, H-29), 0.78 (s, 3 H, H- 

191, 0.63 (s, 3 H, H-18); "C NMR (100 MHz) S 215.1 (ketone C=O), 68.1 (CH), 68.3 

(CH), 58.4 (CH), 56.1 (CH), 55 .O (CH), 17.0 (CH), 45.8 (CH), 43.9 (CH2), 42.3 (CH2), 

4 1.9 (C), 40.8 (C), 39.6 (CH2), 39.0 (CH), 36.1 (CH), 33.8 (CH2), 29.6 (CH2), 29.2 (CH), 

27.9 (CHI), 27.6 (CHI), 26.1 (CH2), 25.8 (CH2), 23.1 (CH2), 22.8 (CH2), 19.8 (CH3), 19.0 

(CH3), 18.7 (CH3), 15.5 (CH3), 12.0 (CH3), 11.6 (CH3); mass spectrum, d z  (relative 

intensity, %) 460 (M', 4), 442 (MC-H~O, 18), 373 (6), 360 (6),  332 (14), 43 (100). Exact 

mass cdcd for C30H5003: 460.3916. Found: 460.3905. 



7.2.6 Preparation of (2R,3S95a ,24R)-24-Ethy1-2,3-(isopropylidenedioxy)-B- 

homocholestand-one (189) 

Diol188 (1 68 mg, 0.365 mmol) was dissolved in 30 mL of methylene chloride, p- 

toluenesulfonic acid (13 mg, 0.068 rnmol) and 2,2 dimethoxypropane (0.40 mL, 2.3 

rnmol) were added, and the reaction mixture was stirred at room temperature for 1 h. The 

solution was diluted with methylene chloride, washed with NaHC03 and NaCl solutions, 

dried (MgSO,): and evaporated in vacuo. The residue was purified by chromatography 

(elution with 15% ether-hexanes) to yield 149 mg (99%) of acetonide 189 as a solid 

white foam: (KBr) 1701 (ketone G O ) ,  1 199, 1 171, 1 1 16? 1054. 1023 cm-'; 'H NMR 

(200 MHr)G4.33 (m, 2 H), 3.38 (dd,J= 11.6, 3.3 Hz, 1 H. H-5),2.50 (dt, J =  19.2. 3.9 

Hz, 1 H), 2.34 (dd: J =  12.5, 4.0 H g  1 H)y 2.14 (dd, J =  15.2, 4.9 Hz, 1 H), 1.53 (s, 3 HI 

acetonide), 1.32 (s,3 H, acetonide),0.91 (d, J=6.4 HZ, 3 H, H-21), 0.8j (t, J=6.8 & j 

H, H-29), 0.84 (d, J = 6.0 Hz, 3 H, H-26 or H-27), 0.82 (d, J = 6.8 HG 3 H, H-26 or H- 

27), 0.71 (s, 3 Hy H-19), 0.66 (s, 3 H, H-18); I3c NMR (100 MHz) 6 215.7 (ketone C=O), 

107.5 (C), 73.1 (CH), 72.5 (CH), 56.5 (CH), 56.2 (CH), 55.8 (CH), 47.8 (CH), 45.8 (CH), 

43.1 (CH2), 42.5 (C), 40.3 (CH), 40.0 (CH2), 38.2 (C), 36.1 (CH), 36.0 (CH?), 33.7 

(CH2), 29.1 (CH), 27.9 (CH2), 27.8 (CH2), 26.8 (CH3), 26.3 (CH2), 26.0 (CH2), 25.6 

(CH2), 24.2 (CH3), 23.7 (CH2), 23.0 (CH2), 1 9.8 (CH3), 19.1 . (CH3), 1 9.0 (CH3), 1 8.6 

(CH3), 12.0 (2 CH3); mass spectrum, m/z (relative intensity, %) 500 (M', 9): 485 (M- 

CH;, loo), 171 (21), 443 (22),442 (19), 427 (26), 426 (83), 425 (95). Exact mass calcd 

for C33H5603: 500.4229. Found: 500.4270. 



7.2.7 Attempted Reaction of Ketone 189 with Phosphorus Mide 185 

n-Butyllithium (21 pL of a 1.7 M solution in hexanes, 0.036 rnmol) was added to 

a solution of methyltriphenylphosphonium iodide (12 mg, 0.030 mmol) in 1 mL of THF 

and the reaction was stirred for 30 min at room temperture. Ketone 189 (12 mg, 0.023 

mmol) in 1 mL of THF was added dropwise to the above yellow soiurion and was s h e d  

for 24 h. The mixture was poured into NaCl solution and extracted several times with 

methylene chloride. The combined organic layers were washed with NaHC03 solution, 

dried (MgS04), and evaporated. No reaction was evident by both TLC and 'H-NMR 

spectroscopy. 

7.2.8 Preparation of (ZR,3S,5aJ4R)-24-EthyI-2 J-dihydroxy-6methyMene-B- 

homocholestane Diacetate (190) 

A solution of Lombardo-Oshima =agents6 (1.0 rnL, excess) and ketone 187 (73 

mg, 0.13 mrnol) in 10 mL of methylene chloride was stirred at room temperature for 2 h. 

The mixture was diluted with a 1 : 1 mixture of ether and 10% NaHC03 and was stirred 

until the organic layer was clear. The ether layer was dried (Na2S04), evaporated, and 

chromatographed (elution with 1 5% ether-hexanes) to give 3 0 mg (4 1 %) of 190 as an off- 

white solid foam and 23 mg (3 1%) of recovered starting material (187). Compound 190 

had: (KBr) 1743 (acetate C=O), 1705 (acetate C=O), 1243, 1108, 1050, 900 cm-'; 'H 

Nh,R (400 MHz) G 5.3 1 (br s, 1 Hy H-6a), 4.88 (m, 2 H), 4.66 (br s, 1 H, H-6a), 2.45 (m, 

2 H), 2.12 (s, 3 H, acetate), 2.00 (s, 3 H, acetate), 0.91 (d, J =  6.1 Hz, 3 H, H-21), 0.86 (s, 



3 H, H-19), 0.84 (d, J =  7.9 Hz, 3 H, H-26 or H-27), 0.83 (t, J =  7.8 Hz, 3 H, H-29), 0.82 

(d, J =  7.7 Hz, 3 H, H-26 or H-27): 0.62 (s, 3 H, H-18); I3c NMR (100 MHz) 6 170.4 (2 

C=O), 149.3 (C, C-6), 1 1 1.5 (CH2, C-6a), 69.8 (CH), 69.3 (CH), 58.3 (CH), 56.2 (CH), 

56.1 (CH), 45.9 (CH), 41.8 (C), 40.5 (C), 39.8 (CH2), 39.7 (CH?), 59.6 (CH), 36.9 (CH), 

36.8 (CH2), 36.2 (0, 33.8 (CH2), 32.1 (CH2), 31.1 (CHI), 29.2 (CH), 27.7 (CH2), 26.1 
I 

(CHI), 25.8 (CH*), 23.1 (CHI), 12.9 (CH*", 2 1.3 (CH3j, 2 i . i iCH3 j, 19.8 &ti3 j, i9.i) 

(CH3), 1 8.7 (CH3), 1 5.7 (CH3), 12.0 (CH3), 1 1.6 (CHI); mass spectrum, d z  (relative 

intensity, %) 542 (M-, 2), 483 (24), 482 (j j) ,  469 (32), 440 (41), 422 (91), 57 (100). 

Exact mass calcd for C3 jHjs04: 542.4335. Found: 542.43 10. 

7.2.9 Preparation of (2R JS,Sa,24R)-24-Ethy1-2,3-dihydroxy-6-methyiidene-B- 

homocholestane (191) 

Diacetate 190 (24 mg, 0.044 mmol) was refluxed for 1 h in a mixture of 1.0 rnL of 

methanol and 70 pL of 1 M NaOH solution. The reaction was neuwlized with 10% HCI 

solution and diluted with water and ethyl acetate. The layers were separated and the 

aqueous layer was extracted twice with ethyl acetate. The combined organic layers were 

washed once with NaCl solution, dried (Na2S04), and evaporated. The product was 

purified by chromatography (elution with 1-3% methanol-chloroform) to afford 14 rng 

(40%) of exocyclic methylidene derivative 191 as a solid white foam: IR (KBr) 3460 

(OH), 1629 (C=C), 11 12, 1062, 1041, 1081, 881 cm"; 'H NMR (400 MHz) 6 4.88 (s, 1 

H, H-6a), 4.65 (s, 1 H, H-6a), 3.99 (br s, 1 H, H-3), 3.71 (m, 1 H, H-2), 2.55 (dd, J = 



13.3, 3.6 Hz, 1 H, H-5), 2.39 (my 1 H), 0.91 (d, J =  6.5 Hz, 3 H, H-21), 0.85 (t, J =  8.4 

Hz, 3 H, 29-H), 0.84 (4 J =  6.8 Hz, 3 H, H-26 or H-27), 0.8 1 (d, J =  6.8 Hz, 3 H, H-26 or 

H-27), 0.80 (s, 3 H, H-19), 0.62 (s, 3 H, H-18); 13c NMR (50 MHz) G 150.3 (C, C-6), 

1 10.9 (CH2, C-6a), 69.3 (CH), 68.7 (CH), 58.4 ( 0 ,  56.12 (CH), 56.06 (CH), 45.9 (CH), 

42.7 (C), 41.8 (C), 40.4 (CH2), 39.8 (CHl), 38.4 (CH), 39.0 (CH2)? 36.8 (CH), 36.2 (CH), 

34.1 (CHt), 33.9 (CH2), 3 1 .O (CHI), 29.2 (CH), 27.7 (CH2), 26.1 (CH?), 2 j.8 jcaz j, 24.0 

(CHI), 23.0 (CH2), 19.8 (CH3), 19.1 (CH3), 18.7 (CHI), 15.7 (CH3), 12.0 (CH3), 11.6 

(CH3); mass spectrum, 4' (relative intensity, %) 458 (M+, 12), 440 (W- H20, 481, 426 

(24), 425 (12), 41 1 (12), 4 12(14), 43 (100). Exact mass calcd for CjlHw02: 458.4124. 

Found: 45 8.4 1 1 3. 

72.10 Preparation of (2RJS,5a,22R J3RJ4S)-2~J2J3-Tet~droxy-B-homo- 

ergostand-one Tetraacetate (192) 

Excess alcohol-fiee diazomethanelgl in ether and boron trifluoride etherate (1 30 

mL, 10.6 mmol) were added to a solution of castasterone tetraacetate 125 (399 mg, 0.630 

mmol) in 30 mL of dry ether and the reaction mixture was stined at room temperature for 

24 h. The mixture was then diluted with ether, washed twice with water, dried (MgS04), 

concentrated under reduced pressure, and chromatographed (elution with 10-20% ethyl 

acetate-hexanes), which gave 292 mg of a mixture of 192 and the starting material 125 in 

a ratio of 2 : 3. The two compounds were separated by reverse phase preparative HPLC 

(elution with 25% water-acetonitrile at a flow rate of 9.0 mL/min), which afforded 87.1 

rng (22%) of recovered castasterone tetraacetate (125) and 132 mg (33%) of B- 



homocastasterone tetraacetate (192) as a white foam: IR (KBr) 1746 (acetate C=O), 1702 

(ketone G O ) ,  1654, 1248, 1226 cm-'; 'H NMR (400 MHz)  6 5.34-5.30 (rn, 2 H, H-3 and 

H-23), 5.15 (dd, J =  8.8,0.7 Hz, 1 H, H-22),4.83 (m, 1 H,H-2), 3.12 (dd, J =  12.7,4.1 

Hz, 1 H, H-5), 2.45 (m, 1 H), 2.33 (m, 1 H), 2.10 (s, 3 Hy acetate), 2.02 (s, 3 H, acetate), 

1.99 (s, 6 H, acetate), 1.00 (d J =  6.7 Hz, 3 H, H-21), 0.95 (d, J =  6.8 Hz, 3 H, H-28): 

0.94 (d ,J=6.6 H z ,  3 H, H-26or H-2ij, 0.30 6.6-& 3 H, 3-26 or H-27j, 0.65 is, 

3 H, H-19), 0.66 (s, 3 H, H-18); I3c NMR (100 MHz) 8 213.5 (ketone C=O), 170.6 

(acetate C=O), 170.5 (acetate C=O), 170.3 (acetate C=O), 170.2 (acetate C=O), 75.7 

(CH), 74.1 (CH), 69.3 (CH), 68.3 (CH), 58.4 (CH), 55.8 (CH), 52.5 (0, 48.0 (CH), 

43.5 (CH2), 41.7 (C), 40.7 (C), 39.8 (CH), 39.6 (CH?), 39.5 (CH2), 39.2 (CH), 37.0 (CH), 

30.4 (CH), 27.9 (CH2), 27.8 (CH2), 27.6 (CHI), 25.6 (CH2), 22.7 (CH2), 21.2 (CH3), 2 1.0 

(CH3), 20.9 (CH;), 20.85 (CH3), 20.81 (CH;), 20.3 (CH;), 15.6 (CHI), 12.7 (CH3), 11.4 

(CH3), 1 1.0 (CH3); mass spectnun, m/i (relative intensity, %) 646 (M', 0.5): 586 (Ma- 

AcOH, 3), 545 (j), 526 (25), 359 (100). Exact mass calcd for CnHjs09: 646.4081. 

Found: 646.4048. 

73.1 1 Preparation of (2RJS,5a,22R J3R ,24S)-2,3,22,23-Tetrahydroxy-B-horno- 

ergostand-one (1 80) 

B-Homocastasterone tetraacetate (192) (35 mg, 0.055 mmol) was dissolved in 3 

mL of methanol, 0.20 mL of 1 M NaOH was added, and the reaction mixture was 

refluxed for 1 h. The solution was neutralized with 10% aqueous HCI and the methanol 

was removed in vacuo. The residue was diluted with water and extracted three times with 



ethyl acetate. The combined organic layers were dried (Na2S04) and evaporated to 

dryness to give a white solid, which was recrystallized from ethyl acetate to afford 15 mg 

(74%) of 180 as white needles: mp 128-130 O C ;  IR (KBr) 3394 (OH), 1694 (C=O), 1 1 19, 

1054 cm"; 'H NMR (400 MHz) 6 4.0 1 (m, 1 Hy H-3), 3 -71 (m, 2 Hy H-2 and H-23), 3.56 

(m, 1 H, H-22), 3.25 (dd, J =  12.5, 3.8 HZ 1 H,H-j), 2.15 (my 1 H): 2.31 (ddd, J =  17.9, 

12.7, 5.3 Hz, 1 H), 0.97 (d, J =  7.5 Hz, 3 H, H-21), 0.95 (d, J =  7.0 Hz, 3 H, H-28), 0.90 

(d, J = 6.4 Hz, 3 H, H-26 or H-27), 0.85 (d, J = 6.9 Hz, 3 H, H-26 or H-27), 0.79 (s, 3 H, 

H-19), 0.65 (s, 3 H, H-18); " C  NMR (100 MHz, CD30D) 6 216.4 (C=O), 74.2 (CW, 

72.9 (CH), 67.9 (2 CH), 58.1 (CH), 55.7 (CW, 52.2 (CH), 46.9 (CH), 43.6 (CH2), 41.7 

(CH2), 41.5 (C), 40.5 (C), 40.0 (CH), 39.5 (CH2), 38.9 (CH), 36.7 (CH), 30.3 (CH), 29.5 

(CH2), 27.5 (CH?), 26.9 (CH?), 25.4 (CH?), 22.5 (CH2), 20.5 (CH3), 20.4 (CH3), 15.3 

(CH;), 11 .j (CH3), 11.2 (CH3), 9.8 (CH3); mass spectrum, m/z (relative intensity, %) 460 

(K-HzO, 0.6), 378 (8), 377 (8), 360 (21), 359 (27), 342 ( l j ) ,  341 (35), 43 (100). Anal. 

calcd for CzgHjo05: C, 72.76; H, 10.53. Found: C, 72.37; H, 10.53. 

7.2.12 Preparation of (ZR,3S,5a,22R,23R,21S)-6-Methylidene-2,3,22,23-tetra- 

The Lombardo-Oshima reagentg6 (1.0 mL, excess) was added to a solution of 192 

(61 mg, 0.094 mrnol) in 5 mL of methylene chloride and the mixture was stirred for 4 h at 

room temperature. The mixture was poured into a 1 : 1 mixture of ether and 10% aqueous 

NaHC03 solution in a separatory funnel and shaken until the ether layer was clear. The 

layers were separated and the ether layer was dried (Na,S04) - and evaporated. The 



residue was refluxed in a mixture of 1.5 mL of methanol and 0.1 rnL of 1 M NaOH 

solution for 1 h. The mixture was neutralized with 1 0% aqueous HCI solution, extracted 

three times with ethyl acetate, dried (Na2S04), evaporated, and chromatographed (elution 

with 3% methanol-chloroform) to give 8 mg (18%) of deacetylated starting material 

(180) and 13 mg (29%) of 182, obtained as an off-white solid that was recrystallized fiom 

methanol-water: mp 238-240 'C ; IR (KBr) 3474 (OH), 1637 (C=C), 1132, 11 16, 1070, 

979, 964 cm''; 'H NMR (400 MHz) 6 4.89 (br s, 1 H, H-6a), 4.66 (br s, 1 H, H-6a), 4.00 

@r s, 1 HI H-3), 3.71 (m, 2 H, H-2 and H-23), 3.56 (m, 1 H, H-22), 2.56 (m, 1 H, H-5), 

2.10(m, 1 H),0.97 (d, J=6.9Hz93 H,21-Me), 0.95 (d, J=6.9 Kz,3 H,H-28),0.90 (d, J 

= 5.9 Hz, 3 H, H-26 or H-27), 0.86 (d, J = 6.9 Hz, 3 H, H-26 or H-27), 0.81 (s, 3 H, H- 

1 9 ,  0.64 (s, 3 H, H-18); I3c NMR (100 M F k )  8 150.2 (C, C-6), I 1 1 .O (CHI, C-6a), 74.7 

(CH), 73.5 (CH), 69.2 (CH), 68.7 (CH), 58.3 (CH), 56.0 (CH), 52.5 (CH). 42.7 (CH2), 

41.7 (C), 40.4 (C), 40.1 (CH), 39.9 (CHI), 38.4 (CH), 37.0 (CH), 36.9 (CH2), 36.8 (CH), 

34.1 (CHz), 3 1.0 (CH2), 30.8 (CH), 27.3 (CH2), 25.7 (CH2), 23.0 (CH2), 20.9 (CHI), 20.7 

(CH3). 15.7 (CH3), 1 1.9 (CH3), 1 1.5 (CH3), 10.1 (CH;); mass spec-, m/z (relative 

intensity, %) 476 w, 2), 46 1 (M0- CH3, 1), 444 (8), 376 (9), 3 57 (23), 55 (1 00). Exact 

mass calcd for CloHn04: 476.3866. Found: 476.3848. 

7.3 Experiments Pertaining to Chapter Three 

7.3.1 Preparation of (3P,5a,6R J2S)-6-Methoxy-3,5-cyclo-25J6J7-trinorcho- 

lest-23-en-22-01 (208) and its 22R Isomer (212) 

A 
OMe 

208 

A 
OMe 

212 



Vinylmagnesium bromide (10.5 II& of a 1.0 M solution in THF, 11 -01) was 

added slowly to a solution of the aldehyde 102 (3.00 g, 8.73 mmol) in I20 rnL of dry 

THF at -78 OC. The mixture was stirred for 1 h and then was quenched with N&Cl 

solution. The aqueous layer was extracted twice with ether and the combined ether 

extracts were washed with NaHC03 and NaCl solutions, dried (MgS04), and evaporated 

in vacuo. The products were separated by cluomat~grzpkj (elution 552 ctL;i! 

acetate-hexanes) to afford 2.02 g (62%) of 208: mp 102-103 O C  (fiom hexanes) (lit.Ioob 

107-108 OC) and 0.46 g (14%) of 212: mp 122-123 OC (fiom hexanes) (lit.100b 124-126 

7.3.2 Preparation of (3P,5a,6R,22R)-6-Metho~y-3,5-cyclo-t3-methyl-25,26,27- 

trinorcholest-23-en-22-ol(209) and its 22s Isomer (213) 

* 
OMe 

A 
OMe 

Aldehyde 102 (1.5 g, 4.4 mrnol) in 15 mL of dry was added over 45 min to a 

solution of 2-propenyllithium (6.5 rnL of a 0.87 M solution in ether, 5.6 mmol) at 

-78 OC. The reaction was quenched after 2 h and 15 min with N a C l  solution. The 

mixture was diluted with ether and the aqueous layer was extracted once with ether. The 

combined ether extracts were washed with NaHC03 solution, dried (Na2S04), and 

evaporated in vacuo. The products were purified by chromatography (elution with 0- 

10% ethyl acetate-hexanes) to afford 1.15 g (68%) o f  the 22R allylic alcohol 209 and 486 

mg (29%) of the 22S epimer 213. Compound 209 had: mp 100-103 O C  (fiom hexanes); 

R (KBr) 3468 (OH), 1650,1642,1077,968,896 cm-'; 'H-NMR (200 MHz) 6 4.99 (br s? 

1 H:H-24),4.93 (brs, 1 H,H-24),4.11 (m, 1 H, H-22),3.34 (s,3 H,OMe),2.78 (m, 1 H, 

H-6), 1.67 (s, 3 Hy H-28): 1.03 (s, 3 H, H-19), 0.81 (d, J =  6.2 3 Hy H-21), 0.75 (s, 3 



H, H- 18); mass spectrum, m/z (relative intensity, %) 386 (bf, l3), 37 1 (M'- CH3, 1 O), 

354 (W- MeOH, 12), 33 1 (22), 283 (100). Anal. calcd for C26H420t: C, 80.77; H? 10.95. 

Found: C, 80.93; H, 10.90. 

The 22S epimer 213 had: mp 105-10PC (fiom hexanes); IR (KBr) 3474 (OK), 

1643, 1098, 1016,970,897,756 cm"; 'H-NMR (200 MHz) G 4.93 (m, 1 H, H-24), 4.91 
7 -  7 7  -cl-. (m, 1 H, H-24), 4.13 (d, J =  3.9 *&, i Hy H-LLJ,  3.33 is ,  5 ti, Oivitj, 2.78 (t, J =  2.7 Hi, 1 

H,H-6), 1.78(~, 3 H,H-28), 1.03 ( ~ , 3  H,H-19),0.96 (d, J z 6 . 9  HZ? 3 H,H-21), 0.77 (s, 

3 H, H-18); mass spectrum, m/3- (relative intensity, %) 386 w, 14), 371 (M'- CHs, 13), 

354 (M'- MeOH, lo), 331 (26), 283 (100). Anal. calcd for C26H4?02: C, 80.77; H, 10.95. 

Found: C, 80.58; H, 1 1 .O8. 

Preparation of (3P95a,6R f 2S,232)-6-Methoxy-3,5-cyclo-26,27-dinot- 

cholest-23-en-22-oI(210) and its 22R Isomer (214) 

A 
OMe 

210 

A 
OMe 

214 

Aldehyde 102 (200 mg, 0.58 1 rnrnol) in 1 rnL of dry THF was added to a solution 

of (2)-1 -propenylmagnesium bromide (2.0 mL of a 1.2 M solution in THF, 2.3 mmol) at 

-78 OC. The reaction was worked up after 2 h and the products were purified as in the 

preparation of 208 to afford 176 mg (78%) of the 22s isomer 210 and 36 rng (1 6%) of the 

22R isomer 214. Compound 210 had: mp 135-1 37 O C  (from acetone-methanol) (lit.looc 

mp 137-1 38 OC). The 22R isomer 214 was a solid foam. The specm of both epimers 

were in agreement with those reported in the 



7.3.4 Preparation of (3P,5a,6R JZR)-6-Methoxy-3,5-cycIo-26 7 3 -  

en-22-01 (211) and its 22s Isomer (215) 

A 
OMe 

21 1 

A 
OMe 

215 

Aldehyde 102 (205 mg, 0.600 mmol) in 3 mL of dry THF was added to a 

solution of 2-methyl- 1 -propenyllithium (4.4 mL of a 0.26 M solution in ether, 1.2 rnmol) 

at -78 OC over 5 min. The mixture was stirred for 8 h and then was worked up and 

purified as in the preparation of 208, providing 46 mg (23%) of starting material (102): 

136 mg (57%) of the 22R isomer 211, and 45 mg (19%) of the 22s isomer 215. 

Diastereomer 211 was a solid foam that had: IR (KBr) 3461 (OH). 1098, 968 cm'l; 'H- 

NMR (200 MHz) 6 5.33 (br d, J = 8.1 Hz 1 H, H-23): 4.45 (d, J =  8.1 Hz. 1 H, H-22). 

3.33 (s, 3 H,OMe), 2.78 (t, J = 2 . 5  Hq 1 H.H-6), 1.72 (s, 3 HI H-25 or H-28), 1.66 (s, 3 

HI H-25 or H-28), 1.02 (s, 3 H, H-19), 0.96 (d, J =  6.0 Hz, 3 HI H-21): 0.72 (s, 3 H, H- 

18); '3~-NMR (50 MHz) 8 133.6 (C, C-24), 127.3 (CH, C-23), 82.4 (CH), 70.6 (CH), 

56.5 (CH), 56.4 (CH3, OMe), 52.7 (CH), 48.0 (CH), 43.4 (C), 42.8 (C), 41.9 (CH), 40.2 

(CHZ), 35.3 (C), 35.1 (CH2), 33.4 (CH?)? 30.6 (CH), 27.9 (CH2), 25.9 (CH3), 25.0 (CH2), 

24.2 (CH2), 22.8 (CH?), 2 1.5 (CH), 19.3 (CH3), 1 8.2 (CHI), 13.1 (CHI), 12.3 (CH3), 12.1 

(CH3); mass spectrum, m/z (relative intensity, %) 400 (M', 2), 385 (W- CH3, 3), 368 

(W- MeOH, 3), 350 (7), 284 (53, 85 (100). Exact mass calcd for C Z 7 k o 2 :  400.3341. 

Found: 400.3336. 

The 22S isomer 215 had: mp 138-142 OC (from hexanes); IR (KBr) 3347 (OH), 

1673 (C=C), 1098,1015,986,970 cm"; 'H-NMR (200 MHz) 6 5.27 (br d, J =  9.7 Hz, 1 

H, H-23), 4.41 (dd, J =  9.6,3.7 Hz, 1 H, H-22), 3.33 (s, 3 H, OMe), 2.77 (t, J =  2.6 Hz, 1 

H, H-6), 1.76 (d, J =  1.1 Hz, 3 H, H-25 or H-28), 1.74 (d, J= 1.2 Hz, 3 H, H-25 or H-28), 

1.03 (s, 3 H, H-19), 1.01 (d, J =  6.3 Hz, 3 H, H-21), 0.75 (s, 3 H, H-18); "c-NMR (100 



MHz) G 137.2 (C, C-24), 123.0 (CH, C-23), 82.4 (CH), 70.0 (CH), 56.5 (CH3, OMe), 

56.1 ( 0 ,  53.2 (CH), 48.0 (CH), 43.3 (C), 43.0 (C), 41.8 (CH), 40.1 (CH2), 35.2 (C), 

35.0 (CH2), 33.3 (CHz), 30.5 (CH), 27.8 (CH3, 26.2 (CH3), 21.0 (CH2), 24.3 (CH?), 22.7 

(CH2), 21.4 (CH), 19.2 (CH3), 18.3 (CH3), 13.0 (CHz), 12.4 (CH3), 12.2 (CH3); mass 

spectrum, d' (relative intensity, %) 400 (M', I), 382 (M+-H~o, 1 l), 368 w- MeOH, 

4), 367 (8), 335 (14): 327 (15), 253 (100). Anal. cdcd for C 2 7 b 0 2 :  C, 80.94; H, 1 1.07. 

Found: C, 80.71; H, 11.1 1. 

7.3.5 Preparation of (3P,5a,6R ,22S,23E)d-Metho~y-3,5-cyclo-26,27-dinor- 

cholest-23sne 22-t-Butyldimethylsilyl Ether (216) 

L,J$ 
OMe 

Allylic alcohol 170 (152 mg, 0.392 mmol), t-butyldimethylsilyl chloride (154 

mg, 1.02 rnmol) and imidazole (107 mg, 1.57 mmol), were stirred in 3 rnL of dry DMF at 

65 OC for 5 h. The mixture was diluted with ether, washed several times with water, dried 

(MgS04), and purified by chromatography (elution with 5% ethyl acetate-hexanes) to 

give 173 mg (88%) of silyl ether 216: mp 150-153 O C  (from ether); IR (Nujol) 12%: 

1124, 1096, 1027, 1004, 965, 773 cm"; 'H-NMR (200 MHz) G 5.48 (m, 2 H, H-23 and 

H-24), 4.09 (m, 1 H, H-22), 3.33 (s, 3 H. OMe), 2.78 (t, J=2.8  Hz, 1 H, H-6), 1.67 (d, J 

= 4.2 Hz, 3 H, H-25), 1.03 (s: 3 H, H-19), 0.90 (s, 9 H, Si(Me)zt-Bu), 0.88 (d, J =  5.8 H z  

3 H, H-21), 0.72 (s, 3 H, H-18), 0.02 (s, 3 H, SiMe2r-Bu), -0.02 (s, 3 H, SiMet-Bu); 

mass spectrum, m/z (relative intensity, %) 500 (MC, 0.3), 485 @I?- CH3, 21, 443 w- r- 
Bu, 14): 185 (100). Anal. cdcd for CnHssOzSi: C, 76.73: H, 1 1.27. Found: C, 76.77; H, 

10.96. 



7.3.6 Preparation of (3P,5a,6R JZS,23E)-6-Metho~-3,5-cyclo-26 J 

A 
OMe 

21 7 

Allylic alcohol 170 (134 mg, 0.347 mmol), trimethylacetyl chloride (213 pi, 

1.73 rnmol), and 4-dimethylaminopyridine (8.7 mg, 0.071 mmol) were stirred in 4 mL of 

dry pyridine at room temperature for 2.5 h. The mixture was then diluted with ether and 

water, washed with 10% HCl and NaHCO; solutions, dried (MgS04), and purified by 

chromatography (elution with 10% ethyl acetate-hexanes) to afford 87 mg (53%) of ester 

217: mp 160-162 O C  (from ether); IR (KBr) 1726 (C=O), 128 1: 1 165, 1097 cm"; 'H- 

NMR (200 MHz)  G 5.64-5.30 (m, 3 H, H-22, H-23 and H-24), 3.32 (s, 3 H, OMe). 2.77 

(t, J =  2.7 Hz, 1 H, H-6), 1.69 (d, J =  5.9 Hz, 3 H, H-25): 1.23 (s, 9 H, t-Bu), 1.02 (s, 3 H, 

H-19), 0.99 (d, J =  6.8 Hz, 3 H, H-21), 0.75 (s, 3 H, H-18); mass spectrum, d z  (relative 

intensity, %) 470 (M', 44): 455 @f- CH3, 12), 438 (M'- MeOH, 17), 415 (23,283 (63): 

57 (100). Anal. calcd for C31Hj00j: C? 79.10; H, 10.71. Found: C, 78.86; H, 10.63. 

7.3.7 Preparation of threo-(3P95a,6R f 2R J3R)-23 J4-Epoxy-6-metho.xy-3,s- 

cyclo-25 J6J7-trinorcho1estan-22-ol(220)and its erythro Isomer (221) 

A 
OMe 

220 

A 
OMe 

221 



7.3.7.1 Epoxidation of Allylic Alcohol 208 with MCPBA 

Allylic alcohol 208 (61 mg, 0.16 mmol) was treated with MCPBA (169 mg of 

SO%, 0.492 mmol) in 1 rnL of dichlorornethane for 2 h at room temperature. After 

dilution with dichloromethane, the mixture was washed several times with K2C03 

solutlon and dned iMgS0;j. The voiatiie material was removed in vacuo and the residue 

was purified by chromatography (elution with 10% ether-hexanes) to afford 63 mg 

(100%) of an unseparated mixture of threo (220) and erythro (221) epoxides in the ratio 

of 36 : 64 as determined by 'H-NMR integration of their H-22 signals at 6 3.62 and 3.92 

ppm, respectively. The signal from erythro epoxide 221 was assigned by comparing the 

specaun of the above mixture with the spectrum of the pure erythro diastereomer 

prepared by the vanadium-catalyzed procedure (see below). 

The diastereorners were separated as their corresponding benzoates. Thus, the 

mixture of epoxides 220 and 221 (407 mg, 1.05 mmol) obtained from oxidation of 208 

with MCPBA was dissolved in 10 rnL of dry pyridine, then benzoyl chloride (527 pi, 

4.53 rnmol) and 4-dimethylaminopyridine (43 mg, 0.35 mmol) were added and the 

mixture was stirred for 12 h at room temperature. Water was added and stining was 

continued for 15 min. The mixture was diluted with ether and washed several times with 

10% HC1 and NaHC03 solutions, dried (MgS04), and evaporated to dryness under 

vacuum. The isomers were separated by preparative TLC (50% ether-hexanes) to afford 

208 mg (40%) of the benzoate of the erythro epoxy alcohol 221 and 122 mg (24%) of the 

benzoate of the threo epoxy alcohol 220. The erythro benzoate had: mp 80-82 OC (from 

ethyl acetate-methanol); IR (Nujol) 1719 (ester C=O), 1268, 1098, 710 cm-'; 'H-NMR 

(400 MHt) G 8.04 (dd, J =  8.3, 1.1 Hz, 2 H, Ph), 7.58 (t, J =  7.5 Hz, 1 HI Ph), 7.48 (t, J =  

7.7Hz,2H9 Ph),j.O4(dd, J=5.7, 1.4Hg 1 H?H-22), 3.31 (s? 3 H, OMe), 3.11 (m, 1 H? 

H-23), 2.87 (dd, J =  5.3,2.6 Hz, 1 H, H-24), 2.83 (dd, J =  5.6,3.8 Hz, 1 H, H-24), 2.75 (4 

J =  2.7 HZ, 1 H, H-6), 1.26 (d, J =  6.8 HZ, 3 H, H-21), 1.02 (s, 3 H, H-19), 0.79 (s, 3 H, 

H-18); 13c-NMR (50 MHz) 8 165.7 (C=O), 133.1 (CH), 130.1 (C), 129.6 (0, 128.4 

(CH): 82.3 (CH), 75.2 (CH), 56.5 (CH), 56.3 (CH3), 52.4 (CH), 51.0 (CH), 47.9 (CH), 



46.7 (CH2), 43.3 (C), 42.7 (C), 40.2 (CH2), 38.1 (CH), 35.3 (C), 34.8 (CH2), 33.3 (CH?), 

30.5 (CH), 28.0 (CH2), 24.9 (CH2), 24.0 (CH2), 22.8 (CH2), 2 1.5 (CH), 19.3 (CH1), 13.6 

(CH;), 1 3.0 (CH2), 12.1 (CH;); mass spectrum, mk (relative intensity, %) 492 (M, 12), 

477 w- CH;, l l), 460 (M-- MeOH, Is), 437 (19), 105 (100). Exact mass calcd for 

Cj2ho4: 492.3240. Found 492.3226. 

The threo benzoate had: mp 132-133 'C (fiom hexanes-merhanoij; iR (Kujoij 

1723 (C=O), 1602, 1584,1267,1098, 757,709 cm"; 'H-NMR (400 MHz) 6 8.08 (dd, J =  

8.2, 1.1 Hz, 2 H, Ph), 7.58 (t, J =  7.5 Hz, 1 H, Ph), 7.47 (dd, J =  7.8, 7.6 H z ,  2 H, Ph), 

5.07 (m, 1 H, H-22), 3.32 (s, 3 H, OMe), 3.24 (m, 1 H, H-23), 2.82 (t, J = 4.5 Hz, 1 H, H- 

24), 2.75 (t, J =  2.6 H g  1 H, H-6), 2.61 (dd. J = 4.8, 2.7 Ek, 1 H, H-24), 1.27 (d, J =  6.8 

HL 3 H, H-21), 1.02 (s, 3 H, H-19), 0.78 (s, 3 H, H-18); ')C-NMR (50 MHz) 8 165.9 

(C=O), 133.0 (CH), 130.2 (C), 129.8 (CH), 128.4 (CH), 82.3 (CH), 76.4 (CH), 56.5 

(CH;), 56.3 (CH), 53.1 (CH), 52.5 (CH), 47.9 (CH). 44.1 (CH2), 43.3 (C), 42.7 (C), 40.2 

(CHr),  40.0 (CH), 35.2 (C), 34.9 (CHI), 35.3 (CH2), 30.5 (CH), 28.4 (CH2), 21.9 (CH2), 

24.1 (CH2), 22.7 (CH2), 2 1.4 (CH), 19.2 (CHI), 14.4 (CH3), 13.0 (CH2), 12.0 (CH;); mass 

spectrum, m/z (relative intensity, %) 492 (M-, 6), 477 (W- CH;, 7), 460 (M'- MeOH, 7): 

437 (12), 205 (S), 105 (100). Anal. calcd for C j Z h o 4 :  C, 78.01; H, 9.00. Found: C. 

77.63: H, 8.76. Saponification of the above mixture then provided pure threo epoxy 

alcohol 220. Hence, the threo benzoate (10 mg, 0.021 rnrnol) and 1M NaOH solution 

(1.0 mL, 1.0 rnmol) stirred in 1 mL of refluxing 1,4-dioxane for 30 min. The solvent was 

removed in vacuo and the residue was diluted with ether, washed with 10% HCl, 

NaHC03 and NaCl solutions, dried (MgS04), and evaporated under vacuum. The residue 

was purified by chromatography (elution with 20% ether-hexanes) to afford 4.4 mg 

(54%) of threo epoxide 220: 'H-NMR (200 MHz)  6 3.65 (m, 1 H, H-22), 3.34 (s, 3 H, 

OMe), 3.04 (dd, J = 3.6, 5.1 Hz, 1 H, H-23), 2.77 (rn, 1 H, H-24), 2.76 (m, 1 H, H-6), 

2.66 (dd, J =  4.9,2.8 HZ, 1 H, H-24), 1.05 (d, J =  5.7 Hz, 3 H, H-21), 1.03 (s, 3 H, H-19), 

0.76 (s, 3 H, H-18). 



7.3.7.2 Epoxidation of Allylie Alcohol 208 with VanadyI Acetylacetonate and t- 

Butyl Hydroperoxide 

Allylic alcohol 208 (48 mg, 0.13 mmol) and vanadyl acetylacetonate (0.4 mg, 

0.001 mmol) were dissolved in 5 mL of toluene followed by the addition of t-butyl 

hydroperoxide (0.50 mL of a 90% solution, excess). After 12 h at room temperature, the 

mixture was filtered through Celite and evaporated in vacuo. Chromatography (elution 

with 10% ether-hexanes) of the crude material afforded 17 mg (93%) of epoxide isomer 

221. None of epoxide 220 was detected by 'H-NMR or "c-NMR arallysis. Compound 

221 was hrther purified by recrystallization from ether: mp 128-130 OC; IR (KBr) 3474 

(OH), 1093, 1085 cm-l; 'H-NMR (200 MHz) 6 3.92 @r sl 1 H, H-22), 3.33 (s, 3 H, 

OMe), 2.92 (m, 2 H), 2.80 (m, 2 H), 1.03 (s, 3 H, H-19), 0.98 (d, J =  6.5 H z ,  3 H, H-'l), 

0.75 (s, 3 H, H-18); "c-NMR (50 MHz) G 82.4 (CH), 70.2 (0, 56.6 (CH3, OMe)? 56.4 

(CH), 54.2 (CH), 52.3 (CH),47.9 (CH), 44.5 (CH2), 43.4 (C), 42.6 (C), 40.2 (CH2), 38.3 

(CH), 35.2 (C), 35.0 (CH2), 33.3 (CH2), 30.6 (CH), 27.8 (CH2), 24.9 (CH2), 24.1 (CH2), 

22.8 (CH2), 21.5 (CH), 19.3 (CH3), 13.1 (CH2), 12.8 (CH3), 12.1 (CH3); mass spectrum, 

d' (relative intensity, %) 388 (M', 44): 373 (M'- CH3, 60), 356 (K- MeOH, 73): 333 

(100). Anal. calcd for Czs&o03: C, 77.27; H, 10.37. Found: C? 76.87; H, 10.34. 

7.3.7.3 Epoxidation of Allylie Alcohol 208 with Molybdenum Hexacarbonyl and 

t-Butyl Hydroperoxide 

t-Butyl hydroperoxide (0.5 mL of a 90% solution, excess) was added to a mixture 

of 208 (48 mg, 0.13 mmol) and molybdenum hexacarbonyl (0.4 mg, 0.001 mmol) in 

benzene at 60 'C. The reaction mixture was filtered through Celite after 8 h and the 

solvent was removed in vacuo. Purification of the crude product by chromatography 

(elution with 10% ether-hexanes) afforded 29 mg (58%) of a mixture of threo (220) and 

erythro (221) epoxides in the ratio of 26 : 74 as determined by 'H-NMR integration. 



7.3.8 Preparation of erythro-(3PJa,6R,22R,23S)-23 J4-Epoxy-6-mehxy-23- 

A 
OMe 

223 

7.3.8.1 Epoxidation of Allylic Alcohol 209 with MCPBA 

Allylic alcohol 209 (1.0 g, 2.6 mmol) was treated with MCPBA as in the 

procedure described for compound 208. Only one isomer was detected in the crude 

reaction mixture. Chromatography (elution with 10% ether-hexanes) provided 1.0 g 

(98%) of pure 223: rnp 1 18- 120 O C  (acetonitrile); IR (KBr) 3506 (OH), 1 13 1. 1 10 1. 793 

cm"; 'H-NMR (ZOO MHz) b 3.82 (br s, 1 H, H-23, 3.34 (s, 3 H. OMe), 3.07 (d, J = 4.8 

Hz 1 Hy H-24). 2.78 (t, J =  2.8 Hz, 1 H, H-6), 2.67 (d, J =  4.8 HZ? 1 H, H-24)y 1-33 (s, 3 

Hy H-28), 1.03 (s, 3 H, H-19), 0.91 (d, J=6 .3  Hz 3 H,H-21). 0.75 (s, 3 H, H-18); mass 

spectrum, m/z (relative intensity, %) 402 @A+, 9), 3 87 (M0- CH;, 1 1), 372 (3 1), 3 57 (40): 

317 (71), 289 (88), 55 (100). Anal. calcd for C2&203: C, 77.56; H, 10.51. Found: C, 

77.43; H, 10.70. 

7.3.8.2 Epoxidation of Allylic Alcohol 209 with Vanadyl Acetylacetonate and t- 

Butyl Hydroperoxide 

Vanadium-catalyzed epoxidation of allylic alcohol 209 (154 mg, 0.400 mmol) 

was accomplished in an analogous manner to the epoxidation of 208. The crude 'H- 

NMR spectrum only showed one isomer. Chromatography gave 137 mg (85%) of 223 

which was identical (by TLC and 'H-M) with the epoxide formed above (section 

7.3.8.1). 



7.3.83 Epoxidation of Allylic Alcohol 209 with Molybdenum Hexacarbonyl and 

t-Butyl Hydroperoxide 

Epoxidation of 209 (52 mg, 0.13 mmol) with molybdenum hexacarbonyl and t- 

butyl hydroperoxide was accomplished as described previously for compound 208. . 
Product 223 was isolated as one diastereorner in 57% yieid. The ' H - ~ T ~ ~ I Z  spectrum was 

identical to that fisted in section 7.3.8.1. 

73.9 Preparation of threo-(3P,5a,6R JZRJ3R f 4R)-23 J4-Eporryd-methow 

3,s-cyclo-26 J7-dinorcholestan-22-ol(221) and its erythro Isomer (225) 

A 
OMe 

A 
OMe 

225 

7.3.9.1 Epoxidation of Allylic Alcohol 210 with MCPBA 

According to the procedure given above for 208, dlylic alcohol 210 (50 mg, 0.13 

mmol) was oxidized with MCPBA. The crude 'H-NMR spectrum only showed one 

isomer. Chromatography (elution with 20% ether-hexanes) gave 46 mg (88%) of threo 

epoxy alcohol 224: mp 149-150 OC (fiom ether); IR (KBr) 3410 (OH), 1084, 840, 803, 

749 cm-' ; 'H-NMR (200 MHz) 6 3.6 1 (dd, J = 6.1, 5.0 Hz, 1 H, H-22), 3.33 (s, 3 H, 

OMe), 3.13 (dq, J =  5.6,4.4 Hz. 1 H, H-24), 3.02 (dd, J=  6.2,4.4 Hz, 1 H, H-23), 2.78 (t 

J =  2.7 Hz, 1 H, H-6), 1.34 (d, J =  5.6 Hzt 3 H, H-25), 1.05 (d, J =  6.3 Hz, 3 H, H-21): 

1.03 (s, 3 Hy H-19), 0.74 (s, 3 Hy H-18); "c-NMR (100 MHz) G 82-4 (CH), 70.8 (CH), 

59.4 (CH), 56.5 (CH3), 56.3 (CH), 52.9 (CH), 52.1 (CH), 47.9 (CH), 43.3 (C), 42.6 (C), 

40.2 (CH2), 40.1 (CH), 3 5.2 (C), 3 5.1 (CH2), 3 3.2 (CH2), 3 0.6 (CH), 27.9 (CH2), 24.9 



(CH2)y 24.1 (CHz), 22.8 (CH2)y 21.4 (CH), 19.2 (CH3), 13.6 (CH3), 13.1 (CH2), 12.7 

(CH3), 12.1 (CH3); mass spectrum, m/z (relative intensity, %) 402 (M', 23), 387 @I-- 

CH3, 3 3 ,  370 (M'- MeOH, 3l), 358 (19), 347 (59 ,  303 (68), 289 (74), 105 (99), 91 

(1 00). Anal. cdcd for C26&203: C, 77.56; H, 10.5 1. Found: C, 77.77; H, 10.39. 

7.3.9.2 Epoxidation of Aliylic Alcohol 210 with Vanadyi Aceryiacetonaie md  1- 

Butyl Hydroperoxide 

Allylic alcohol 210 (300 mg, 0.78 rnrnol) was treated with vanadyl 

acetylacetonate and t-butyl hydroperoxide in an analogous manner to the preceding 

epoxidation of allylic alcohol 208. Chromatography provided 78 mg (25%) of erythro 

epoxide 225 and 21 1 mg (68%) of rhreo epoxide 224. 'H-NMR integration of the crude 

mixture indicated an eryrhro:threo ratio of 32 : 68. The ratio was determined by 

integration of their H-23 signals at 6 3.02 and 2.96, respectively. The signals from the 

threo epoxide 224 were assigned by comparing the spectrum of the mixture of epoxy 

alcohols with the 'H-NMR spectrum of the pure threo diastereomer prepared by MCPBA 

oxidation (section 7.3.9.1 ). 

The less polar eryrhro isomer 225 had: mp 124-126 O C  (from ether); IR (KBr) 

3383, 1091, 1075, 966 cm-'; 'H-NMR (200 MHz)  6 3.61 (m, 1 H, 2249, 3.33 (s, 3 H, 

OMe), 3.17 (dq, J =  5.6,4.1 Hz 1 H, H-24): 2.96 (dd, J=  7.7,4.1 Hz, 1 H, H-23), 2.78 (t, 

J=1.7 Hz, 1 H, H-6), 1.37 (d, J =  5.6 Hz, 3 H, H-25), 1.08 (d, J =  6.3 Hz, 3 H, H-21), 

1.03 (s, 3 H, H-19), 0.77 (s, 3 H, H-18); "c-NMR (SO MHz) G 82.4 (CH), 70.1 (CH), 

57.0 (CH), 56.6 (CH), 56.5 (CH3), 53.6 (CH), 52.4 (CH), 48.0 (CH), 43.4 (C), 42.8 (C), 

40.3 (CH2)y 38.5 (CH), 35.3 (C), 35.1 (CH?), 33.4 (CH?), 30.6 (CH)? 27.7 (CH?), 25.0 

(CH2), 24.1 (CH2)y 22.8 (CH2), 21-5 (CH), 19.3 (CH,), 13.6 (CH3), 13.1 (CH2), 12.2 

(CH3), 12.1 (CH3); mass spectrum, m/z (relative intensity, %) 402 w, 48), 387 (W- 

CH3, 71), 370 (M'- MeOH, 63), 347 (81), 149 (100). Anal. calcd for C26&203: Cy 77.56; 

H, 10.51. Found: C, 77.53; H? 10.27. 



7.3.9.3 Epoxidation of AUylic Alcohol 210 with Molybdenum Hevacarbonyl and 

t-ButyI Hydroperoxide 

Following the procedure given in section 7.3.7.3 for compound 208, 

molybdenum-catalyzed epoxidation of allylic alcohol 210 (50 mg, 0.13 mrnol) furnished 

31 mg (60%) of 224. Compound 225 was not detected in either the !H or "C-~XR 

spectra. 

7.3.10 Preparation of threoo(3 P,5a,6R,22R J3S)-23 J4-Epoxy-6-methoxy-3,s- 

cyclo-2637-dinorergostan-22-ol(226) and its erythro Isomer (227) 

A 
OMe 

226 

7.3.10.1 Epoxidation of Allytic Alcohol 21 1 with MCPBA 

Following the same procedure given for allylic alcohol 208, compound 211 (50 

rng, 0.13 mmol) was treated with MCPBA. Chromatography provided 38 mg (72%) of 

the mixture of epoxides 226 and 227 in a threo : erythro ratio of 91 : 9 as determined by 

'H-NMR integration of their H-23 signals at 6 2.84 and 2.72, respectively. Compounds 

226 and 227 had TLC and 'H-NMR spectroscopic properties identical to those listed in 

section 7.3.10.2. 



73.10.2 Epoxidation of Allylie Alcohol 211 with Vanadyl Acetylacetonate and t 

Butyl Hydroperoxide 

Allylic alcohol 211 (50 mg, 0.13 mmol) was treated with vanadyl acetylacetonate 

and t-butyl hydroperoxide as in the procedure for the epoxidation of alcohol 208. 

Chromatography provided 41 rng (78%) of a mixture of rhreo 226 and irs eryrhro isomer 

227 in a ratio of 8 1 : 19. The diastereomen were separated after conversion into their 

correspondmg benzoates as described previously for epoxides 220 and 221 in section 

7 . 3 7  1 The minor eryrhro benzoate was a solid foam that had: IR (KBr) 17 15 (C=O), 

1602, 1270, 11 14, 1098, 756, 71 1 cm"; 'H-NMR (200 MHz) G 8.07 (m, 2 H, Ph), 7.53 

(m, 3 H, Ph),4.94(dd.J=7.8, 1.6Hz, 1 H,H-22), 3.31 (s, 3 H, OMe),2.90(d,J=7.8 

Hz. 1 H, H-23): 2.75 (t, J =  2.7 H z ,  1 H, H-6), 1.44 (s, 3 H, H-25 or H-28), 1.33 (s, 3 H, 

H-25 or H-28), 1.28 (d, J =  6.8 Hz, 3 H, H-21), 1.02 (s, 3 H, H-19), 0.78 (s, 3 H. H-18); 

l3c-~h4I2 (50 MHt) G 165.5 (C=O), 132.7 (CH), 130.1 (C), 129.4 (CH), 128.2 (CH), 

82.1 (CH), 73.2 (CH), 62.2 (CH), 59.9 (C), 56.2 (CH3), 56.1 (CH), 52.2 (CH), 47.7 (CH), 

43.1 (C), 42.5 (C), 40.0 (CH2), 37.5 (CH), 35.0 (C), 34.6 (CH2), 33.1 (CH2), 30.2 (CH)? 

27.7 (CH2), 24.6 (CH2), 24.2 (CHI), 23.8 (CH2), 22.5 (CH?)? 21.2 (CH), 19.2 (CH;), 18.9 

(CH3), 13.1 (CHI), 12.7 (CH2), 1 1.8 (CHI); mass spectrum? m/' (relative intensity, %) 

520 (M', lo), 505 w- CH3, 12), 488 (w- MeOH, lo), 465 (16), 343 (20): 253 (37), 105 

(1 00). Exact mass calcd for C34&s04: 520.3553. Found: 520.3532. Saponification of 

the elythro epoxide provided pure erythro epoxy alcohol 227. Hence, the erythro 

benzoate (13 mg, 0.024 mmol) and NaOH (7 mg, 0.18 mmol) were stirred in 1 mL of 

methanol at room temperature for 6 h. The mixture was diluted with ether, washed 

several times with 10% HCI and NaHC03 solutions, dried (Na2S04), evaporated to 

dryness in vacuo, and chromatographed (elution with 10% ether-hexanes) to give 5.0 mg 

(50%) of the e~ythro epoxide 227: 'H-NMR (200 MHz) 6 3.33 (s, 3 H, OMe), 2.78 (my 1 

H, H-6), 2.72 (m, 2 H, H-22 and H-23): 1.30 (s, 3 H, H-25 or H-28), 1.26 (s, 3 H, H-25 or 

H-28), 1.11 (d, J = 4 . 9  Hz, 3 H, H-21), 1.03 (s, 3 Hy H-19), 0.71 (s, 3 H, H-18); mass 

spec-, m/z (relative intensity, %) 41 6 (M+, 38), 401 (M'- CH3, 60) 384 MeOH, 

54), 361 (100). 



The major threo benzoate had: mp 159-16 1 O C  (from hexanes); IR (KBr) 1722 

(C=O), 1605,1268, 1098,755, 71 1 cm-'; 'H-NMR (200 MHz) G 8.09 (m, 2 H, Ph), 7.51 

(m, 3 H, Ph), 5.16 (dd, J =  8.3, 1.1 Hz, 1 H, H-22): 3.32 (s, 3 H, OMe), 3.07 (d, J =  8.2 

Hz, 1 H, H-23), 2.75 (my 1 H, H-6), 1.45 (s, 3 H, H-25 or H-28), 1.37 (s, 3 H, H-25 or H- 

28), 1.26 (d, J =  6.8 HZ 3 H, H-21), 1.02 (s, 3 H, H-19), 0.78 (s, 3 H, H-18); I3c-NMR 

(50 MHz) 6 165.8 (C=O), 132.8 (CH), 130.5 (C), 129.8 (CH), 128.3 (CH), 82.3 (CH), 

75.7 (CH), 64.0 (CH), 58.3 (C), 56.5 (CH3), 56.3 (CH), 52.5 (CH), 47.9 (CH), 43.3 (C), 

42.6 (C), 40.2 (CHI), 39.6 (CH), 35.2 (C), 34.9 (CHI), 33.4 (CH2), 30.5 (CH), 28.3 

(CH2), 24.9 (CH?), 24.8 (CH3), 24.1 (CH2), 22.8 (CH2), 2 1.5 (CH), 19.7 (CH;), 19.2 

(CH;), 14.0 (CH-j), 13.0 (CH2), 12.0 (CH3); mass specaum, mh (relative intensity, %) 

520 (W, 4), 505 @if- CH3, 6), 488 (W- MeOH, 5), 465 (1 l), 343 (4), 253 (6),  105 

(100). Exact mass calcd for C 3 A 8 0 4 :  520.3553. Found: 520.3543. Pure threo epoxide 

226 was isolated in 61 % yield after saponification of the threo benzoate (93 mg, 0.18 

mmol) in a procedure similar to that used above for the erythro benzoate. Compound 226 

had: mp 11 7-1 18 OC (from acetonitrile); IR (KBr) 3455 (OH), 1097, 754 cm"; 'H-NMR 

(200 LMHz) 3.58 (m, 1 H, H-22), 3.33 (s, 3 H, OMe), 2.84 (d, J = 6.2 Hz, 1 H, H-23): 2.78 

(t, J = 2.6 Hr 1 H, H-6), 1.34 (s. 3 H, H-25 or H-28), 1.33 (s, 3 £3, H-25 or H-28): 1.04 

(d, J=7.2Hz,  3 H, H-21), 1.03 (s,3 H, H-19),0.74(s, 3 H, H-18); 1 3 ~ - ~ ( 5 0 M H z ) G  

82.4 (CH), 71.2 (CH), 66.5 (CH), 58.7 (C), 56.5 (CH3), 56.3 (CH), 52.1 (CH), 47.9 (0, 
43.4 (C), 42.6 (C), 40.3 (CH), 40.2 (CH2), 35.2 (C), 35.1 (CH2)? 33.3 (CH2), 30.6 (CH), 

27.9 (CHd, 25.0 (CH2), 24.9 (CHI), 24.1 (CHl), 22.8 (CH2), 2 1.5 (CH), 19.3 (CH3), 19.0 

(CH;), 13.1 (CH2), 12.7 (CH3), 12.1 (CHI); mass spectrum, m/z (relative intensity, %) 

416 ('W, 9), 401 @A+- CH;, lo)? 384 (M+- MeOH, 8), 361 (17), 344 (26), 329 (52), 312 

(SO), 289 (100). Anal. calcd for Ct7&o3: C? 77.84; H, 10.64. Found: C, 77.52; H, 10.68. 



7.3.10.3 Epoxidation of Allylic Alcohol 211 with Molybdenum Hexacarbonyl and 

t-Butyl Hydroperoxide 

Molybdenum-catalyzed epoxidation of 211 (50 mg, 0.13 mmol) provided 43 mg 

(82%) of epoxides 226 and 227 after purification, in a threo : erythro ratio of 93 : 7. 

7.3.11 Preparation of threo-(3 P,5a,6R,22R,23R,24S)-23,23-Epoxy-6-methoxy- 

3,5-cyclo-2637-dinorcholestane 22-t-Butyldimethylsilyl Ether (228) and 

its erythro Isomer (229) 

A 
OMe OMe 

7.3.1 1.1 Epoxidation of Allylic Alcohol Derivative 216 with MCPBA 

MCPBA epoxidation of silyl ether 216 (61 mg, 0.16 mmol) was performed 

according to the procedure listed for allylic alcohol 208. The reaction afforded 37 mg 

(67%) o f  a mixture of epoxides 228 and 229 in a threo : erythro ratio of 26 : 74 as 

determined by1~-NMR integration of their C-22 signals at 6 3.14 and 3.48 ppm, 

respectively. The m i w e  had: 'H-NMR (200 MHz) G (threo isomer, 228) 3.33 (s, 3 H, 

OMe), 3.14 ( br d, J = 6.9 Hz 1 H, H-22), 2.75 (m, 3 H, H-6, H-23 and H-24), 1.32 (d, J 

= 5.2 HZ, 3 H, £3-25), 1.03 (s, 3 H, H-19), 0.98 (d, J =  6.5 Hz, 3 H, H-21), 0.92 (s: 9 H. 

Si(Me)zt-Bu) 0.73 (s, 3 H, H-18), 0.05 (s, 3 H, Si(Me)2t-Bu), 0.05 (s, 3 H, Si(Me)2t-Bu). 

The 'H-NMR signals for the erythro epoxy silyl ether 229 were assigned by comparing 

the spectrum of the above epoxide mixture with the 'H-NMR spectrum of pure erythro 

epoxy silyl ether 229, prepared by silylation of known erythro epoxy alcohol 219. 



Compound 229 had: mp 175-1 79 O C  (fiom ether-ethanol); IR (KBr) 1228, 1132, 1099, 

1084,836,773 cm-l; 'H-NMR (200 MHz) 8 3.48 (rn, 1 H, H-22), 3.33 (s, 3 H, OMe) 2.90 

(dq, J =  5.2,2.2 Hg 1 H, H-24), 2.78 (t, J =  2.7 Hz, 1 H, H-6), 2.61 (dd, J =  5.4, 2.2 H z ,  

1 H, H-23), 1.32 (d,J=5.2 Hz, 3 Hy H-25), 1.03 (s, 3 H, H-19), 0.98 (d, J=6.5 Hz, 3 H, 

H-21), 0.90 (s, 9 H, Si(Me)2t-Bu) 0.75 (s, 3 H, H-18), 0.06 (s, 3 H, Si(Me)tr-Bu), 0.05 (s, 

3 H, Si(Me)+Bu); mass spectrum, m/z (relative intensity, %) 459 (M&- t-Bu, 4j, 427 

(1 I), 335 (12): 283 (25), 253 (60), 73 (100). Anal. calcd for C32HS603Si: C, 74.36; H. 

10.92. Found: C, 74.17; H, 11.03. 

73.12 Preparation of threo-(3P,Sa,6R f 2R,23R,24S)-23 J4-Epoxy-6-methoq- 

3,s-cyclo-26 J7-dinorcholestanyl22-Pivaloate (230) and its erythro Isomer 

(231) 

A 
OMe 

230 

A 
OMe 

23 1 

7.3.12.1 Epoxidation of Allylic Aicohol Derivative 217 with MCPBA 

Following the procedure given for the peracid epoxidation of allylic alcohol 208, 

pivaloate ester 217 (50 mg, 0.1 1 rnmol) was treated with MCBPA to give 40 mg (77%) of 

the mixture of epoxides, 230 and 231, in a threo : erythro ratio of 34 : 66. The ratio was 

determined by integration of the signals at 6 2.79 (H-23 and H-24) fiom 230, and at 6 

3.02 ppm (H-24) and S 2.67 ppm (H-23) fiom 231. The mixture had: 'H-N~IR (200 

MHz) S (threo isomer, 230) 4.80 (m, 1 H, H-22), 3.33 (s, 3 H, OMe), 2.79 (m, 2 H, H-23 

and H-24): 2.77 (m, 1 H, H-6), 1.32 (d, J = 4.8 Hz, 3 H, H-25), 1.25 (s, 9 H! t-Bu), 1.13 

(d, J =  6.9 Hz, 3 H, H-21), 1.03 (s, 3 H, H-19), 0.75 (s, 3 H, H-18). Signals fiom the 



major erythto isomer in the mixture were identified by comparison with those of an 

authentic sample prepared by pivaloylation of erythro epoxy alcohol 219 following the 

procedure given in section 7.3.6. Erythro isomer 231 had: mp 166-168 OC (from ether); 

IR (KBr) 1731, 1162, 1154, 1096, 1081 cm*'; 'H-NMR (200 MHz)  8 4.79 (dd? J = 5.3, 

1.3 H z ,  1 H, H-22), 3.32 (s, 3 H, OMe), 3.02 (dq, J =  5.2, 2.1 Hz, 1 H, H-24): 2.77 (t, J =  

2.6 Hz, 1 H, H-6), 2.67 (dd, J =  5.3, 2.1 Hz, 1 H, H-LZ), 1.30 id, J =  5.2 -Hz, 3 H, ti-25j, 

1.22 (s, 9 H, t-Bu), l.lO(d, J z 6 . 8  HZ, 3 H, H-21), 1.03 (s, 3 H, H-19), 0.75 (s, 3 H, H- 

18); 13c-NMR (100 MHz) 8 177.6 (C=O), 82.3 (0, 73.8 (CH), 58.2 (CH), 56.5 (CH), 

56.5 (CH3), 53.7 (CH), 52.4 (CH), 47.9 (CH), 43.3 (C), 42.6 (C), 40.3 (CH?), 39.1 (C), 

37.8 (CH), 35.3 (C), 34.8 (CH2), 33.3 (CH2), 30.5 (CH), 28.0 (CH*), 27.2 (CH3), 24.9 

(CH2), 24.0 (CH2), 22.7 (CH*), 21.5 (CH), 19.2 (CH3), 17.2 (CH3), 13.4 (CH2), 13.0 

(CH3), 12.0 (CH3); mass spectrum, m/r (relative intensity, %) 486 (W, 26), 471 (M- 

CH3, 35): 454 (M*- MeOH, 33), 431 (M0- {-By 100). Exact mass calcd for CjlHjo04: 

486.3709. Found 486.3662. 

7.3.13 Preparation of (3 P,5a,6R J2R f 3S)-6-Methoxy-3,5-eyelocholest-22,23-diol 

(232) 

A 
OMe 

232 

Isopropylmagnesium chloride (5.1 rnL of a 2.0 M solution in ether, 10 mmol) was 

added to a suspension of coppero) cyanide (92 mg, 1.0 mmol) in 10 mL of dry ether at - 

78 OC. Mer 1 h, the erythro epoxide 221 (794 mg, 2.04 mmol) in 15 mL of dry ether 

was added dropwise. The mixture was stirred for 15 min at -78 O C  and 1 h at room 

temperature. Ether and m C 1  solution were added and the aqueous layer was extracted 



once with ether. The combined ether extracts were washed with NaHC03 and NaCl 

solutions, dried (MgS04), and evaporated to dryness under vacuum. The crude product 

was purified by ~hrornato~gaphy (elution with 10% ethyl acetate-hexanes) to afford 706 

mg (80%) of diol232: mp 95-97 O C  (from hexanes); IR (KBr) 3423 (OH), 1099,966,759 
cm-l. , 1 H-NMR (200 MHz)  G 3.64 (m, 1 H, H-22 or H-23), 3.41 (m, 1 H, H-22 or H-23), 

3.33 (s, 3 H, OMe), 2.78 (t, J =  2.7 Hz, H-6), 1.02 (d, J =  6.7 Hz, 6 H, H-26 and H-27): 

0.97 (s, 3 H, H-19), 0.94 (d, J =  7.1 Hz. 3 H, H-21), 0.77 (s, 3 H, H-18); 1 3 ~ - ~  (50 

MHz) G 82.3 (CH), 76.3 (CH)? 70.7 (CH), 56.5 (CH,), 56.5 (CH), 52.6 (CH), 47.9 (CH), 

43.3 (C), 43.3 (CH2), 42.7 (C), 40.3 (CH2), 36.2 (CH), 35.2 (C), 35.0 (CH?), 33.3 (CH2), 

30.5 (CH), 27.9 (CH2), 24.9 (CH2), 24.5 (CH), 24.0 (CH2), 24.0 (CH3), 22.7 (CH2), 2 1.6 

(CH;), 21.4 (CH), 19.2 (CHI), 13.0 (CH2), 12.2 (CH3), 12.2 (CH,); mass spectrum, m/z 

(relative intensity, %) 432 (K, 18) 417 (W- CH3, 17): 400 (M0- MeOH. 20), 377 (33), 

313 (46), 283 (37), 43 (100). Anal. calcd for C28H4803: C, 77.73; H, 11.18. Found: C, 

77.34; H. 10.76. 

73.14 Preparation of (3P,5a,6R JZR,23S)-6-Methoq-3,5-cyclocholestane-22,23- 

thionocarbonate (233) 

v 
OMe 

Diol 232 (1 54 mg, 0.360 -01) and 1 ,l '-thiocarbonyldiimidazole (71 mg, 0.39 

mmol) were refluxed in 10 rnL of dry toluene for 48 h. The mixture was diluted with 

ether, washed several times with water, and dried (MgS03. The volatile material was 

evaporated under vacuum and the residue was chromatographed on neutral aiumina 

(elution with 5% ethyl acetate-hexanes) to afford 122 mg (72%) of 233 as a solid foam: 



IR (KBr) 1287, 1098,947,933 cm-I; 'H-NMR (400 MHz) 6 4.90 (m, 2 H, H-22 and H- 

23), 3.33 (s, 3 H, OMe), 2.79 (t, J = 2.7 Hz, H-6); 1.07 (d, J = 6.4 Hz, 3 H, H-26 or H- 

27), 1.03 (s, 3 H, H-19), 1.02 (d, J =  7.5 Hz, 3 Hy H-26 or H-27), 0.98 (d, J =  6.5 l3q 3 H, 

H-21), 0.74 (s, 3 H, H-18); 13c-NMR (100 MHz) 6 192.4 (C=S), 86.7 (CH), 83.6 (CH), 

82.3 (CH), 56.6 (CHI), 56.2 (0, 52.1 (CH), 47.8 (0, 43.3 (C), 42.8 (C), 39.9 (CH2), 

37.3 (0, 36.2 (CH2), 35.1 (C), 35.0 (CH2), 33.3 (CH2), 30.6 (CH), 28.4 (CH2), 25.6 

(CH), 24.9 (CH2), 24.1 (CH2), 23.2 (CH3), 22.7 (CH?), 21.7 (CH3), 21.4 (CH), 19.2 

(CH3), 13.8 (CH;), 13.1 (CH2), 12.0 (CH3); mass spectrum, d z  (relative intensity, %) 

174 58), 459 (MC- CH,, 53), 442 (w- MeOH, 74), 419 (96), 55 (100). Exact mass 

calcd for C29&03S : 474.3 168. Found: 474.3 149. 

7.3.15 Preparation of (3P,Sa,6R, 222)-6-Methoxy-3,5-cyciocholest-22-ene (234) 

v 
OMe 

Thionocarbonate 233 (33 mg, 0.70 mmol) was refluxed in 1.5 mL of 

trimethylphosphite for 96 h. It was then extracted several times with chloroform and the 

chloroform extracts were washed several times with 4% NaOCl solution. The remaining 

volatile material was removed in vacuo and the residue was purified by chromatography 

(elution with 10% benzene-hexanes) to give 15 mg (54%) of olefm 234: IR (film) 1097, 

756 cm-I; 1 ~ - ~  (400 MHz) S 5.19 (m, 2 H, H-22 and H-23), 3.32 (st 3 H, OMe), 2.78 

(t, J =  2.8 Hz, 1 H, H-6), 2.45 (m, 1 H), 1.04 (s, 3 H, H-19), 0.96 (d, J =  6.6 Hz, 3 H, H- 

21), 0.91 (d, J =  6.4 Hz, 3 H, H-26 or H-27), 0.90 (d, J = 6.9 Hz, 3 HI H-26 or H-27), 

0.77 (s, 3 H, H-18); "c-NMR (50 MHz) 6 137.3 (CH), 125.4 (CH), 82.5 (CH), 56.7 

(CH), 56.5 (CH), 56.5 (CH3), 48.2 (CH), 43.5 (C), 42.8 (C), 40.3 (CH2), 36.8 (CHI), 35.4 

(C), 35.1 (CH2), 34.2 (CH), 33.4 (CH2), 30.5 (CH), 28.8 (CH), 28.1 (CH*), 25.0 (CH2), 



24.2 (CH2), 22.8 (CH2), 22.6 (CH3), 22.4 (CH2), 2 1.6 (CH), 20.7 (CH,), 1 9.3 (CH3), 1 3.1 

(CH2), 12.6 (CHs); mass spec-, m/z (relative intensity, %) 398 (54, M+), 383 (38): 366 

(59), 343 (67), 55 (100). Exact mass calcd for C28&60: 398.3549 Found: 398.3545. 

The 'H-NMR signals from the Z olefin are very consistent with those in a literature1" 

spectrum for the same compound which was prepared by a different route: 'H-NMR (360 

MHz)G5.18 (m,2H, H-22andH-23),3.32 (s, 3 H, OMe),2.77 jm, i H, H-6j, i.03 js, 3 

H, H-19), 0.95 (d, J=6 .6Hz ,  3 H, H-21), 0.91 (d? J =  6.3 Hz, 3 H, H-260r H-27), 0.89 

(d, J = 5.5 Hz, 3 H, H-16 or H-27), 0.75 (s, 3 H, H- 1 8). 

7.3.16 Preparation of (3 p95a,6R,22R f 3R)-6-Methoxy-3,5-cyc10-23-1-24- 

( 2 , 4 , 6 - t r i m e t h y l p h e n y l s e l e n o ) - 2 5 , 2 6 J 7 - ~ 3 - d i o i  (235) 

Sodium borohydride (25 mg, 0.66 mmol) was slowly added to a solution of 

e~ylhro epoxide 223 (88 mg, 0.22 mmol) and di-(2,4,6-trimethylphenyl) diselenide (47 

mg, 0.1 2 mrnol) in 8 mL of ethanol. The mixture was stirred at room temperature for 6 h. 

diluted with water, extracted several times with ether, and dried (K2C03). The volatile 

material was removed in vacuo and the residue was purified by chromatography (elution 

with 10% ether-hexanes) to give 105 mg (80%) of diol 235: mp 153-155 O C  (fiorn 

acetonitrile); IR (KBr) 3575 (OH), 3484 (OH), 1205, 1095, 1080, 850, 792 cm"; 'H- 

NMR (400 MHz) 6 6.94 (s, 2 H, Ar), 3.59 (d, J =  6.2 Hz, 1 H, H-22), 3.34 (s, 3 H, OMe), 

3.04 (d, J =  11.5 HG 1 H, H-24): 2.85 (d, J =  11.5 Hz, 1 H, H-24), 2.78 (t, J =  2.7 Hz. 1 

H, H-6), 2.60 (s, 1 H, OH), 2.56 (st 6 H? Ar-CH3), 2.27 (s, 3 Ht Ar-CH3), 2.08 (d, J =  6.2 

HZ, 1 H), 1.30 (s, 3 H, H-28), 1.03 (s, 3 H, H-19), 0.99 (d, J=  6-7 HI, 3 Hy H-21), 0.75 (s, 



3 H, H-18); L 3 ~ - ~  (100 MHz) 6 142.6 (C), 138.3 (C), 128.7 (CH), 128.0 (C), 82.4 

(CH), 77.6 (CH), 75.1 (C), 56.5 (CH,), 56.5 (CH), 53.9 (CH), 47.9 (CH), 43.4 (C), 42.7 

(C), 40.3 (CH2), 38.0 (CHz), 36.8 ( 0 ,  35.2 (C), 35.0 (CH2), 33.3 (CH2), 30.5 (CH)? 

28.6 (CHz), 25.7 (CH3), 24.9 (CH3, 24.5 (CH3), 24.1 (CH2), 22.8 (CH2), 2 1.5 (CH), 20.9 

(CH3), 19.2 CH3), 13.4 (CH3), 13.1 (CH2), 12.0 (CH3); mass spectrum, d z  (relative 

intensity, %) 602 (M', '%e, 6) ,  584 (MI- H20, 4 j, 384 j luj, 3 52 i 16 j, 329 (43 j, 239 (49 j, 

200 (78): 1 19 (100). Ad. calcd for C3 jHjs03Se: C, 69.86; H, 9.04. Found: C, 69.78; H1 

8.91. 

7.3.17 Preparation of (3 P,5a,6R ,22R,23R)-6-Methoxy-23-methy1-3,5-~y~10-24- 

(2,4,6-trimethylpheoylseleno)-25J6J7-trinor~h01e~tane-22,23-thi0n0~ar- 

bonate (236) 

OMe 

n-Butyllithium in hexanes (0.13 mL of a 2.0 M solution in hexanes, 0.26 mmol) 

was added dropwise to a solution of 235 (83 mg, 0.14 mmol) in 6 mL of dry THF. After 

5 min, 1?1 '-thiocarbonyldiimidazole (43 mg, 0.24 mmol) was added and the mixture was 

refluxed for 4 h. It was quenched with N&Cl solution and extracted several times with 

ether. The ether layers were washed with water, dried (Na2S04), concentrated in vacuo, 

and purified by chromatography (elution with 10% ether-hexanes) to give 70 rng (80%) 

of thionocarbonate 236: mp 165-166 O C  (fiom ethanol); IR (KBr) 1597, 13 1 3, 1272: 

1156, 1098, 1086 cm-I; 'H-NMR (200 MHz) S 6.95 (s, 2 H, Ar), 4.64 (s, 1 H, HZ), 3.34 

(s, 3 H, OMe), 3.06 (br s, 2 H, H-24): 2.79 (m, 1 H, H-6), 2.56 (s, 6 H, Ar-CH3), 2.28 (s, 

3 H, Ar-CH3), 1.62 (s, 3 H, H-28), 1.04 (d, J =  7.4 Hz, 3 H, H-21): 1.03 (s, 3 H, H-19)! 



0.70 (s, 3 H, H-18); 1 3 ~ - ~ ~ ~  (100 MHz) S 191.1 (C=S), 142.4 (C), 139.0 (C), 129.0 

(CH), 127.2 (C), 91.23 (C), 91.15 (CH), 82.3 (CH), 56.6 (CH3), 56.3 (CH), 52.5 (CH), 

47.7 (CH), 43.3 (C), 42.8 (C), 39.9 (CHl), 37.9 (CH), 35.1 (CH2), 35.0 (C), 33.3 (CH2), 

30.5 (CH), 29.4 (CHz), 28.3 (CHr), 26.2 (CH,), 24.9 (CHI), 24.3 (CH3), 24.1 (CHI), 22.7 

(CH2), 21.4 (CH), 20.9 (CH,), 19.2 (CH3), 13.5 (CH3), 13.1 (CH2), 1 1.9 (CH?); mass 

spec-, m/z (reiative intensity, %) 644 (M', ""s, 11, 628 (31, 612 (2), j96 (41, 369 

( 1  7 (16,  119 (00) .  This compound was used directly in the next stage. 

7.3.18 Preparation of (3P,5a,6R JZZ)-6-Methoxy-3,5-cyclo-23-me~,4,6-  

trirnethylphenylse1eno)-25 J657-trinorcholest-2en (237) 

A 
OMe 

237 

Thionocarbonate 236 (30 mg, 0.046 mmol) was reflued in 5 mL of 

trimethylphosphite for 72 h. The mixture was diluted with chloroform and washed 

several times with water. The chloroform layer was left under a stream of nitrogen for 14 

h to remove traces of trimethylphosphite. The remaining solvent was evaporated under 

reduced pressure and the residue was purified by chromatography (elution with 5% ethyl 

acetate-hexanes) to afford 16 mg (6 1%) of olefin 237 as a colorless oil: IR (KBr) 1098, 

1016,849 cm-l; 'H-NMR (200 MHz) G 6.93 (s, 2 H, Ar), 4.97 (d, J = 9.8 Hz, 1 H, H-22): 

3.40 (d, J =  10.7 Hz, 1 H, H-24), 3.34 (s, 3 H, OMe), 3.27 (d, J =  10.7 Hz. 1 H, H-24), 

2.77 (m, 1 H, H-6): 2.58 (s, 6 H, Ar-CH3), 2.26 (s, 3 H, Ar-CH3) superimposed on 2.26- 

2.15 (m, 1 H), 1.82 (d, J =  1.2 Hz. 3 H, H-28), 1.03 (s, 3 H, H-19), 0.79 (d, J =  6.5 HL 3 

HI H-21) 0.69 (s, 3 H, H-18); irradiation of the peak at 6 4.97 ppm (H-22) produced a 

3.3% enhancement of the signal at 6 1.82 ppm (H-25) and vice versa (3.4% 



enhancement); ' 3 ~ - ~ ~ ~  (100 MHz) 6 143.3 (C), 138.1 (C), 135.5 (CH), 128.5 (C), 

128.4 (CH), 128.4 (CH), 82.4 (0, 56.6 (CH3), 56.5 (CH), 56.4 (CH), 48.1 (CH), 43.4 

(C), 42.7 (C), 40.2 (CHz), 35.4 (C), 35.2 (CH), 34.9 (CH2), 33.4 (CH2), 30.5 (CH), 29.8 

(CH2), 28.0 (CH?), 25.0 (CH2), 24.5 (CH3), 24.2 (CH?), 23.2 (CH3), 22.8 (CH2), 21.6 

(CH), 30.9 (CH3), 20.6 (CH,), 19.3 CH3), 13.0 (CH2), 12.5 (CH;); mass spectrum, m/s 

(relative intensity, %) 568 (hf, " ~ e ,  5), 536 (bf- MeOH, 9), 337 (94), 253 (57): 119 

(1 00). Exact mass calcd for C3 jHj20Se: 568.3 190. Found: 568.3228. 

7.3.19 Preparation of (3P,ja,6RJZR ,23S)-6-Methoxy-3,5-cyclo-26,27-dhor- 

c holestane-22,23-dioI(238) 

A 
OMe 

238 

Known erythro epoxide 219 (108 mg, 0.268 mmol) and titanium(IV) 

isopropoxide (1 36 PI? 0.457 mrnol) were dissolved in 5 mL of dry benzene and after 5 

rnin lithium borohydride (23 mg, 1.1 mmol) was added. The mixture was stirred for 18 h 

at 50 OC, then 5% H2S04 solution and ether were added. Afier 20 min, the layers were 

separated and the aqueous layer was extracted once with ether. The combined ether 

extracts were washed with NaHC03 solution, dried (Na2S04), concentrated under 

vacuum, and purified by chromatography (elution with 5-10% ethyl acetate-hexanes) to 

give 60 mg (55%) of diol238: mp 157-16 1 O C  (from acetonitrile); IR (KBr) 341 7 (OH), 

1261,1098,1082, 969 cm-'; 'H-NMR (400 MHz)  6 3.48 (m, 2 H, H-22 and H-23), 3.33 

(s ,3  H,OMe),2.78 (t, J=2.7Hz, 1 H,H-6), 1.03 (s, 3 H,H-19), 1.02 (t, J=5.7 Hz,3 H? 

H-25): 0.97 (d, J=  6.7 Hz, 3 Hy H-21), 0.77 (s, 3 H, H-18); 1 3 ~ - ~  (100 MHz) 6 82.4 

(CH), 75.7 (CH), 73-4 (CH), 56.6 (CH3), 56.5 (CH), 52.7 (CH), 48.0 (CH), 43.4 (C), 42.8 



(C), 40.3 (CH2), 36.2 (CH), 35.3 (C), 35.0 (CH?), 33.4 (CH2), 30.6 (CH), 27.9 (CH2)9 

27.0 (CH2), 25.0 (CH2), 24.1 (CH2), 22.8 (CH2), 21.5 (CH), 19.3 (CH3), 13.1 (CH2), 12.2 

(CH,), 12.0 (CHI), 9.9 (CH3); mass spectrum, m/z (relative intensity, %) 404 (K, 291, 

389 (W- CH3, 34), 372 (M'- MeOH, 32), 349 (62), 312 (66), 289 (100). Exact mass 

calcd for C2&03: 404.3290. Found: 404.3327. . 
The same diol238 was obtained in 84% yield by the similar treatment of erythro epoxlde 

225. 

7.3.20 Preparation of (3P,5a,6R,22R,23R)-6-Methoxy-3,5-cyclo-26~- 

staneg22,23-diol (239) 

OMe 

239 

The threo epoxide 226 (1 19 mg, 0.29 mrnol) was treated with titanium(IV) 

isopropoxide (145 p1, 0.486 mmol) and lithium borohydride (25 mg, 1.1 rnmol) 

according to the procedure for the conversion of erythro epoxide 219 or erythro epoxide 

225 into diol238, except that the crude product was purified using radial chromatography 

(elution with 30% ether-hexanes) to provide 91 mg (76%) of diol239 as a solid foam: IR 

(KBr) 3417 (OH), 1099,998,757 cm-l; 'H-NMR (200 MHz) 6 3.56 (d, J =  8.0 Hz, 1 H, 

H-22), 3.49 (s, 1 HI OH), 3.42 (dd, J =  7.8, 2.6 Hz, 1 H, H-23): 3.33 (s, 3 H, OMe), 2.78 

(t, J =  2.8 Hz, 1 H, Hd),  2.04 (br s, 1 H, OH), 1.03 (s, 3 H, H-19), 1.02 (d, J =  5.3 Hz 3 

H? H-21), 0.92 (dt J = 6.2 Hz, 3 Hy H-25 or H-28), 0.87 (d, J = 6.8 H z ,  3 Hy H-25 or H- 

28), 0.74 (s, 3 H, H-18); ''C-NMR (100 MHz) 8 82.4 (CH), 77.0 (CH), 74.3 (CH), 56.6 

(CH3), 56.4 (CH), 52.6 (CH), 48.0 (CH),43.4 (C), 42.6 (C), 40.3 (CH), 37.6 (CH2), 35.2 

(C), 35.1 (CHz), 33.4 (CH2), 30.6 (CH), 29.2 (CH2)? 27.9 (CH2)? 24.9 (CH2), 24.1 (CH2), 



22.8 (CHI), 21.5 (CH), 20.3 (CH3), 19.3 (CH3), 14.7 (CH3), 13.1 (CH2), 12.2 (2 CH3); 

mass spectrum, d z  (relative intensity, %) 11 8 (w, 30): 403 (MC- CH3, 3 I), 386 (W- 

MeOH, 24), 363 (59), 41 (100). Exact mass calcd for C27&603: 418.3447. Found: 

418.3419. 

7.3.21 Preparation of (3SJ2R,23R)-26,27-dinorergost-S-ene-3,22,23-oi (240j 

Diol 239 (7.4 mg, 0.01 8 mmol) and p-toluenesulfonic acid (0.28 ml of a 0.0 13 M 

solution in 19-dioxane, 0.035 mmol) were heated in 1 mL of 1,4 dioxane and water (5 : 

1) for 4 h at 70 OC. The 1,4 dioxane was removed in vacuo and the residue was diluted 

with ether, washed several times with water, dried (MgS04), and evaporated. The crude 

material was purified by chromatography (elution with 0-1 0% methanol-chloroform) to 

give 5 mg (69%) of 240 which was recrystallized from methanol-ethyl acetate: mp 21 5- 

21 7 O C  (lit.'08 219-221 OC);  'H-NMR (200 MHz) 6 5.36 (m, 1 H, H-6)? 3.59-3.42 (m, 3 H: 

H-3, H-22 and H-23), 2.30-2.23 (m, 2 H), 1.02 (d, J =  6.9 Hz, 3 H, H-21), 1.02 (s, 3 H, 

H-19), 0.93 (d, J =  6.2 Hz, 3 H, H-25 or H-28), 0.87 (d, J =  6.8 Hz, 3 H, H-25 or H-28), 

0.71 (s, 3 H, H-18). The isomeric (22R,23S)-trio1 is also known,'08 but has a significantly 

higher melting point (247-248 "C) than that which was obtained for 240. 



Experiments Pertaining to Chapter Four 

Preparation of 1,4-Di@enyIoxy)-5,s-dihydronaphthalene (271) 

5,8-~ih~dro-l,4-na~hthalenediol~~~ (270) (1.35 g, 8.25 mmol) was dissolved in 30 

mL of dry DMF, cooled to 0 OC, and NaH (1.0 g of a 60% dispersion in mineral oil, 25 

mmol) was added slowly. The solution immediately turned dark red, and after 20 min, 

benzyl bromide (2.17 mLt 18.2 mrnol) was added. The solution was stirred for 12 h at 

room temperature before water was added dropwise. The mixture was extracted several 

times with ether and the combined ether extracts were washed three times with NaCl 

solution, dried (MgS04), and evaporated under vacuum. The crude product was purified 

by chromatography (elution with 2% ethyl acetate-hexanes) to give 2.61 g (9 1%) of 271: 

mp 8 1-82 O C  (from methylene chloride-hexanes) (lit."' 82-83 OC); IR (KBr) 1598, 1095, 

1064, 1025, 1005,732 cm-I; 'H NMR (200 MHz) 6 7.48-7.33 (my 5 H, 0CH2Ph), 6.70 (s, 

1 H, H-2), 5.92 (s, 1 H, H-6), 5.05 (s, 2 H, OCHtPh), 3.41 (d, J =  1.0 Hz, 2 H, H-5); "C 

NMR (50 MHz) G 150.2 (C), 138.7 (C), 128.4 (CH), 127.6 (CH), 127.0 (CH), 124.9 (C), 

123.5 (CH), 108.4 (CH), 70.0 (CH2), 24.5 (CH2); mass spectrum, d z  (relative intensity, 

%) 342 (Nf, 40), 25 1 (hlf- CH2Ph, 8), 159 (16), 9 1 (1 00). Anal. calcd for Cz4H202: C, 

84.1 8; H, 6.48. Found: C, 83.76; H, 6.39. 



7.4.2 Preparation of (k) 7a-Acetory -1 ,4 -d i@eny loxy) -5 ,6 ,7 ,8 - t e~a-  

naphthol (272) 

Olefin 271 (4.60 g, 13.4 mmol) was dissolved in 150 mL of glacial acetic acid and 

2.9 mL of water. Silver acetate (4.14 g, 24.8 mmol) and iodine (3.15 g, 12.4 mmol) were 

added and the slurry was heated to 85 O C  for 2.75 h. The mixture was cooled to room 

temperature, filtered, and evaporated in vacuo. The crude product was chromatographed 

(elution with 1% methanol-chloroform) to give 4.92 g (88%) of 272: mp 144-148 "C 

(from acetonitrile-water); IR (KBr) 3420 (OH), 1729 (acetate C=O), 1602 (C=C), 1259, 

1095, 1060 cm-'; 'H NMR (200 MHz) 6 7.51-7.35 (m, 10 H. 0CH2Ph), 6.73 (st 2 H, H-2 

and H-3), 5.32 (dt, J =  6.1, 1.9 Hz, 1 H, H-7), 4.25 (t, J =  5.1 Hz, 1 H? H-6) 3.21-2.96 (m, 

4 H, H-5 and H-8), 2.39 (br s, 1 H, OH), 2.13 (s, 3 Ht acetate); 13c NMR (50 MHz) 6 

171.1 (C=O), 150.6 (C), 150.4 (C), 137.4 (C), 137.3 (C), 128.4 (CH), 127.7 (CH), 127.1 

(CH), 127.0 (CH), 123.8 (C), 123.4 (C), 109.0 (CH), 108.9 (CH), 71.9 (CH), 70.1 (2 

CH2), 67.2 (CH), 29.3 (CH2), 26.4 (CH*), 21.2 (CH3); mass specmun. m/z (relative 

intensity, %) 418 w, 67), 358 (M'- AcOH, 45), 267 (5), 249 (5),91 (100). Exact mass 

calcd for C2dt6o5: 418.1780. Found: 418.1773. 



7.4.3 Preparation of (k) 1 ,4-Di (benyloxy) -6a ,7a- ( i sopropyl idenedio~  

tetrahydronaphthalene (273) 

Acetate 272 (4.82 g, 11.5 mmol) and K2CO; solution (30 mL of a 0.90 M solution 

in water, 26 mrnol) were stirred in 300 mL of methanol for 1 h at room ternpertwe. The 

mixture was neutralized with 10% HC1 solution and the solvent was evaporated in vacuo. 

The residue was dissolved in water and extracted several times with ethyl acetate. The 

combined layers were dried (Na2S04) and concentrated at reduced pressure to give 4.30 g 

(99%) of 1,4-di(benzy1oxy)-5,6 j7?88tetra-hydro-6a,7a-naphalenediol, which was used 

without further purification, in the next step. 

The above diol (4.30 g, 11.4 mmmol), 2,2-dimethoxypropane (8.4 mL, 68 mmol), 

and p-toluenesulfonic acid (0.4 g, 2 mmol) were stirred in 240 rnL of rnethylene chloride 

for 20 h. The mixture was diluted with methylene chloride, washed with NaHCO; and 

NaCl solutions, dried (MgS04), and evaporated in vacuo. Chromatography (elution with 

5% ethyl acetate-hexanes) provided 4.8 g (100%) o f  273: mp 126-128 *C (from 

methylene chloride-hexanes); IR (KBr) 1259, 106 1, 1039,998,975 cm"; 'H NMR 6 (200 

MHz) 7.46-7.3 1 (m, 10 H, 2 0CH2Ph), 6.74 (s, 2 H, H-2 and H-3), 5.10-4.97 (mj 4 H. 2 

0CH2Ph), 4.53 (m, 2 Hy H-6 and H-7), 3.1 1 (ddd, J = 15 .O, 3.0, 1.6 Hz, 2 H, H-5 and H- 

8), 2.84 (ddd, J = 15.0,3.0, 1.6 Hz, 2 H, H-5 and H-8), 1.34 (s, 3 H, acetonide), 1.24 (s, 3 

H, acetonide); "C NMR (50 MHz, CDC13-CDjOD) 6 150.6 (C, C-1), 137.6 (C)? 128.4 

(CH), 127.6 (CH), 127.2 (CH), 126.1 (C), 11 1.1 (C, C-9), 108.8 (CH, C-2), 73.9 (CH, C- 

6), 71.2 (CH2, 0CH2Ph), 26.7 (CHI, C-5), 26.6 (CH3, acetonide), 24.5 (CH3, acetonide); 

mass spectmm, d z  (relative intensity, %) 416 (bf, 62), 401 (M'- CH3, 8), 21 9 (1 O), 91 

(1 00). Anal. cdcd for C27HZ8O4: C, 77.86; H, 6.78. Found: C, 77.60; H, 6.73. 



7.4.4 Preparation of (f) 1,4-Dihydroxy-6a,7a-(isopropylidenedio~)-5,6,7,8- 

tetrahydronaphthalene (274) 

Compound 273 (2.75 g, 6.60 mmol) was dissolved in 72 mL of methylene 

chloride and cooled to 0 OC. To this solution, a slurry of palladium (840 mg of 10% on 

activated carbon, 0.80 mmol) in 360 rnL o f  95% ethanol was added. The reaction was 

placed under an atmosphere of hydrogen for 12 h at room temperture. The mixture was 

then filtered through Celite and concentrated in vacuo. Chromatography (elution with 

25% ethyl acetate-hexanes) of the crude product furnished 1.34 g (89%) o f  diol 274. 

Although diol 274 has been reported in the literature,"' characterization details were not 

provided. Diol 274 had: mp 177-182 OC (from chloroform-hexanes); IR (KBr) 3428 

(OH), 1089,1009,974,748 cm"; 'H NMR 6 (400 MHz, CDC4-CD30D) 6.48 (s. 2 H, H- 

2 and H-3): 4.46 (m, 2 Hy H-6 and H-7), 3.66 (br s, 1=2 H, 2 OH), 2.89 (ddd, J =  14.5, 

2.8, 1.3 Hz, 2 H, H-5 and Hog), 2.60 (ddd, J =  14.9.2.7, 1.3 HL 2 H, H-5 and H-8): 1.23 

(s, 3 H, acetonide), 1.10 (s? 3 H, acetonide); "C NMR (100 MHz, CDClrCD30D) 6 

147.0 (C, C-1), 122.6 (C, C-4a), 1 13.5 (CH, C-2), 108.8 (C, C-9), 73.8 (CH, C-6), 26.2 

(CH2. C-5), 26.0 (CH3, acetonide), 24.1 (CH3, acetonide); mass spectrum, m/s (relative 

intensity, %) 236 w, 37), 21 9 (26), 178 (59), 160 (28), 147 (33), 136 (26), 91 (5 1), 43 

(1 00). Exact mass calcd for Cl3Hl6O1: 236.1049. Found: 236.1050. 



7.4.5 Preparation of (k) 4-t-Bu~ldimethylsilyloxy-6a,7a-(isopropylidenedi- 

oxy)-5,6,7,8-tetrahydro-l-naph tho1 (275) 

Diol274 (1.08 g, 4.57 mmol), t-butyldimethylsilyl chloride (655 mg, 4.35 mmol), 

and imidazole (436 mg, 6.40 mmol) were stirred in 40 mL of dry DMF at room 

temperature for 4 h. The mixture was diluted with water and ether and the ether layer 

was washed with 10% HCl solution, NaHCO and NaCl solutions, dried (Na2S04), and 

concentrated under vacuum. The residue was purified by chromatography (elution with 

540% ethyl acetate-hexanes) to give 783 mg (49%) of 275 and 112 mg (10%) of 

recovered starting material. The silyl ether 275 was obtained as a solid foam: IR (KBr) 

3341 (OH), 1652 (C=C), 1 161, 1037,976? 915 cm"; 'H NMR (200 MHz) 6 6.56 (br s, 2 

H,H-2andH-3),5.21 @rs, 1 H, OH),4.53 (m,2 H,H-6andH-7),2.96(dd, J =  15.1.4.2 

Hz, 2 H), 2.72 (m, 2 H), 1.34 (s, 3 H, acetonide), 1.23 (s, 3 H, acetonide), 1.0 1 (s, 9 H, 

Si(Me)zt-Bu), 0.17 (s, 6 H, Si(Me)zt-Bu) "C NMR (50 MHz) 8 147.3 (C), 146.6 (C), 

126.9 (C), 122.9 (C), 117.2 (0, 1 13.6 (CH), 108.1 (CH), 73.8 (2 CH), 27.3 (CH2), 26.6 

(CH2), 26.4 (CH3), 25.8 (CHz), 24.4 (CH3), 18.2 (C), -4.2 (CH3), -4.3 (CH3); mass 

spec-, d z  (relative intensity, %) 350 (M', 74), 335 (hf- CH3, 14): 292 (19), 275 (1 8), 

235 (1 OO), 73 (72). Exact mass calcd for C 19H3004Si: 350.19 13. Found: 350.1 9 1 8. 



7.4.6 Preparation of (k) 6a,7a-(lsopropylidenedioxy)4-t-butyldi-1- 

o x y - 1 - t r i t l u o r o m e t h a n e s u l f o n y l - 5 , 6 , 7 , s e n e  (276) 

Phenol 275 (101 mg, 0.457 mrnol) was dissolved in 5 rnL of methylene chloride. 

Triethylarnine (320 pL, 2.30 mmol) and Kphenyltrifluoromethanesulfonirnide (167 mg, 

0.470 mmol) were added to the above solution and the mixture was stirred for 12 h at 

room temperature. The solvent was removed in vacuo, the residue was taken up in 

hexanes. washed twice with NaCl solution, dried (NaZS04), and evaporated to give 197 

mg (89%) of 276 as a solid foam: IR (KBr) 1586 (C=C), 1320 (SO?, as), 1207, 1 140 

(SO2, sy), 841, 781 cm-'; 'H NMR (400 MHz) 6 7.02 (d, J =  9.0 Hz. 1 H? H-2), 6.73 (d, J 

= 9.0 Hz, 1 H, H-3), 4.58 (m, 2 HI H-6 and H-7), 3.12 (ddd, J =  15.2. 2.6, 1.2 Hz, 1 H), 

3.06 (ddd, J =  15.3, 2.6, 1.4 HZ. 1 H), 2.70-2.58 (m, 2 H), 1.31 (s, 3 H? acetonide), 1.14 

(s, 3 H, acetonide), 1.03 (s, 9 H, Si(Me)?t-Bu) 0.23 (s, 6 H, Si(Me)2t-Bu); "C NMR (50 

MHz) 6 157.2 (C, C-4), 141.5 (C, C-1), 129.9 (C), 128.6 (C), 119.1 (CH), 118.7 (q, J =  

320 CF3), 1 17.7 (CH), 108.2 (C), 76.7 (CH), 73.4 (CH), 28.0 (CH?), 27.2 (CH2), 26.3 

(CH3), 25.8 (CH3), 24.3 (CH;), 18.3 (C), -4.2 (CH3), -4.3 (CH3); mass spectrum, d z  

(relative intensity, %) 482 (M'? 27), 467 w- CH3, 24), 367 (32), 349 (48), 234 (S), 73 

(100). Exact mass cdcd for C20H29F306SSi: 482.1406. Found: 482.1389. 



7.4.7 Attempted Coupling of Triflate 276 with Bis(tributylstanny1)acetylene 

(266) or (Trimethylsi1yl)acetylene (267) 

7.4.7.1 Table 4.2, Entry 1 

- ." 
1 nrlate 276 (52 mg, 0. i i mmoi j? dichlorobis(~phenylphospE-&~s jpdfadkia(I1) 

(1.4 mg, 5 mol %), lithium chloride (14 mg, 0.33 rnrnol), and a crystal of 2,6-di-t-butyl-4- 

methylphenol were placed in 3 mL of dry DMF. In a separate flask, 

bis(tributylstanny1)acetylene (33 rng, 0.055 mmol) was dissolved in 1 mL of dry DMF 

and was added to the triflate mixture. AAer 24 h the reaction mixture was diluted with 

ether. The ether layer was then washed with NaHCO;, KF and NaCl solutions, dried 

(MgS04), and evaporated to dryness. No new product was detected by TLC or 'H-NMR 

analysis. 

7.1.7.2 Table 4.2, Entry 2 

This experiment was conducted the same as in entry 1, except that the reaction 

was heated to 100 O C  for 24 h, instead of stirring at room temperature for 24 h. Only 

starting materids (triflate 276 and bis(tributylstanny1)c:cetyIene were detected in the 

crude reaction mixture (TL C, H-NMR). 

7.4.7.3 Table 4.2, Entry 3 

This experiment was conducted the same as in entry 1, except that the reaction 

was heated to 130 "C for 24 h, instead of stirring at room temperatwe for 24 h. This 

method resulted in a complex mixture (TLC and 'H-NMR). 



7.4.7.4 Table 4.2, Entry 4 

This experiment was conducted the same as in entry 1, except that the amount of 

palladium catalyst was increased from 5 mol % to 10 mol % and 0.4 equivalents of 

triphenyiphosphine was added to the reaction mixture. The reaction was performed at 

100 "C for 24 h. A m i m e  of unidentifiable products [ ' ~ - i u i ,  was observed. 

7.4.7.5 Table 4.2, Entry 5 

This experiment was conducted the same as in e n w  1, except that 

bis(acetonitrile)dichloropalladium(II) (5 rnol %) was used as the catalyst instead of 

dichlorobis(triphenylphosphine)palladium(I) (5 rnol %). This resulted in a complex 

mixture (' H-NMR and TLC). 

7.1.7.6 Table 4.2, Entry 6 

Triflate 276 (76 mg, 0.16 mmol), tetrakis(triphenylphosphine)palladium(O) (9 mg, 

j moi %), lithium chloride (20 mg, 0.42 mmol), and bis(tributylstanny1)acetylene (266) 

(48 mg, 0.08 mmol) were placed in 5 mL of dry 1,4-dioxane and heated to 75 O C  for 24 h. 

The reaction was cooled to room temperature and diluted with ether. The ether layer was 

washed with NaHC03, KF and NaCl solutions, dried (MgS04), and evaporated in vacuo. 

No reaction was evident by TLC or 'H-NMR analysis. 

7.4.7.7 Table 4.2, Entry 7 

This experiment was conducted the same as in entry 6, except that the reaction 

was heated to reflux for 24 h instead of 75 O C  for 24 h. Only starting materials (triflate 

276 and bis(tributylstanny1)acetylene were detected (TLC and 'H-NMR) in the crude 

reaction mixture. 



7.4.7.8 Table 4.2, Entry 8 

This experiment was conducted the same as in entry 6, except that the reaction 

was heated to reflux for 24 h in dry toluene instead of 75 "C for 24 h in dry 1,4-dioxane. 

Only starting materials were detected (TLC and 'H-NMR) in the crude reaction mixture. 

7.4.7.9 Table 4.2, Entry 9 

Triflate 276 (77 mg, 0.16 mmol), (trimethylsily1)acetylene (24 pL, 0.17 mmol), 

dichlorobis(triphenyiphosphine)palladium(II) (2.8 mg, 2.5 rnol %), and triethylamine (62 

pL, 0.44 mmol) were stirred in dry DMF for 24 h at 75 "C. The mixture was diluted with 

ether, and washed with 1 M HC1 solution, NaHC0; and NaCl solutions, dried (MgS04), 

and evaporated to dryness. Oniy starting material was recovered (TLC and 'H-M). 

7.4.7.10 Table 4.2, Entry 10 

This experiment was conducted the same as in entry 1, except that the solvent was 

changed from DMF to triethylamine and the reaction was heated to reflux. Only starting 

material was recovered (TLC and 'H-NMR). 

7.4.7.11 Table 4.2, Entry 11 

Triflate 276 (90 mg, 0.19 mmol), (trimethy1silyl)acetylene (24 nL, 0.17 rnmol), 

palladiurn(1I) chloride (2.1 mg, 6 mol %), triphenylphosphine (5.8 mg, 12 mol %), and 

copper(X) iodide (1.4 mg, 4 mol %) were refluxed in dry triethylamine for 24 h. The 

mixture was cooled to room temperature, diluted with ether, washed with 1 M HCl 

solution, NaHC03 and NaCI solutions, dried (MgSO4), and evaporated in vacuo. Only 

starting material was recovered (TLC and 'H-w). 



7.4.8 Preparation of (*) 5,6,7,8-Tetrahydro-l,6a,7a-naphthdenetrio (278) 

4 
H O I # # . ~  : 
HO"" 

OH 

A solution of 5,8-dihydro-1-naphthol1" (1.1 g, 7.2 -01) and acetic anhydride 

(1.35 mL, 14.3 mmol) in 3.4 mL of dry pyridine was stirred for 12 h at room temperature. 

The solvent was removed in vacuo and the residue was dissolved in ether, washed with 1 

M HCl solution, water, NaHC03 solution, and NaCl solution. After the ether solution 

was dried (MgS04) and the solvent was evaporated under reduced pressure, the crude 

acetate of 278 was dissolved in 30 mL of acetic acid and 1.5 mL of water. Silver acetate 

(1.91 g, 1 1.4 mmol) was added, followed by iodine (1.46 g, 5.75 mmol). The thick slurry 

was stirred at 85 "C for 3 h, cooled, and the yellow precipitate was removed by filtration. 

The filtrate was evaporated in vacuo and the residue was dissolved in 50 mL of methanol. 

The solution was cooled to 0 O C ?  NaOH (25 mL of a 1 M solution in water, 25 mmol) was 

added, and the mixture was stirred at room temperature for 12 h. It was then diluted with 

water, neutralized with 10% HCl solution, and extracted several times with ethyl acetate. 

The organic extracts were combined, washed with NaCl solution, dried (Na2S04)? and 

evaporated to dryness under reduced pressure. The residue was purified by 

chromatography (elution with 10-30% acetonieile-methylene chloride) to furnish 457 mg 

(35%) of trio1 278. A small sample was recrystallized from ethanol-water: mp 18 1-1 85 

OC (lit.12' 185-187 OC); 'H NMR (400 MFb, CD3C(0)CD3-D20) 6 6.85 (t, J =  7.8 HZ, 1 

HI H-3), 6.57 (d, J =  7.9 HZ, 1 H, H-2 or H-4), 6.51 (d, J =  7.6 HZ, 1 H, H-2 or H-4), 4.02 

(d, J=6.0 Hz, 1 H,H-6orH-7), 3.97 (d, J =  5 . 8 H z  1 H,H-6orH-7),2.83-2.69(m,4H, 

H-5 and H-8). The remainder of the material was used in the next step without further 

purification. 



7.4.9 Preparation of (k) 6a,7a-(Isopropylidenedioxy)-5,6,7,8-tetrahydro-l- 

naphthol (279) 

A slurry of trio1 278 (367 mg, 2.05 mmol) and 2,2-dimethoxypropane (1.5 rnL, 12 

rnmol) were stirred with p-toluenesulfonic acid (78 mg, 0.41 rnmol) for 2 h at room 

temperature. The clear solution was diluted with methylene chloride, washed with 

NaHC03 and NaCl solutions, dried (Na2S04), and evaporated in vacuo to give 430 mg of 

278 as a light-tan solid. Phenol 279 has been reported in the literature"' but 

characterization details were not listed. Therefore, an analytical sample was prepared by 

recrystallization from methylene chloride-hexanes: rnp 1 12-1 15 "C; IR (KBr) 3384 (OH), 

1590 (C=C), 1201, 1 151, 1030 cm-I; 'H NMR (400 MHz)  G 7.04 (t, J = 7.7 Hq 1 H, H- 

3),6.78 (d, J =  7.4 Hz, 1 H, H-2 or H-4), 6.68 (d, J =  8.0 H z  1 H, H-20r H-4), 5.4 (br s, 

1 H, OH),4.63 (m, 2 H, H-6 andH-7), 3.13 (dd, J =  15.4, 3.7 H z  1 H), 3.88 (dd, J =  

14.9, 3.7 Hz, 1 H), 2.74 (dd, J =  14.9,3.9 Hz, 1 H), 2.64 (dd, J =  15.4,3.8 Hz. 1 H), 1.35 

(s, 3 H, acetonide), 1.17 (s, 3 H, acetonide); I3c NMR (50 MHz)  G 153.1 (C, C-1), 137.1 

(C, C-4a), 126.8 (CH, C-3), 121.3 (C, C-8a), 120.9 (CH, C4) ,  113.7 (CH, C-2), 108.1 (C, 

C-9), 74.2 ( 0 ,  74.0 (CH), 34.2 (CH2), 26.2 (CH3), 26.0 (CHI), 24.5 (CH3); mass 

spectrum, d z  (relative intensity, %) 220 @f, 22), 205 (W- CH3, 71), 162 (27), 145 

(loo), 43 (89). Anal. calcd for CljHI6O3: C, 70.89; H, 7.32. Found: C, 70.85; H, 7.50. 



7.4.10 Preparation of ( )  4-Iododa,7a-(isopropylidenedioxy)-S,6,7,8-tetra- 

hydro-1-naphthol (280) 

Alcohol 279 (0.99g, 4.50 rnmol) was dissolved in 10 mL of D m .  Subsequent 

addition of sodium iodide (808 mg, 5.40 mrnol) and chloroamine-T trihydmte (1.52 g, 

5.40 mmol) resulted in a murky, yellowish-green solution, which was stirred for 2.75 h at 

room temperature. The mixture was diluted with water, acidified with 10% HCl solution. 

and extracted several times with ether. The combined ether layen were washed with 5% 

NaHS03 and NaCl solutions, dried (MgSO4), evaporated in vacuo, and purified by 

chromatography (elution with 5% ethyl acetate-hexanes) to afford 892 mg (57%) of 

iodide 280: mp 172-1 75 OC (fiom methylene chloride-hexanes); IR (KBr) 3249 (OH), 

159 l (C=C)? 1 188, 1040 cm-'; 'H NMR (400 MHz, CDC13-CD30D) 6 7.54 (d, J = 8.5 

Hz, 1 H, H-3), 6.48 (d, J = 8.5 Hz, 1 H, H-2), 5.32 (s, 1 H, OH), 4.63-4.61 (my 2 H, H-6 

and H-7), 3.18 (m, 2 H), 2.74 (m, 1 H), 2.56 (m, 1 H), 1.33 (s, 3 H, acetonide)? 1.14 (s, 3 

H, acetonide); ''c NMR (1 00 MHz, CDC13-CD30D) G 154.4 (C, C-1), 139.2 (C, C-4a), 

136.5 (CH, C-3), 123.7 (C, C-8a), 1 15.6 (CH, C-2), 108.1 (C, C-9), 87.8 (C, (2-4): 74.2 

(CH), 73.9 (CH), 38.7 (CH2), 26.7 (CH2); 26.0 (CH3), 24.2 (CH3); mass spectrum, m/s 

(relative intensity, %) 346 (M', 25), 331 (K- CH3, 34): 288 (37), 144 (67), 43 (100). 

Anal calcd for CI3Hl jI03: C, 45.1 1; H, 4.37. Found: C, 45.18: H, 4.46. 



7.4.1 1 Preparation of (f) ~Iododa,7a-(isopropylidenedio~)-l-metho~-5,6,7,8- 

tetrahydronaphthalene (281) 

. 
OMe 

Phenol 280 (47 mg, 0.14 mmol), iodomethane (87 pL, 1.4 mrnol), and potassium 

carbonate (95 mg, 0.96 mmol) were stirred in 5 mL of acetone at 50 OC for 5 h before the 

solid potassium carbonate was removed by filtration. The filtrate was evaporated and the 

residue was purified by chromatography (elution with 5% ethyl acetate-hexanes) to give 

15 mg (89%) of methyl ether 281: mp 80-83 OC (from methylene chloride-hexanes); IR 

(KBr) 1567 (C=C), 1189, 1066 cm"; 'H NMR (400 MHz) G 7.64 (d, J = 8.7 Hz, 1 H, H- 

3, 6.56 (d, J = 8.7 Hz, I H, H-2), 4.61-4.54 (m, 2 H, H-6 and H-7), 3.80 (s, 3 H, OMe), 

3.18 (ddd, J =  15.2, 10.5, 3.6 Hz, 2 H), 2.77 (dd, J =  15.1. 3.6, 1 H), 2.59 (dd, J = 15.3, 

3.6 Hz, 1 H): 1.3 1 (s, 3 H, acetonide). 1.13 (s, 3 H, acetonide); ''c NMR (100 MHz) 6 

157.1 (CI C-l), 139.3 (C, C-4a): 136.7 (CH, C-3), 125.5 (C, C-8a), 111.0 (CH, C-2), 

108.0 (C? C-9), 89.5 (C, C-4), 74.2 (CH), 73.8 (CH), 55.8 (CH;, OMe), 38.9 (CH2), 26.7 

(CH2), 26.3 (CH3), 24.5 (CH3); mass spectrum, d z  (relative intensity, %) 360 w, 44): 

345 (M'- CHI, 56), 158 (100). Exact mass calcd for CIJHI7IO3: 360.0218. Found: 

360.0 194. 

7.4.12 Preparation of (k) 5-Iodo-1J ,3,4-tetrahydro-2a~aphthalened01(284) 

Osmium tetroxide (1.7 mL of a 0.39 M solution in t-butanol, 0.66 mrnol) and 4- 

methylmorpholine N-oxide (1.61 g, 13.8 mmol) were added to a solution of 5-iodo-1,4- 



dihy dronap hthalene 125v126 (283) (3.35 g, 13.1 mmol). The mixture s h e d  for 2.5 h at 

room temperature, Florisil (1 g) and solid sodium thiosulfate (714 mg) were acided, and 

the stirring was continued for 2 h before the solid was removed by filtration. The filmte 

was evaporated in vacuo and the residue was chromatographed (elution with 40% ethyl 

acetate-hexanes) to afford 3.00 g (79%) of diol284: mp 139-141 OC (from chloroform); 

1R (KBr) 3333 (OH), 1555, i 1 75, 1068, iOji, 773 cm-I; 'H h%R (200 ?vmj 6 '7.71 (d, J 

= 7 . 7 H ~ ,  1 H, H-6),7.10(d7 J = 7 . 5  Hz, 1 H, H-8),6.84(t, J z 7 . 7 H z  1 H,H-7),4.10 

(m, 2 H), 3.01 (my 4 H), 2.08 (br s, 2 H, 2 OH); 13c Nn/lR (50 MHz. CDCb-CD30D) 8 

136.9 (CH), 136.0 (C), 135.2 (C), 129.2 (CH), 127.6 (CH), 102.2 (C), 69.1 (CH), 68.7 

(CH), 40.7 (CH2), 34.5 (CH2); mass spectrum, d. (relative intensity, %) 290 Jj), 

272 (M-- H20, 60), 232 (so), 145 (loo), 115 (96), 91 (Y), 77 (64). Anal. calcd for 

CloHIIIOz: C, 41.40; H, 3.82. Found: C, 41.43; H, 3.81. 

Iodophenol 280 (500 mg, 1.44 mmol) was dissolved in 7 mL of dry 1,4-dioxane 

and 7 mL of dry triethylarnine. Dichlorobis(triphenylphosphine)palladium(II) (10 mg, 1 

mol %), copper(T) iodide (5.5 mg, 2 mol %), and (trimethyIsily1)acetylene (407 pL, 2.88 

mmol) were added and the mixture was stirred at 70 "C for 24 h. The mixture was diluted 

with ethyl acetate and the aqueous layer was acidified with 10% HCI solution and 

extracted with ethyl acetate. The combined organic layers were washed with NaHC03 

and NaCl solutions, dried (Na2SQ), and evaporated. The crude coupled material was 

dissolved in 20 mL of THF and tetrabutylamrnonium fluoride (2.0 mL of a 1.0 M 



solution in THF, 2.0 mmol) was added and the mixture was stirred at room temperature 

for 3 h. The reaction was concentrated in vacuo and diluted with ethyl acetate, washed 

with NaCl solution, dried (Na2S04), concentrated in vacuo, and the residue was purified 

by chromatography (elution with 30% ethyl acetate-hexanes) to furnish 168 mg (48%) of 

coupled product 285: mp 152-1 56 OC (fiom acetonitrile); IR (KBr) 3260 (C=CH), 2437 

(C=C), 1590 (C=C), 1160, 696; 'H NMR (400 MHz) 6 7.28 (d, J = 8.6 Hz, i H, H-jj, 

6.63 (d, J =  8.3 Hz, 1 H, H-2), 5.18 (s, 1 H, OH), 4.65-4.63 (m, 2 H, H-6 and H-7), 3.32 

(dd, J =  15.3,3.6 HZ, 1 H), 3.17 (s, I H, H-11), 3.1 1 (dd, J =  16.6,3.4 HZ, 1 H), 2.77 (dd, 

J =  15.1,j.q HZ, 1 H),2.57(ddYJ= 15.2, 3.4 Hz, 1 H), 1.33 (s,3H,acetonide), 1.15 (s, 3 

H, acetonide); 13c NMR (100 MHz) G 154.4 (C, C-1), 140.0 (C, C-4a), 131.3 (CH, C-3), 

121.8 (C, C-8a), 113.3 (CH, C-2), 112.9 (C, C4), 108.0 (C, C-9), 82.4 (C, C-1 l )?  78.7 

(CH, C-lo), 76.7 (CH), 73.9 (CH), 3 1.7 (CH2), 26.2 (CH3), 26.0 (CH?), 24.3 (CH3); mass 

spectrum, m/r (relative intensity, %) 244 (W, 52), 229 (M+- CHI, 58), 186 (go), 169 (80), 

43 (1 00). Exact mass cdcd for C ISH1603: 211.1 099. Found: 244.1094. 

7.4.14 Preparation of (k) l-Ethynyl-5,6,7,8-tetrahydro-6a,7a-naphthaIenediol 

(286) 

Dichlorobis(triphenyIphosphine)palIadium(II) (242 mg, 5 mol %) and copperu) 

iodide (33 mg, 2.5 mol %) were added to a solution of iodide 284 (2.00 g, 6.89 mmol) in 

65 mL of dry 1,4-dioxane and 65 mL of dry triethylarnine. Subsequently, 

(trimethylsily1)acetylene (1.46 mL, 10.3 mmol) was added and the mixture was refluxed 

for 8 h at which time a further 1.5 equivalents of (trimethylsily1)acetylene (1.46 mL, 10.3 

mmol), 2.5 mol % of dichlorobis(tripheny Iphosphine)palladi~I) (1 2 1 mg), and 2.5 



mol % of copperQ iodide (33 rng) were added. The mixture was refluxed for 16 h before 

water was added. The mixture was acidified with 10% HC1 solution and extracted with 

ethyl acetate. The combined organic layers were washed with NaCl solution, dried 

(Na2SOs), and evaporated in vacuo. The crude coupled product was used directly in the 

next step. Thus, the residue was dissolved in 100 mL of THF and was cooled to 0 OC, 

followed by the addition of tetrabutylammonium fluoride (7.6 mL of a 1.0 M solutlon m 

THF, 7.6 mmol). The reaction was stirred for 5 h at room temperature, NH4C1 solution 

was added, and the mixture was extracted several times with ethyl acetate. The combined 

organic layers were washed with NaCl solution, dried (Na2S04), concentrated under 

vacuum, and chromatographed (elution with 50% ethyl acetate-hexanes) to give 1.17 g 

(90%) of acetylene 286: mp 133-136 O C  (kom methanol-water); IR (KBr) 3360 (OH), 

1579, 1054, 1007,976 cm-'; 'H NMR (400 MHz) 6 7.36 (m. 1 H), 7.12 (m, 2 H), 4.74 (br 

s. 2 H, OH), 4.18 (m, 2 H), 3.32 is, 1 H, H-lo), 3.22 (dd, J =  17.7, 5.3 Hz, 1 H), 3.12 (dd, 

J =  17.7, 6.5 Hz, 1 H), 5.03 (m, 2 H); "C NMR (100 MHz) 6 135.8 (C), 133.6 (C), 130.3 

(CH), 129.5 (0, 125.6 (CH), 121.7 (C), 81.8 (C), 81.7 (CH), 68.7 (CH), 68.6 (CH), 

48.8 (CH2), 34.0 (CHt); mass spectrum, m/z (relative intensity, %) 188 (M, 1 I), 170 

(M'- H20, loo), 128 (88), 1 15 (43). Anal. calcd for CI2Hl2O2: C, 76.57: H, 6.43. Found: 

C, 76.47; H, 6.58. 



7.4.15 Preparation of (k) l~-Bis[4-hydroay-6a,7a-(isopropylidenedioxy)-5,6,7,8- 

tetrahydronaphthyijethyne (287) and its meso Isomer 

Iodide 280 (235 mg, 0.680 mmol) and acetylene 285 (166 mg, 0.680 mmol) were 

dissolved in 5 mL of dry 1,Cdioxane and 5 mL of dry triethylamine. To this mixture, 

dichlorobis(tripheny1phosphine)palladi~) (4.7 mg, 1 moi %) and copper(1) iodide 

(2.5 mg, 2 mol %) were added. The reaction mixture was reflwed for 18 h, acidified 

with 10% HCl solution, and extracted several times with ethyl acetate. The combined 

extracts were washed with NaHCOj and NaCl solutions, dried (Na2S04), evaporated in 

vacuo, and chromatographed (elution with 540% ethyl acetate-hexanes) to afford 168 

mg (54%) of the coupled product 287, which consisted of (f)-287 and meso-287 that 

could not be separated. Compound 287 was recrystallized from ethyl acetate-hexanes: 

mp 268-272 O C ;  IR (KBr) 3340 (OH), 1589 (C=C), 1159, 1047,817 cm*'; 'H NMR (400 

MHz, CD3COCD3) 6 7.24 (d, J =  8.3 HZ, 1 H, H-2): 6.77 (d, J =  8.4- 1 H, H-3), 4.62 

(m, 2 H, H-6 and H-7), 3.33 (ddd, J =  15.2,9.2,3.7 Hz, 1 H), 3.13 (ddd, J=  15.2, 7.3,3.7 

HZ 1 H), 2.84 (dt, J =  15.1,4.7? HZ, 1 H), 2.59 (ddd, J =  15.3, 8.6,4.2 HZ, 1 H), 1.26 (s, 

1 .j HI acetonide), 1.25 (st 1.5 H, acetonide), 1.06 (s, 1.5 H, acetonide), 1.04 (s, 1.5 H, 

acetonide); "C NMR (100 MHz,  CD3COCD3) G 155.4 (C-4), 139.9 (C, C-8a), 139.8 (CI 

C-8a), 131.1 (CH, C-2), 123.2 (C, M a ) ,  115.5 (C, C-I), 115.4 (C, C-I), 114.0 (CH, C- 

3), 108.3 (C, C-9), 108.2 (C, C-9), 90.9 (C, C-lo), 74.8 (CH), 74.6 (CH), 32.8 (CH2), 

32.7 (CH2), 27.0 (CH2), 26.9 (CH*), 26.6 (CH3), 24.7 (CH,); mass spectrum, d z  (relative 



intensity, %) 462 (M', I), 185 (7), 142 (LOO), 100 (44). Exact mass calcd for CZ8H3()o6: 

462.2042. Found: 462.2050. 

7.4.16 Preparation of (k) lJ-Bis[4,6a,7a-trihydroxy-5,6,7,8-tetrahydronaph- 

tkil]cthjm (254) and its meso Isomer 

The diacetonide 287 (257 mg, 0.556 mmol) was stirred in 10 mL of 80% acetic 

acid solution at 60 "C for 1 h and then the acetic acid was removed in vacuo. The residue 

was purified by chromatography (elution with 5% ethanol-chloroform) to furnish 10 1 mg 

(47%) of 254 as  an inseparable mixture of (&)-254 and meso-254: mp 280-283 OC (from 

methanol-water); IR (KBr) 3390 (OH), 1582 (C=C), 1062,8 12 cm-' ; 'H NMR (400 MHz. 

CD30D) 6 7.16 (d, J =  8.3 Hz, 1 H, H-2), 6.60 (d, J =  833% 1 H, H-3), 4.08 (m, 2 H, H- 

6 and H-7), 3.14 (d, J =  5.5 Hz 2 H), 2.87 (d, J =  5.6 Hz, 2 H); "C NMR (100 MHr 

CD30D) G 156.7 (C, C4), 138.2 (C, C-8a), 131.5 (CH, C-2), 122.6 (C, C-4a), 115.9 (C1 

C-I), 113.1 (CH, C-3), 92.3 (C, C-lo), 70.3 (CH), 69.9 (CH), 35.0 (CH2), 30.2 (CH2); 

mass spectrum, m/z (relative intensity, %) 382 (bf, 2), 99 (1 l), 69 (1 I), 40 (100). Anal. 

calcd for C2H206: C, 69.1 0; H, 5.80. Found: C, 68.79; H, 6.03. 



7.4.17 Preparation of (k) 1-t-Butyldimethylsilyloxyl-iodo-6a,7a-(~ 

idenedioxy)-5,6,7,8-tetrahydronaphthalene (288) 

Phenol 280 (667 mg, 1.92 mmol), t-butyldimethylsilyl chloride (578 mg, 3.84 

mmol), and imidazole (522 mg, 7.68 mmol) were stirred in 10 mL of dry DMF for 1 8 h at 

room temperautre, water was added, and the reaction mixture was extracted several times 

with ethyl acetate. The combined organic layers were washed with 10% HCl solution, 

NaHC03 and NaCl solutions, dried (Na2S04), and evaporated to dryness under vacuum. 

The crude product was purified by chromatography (elution with 2% ethyl acetate- 

hexanes) to give 777 mg (89%) of silyl ether 288: mp 72-73 O C  (from hexanes-methanol); 

IR(KBr) 1568 (C=C), 1 164,1055,1035,846 cm-'; 'H NMR (400 MHz) 6 7.53 (d, J =  8.6 

HG 1 H, H-3), 6.50 (d, J =  8.6 Hz, 1 H? H-2), 4.52 (m, 2 H), 3.08 (dd, J =  15.0,4.7 HZ. 1 

H), 3.01 (dd, J =  15.0,4.5 Hz, 1 H), 2.88 (dd? J =  15.0,4.1 Hz, 1 H), 7.72 (dd, J =  15.0, 

4.0 Hz, 1 H), 1.32 (s, 3 h, acetonide), 1.19 (s, 3 Hy acetonide), 1.32 (s, 9 H, Si(Me)?t-Bu), 

0.21 (st 3 H, Si(Me)?t-Bu) 0.20 (s, 3 H, Si(Me)2t-Bu); I3c NMR (50 M H z )  G 153.5 (C, C- 

1): 139.9 (C, C-4a), 136.6 (CH, C-3), 128.2 (C, C-8a), 119.4 (CH, C-2), 108.2 (C, C-9), 

90.2 (C, C-4), 74.3 (CH), 74.0 (CH), 39.2 (CH2), 27.9 (CH2), 26.5 (CH3), 25.8 (CH3), 

24.5 (CH3), 18.3 (C), -4.1 (CH3), -4.2 (CH3); mass spectrum, d z  (relative intensity, %) 

460 (M', loo), 445 (M'- CH3, 19), 345 (79), 218 (37), 73 (52). Anal. calcd for 

C19H29103Si: C, 49.56; H, 6.35. Found: C, 49.13; H, 5.99. 



7.4.18 Preparation of (k) 1-[6a,7a-(Isopropylidenediorzy)-4-t-butyldimeth- 

ylsilylo~y-5,6,7,8-tetrahydronap hthyl]-2-[6a9,7a'-dihydroxy-59,69,7',89- 

tetrahydronaphthy I] ethyne (289) as Two (k) Pairs 

Dichiorobis(tripheny Iphosphine)palladium() (3 1 mg , 5 mol %) and copper(I) 

iodide (1 mg, 1.5 mol %) were added to a solution of iodide 288 (403. 0.87 mmol) and 

acetylene 286 (165, 0.87 mmol) in 12 mL of a 1 1 mixture of dry 1,4-dioxane and 

triethylarnine. The mixture was refluxed for 21 h, diluted with water, acidified with 10% 

HCI, and extracted with ethyl acetate. The combined ethyl acetate layers were washed 

with NaCl solution, dried (Na2S04), evaporated in vacuo. and chromatographed (elution 

with 50-1 00% ethyl acetate-hexanes) to yield 247 mg (54%) of 289 as a solid foam. The 

inseparable mixture of two (2) pairs had: IR (film) 3328 (OH), 1583,1052, 1005 cm-' ; 'H 

NMR (400 MHz) 6 7.37 (d, J =  7.4 Hz. 1 H, H-2'): 7.31 (d, J =  8.3 Hz, 1 H, H-2): 7.12 (t, 

J = 7.6 Hz, 1 H, H-3'), 7.06 (d, J = 7.6 HI 1 Hy. H-4'), 6.71 (d, J = 8.4 HG 1 H, H-3), 

4.54 (my 2 H), 4.17 (m, 2 H), 3.34-3.14 (m, 3 H), 3.10-2.92 (m, 4 H), 2.80 (ddd, J =  15.0, 

13.0, 4.5 Hz, 1 H), 2.43 (br s, 1 H, OH), 2.30 (br s, 1 H, OH), 1.34 (s, 3 H, acetonide), 

1.25 (s, 3 H, acetonide), 1.03 (s, 18 H, Si(Me)tt-Bu), 0.24 (s, 12 H, Si(Me)2t-Bu); 13c 
NMR (100 MHz)  6 153.4 (C, C-4), 139.1 (C), 134.8 (C), 133.2 (C), 130.6 (CH)? 130.5 

(CH), 129.9 (CH), 129.7 (CH), 128.9 (CH), 126.4 (C), 126.0 (CH), 123.6 (C), 117.3 

(CH), 115.5 (CH), 108.3 (C), 93.3 (C), 90.1 (C), 74.1 (CH), 74.0 (CH), 73.8 (CH), 69.2 

(CH), 69.0 (0, 68.9 (CH), 34.5 (CH2), 33.7 (CH2), 32.5 (CH2), 29.7 (CH2), 27.2 (CH2), 

27.1 (CH2), 26.7 (CH3), 26.6 (CH3), 25.8 (CH3), 24.5 (CH3), 1 8.3 (C), -4.1 (CH3), -4.2 



(CH3).; mass spectrum, m/z (relative intensity, %) 520 (M', 68), 502 (MC- H20, 32), 484 

w- 2 H20, 13): 73 (100). Exact mass calcd for C31&00jSi: 520.2645. Found: 

520.26 15. 

7.4.19 Preparation of (k) ll-[4,6a,7a-Trihydro+y-5,6,7,8-tetrahydronaphthyl]-2- 

[6a9,7a'-dihydro~-5',6',7',8'-tetrahydronaphthyl] ethyne (255) as Two 

(k) Pain 

HO"-@. ..,#,.@ 

HO"' ,a 1 3  
HOW' 

OH OH 

Silyl ether 389 (200 mg, 0.38 mmol) was dissolved in 15 rnL of THF, cooled to 

0 OC, and tetrabutylammonium fluoride (420 pL of a 1 M solution in THF, 0.42 rnrnol) 

was added. After 2 h, NI&Cl solution was added and the reaction mixture was extracted 

several times with ethyl acetate. The extracts were washed with NaCl solution, dried 

(Na2S04), evaporated under reduced pressure, and chromatographed (elution with 100% 

ethyl acetate) to fUrnish 143 mg (92%) of the corresponding phenol, which was used 

directly in the next step. 

The phenol prepared above (143 mg, 0.352 mmol) was stirred in 5 mL of 80% 

acetic acid solution for 45 min at room temperature. The solvent was removed in vacuo 

and the solid residue was repeatedly dissolved in methanol and evaporated under reduced 

pressure to remove the final traces of acetic acid. This resulted in 1 17 mg (91%) of the 

deprotected coupled product 255, obtained as an inseparable mixture of (k) pairs of 255. 

It was further purified by recrystallization from methanol: mp 278-281 "C; IR (Kl3r) 3360 

(OH), 1580, 1073 ern-l; 'H NMR (400 MHz. CD30D) 6 7.30 (d, J = 7.2 Hz, 1 H), 7.21 



(d, J =  8.2 Hz, 1 H, H-2), 7.09 (m, 2 H), 6.62 (d, J =  8.2 Hz, 1 H, H-j), 4.14-4.07 (m, 4 

H, H-6, H-7, H-6' and H-77, 3.17 (m, 4 H), 2.99 (m, 2 9, 2.87 (m, 2 H); 13c NMR (100 

NEk  CD30D) 6 154.9 (C, C4), 136.4 (C), 134.4 (C), 133.2 (C), 130.0 (CH), 128.7 

(CH), 128.0 (CH), 125.0 (CH), 123.1 (C), 120.5 (C), 113.2 (C, C-1), 11 1.3 (CH, C-3), 

92.7 (C), 89.8 (C), 68.3 (CH), 68.2 (CH), 68.1 (CH), 67.8 (CH), 33.7 (CH2), 32.9 (CH2), 

32.8 (CH2), 28.2 (CH2); mass spectrum, m/z jreiative intensity, %j  366 @I-, 59j, 348 

(M'- H20y 7), 330 @f+- 2 H20, 14), 83 (32), 40 (100). Exact mass calcd for C2HaOj: 

366.1467. Found: 366.1450. 

7.4.20 Preparation of ( )  1,2-Bis[6a,7a-dihydroxy-5,6,7,8-tetrahydronaph- 

thyllethyne (256) and its meso Isomer 

adoH p~~ 
'"'OH 

i OH 

Iodide 284 (242 mg, 0.83 mmol) and acetylene 286 (1 57 mg, 0.83 mmol) were 

dissolved in 6 mL of dry 1,4-dioxane and 6 mL of dry triethylamine. Dichloro- 

bis(triphenylphosphine)palladium(lI) (29 mg, 5 no1 %) and copper(I) iodide (4 mg, 2.5 

mol%) were added and the reaction was reflwed for 24 h. The mixture was diluted with 

water, filtered, and the filtrate was evaporated under reduced pressure. Chromatography 

with 5-10% methanol-chloroform gave 125 mg (43%) of the coupled product 256 as a tan 

powder consisting of an inseparable mixture of (k)-256 and meso-256: IR (KBr) 

3341(0H), 1582 (C=C), 1206, 1174, 1080 cm"; 'H NMR (400 MHz, CD30D) 6 7.35 

(dd, J =  7.2, 1.8 Hz, 1 H), 7.13 (m, 2 H), 4.17 (ddd, J =  6.8,5.3, 1.8 Hz, lH), 4.08 (ddd, J 

= 6.4, 5.1, 2.0 Hz, 1 H), 3.26-3.14 (m, 2 H), 3.06-2.95 (m, 2 H); 13c NMR (100 MHz, 



CD30D) 8 137.0 (C), 135.8 (C), 130.9 (CH), 130.6 (CH), 127.1 (CH), 124.6 (C), 93.9 

(C), 70.3 (CH), 70.1 (CH), 35.7 (CH2), 35.0 (CH2); mass spectrum, m/z (relative 

intensity, %) 350 (M': loo), 3 14 2 H20, 60), 296 (26),  21 5 (27). Exact mass calcd 

for C2HB04: 350.1518. Found: 350.1502. 

7.4.21 Preparation of (k) cis-(4a,8a)-4,4-(Ethylenedioxy~-2 J,4,4a,S78,8a-hexa- 

hydro-1-naphthalenone (295a) and its tram-(4a,8a) Isomer (295b) 

295a cis 
295b trans 

The rnonoketalization of dione 294a with ethylene glycol has been reported in the 

literature12' but experimental details were not given and thus are described herein. 

Ethylene glycol (850 pL, 15.2 mmol), p-toluenesulfonic acid (40 mg, 0.21 mmol) and 

cis-(la,8a)-2,3 ,4a,5,8,8a-he~ahYdro- 1 ,4-naphthalenedione'28 (294a) (5 .OO g, 3 0.5 mmol), 

were dissolved in 50 mL of benzene. The reaction flask was fitted with a Dean Stark trap 

and the mixture was refluxed for 24 h. Water was added and the mixture was extracted 

several times with ether. The ether extracts were washed with 10% aqueous CuS04 

solution, NaCl solution, dried (MgS04), and the solvent was evaporated. 

Chromatography (elution with 2% ethyl acetate-hexanes) afforded three fractions. The 

first contained 4l rng (2% based on ethylene glycol) of a mixture of diketals, (cis-4a,8a)- 

1,1-4,~di(ethylenedioxy)-2,3,4,4a,5,8~8a-hexonaphene (296a) and its pans- 

(4q8a) isomer (296b) as a solid foam: IR (KBr) 1657 ( G O ) ,  1 120, 1035, 950 cm"; 'H 

NMR (200 MHz) G 5.62 (br s, 1 H), 3.94 (m, 4 H), 2.17 (m, 1 H), 2.21-1.73 (m, 4 H); ''c 
NMR (100 MHz, major diastereomer) 6 125.2 (CH), 109.4 (C), 65.2 (CH2), 64.9 (CH2), 

41.6 (CH), 31.9 (CH2), 23.6 (CH2); minor diastereomer: 125.4 (CH), 110.0 (C), 65.0 

(CH2), 64.1 (CH2), 39.0 (CH), 30.3 (CHz), 24.2 (CH2); mass spectrum, m/z (relative 



intensity, %) 252 2, 4), 207 (I), 153 (loo), 99 (46). Exact mass calcd for CllHZ0o4: 

252.1382. Found: 252.1380. 

The second fraction contained 1.93 g (61% based on ethylene glycol) of an 

inseparable mixture of 295a and 295b as a solid foam: IR (film) 1714 (ketone C=O), 

1 l59? 113 1, 11 15, 1053 cm"; 'H NMR (400 MHz)  G 5.64 (m, 2 H, H-6 and H-7), 4.12- 

3.94 (m, 4 H, H-9 and H-lo), 3.16 (dd, J =  5.7, 5.7 Hz, 1 H), 2.63 (m, 2 H), 2.34 (m, 2 

H), 2.20 (m, 2 H), 1.95 (m, 2 H), 1.77 (m, 1 H); 13c NMR (100 MHz) 6 210.2 (C=O), 

125.1 (CH), 123.9 (CH), 109.1 (C, C4), 64.8 (CH2), 64.5 (CH2), 44.3 (CH), 43.0 ( 0 ,  

37.6 (CH2), 3 1.2 (CH2), 24.6 (CH2), 23.0 (CH*); mass spectrum, m/z (relative intensity, 

%) 208 (M, 18), 15 1 (27), 99 (100). Exact mass calcd for CIZHl6O3: 208.1099. Found: 

208.1091. 

The third fraction contained 2.3 g (46%) of recovered starting material as a 

mixture of cis and trans isomers, which had spectroscopic properties in close agreement 

with the literature. I" 

7.4.22 Preparation of 6,7-Dihydroxy-2,3,4,4a,5,6,7,8,8a-octahydro-l-naphtha- 

lenone Isomers (297) 

Osmium tetroxide (1.2 mL of a 0.39 M solution in f-butanol, 0.47 mmol), 4- 

methylmorpholine N-oxide (1.14 g, 9.73 mmol) and water (450 pL, 25.0 mmol) were 

added to a solution of olefins 295a and 295b (1.93 g, 9.27 mmol) in 100 rnL of acetone at 

0 OC. The reaction s h e d  for 5 h at room temperature, then Florisil (8.7 g) and sodium 

thiosulfate (2.2 g) were added and the reaction was stirred for a further 5 h before it was 

filtered through Ceiite. The filtrate was concentrated and chromatographed (elution with 



50-75% ethyl acetate-hexanes) to furnish 1.93 g (88%) of a mixture of diols (297). The 

mixture had: IR (KBr) 3383 (OH), 1705 (ketone C=O), 1 156,1116, 1061, 101 8 cm-'; 'H 

NMR (400 MHz) 8 4.10-3.95 (my 4 H), 3.94-3.90 (m, 1 H), 3.67-3.58 (my 1 H), 3.09-2.80 

(my 1 H), 2.70-2.60 (m, 1 H), 2.53-2.30 (my 2 H), 2.26-2.17 (my 1 H), 2.14-1.93 (m, 2 H), 

1.91-1.65 (m, 3 H); mass spectrum, d z  (relative intensity, %) 242 (My 32), 224 (M- 

H20, 7), 206 (W- 2 H20, 8), 184 (37), 99 (100). Exact mass cdcd for C 1 2 ~ l e O j :  

242.1 154. Found: 242.1 140. 

7.4.23 Preparation of 4,4-(Ethylenediolry)-6,7-(isopropytide~)-2J,4a,5,6,7, 

8,8a-octahydro-1-naphthalenone Isomers (298) 

The mixture of diols 297, prepared in section 7.4.22, was dissolved in 50 mL of 

methylene chloride and 2,2-dimethoxypropane (5.9 mL, 48 mmol) and p-toluenesulfonic 

acid (76 mg, 0.40 mmol) were added. The mixture was refluxed for 6 h, diluted with 

methylene chloride, washed with NaHCO3 and NaCl solutions, dried (Na2S04), 

evaporated in vacuo, and purified by chromatography (elution with 40% ether-hexanes) 

to give 1.97 g (88%) of a mixture of acetonides 298, which could not be separated by 

chromatography or crystallization. The mixture had: IR (KBr) 1707 (ketone C=O), 1244, 

1223, 1163, 1048, 1028 cm'; 'H NMR (ZOO MHz) 8 4.30-4.20 (m, 1 H'), 4.10-3.83 (rn, 5 

H), 2.80-2.57 (m, 2 H), 2.46-1.97 (my 5 H), 1.96-1.59 (m, 3 H)? 1.52 (s, 1.5 H), 1.48 (s, 

1 -5 H), 1.35 (s, 1 -5 H, 1 -34 (s, 1.5 H); mass specmun, d z  (relative intensity, %) 282 (M? 

28): 267 (M'-CH3, 67), 225 (47) 9 (100). Exact mass calcd for CISH2205: 282.1467. 

Found: 282.1465. 



7.4.24 Preparation of ( )  cis-(4a98a)-4,4-(2 J-Dimethy1propylenedioxy)- 

2 J94,4a,5,8,8a-hexahydro-l-naphthalenooe (299a) and its tmns-(4a,8a) 

Isomer (299b) 

299a cis 
299b trans 

2,2-Dimethyl-l,3-propanediol (3.20 g, 30.8 mmol) and p-toluenesulfonic acid 

(1 17 mg, 0.615 -01) were added to a solution of (cis4a,8a)-2,3,4a,5,8,8a-hexahydro- 

1 ,l-naphthalenedione (294a) (1 0.1 g, 6 1.5 mmol) in 100 mL of benzene. The mixture 

was reflwed for 4 h in a flask equipped with a Dean Stark trap. The reaction was diluted 

with benzene, washed with NaHC03 solution, dried (MgSO,), evaporated under reduced 

pressure, and chromatographed (elution with 8% ethyl acetate-hexanes) to provide two 

fractions. The first contained 6.82 g (89%) of a mixture of 299a and 299b in h e  ratio of 

20 : 80. The mixture had: IR (KBr) 1710 (ketone C=O), 1126, 11 10, 757 cm-'; 'H NMR 

(200 MHz) G 5.64 (m, 2 H, H-6 and H-7), 3.76 (d, J = 10.9 Hz, 2 H), 3.65 (d, J = 11.1 

Hz, 2 H), 3.50-3.35 (m, 2 H), 3.07 (ddd, J =  13.8, 5.4, 3.0 Hz 1 H), 2.66-2.15 (m, 7 H), 

1.95 (ddd, J =  12.7, 10.4, 5.4 Hz, 1 H), 1..50 (ddd, J =  14.0, 14.0, 4.4 Hz, 1 H), 1.24 (s, 

2.4 H, H-12-or H-13 from 299b), 1.06 (s, 0.6 H, H-12 or H-13 from 299a), 0.98 (s, 0.6 H, 

H-12 or H-13 fiom 299a), 0.78 (s, 2.4 H, H-12 or H-13 from 299b); mass spec-, d z  

(relative intensity, %) 250 (M', 77), 193 (69), 107 (49, 79 (74), 69 (100). Anal. calcd 

for C15HuO;: C, 71.97; H, 8.86. Found: C, 71.66; H, 8.80. 



7.4.25 Preparation of (k) trans-(4aa,8a~)-4,4-(2,2-Dimethylpropylenedioxy)- 

6a,7a-dihydroxy-2$ ,4 ,4a ,5 ,6 ,7 ,8 ,8a-octpthalenone (300a) 

and its trans-(4aa,8ap)-6P,7P (300b) and cis-(4aa,8aa)-6a,7a (300c) 

Isomers 

Olefins 295a and 295b (3.60 g, 14.4 mmol) were dissolved in acetone and cooled 

to 0 "C. Osmium tetroxide (1.84 mL of a 0.39 M solution t-butanol), 4-methyl- 

morpholine (1.79 g, 15.3 mmol), and water (700 pL, 39 mmol) were added. and the 

mixture was stirred for 4 h before Florisil (jg) and sodium thiosulfate (1 g) were added. 

The mixture was stirred overnight, filtered through Celite, evaporated in vacuo, and 

chromatographed (elution with 25-50Y0 ethyl acetate-hexanes) to give 3.02 g (62%) of a 

mixture of the trans ring-fused isomers 300a and 300b as a white powder and 0.34 g 

(8%) of the cis ring-hed isomer 300c as a white powder. The less polar iram isomers 

300a and 300b had: IR (KBr) 338 1 (OH), 171 3 (ketone C=O), 1 101,1022 cm-'; 'H NMR 

(200 MHz)  8 4.07 (br s, 1 H), 3.77-3.57 (my 3 H), 3.47-3.35 (my 2 H), 3.10-2.97 (m, 1 H), 

2.52-2.25 (m, 3 H), 2.19-1.93 (m, 3 H), 1.83-1.41 (m, 3 H), 1.21 (s, 3 H), 0.77 (s, 3 H); 

mass spectrum, m/z (relative intensity, %) 284 (M, 8) 227 (100), 141 (56). Exact mass 

calcd for C LSH2405: 284.1624. Found: 284.1609. 

The more polar fraction contained the cis ring-fused isomer 300c: rnp 137- 138 O C  

(from ether); IR (KBr) 3457 (OH), 1714 (ketone C=O), 11 18, 11 10 crn-I; 'H NMR (400 

MHz) 6 4.00 (br s, 1 H), 3.87-3.85 (m, 1 H), 3.70 (d, J =  11.4 H z ,  1 H), 3.55 (d, J =  11.4 

Hz, 1 H), 3.49 (dd, J =  11.4, 1.0 H z ,  1 H), 3.43 (dd, J =  11.4, 1.0 Hz, 1 H), 3.13-3.10 (m, 

1 H), 2.89 (s, 1 H, OH), 2.59-2.50 (m 2 H), 2.44 (s, 1 Hy OH) 2.33-2.17 (my 3 H), 2.01- 



1.96(m, 1 H), 1.85 (dddyJ=14*1, 14.1,5.1 Hz, 1 H), 1.55 (ddd,J= 12.1, 12.1, 5.0 Hz, 1 

H), 1.17-1.09 (m, 1 H), 1.06 (s, 3 H), 0.96 (s, 3 H); "C NMR (50 MHz) 2 211.6 (C=O), 

97.7 (C, C-1 I), 70.1 (CH2), 70.2 (CH*), 68.7 (CH), 67.5 (CH), 44.9 (CH), 37.0 (CH2), 

34.0 (CH), 30.2 (C), 29.8 (CH2), 29.3 (CH2), 26.9 (CHI), 22.8 (CH;), 22.5 (CH;); mass 

spectrum, m/z (relative intensity, %) 284 (w, 3) 227 (9), 141 (100). Exact mass calcd 

for C I S H 1 1 0  j: 284.1624. Found: 284.16 18. 

7.4.26 Preparation of (k) tram-(4aa,8a~)-4,4-(2,2-Dimethylpropylenedioxy)- 

6a,7a-(isopropylidenedio~)-2~,4,4a,5,6,7,8,8a-octahydro-~-napht~alen- 

one (301a) and its trans-(4aa,8ap)-6P,7P (30 1 b) Isomer 

The mixture of diols 300a and 300b (3.9 g, 14 mmol), 2.2-dimethoxypropane (3.4 

mL, 28 mmol), and p-toluenesulfonic acid (1 30 mg, 0.68 mmol) were refluxed in 200 mL 

of methylene chloride for 2 h. The reaction mixture was washed with NaHCOj solu~on, 

dried (MgS04), and concentrated in vacuo. The residue was purified by chromatography 

(elution with 5-10% ethyl acetate-hexanes) to give 1.8 g (48%) of isomer 301a and 1.6 g 

(36%) of isomer 301 b. Ketone 301a had: mp 169-1 7 1 OC (fkom chloroform-hexanes); IR 

(KBr) 1710 (ketone C=O)? 1218,1098,1055 cm"; 'H NMR (400 MHz)  6 4.27 (br s, 1 H, 

H-6),4.01 (ddd, J =  10.3, 5 . l ,5 .1  Hz, 1 H,H-7),3.72 (d, J=  11.3 Hz. 1 H),3.70(d, J =  

11.3 Hz, 1 H),3.43 (d, J =  11.3 Hz, 1 H),3.37(dd3 J =  11.3, 1.4& 1 H),3.02(ddd, J =  

14.1,5.1,2.4 Hz, 1 H, H-2), 2.57 (br d, J =  13.0, 1 H, H-j), 2.42 (ddd, J =  14.5, 14.5, 5.6, 

1 H, H-3), 2.33 (m, 1 H, H-3), 2.30-2.21 (m, 2 H, H-Sa and H-8), 2.08-1.97 (m, 2 H, H4a 

and H-5), 1.52-1.43 (m, 1 H, H-2), 1.46 (s, 3 H, H-14 or H-15), 1.36 (m, H-8), 1.32 (s, 3 

H, H-14 or H-15), 1.20 (s, 3 H, H-12 or H-13), 0.76 (s, 3 H, H-12 or H-13); 13c NMR 



(100 MHz, CDCl3) S 210.1 (GO), 108.6 (C, C-16), 96.8 (C, C-4), 74.4 (CH, C-7), 73.5 

(CH, C-6), 71.0 (CH2, C-9 or C-lo), 70.2 (CH2, C-9 or C-lo), 45.5 (CH, C-8a), 45.0 (CH, 

C-4a), 37.4 (CHzy C-3): 30.4 (C, C-1 I), 29.3 (CH2, C-8), 29.0 (CH3, C-14 or C-15), 26.9 

(CH3, C-14 or C-15), 26.6 (CH2, C-2), 26.1 (CHI, C-5), 23.6 (CH3, C-12 or C-13), 22.5 

(CH;, C- 12 or C-13); mass spectnun, m/z (relative intensity, %) 324 (M?, 3 9 ,  309 @f- 

CH3, 56), 267 (9 I), 209 (1 l), 209 (37), 14 1 (1 00). And. cdcd for C lsH280 j: Ct 66.64; H, 

8.70. Found: C, 66.17; H, 8.33. 

The more polar isomer 301b had: mp 13 1-1 32 O C  (from chloroform-hexanes); IR 

(KBr) 1713 (ketone C=O), 1 114, 1093, 1042 cm"; 'H NMR (400 MHz) 6 4.21 (ddd, J = 

4.2,4.2, 1.9 Hz, 1 H, H-7), 4.01 (ddd, J = 10.5, 6.5,4.6 Hz, 1 H, H-6), 3.72 (d, J =  11.3 

Hz l H ) . 3 . 6 5 ( d , J = l l . 3 H z , l H ) , 3 . 4 4 ( d d , J = l l . 3 , 2 . 6 ~  lH),3.36(dd,J=11.3, 

2.6 Hz, lH), 3.03 (ddd, J =  14.1,5.6,2.8 Hz, 1 H, H-2), 2.63 (ddd, J =  12.2, 12.2,4.0 Hz, 

1 H, H-8a); 2.49-2.40 (m, 2 H, H-3 and H-8), 2.32-2.24 (m, 2 H, H-3 and H-5), 1.73 (ddd, 

J =  12.7, 12.7, 10.7 HZ 1 H, H-j), 1.66 (ddd,J= 16.0, 12.2,j.g HZ, 1 H, H-8), 1.54-1.47 

(m, 1 H. H-4a), 1.51 (s, 3 H, H-14 or H-IS), 1.40 (ddd. J =  14.4, 14.4. 4.2 Hz, 1 H, H-2): 

1.32 (s, 3 H, H-14 or H-15), 1.20 (s, 3 H, H-12 or H-l3), 0.74 (s, 3 H, H-12 or H-13); ' 3 ~  

M (100 MHz, CDCb) G 210.9 ( G O ) ,  108.6 (C, C-16), 96.5 (C, C-4), 74.8 (CH, C-6): 

72.9 (CHI C-7), 71.0 (CH2, C-9 or C-1 O), 70.2 (CH2, C-9 or C-1 O), 48.1 (CHI C-4a), 43.2 

(CH, C-8a), 37.5 (CH2, C-3), 30.4 (C, C-1 l), 29.1 (CH;, C-14 or C-lj), 28.5 (CH2, C-j), 

26.3 (CH3, C-14 or C-15), 26.8 (2 CH2, C-2 and C-8), 23.5 (CH3, C-12 or C-13), 21.7 

(CH;, C-12 or C-13); mass spectrum, m/r (relative intensity, %) 324 (M-, 2), 309 @I+- 

CH3, 19), 267 (100): 209 (1 l), 141 (86), 69 (80). Anal. cdcd for ClsH2805: C, 66.61; H, 

8.70. Found: C, 66.40; H, 9.1 1. 

For an explanation of the above NMR assignments see Chapter Four, section 

4.3.2.2. 



7.4.27 Preparation of (k) ~~-(4aa,8aa)-4,4-(2,2-Dimethylpropylenedioxy)-6a,7a- 

Diol 300c (67 mg, 0.21 rnmol) was converted into its corresponding acetonide 

following the same procedure given above for the diols 300a and 300 b (section 7.4.26). 

In order to avoid epimerization, the crude product was characterized without further 

purification. Compound 301c was isolated in 90% yield as a white solid foam: IR (KBr) 

1713 (ketone C=O), 1 158, 1 1 16, 1042, 9 12 crn-'; 'H NMR (200 MHz) G 4.37 (dd. J = 

12.j7 j.8 Hz 1 H), 4.29-4,23 (m, 1 K). 3.60 (s? 2 H), 3.45 (d, J =  2.6 Hz, 2 H), 2.96-2.83 

(m. 2 H), 2.60-2.41 (m, 1 H), 2.29-2.01 (m, 6 H), 1.65-1.54 (ml 1 H), 1.50 (s, 3 H), 1.32 

(s, 5 H), 1 .OO (s? 3 H), 0.96 (s, 3 H); 13c NMR (50 MHz, CDCl3) G 21 1.6 (C=O), 107.6 

(C, C-16), 97.6 (C, C-4), 72.6 (CH), 73.5 (CH), 70.2 (2 CH2), 43.2 (CH), 36.3 (CH?), 

35.9 (CH), 30.1 (C), 27.8 (CH3), 27.6 (CH2), 26.5 (CH2), 25.5 (CH3), 25.4 (CH2), 22.7 

(CH3), 22.6 (CH3); mass spectnun, m/z (relative intensity, %) 324 @I+, 25), 309 (23), 267 

(37), 14 1 (1 00). Exact mass calcd for Cl8HzsOs: 324.1937. Found: 324.19 12. 

7.428 Epimerization of (k) ck(4aa,8aa)-4,4-(2 J-Dimethylpropylenedioxy)- 

6a,7a-(isopropy1idenedioxy)-2 ,3,4a,5,6,7,8,8a-octahydro-1-naphthalenone 

(301c) to its trans-(4aa,SaP)-6a,7a Isomer (301a) 

The cis ring-fused isomer 301c (13 mg, 0.041 mmol) was dissolved in 1 mL of 

methanol. To this solution, sodium methoxide (2 mL of a 0.13 M solution in methanol) 

was added and the mixture was refluxed for 2 h. It was then diluted with ethyl acetate, 

washed with NaHC03 solution, dried (Na2S04), and evaporated in vacuo to give 13 mg 



(100%) of the epimerized acetonide. The spectroscopic properties of the product were 

identical to those listed in section 7.4.26 for 301a. 

7.4.29 Preparation of (k) tra~-(4aa,8a~)-4,4-(2,2-Dimethylpropylemdioxy)- 

6a,7a-(isopropylidenedioxy)-1 J94a,5,6,7,8,8a-octahydro-(3H)-la-nap h- 

tho1 (306) 

L-Selectride0 (400 p1 of a 1.0 M solution in THF, 0.40 mrnol) was added to a 

cooled (0 "C) solution of ketone 301a (100 mg, 0.3 1 mmol) in 10 mL of dry THF. After 

2 h, the reaction was quenched with 1 rnL of water and the mixture was stirred for 5 min 

before 80 pL of 3 N NaOH solution and 80 pl of 30% hydroperoxide solution were added 

and the mixture was stirred for 1 h at room temperature, diluted with water, and extracted 

several times with ethyl acetate. The organic layers were dried (MgS04), concentrated 

under reduced pressure, and chromatographed (elution with 20% ethyl acetate-hexanes) 

to yield 72 mg (72%) of axial alcohol 306: mp 194-195 "C (fio'om ethyl acetate); IR (KBr) 

3448 (OH), 1107, 1076, 1052, 1032 , 1017 cm"; 'H NMR (200 MHz) G 4.32-4.29 (m, 1 

H), 1.14-4.09 (m, 1 H), 3.75 (d, J =  11.3 Hz, 1 H), 3.69 (br s, 1 H, H-1), 3.62 (d, J =  10.4 

Hz 1 H), 3.30 (dl J =  11.6 Hz, 2 H), 2.60-2.42 (my 2 H), 2.05-1.53 (m, 8 H), 1.51 (s, 3 

H), 1.34 (s, 3 H), 1.16 (s, 3 H), 0.72 (s, 3 H); 13c NMR (50 MHz, CDC13) 6 107.9 (C, C- 

16), 97.8 (C, C- 1 l), 74.1 (CH), 73.8 (CH), 69.9 (CH2), 69.7 (CH2), 68.9 (CH), 38.0 (CH), 

37.2 (CH), 3 1.8 (CHz), 29.9 (C), 29.2 (CH2), 28.4 (CH3), 26.1 (CH3), 24.6 (CH2), 23.1 

(CH3), 22.1 (CH3), 20.8 (CH*); mass spectrum, m/r (relative intensity, %) 326 (M', 9), 
311 (kf- CH3, 32), 267 (100). Exact mass calcd for ClsH3005: 326.2093. Found: 



7.4.30 Preparation of (k) tram-(4aa,8a~)-4,4-(2,2-Dimethylpropylenedioxy)- 

Ketone 301a (100 rng, 0.308 mmol) was dissolved in 10 mL of dry ether and 

cooled to 0 O C .  Lithium tri-t-butoxyaluminohydride (160 mg, 0.620 mmol) was added 

and the mixture was stirred for 4 h before the reaction was quenched with water. The 

reaction mixture was extracted with ether, dried (MgSOd), evaporated under vacuum, and 

chromatographed (elution with 25% ethyl acetate-hexanes) to yield 63 mg (63%) of 

equatorial alcohol 307: mp 154-155 O C ;  IR (KBr) 3448 (OH), 1 102, 1088, 1043, 1013, 

976 cm-I; 'H NMR (200 1M-h) G 4.28 (m, 1 H), 4.06-3.95 (m, 1 H), 3.70 (d, J = 10.6 Ht 

1 H), 3.61 (d, J =  11.3 Ht 1 H), 3.32-3.25 (m, 3 H, H-l? H-9 andlor H-lo), 2.78 (dt. J =  

13.8, 3.8 Hz, 1 H), 2.51 (ddd, J =  15.0, 3.3, 2.3 Hz, 1 H), 2.34-2.23 (m? 1 H), 1.99-1.70 

(m, 3 H), 1.60-1.48 (m, 2 H), 1.48 (s, 3 H), 1.34 (s, 3 H), 1.32-1.20 (m. 2 H), 1.16 (s, 3 

H), 0.7 1 (s, 3 H); 13c NMR (50 MHz, CDC13) 6 108.0 (C, C-16), 97.0 (C, C-1 l), 74.1 

(CH), 73.7 (CH), 73.4 (CH), 70.0 (CH2), 69.6 (CH2), 42.3 (CH), 41.3 (CH), 33.5 (CH2), 

30.5 (CH2), 29.8 (C), 28.7 (CH3), 26.5 (CH3), 24.6 (2 CH2), 23.2 (CH3), 22.1 (CHI); mass 

spectrum, d z  (relative intensity, %) 326 (M', 5),  3 1 1 CH3, 3 1): 267 (8 l), 209 (25), 

141 (1 00). Anal. calcd for C18H300s: C, 66.23; H, 9.26. Found: C, 66.22; H, 9.63. 



7.4.31 Reaction of Axial Alcohol 306 with Methanesulfonyl Chloride 

Alcohol 306 (21 mg, 0.064 mmol), methanesulfonyl chloride (6 pL, 0.1 mmol), 

and triethylamine (1 1 pg, 0.12 -01) were stirred in 1 mL of dry methylene chloride for 

5 h at 0 OC. The solution was diluted with water and methylene chloride and the aqueous 

layer was extracted once with methylene chloride. The organic layer was washed with 

10% HCl solution, NaHC03 and NaCl solutions, dried @&So4), and evaporated to 

dryness. A complex mixture of products was obtained (TLC and 'H-w). 

7.4.32 Reaction of Axial Alcohol 306 with p-Toluenesulfonyl Chloride 

Alcohol 306 (16 mg, 0.049 mmol), p-toluenesuifonyl chloride (14 mg, 0.073 

rnmol) and pyridine (8pL, 0.1 mmol) were stirred in 2 rnL of methylene chloride at 0 O C  

for 2 h. After this time, no reaction was evident by TLC; thus a few crystals of 1- 

dimethylarninopyridine were added, the reaction warmed to room temperature and stirred 

for a M e r  3 h. Water was added and the mixture was extracted with chloroform. The 

organic extracts were washed with 10% HCl solution, NaHC03 and NaCl solutions, dried 

(MgS04), and evaporated under reduced pressure. Only starting material (TLC and 'H- 

NMR) was recovered. 

7.4.33 Reaction of Equatorial Alcohol 307 with Thionyl Chloride 

.4lcohol 307 (17 mg, 0.053 mmol) was dissolved in 2 rnL of dry methylene 

chloride and cooled to -10 OC. Thionyl chloride (7 pL, 0.08 mmol) and triethylamine (3 

pL? 0.02 mmol) were added and the mixhue was stirred for 1 h. The mixture was diluted 

with water, extracted with methylene chloride, washed with 5% HCl solution, NaHC03 

and NaCl solutions, dried (MgS04), and evaporated in vacuo. A complex mixture of 

products (TLC and 'H-NMR) was obtained. 



7.434 Preparation of (+) trans-(4aa,Bap)-4,4-(2 J-Dimethyipropylenedioxy)- 

6a,7a-(isopropylidenedioxy)-l-tr~uoromethanesu~onyl-4a,5,6,7,8,8a- 

hexahydro-(3H)-naphthalene (308) 

Ketone 301a (2.27 g, 7.00 rnmol) in 35 mL of dry THF was added dropwise to a 

solution of LDA (85 mL of a 0.12 M solution in THF, 9.88 mmol) at -78 O C  for 3 h. iL- 

Phenyltrifluoromethanesulfonirnide (3.75 g, 10.5 mrnol) in 30 mL of dry THF was slowly 

added and the mixture was allowed to vmrm to room temperature overnight. The reaction 

was quenched with water and the THF was removed on the rotary evaporator. The 

aqueous solution was extracted several times with hexanes? the combined extracts were 

washed with NaCl solution, dried (MgS04), and evaporated in vacuo. The crude product 

was subjected to Kugelrohr distillation, 80 "C at 0.1 Torr, to remove the last traces of the 

triflating agent. The distillate residue contained 2.4 g (75%) of triflate 308 as a white 

solid: mp 132-1 33 OC (dec.) (fiom hexanes); IR (KBr) 1 142, 1076, 1027, 9 10 ern-'; 'H 

NMR (ZOO MHz) 6 5.64-5.58 (my 1 Hy H-2), 4.32 (m, 1 H), 4.14-4.03 (m, 1 H), 3.66 (d, J 

= 11.5 Hz, 2 H), 3.37 (d, J =  11.6 Hr, 2 H), 3.31-3.21 (m, 1 H)? 2.58 (d, J =  13.2 Hz, 1 

H), 2.33-2.21 (my 2 H), 2.13-1.89 (m, 3 H), 1.48 (s, 3 H), 1.35 (s, 3 H), 1.34-1.26 (m, 1 

H), 1.17 (s, 3 H), 0.74 (st 3 H); 13c NMR (100 MHz)  G 149.7 (C? C-1), 118.5 (q, J =  320 

Hz, CF3) 114.7 (CH, C-2), 108.4 (C, C-16), 95.4 (C, C-4), 73.7 (CH), 73.3 (CH), 70.5 

(CH2), 70.3 (CH2), 43.0 (CH), 36.7 (CH), 3 1.8 (CH2), 30.0 (C), 28.6 (CH;), 27.3 (CH2), 

26.4 (CHp), 24.8 (CH2), 22.9 (CH3), 22.1 (CH3); mass spectrum, m/z (relative intensity, 

%) 441 (M4- CH3, 19 ,  323 (76), 265 (100). Anal. calcd for C19HtlF307S: C, 50.00; H, 

5.96. Found: C, 50.01; H, 5.75. 



7.4.35 Preparation of (k) 1,2-Bis[frali~-(4aa,8a~)-4,4-(2,2-dimethylpropyIene- 

dioxy)da,7a-(isopropylidenedioxy)4a,5,6,7,8,8a-hexahydro-(3~-naph- 

thyllethyne (310) and its meso Isomer 

A solution of triflate 308 (2 18 mg, 0.478 rnmol) and bis(tributylstanny1)acetyIene 

(266) (144 mg, 0.238 rnmol) in 6 rnL of dry THF was added to a slurry of lithium 

chloride (6 1 mg, 1.4 mmol) and tetrakis(triphenylphosphine)palladium(O) (28 mg, 5 mol 

%) in 2 mL of THF. The mixture was refluxed for 12 h and was extracted several times 

with ether. The combined ether layers were washed twice with NaCl solutiont dried 

(MgSOs), and the solvent was evaporated. The crude product was chromatographed 

(elution with 7.5% ethyl acetate-hexanes) to afford 135 mg (89%) of the coupled product 

310 obtained as an inseparable mixture of (k)-310 and meso-310: mp 295-296 O C  (dec.) 

(fiom ethyl acetate); IR (KBr) 1 15 1,1133, 1 120,1110, 1096, 1048, 1021 cm-'; 'H NMR 

(400 MHz) 6 5.94 (m, 1 H, H-2), 4.52 @r s, 1 H), 4.1 1 (m, 1 H), 3.68 (d, J =  11.3 Hz, 1 

H), 3.63 (d, J =  11.6 Hz, 1 H), 3.33 (d, J =  11.6 Hz, 2 H), 3.22 (m, 1 H), 2.59 (d, J =  13.9 

Hz, 1 K), 2.46 (m, 1 H), 2.05-1.99 (m, 2 H), 1.84 (m, 2 H), 1.48 (s, 3 H), 1.35 (s, 3 H), 

1.29-1.27 (m, 1 H), 1.18 (s, 3 H), 0.73 (s, 3 H); 13c NMR (100 MHz) 6 130.6 (CH, C-2): 

124.3 (C, C-1), 108.1 (C, C-16), 96.2 (C? C-4), 88.9 (C-17), 74.7 (CH), 73.8 (CH), 70.2 

(CH2), 70.1 (CH*), 42.0 (CH), 37.3 (CH), 34.9 (CH2), 30.0 (C, C-l I), 29.3 (CH?), 28.6 



(CH3), 26.6 (CH3), 24.9 (CH2), 23.0 (CH3), 22.1 (CH3); mass spectrum, m/i (relative 

intensity, %) 638 (M+, 38), 580 (3), 552 (j), 267 (24), 83 (100). Anal. calcd for 

C38HjJ08: C, 71.44; H, 8.52. Found: C, 71.12; H, 8.36. 

7.436 Preparation of (k) (Q-15-Bis[tramliS(4aa,8ap)-4,4-(2 J-dimethyIpropyl- 

enedioxy)-6a,7a-(isopropylidenedio~y)4a,5,6,7,8,8a-he~ahydr0-(3H)- 

naphthyljethylene (31 1) and its meso Isomer 

Triflate 308 (136 mg, 0.300 mmol) was converted into the coupled product 311 

by the same procedure used in section 7.4.35 for the preparation of 310, except that (El- 

1,2-bis(tributyl~yI)ethylene (309) was used instead of bis(tributylstanny1)-acetylene 

(266). Chromatography (elution with 7.5% ethyl acetate-hexanes) provided 85 mg (89%) 

of 311 as a I : 1 inseparable mixture of (k)-311 and meso-311: mp 312-3 15 "C (dec.) 

(fiom ethyl acetate-hexanes); IR (KBr) 1 150, 1 13 1, 1 1 17, 1093, 1072, 1047, 972 cm-' ; 'H 

NMR(400 M H z )  8 5.95 (s, 0.5 H, H-17), 5.91 ( ~ ~ 0 . 5  H, H-17), 5.55 (dd, J =  16.1, 6.1 

H z  1 H, H-2), 4.35 (br s, 1 H), 4.11 (m, 1 H), 3.69 (d, J =  11.3 Hz, 1 H): 3.62 (d, J =  11.6 

Hz, 0.5 H), 3.58 (d, J =  11.6 Hz, 0.5 H), 3.36-3.28 (m, 2 H), 3.19 (dd, J =  18.2, 6.3 1 

H), 2.68-2.57 (m, 1 H), 2.37 (m, 1 H), 2.18-2.08 (m, 1 H), 2.01 (d, J =  18.3 H q  1 H), 

1.94484 (my 2 H), 1.46 (s, 3 H), 1.34 (s, 3H), 1.30-1.20 (m, 1 H), 1.17 (s, 3 H), 0.73 (s, 

1.5 H), 0.72 (s, 1.5 H); 13c NMR (100 MHz) 6 138.5 (CH, C-17), 138.4 (CH, C-17): 



128.0 (CH, C-2), 127.8 (C, C-2), 122.3 (C, C-l), 122.2 (C, C-I), 108.0 (C, C-16), 96.5 

(C, C-4), 74.9 (CH), 73.8 (CH), 70.3 (CH2), 70.2 (CH2), 42.9 (CH), 36.6 (CH), 36.4 

(CH), 35-5 (CHz), 35.4 (CHI), 30.0 (C, C-1 1), 29.7 (C, C-1 l), 29.0 (CH2), 28.6 (CH3), 

26.6 (CH3), 26.5 (CH3), 25.4 (CH2), 23.0 (CH3), 22.1 (CH3); mass spectrum, m/z (relative 

intensity, %) 640 (bf, 14), 267 (lo), 141 (1 O), 83 (100). Exact mass calcd for C38H5608: 

640.3975. Found: 640.3978. 

7.437 Preparation of ( )  1,2-Bis[tram(4aa,8a~)-4-0~0-60~,7a-dihyd~- 

4a,5,6,7,8,8a-herahydro-(3H)-naphthyi]ethyne (261) and its meso Isomer 

The protected coupled product 310 (100 mg, 0.156 mmol) was stirred in 50 mL of 

80% acetic acid solution for 18 h. The acetic acid was then removed by distillation at 0.1 

Torr, while the temperature of the still pot was kept below 30 OC. The yellow powder 

was washed several times with benzene to remove the 2,2-dimethyl-l,3-propanediol. 

This left 32 mg (53%) of compound 261 as a mixture of (k)-261 and meso-261: mp >300 

"C; IR (KBr) 3376 (OH), 1708 (ketone GO), 1667 (C=C), 1004 ern-'; 'H NMR (400 

MHz, CD3SOCD3) 6 6.13 (dd, J =  6.5.3.8 Hz, 1 H, H-2), 4.54 (d, J = 5.8 Hz, 1 H, OHa), 

4.34 (d, J =  2.8 H z  1 H, OHb), 3.80 (br s, 1 H, H-6), 3.40-3.38 (m, 1 H, H-7), 3.25-3.19 

(m, 1 H, H-3)? 2.79 (d, J = 22.7 Hz, 1 H? H-3), 2.59-2.51 (my 1 H, H-4a), 2.29-2.23 (m, 1 

H, H-8a),2.03 (ddd, J =  12.1, 3.7, 3.7 1 H, H-8), 1.89 (ddd, J =  14.2, 3.4, 3.4 Hz, 1 

H, H-j)? 1.62 (dd, J=24.3, 12.1 HZ 1 H, H-8), 1.35 (dd, J =  13.1, 13.1 Hr, 1 H, H-5); 

"C NhlR (100 M l k ,  CD3SOCD3) 6 208.7 (C=O), 13 1.7 (CH, C-2), 124.3 (C, C-l), 88.7 



(C, C-9), 70.1 (CH), 67.4 (CH), 44.8 (CH), 40.5 (CH2), 39.9 (CH), 33.3 (CH2), 29.9 

(CH2). Since compound 261 was insufficiently volatile to provide a satisfactory electron 

impact mass spectrum, it was converted to the corresponding hexaacetate by treatment 

with acetic anhydride in pyridine in the presence of a catalytic amount of 4- 

dimethylaminopyridine for 5 h. The hexaacetate had: 'H NMK (200 MHz) 6 6.33 (dd, J = 

6.1, 2.8 Hz, 1 H), 5.85 (dd, J =  6.2, 2.7 Hz, 1 H), 5-34 (br s, 1 H), 4.92-4.81 (m, 1 H), 

2.83-2.73 (m, 1 H), 2.52-2.20 (m, 3 H), 2.18 (s, 3 H, acetate), 2.10 (st 3 H, acetate), 2.04 

(s, 3 H, acetate), 2.02-1.82 (m, 1 H), 1.77-1.59 (m, 2 H), mass spectrum, m/z (relative 

intensity, %) 638 (M+, 0.6), 596 (I), 554 (j), 43 (100). Exact mass cdcd for CYH38012: 

638.2363. Found: 638.2330. 

7.1.38 Preparation of (E)-1 J-Bis[trans-(4aa,8aP)-4-oxo-6a,7a-dihydroxy-4a,5,6, 

7,8,8a-hexahydro-(3H)-naphthyllethylene (262) and its meso Isomer 

Compound 311 (100 mg, 0.156 mmol) was deprotected by stirring for 14 h in 50 

rnL of 80% acetic acid solution. The acetic acid was removed by distillation under high 

vacuum with the temperature of the still pot never exceeding 30 OC. The yellow residue 

was triturated with chloroform to remove ZJ-dimethyl-l,3-propanediol. This left 24 mg 

(40%) of 262 as a mixture of (i)-262 and meso-262: mp >300 O C ;  IR (KBr) 3386 (OH), 

1706 (ketone C=O), 1658 (C=C), 1072, 1010 cm-I; 'H NMR (400 M H q  CD3SOCD3) 6 

6.25 (rn, 1 H, H-9), 5.81 (m, 1 H, H-2), 4.49 (d, J =  5.7 Hz. 1 H, OHk), 4.31 (d, J = 3.1 

Hz, 1 Hy OHb), 3.80 (br s, 1 H, H-6), 3.42-3.39 (m, 1 HI H-7), 3 -23-3.12 (m, 1 H, H-3): 



2.73-2.68 (m, 1 H, H-3), 2.63-2.57 (m, 1 H, H-4a), 2.35 (m, 1 H, H-8a), 1.98 (m,, 1 H, H- 

8), 1.88 (m, 1 H, H-j), 1.56-1.45 (m, 1 H, H-8), 1.41-1.34 (m, 1 H, H-5); 13c NMR (100 

MHz,  CD3SOCD3) G 210.8 (C=O), 139.8 (CH, C-9), 13 1.7 (CH. C-2), 121.8 (C, C-1), 

71.3 (CH), 63.3 (CH), 45.7 (CH), 42.0 (CH), 41.4 (CH2), 34.3 (CH2), 3 1.0 (CH2). 

Compound 262 was insufficiently volatile to provide a satisfactory elecaon impact mass 

spectrum and therefore was converted into its corresponding diacetonide by treatment 

with 2,2-dimethoxypropane and p-toluenesulfonic acid in methylene chloride for 2 h. 

This had: 'H NMR (200 MHz) 6 6.2 1-6.05 (m, 1 H), 5.91 -5.71 (m, 1 H), 4.43-4.27 (rn, 1 

H), 4.21-4.01 (m, 1 H), 3.32-3.08 (m, 1 H), 2.97-2.61 (m, 2 H), 2.57-2.14 (m, 3 H), 1.95- 

1.80 (m, 1 H), 1.5 1 (s, 3 H), 1.37 (s, 3 H); mh (relative intensity, %) 468 (M, 3) ,  466 

(W- 2 H, 1 I), 464 (W- 4 H, 14), 59 (49), 43 (100). Exact mass calcd for C28H3606: 

468.25 1 1. Found: 468.2483. 

7.1.39 Preparation of (5) trans-(4aa,Sap)4,1-(2 f-Dimethy1propylenedioxy)- 

6a,7a-(isopropylidenedioxy)-2~,4a,5,6,7,8,8a-octahydro-l-naphthalenone 

azine (312) and its meso Isomer 

A solution of ketone 301a (109 mg, 0.336 mmol) and hydradne (12 pL of 55%, 

0.20 mmol) was refluxed in 5 mL of n-butanol for 3 h. The n-butanol was removed by 



Kugelrohr distillation at 50 "C (0.1 Ton) and the residue was purified by chromatography 

(elution with 20% ethyl acetate-hexanes) to give 90 rng (83%) of azine 312 as a gum 

consisting of an inseparable mixture of (+)-312 and meso-312: IR (KBr) 1636 (C=hT), 

1153, 1 120, 1098, 1077, 1047 cm-'; 'H NMR (200 MHz)  G 4.28 (br s, 1 H), 4.05 (m, 1 

H), 3.77-3.56 (m, 2 H), 3.47-3.39 (m, 2 H), 3.10-2.78 (mt 2 H), 2.62-2.36 (m, 2 H), 2.26- 

1.70 (m, 4 H), 1.47 (s, 3 H), 1.34 (s, 3 H), 1.19 (s, 3 H), 0.73 (s, 3 H); !'c h i  (56 

MHz) G 163.6 (C, C-I), 163.2 (C, C-1), 108.0 (C, C-16), 97.0 (C, C-4), 74.5 (0, 73.3 

(CH), 70.1 (CHt), 70.0 (CH?), 45.1 (CH), 44.9 (CH), 39.7 (CH), 39.6 (CH), 30.8 (CH2)? 

29.9 (C), 28.7 (CH3), 26.7 (CH3), 25.9 (CH?), 25.8 (CH2), 25.3 (CH?), 23.2 (CH3), 23.1 

(CH3), 23.0 (CH2), 22.7 (CH2), 22.1 (CH3); mass spectrum, m/s (relative intensity, %) 

644 w, 24), 629 (h.i- CH3, 32), 586 (20), 559 (15), 501 (15), 476 (29), 43 (100). Exact 

mass calcd for C3sHj608Nz: 644.4037. Found: 644.4023. 

7.1.10 Preparation of (k) tm~s-(4au,Sap)-6a,7a-dihydroq-2,3,4a,5,  

hydro-1,J-naphthalenedione (313) 

A solution of rram-(4a,8a)-2,3,4a,5,8,8a-hexahydro- 1 ,Cnaphthalenedione 13' 

(294b) (1.12 g, 6.82 mmol), osmium tetroxide (870 pL of a 0.39 M solution t-butanol, 

0.34 rnmoI), 4-rnethylmorpholine (840 mg, 7.17 mmol), and water (0.25 mL, 14 mmol) 

was stirred for 3 h. Florisil (2.5g) and sodium thiosulfate (0.5 g) were added, and the 

mixture was stirred for a W e r  1 h. The solid material was removed by filtration, the 

solvent was evaporated in vacuo, and the crude product was purified by chromatography 

(elution with 70-100% ethyl acetate-hexanes) to afford 1.2 g (89%) of diol313 as a solid 

foam: IR (KBr) 3442 (OH), 1709 (ketone C=O), 11 56, 1061, 1008 cm*'; 'H NMR (200 

MHz, CD3COCDrCD30D) G 4.03-3.88 (m, 1 H), 3.55 (d, J =  12.0, 4.6, 2.7 Hz, 1 H), 



2.88-2.45 (6 H), 2.25 (dt, J =  14.4, 3.8 HZ, 1 H), 2.05 (dt, J =  8.2, 3.8, Hz, 1 H), 1.72 (m, 

1 H), 1.50 (ddd, J =  14.2, 1 1.9,2.3 Hz, 1 H); "C NMR (50 MHz, CD3COCD3-CD30D) G 

210.8 (C=O), 209.6 (C=O), 71.2 ( 0 ,  68.8 (CH), 47.9 (CH), 43.5 (CH), 37.3 (CH2), 

37.2 (CH*), 32.1 (CH2), 28.9 (CH2); mass spectrum, m/r (relative intensity, %) 198 (W, 

1 l), 180 w- HzO, 53), 15 1 (55), 95 (85), 81 (100). Exact mass calcd for CIOHl4O4: 

198.0892. Found: 198.088 1. 

7.4.41 Preparation of a Mixture of Isomers of 6,7-Dihydroq-2 JY4a,5,6,7,8,8a- 

octahydro-4-0x0-naphthalenone Azine (263) 

A solution of diketone 313 (1 12 mg, 0.57 mmol) and hydrazine (8 pL of 55%, 0.1 

rnmol) was refluxed in 5 mL of n-butanol for 3 h before the n-butanol was removed by 

Kugelrohr distillation at 50 O C  at 0.1 Ton. The crude product was purified by 

chromatography (elution with 5 4 5 %  methanol-chloroform) to give 71 mg (63%) of 

recovered starting material and 31 mg (56% based on hydrazine) of a m i x t u r e  of azine 

stereoisomers 263 as a white powder. The mixture had: ~tlg >300 O C ;  IR (KBr) 3428 

(OH), 1710 (ketone C=O), 1634 (C=N) cm"; 'H NMR (200 MHz, CD3SOCD;) 6 1.61- 

4.18 (my 2 H, 2 OH), 3.79 (br s, 1 H), 3.50-3.36 (m, 1 H), 2.95-2.54 (m, 3 H), 2.44-2.1 1 

(m, 3 H), 2.09-1.26 (m 4 H); due to the complexity of the carbon spectrum only the 

distinguishing signals are listed, 13c NMR (50 MHz. CDCL-CD30D) G 21 1.8-210.3 (my 

C=O), 163.5-162.4 (m? C=N), 70.5-70.2 (m, C-6 or C-7), 67.7-66.9 (m, C-6 or C-7); 



mass spectrum, d z  (relative intensity, %) 392 (MC, 4), 3 10 (9, 249 (5) :  36 (100). Exact 

mass calcd for C20H28N206: 392.1947. Found: 392.1942. 

7.5 Experiments Pertaining to Chapter Five 

7.5.1 Attempted 1,J-Addition of ii X'\n-Dimethylhydrazone Cuprate to Epoxy 

Olefin 354 

7.5.1.1 Table 5.1, Entry 1 

4-Methyl-2-pentanone dimethylhydrazone (1 10 mg, 0.773 rnmol) was dissolved 

in 3 mL of THF, cooled to -78 "C, and n-butyllithium (334 pL of a 2.3 M solution in 

hexanes, 0.77 mmol) was added. The mixture was stirred for 20 min and then a cold (ca. 

-30 O C )  homogeneous solution of copperu) iodide (73 mg, 0.39 mmol) and diisopropyl 

sulfide (225 pL, 1.54 mmol) in 1 mL of THF was added, and the reaction was slowly 

warmed to 0 O C  over 1 h. The mixture was cooled to -78 "C and a solution of epoxy 

olefin 354 (1 50 mg, 0.350 rnrnol) in 2 mL of THF was added. The reaction mixture was 

stirred at -78 OC for 2 h and at room temperature for 12 h. The mixture was poured into 

NKCI solution. extracted with ether. washed with NaCl solution, dried (MgS04), and 

evaporated in vacuo. No new product was detected by 'H-NMR analysis. 

7.5.1.2 Table 5.1, Entry 2 

This experiment was conducted the same as in entry 1, except that ether was used 

as the solvent. Only starting materials were detected in the crude reaction mixture ('H- 

N m ) .  



7.5.1.3 Table 5.1, Entry 3 

This experiment was conducted the same as in entry 1, except that 2.5 equivaients 

of cuprate 363 were used instead of 1.1 equivalents. No reaction was evident by 'H- 

NMR analysis. 

7.5.1.4 Table 5.1, Entry 4 

This experiment was conducted the same as in entry I ,  except that 10 equivalents 

of cuprate 363 were used instead of 1.1 equivalents. A complex mixture of unidentifiable 

products ('H-NMR) was observed. 

7.5.1.5 Table 5.1, Entry 5 

LDA (2.0 mL of a 0.12 M solution in THF, 0.24 mmol) was added dropwise to 4- 

methyl-2-pentanone dimethylhydrazone (33 mg, 0.23 mmol) in 1 mL of THF at -78 OC. 

The mixture was stined for 1 h before a solution of copper(1) iodide (22 mg, 0.12 mmol) 

in diisopropyl sulfide (68 pL, 0.47 mmol) and 1 mL of THF was added. The reaction 

was slowly warmed to 0 O C  over 1 h and then was cooled to -78 O C .  Boron trifluoride 

etherate (15 pL, 0.12 mmol) was added, followed by epoxy olefin 354 (50 mg, 0.12 

rnrnol) in 1 rnL of THF. The reaction mixture was stirred at -78 O C  for 1 h and at room 

temperature for 12 h. The mixture was poured into W C l  solution and was extracted 

several times with ether. The combined ether extracts were washed with NaCl solution, 

dried (MgS04), and evaporated in vacuo. No new product was detected by 'H-NMR 

analysis. 



7.5.1.6 Table 5.1, Entry 6 

This experiment was conducted the same as in entry 5, except that chlorotri- 

methylsilane (2 equivalents) was added to cuprate 363 and the mixture was stirred at -78 

O C  for 5 min before epoxy olefin 354 was added. Only starting material was observed in 

the crude reaction m i m e  ( ' t i -h i ) .  

7.5.1.7 Table 5.1, Entry 7 

This experiment was conducted the same as in entry 5 ,  except that hexamethyl- 

phosphoramide (2 equivalents) was added to cuprate 363. No new product was detected 

by 'H-NMR analysis. 

7.5.1.8 Table 5.1, Entry 8 

4-Methyl-2-pentanone dimethylhydrazone (3 3 mg , 0.24 mmol) was dissolved in 3 

mL of THF, cooled to -78 O C  and n-butyllithium (97 pL of a 2.4 M solution in hexanes, 

0.24 -01) was added. The mixture was stined for 1.5 h and then was added to copper 

cyanide (21 mg, 0.24 rnrnsl) in 1 ML of THF at -40 OC. The mixture was stirred for 3 h 

before epoxy olefm 354 (50 mg, 0.12 rnmol) in 2 mL of THF was added. The mixture 

was then stirred for 12 h, during which time it was slowly warmed to room temperature. 

The reaction was quenched with m C 1  solution and extracted with ether. The ether 

layers were washed with NaCl solution, dried (MgS04), and the solvent was evaporated. 

No new product was detected by 'H-NMR analysis. 

7.5.1.9 Table 5.1, Entry 9 

t-Butyllithium (0.40 mL of a 1.7 M solution in pentane, 0.69 mmoi) was added to 

(4-2-bromoethoxypropene (50 mg, 0.33 mmol) in 1.5 rnL of THF and 0.5 mL of 

hexanes at -85 OC. The m i m e  was stirred for 1 h before a solution of copper@ iodide 



(31 mg, 0.16 mmol) and dimethyl sulfide (48 pL, 0.65 mmol) in 1 mL of THF was 

added. The reaction was slowly warmed to -40 'C and was stirred for 30 min. Epoxy 

olefin 354 (70 mg, 0.16 -01) in 1 rnL of THF was added and the reaction mixture was 

stirred at -40 'C for 1 h and at room temperature for 12 h. The mixture was poured into 

N&Cl solution and was extracted several times with ether. The combined ether extracts 

were washed with KaCi soiurion, dried (MvigS04j, and evaporated in vacuo. Thc snide 

'H-NMR indicated a mixture of 1,2 and 1,4 adducts in a ratio of 3.6 : 1. The products 

were not stable to chromatography. 

7.5.1.10 Table 5.1, Entry 10 

Epoxy olefin 354 (50 mg, 0.12 mmoi) and copper(I1) acetylacetonate (1.5 mg, 

0.0057 mmol) in 2 mL of ether were added to Reformatsky reagent 366Is6 (1.0 mL of a 

1.6 M solution in ether, 1.6 mmol). The reaction was stirred for 1 h at room temperature. 

It was diluted with ether, washed with 10% aqueous HCI solution. NaHC03 and NaCl 

solutions, dried (MgSOj), and evaporated in vacuo. The crude 'H-NMR indicated a 

mixture of 1.2 and 1,4 adducts in a ratio of 4 : 1. The products were not stable to 

chromatography. 

7.5.2 Preparation of (3S)-3-t-Butyldimethylsilyloxy-l7-iodoandrosta-5,16-diene 

(372) 

Alcohol 3 7 1 ' ~ ~  (2.3 g? 5.8 mmol), t-butyldimethylsilyl chloride (8.7 g, 58 mmol), 

and imidazole (1.6 g, 24 mmol) were stirred in 60 mL of DMF for 12 h. The solution was 

poured into ice-water and was extracted with chloroform. The combined extracts were 



washed several times with NaCl solution, dried (MgS04), and the solvent was 

evaporated. Chromatography with 8% ethyl acetate-hexanes provided 2.3 g (77%) of 372 

as a greenish foam: IR (Dr)  125 1, 1247,1085,1063, 1004 cm"; 'H-NMR (400 MHz) G 

6.14 (dd, J =  3.2, 1.7 Hz, 1 H, H-16), 5.33 (m, 1 H, H-6), 3.49 (dddd, J =  10.9, 10.9, 5.4, 

5 -4 Hz, 1 H, H-3), 1.04 (s, 3 H, H- 19), 0.90 (s, 9 H, Si(Me)tt-Bu), 0.76 (s, 3 H, H-18), 
* .. 

0.06 (s, 6 H, Si(Me)zt-Bu); "C-NMR (50 M H z )  6 142.u (C, C-5 j, i37.4 (CHj, i20.6 

(CH), 112.7 (C, C-17), 72.5 (CH, C-3), 54.8 (CH), 50.6 (CH), 49.9 (C), 42.8 (CH2), 37.3 

(CH2), 36.8 (C), 36.2 (CHI), 33.7 (CH2), 32.0 (CH2), 3 1.2 (CH2), 3 1 -0 (CH), 25.9 (CH3), 

20.8 (CHI), 19.3 (CH3), 18.2 (C), 15.1 (CH3), 3 . 6  (CH;); mass specaum, m/z (relative 

intensity, %) 455 (W-t-Bu, 3), 379 (8), 328 (19), 253 (46), 75 (100). Exact mass calcd 

for C25&lIOSi (M'- t-Bu): 455.1 267. Found: 455.1229. 

7.5.3 Preparation of (2)-6-MethyC2-hepten-4-one (370) 

Enone 370 was prepared by the general method of ~ochetlccv.'~' A precooled 

(ca. -45 OC) solution of (2)-1 -propenylmagnesium bromide (2 mL of a 1.0 M solution in 

W, 2 rnmol) was added to copper(1) bromide-dimethyl sulfide complex in 2 mL of 

THF and 2 mL of dimethyl sulfide at -45 O C .  The black solution was stirred for 10 min, 

and 2 mL of hexamethylphosphoramide were added. The mixture was stirred for an 

additional 10 min, isovaleryl chloride (21 1 mg, 1.75 mmol) in 2 mL of THF was added, 

and the mixture was stined for 4 h at -25 OC. The reaction was quenched with W C l  

solution and partitioned between 10% aqueous N&OH soution and ether. The resultant 

heterogeneous solution was filtered through Celite and extracted with ether. The ether 

layer was washed with 10% aqueous N&UH solution, water, NaCl solution, dried 

(MgS04), and evaporated at reduced pressure. This gave 500 mg (58%) of (2)-6-methyl- 

2-hepten4one (370) as a colorless oil. Although enone 370 has been reported in the 



literature,164 characterization details were not provided. Enone 370 had: IR (neat) 1697, 

1673, 1633, 1058, 972 cm"; 'H-NMR (400 MHz)  8 6.19-6.12 (my 2 H, H-2 and H-3), 

2.32 (d, J = 7.0 Hz, 2 H, H-5), 2.12 (m, 1 H, H-6), 2.11 (dd, J = 5.5, 0.5 Hz, 3 H, H-I), 

0.94 (d, J = 6.6 Hz, 6 H, H-7 and H-8); ' 3 ~ - ~  (100 MHz)  6 202.3, 142.7, 128.4,53.7, 

25.3, 23.1, 1 6.2; mass spec-, d z  (relative intensity, %) 126 (M', 1 I), 1 1 1 (1 2), 84 

(14), 69 (100). Exact mass calcd for C8H140: 126.1045. Found: 126.1054. 

7.5.4 Conjugate Addition Reactions of Cuprate 379 

7.5.4.1 Without Chlorotrimethylsilane 

r-Butyllithium (0.45 pL of a 1.78 M solution in pentane, 0.80 mmol) was added to 

a solution of iodide 372 (207 mg, 0.403 mmol) in 2 mL of ether at -78 "C, and the 

mixture was stirred for 1 h. A homogeneous mixture of copper(1) iodide (38 mg, 0.20 

mrnol) and dimethyl sulfide (56 pL, 0.76 mmol) in 2 mL of THF was added. The 

solution was stirred for 1 h at -78 "C, followed by the addition of enone 369 (25 mg, 0.20 

mmol) in 1 mL of THF, and the mixture was stirred for 6 h at 0 "C before being quenched 

with N&C1 solution. The mixture was diluted with ether, washed with NaCl solution, 

dried (MgS04), and the solvent was removed in vacuo. Chromatography with 2% ethyi 

acetate-hexanes afforded two fractions. The first contained 76 mg (49%) of deiodinated 

starting material, (3S)-3-t-butyldimethylsilyloxyandrosta-5,16-diene (381) as a gum: IR 

(KBr) 1255,1194,1088, 1063,1045,1005,838 cm-'; 'H-NMR (400 MHz) G 5.89 (ddd, J 

= 5.6, 2.3, 0.9 Hz, 1 H, H-16 or H-17), 5.72 (ddd, J =  5.7, 2.8, 1.5 Hz, 1 H, H-16 or H- 

17), 5.35 (m, 1 H,H-6), 3.49 (dddd, J =  10.6, 10.6, 5.3, 5.3 Hz, 1 H, H-3), 1.05 (s, 3 H, 



H-19), 0.90 (s, 9 H, Si(Me)2t-Bu), 0.80 (s, 3 Hy H-18), 0.07 (s, 6 H, Si(Me)zt-Bu); 13c- 
NMR (50 MHz) G 143.8 (CH), 141.8 (C), 129.3 (CH), 120.9 (CH), 72.6 (CH, C-3), 56.2 

(CH), 51.0 (CH), 45.4 (C), 42.9 (CH2), 37.3 (CH2), 36.9 (C): 35.9 (CH2), 32.1 (2 CH2), 

31.8 (CH2), 30.5 (CH), 25.9 (CH,), 20.8 (CH2), 19.4 (CH3), 18.2 (C), 16.8 (CH3), -4.6 

(CH3); mass spectrum, d z  (relative intensity, %) 386 (MC, 2), 371 (M'- CH3, 6), 329 (M+ . 
- tBu ,  loo), 253 (23), 75 (73). Exact mass caicd for C25&20Si ibf- I-Buj: 329.23Oi. 

Found: 329.232 1. 

The second fraction contained 72 rng (70%) of an meparated mixture of C-20 

epimers (compound 380), in a ratio of 3.5 : 1, as determined by 'H-NMR integration of 

their H- 18 signals at 6 0.83 and 0.80 ppm. The mixture of epimers was fixther separated 

by chromatography (elution with 25% benzene-hexanes) to give two hctions. The less 

polar, major ffaction was obtained as a solid foam: IR (KBr) 17 15 (ketone C=O), 1255, 

1133, 1088 cm"; 'H-NMR (200 MHz) G 5.34 (m, 2 H, H-6 and H-16), 3.48 (dddd, J =  

10.6, 10.6, 5.3, 5.3 H z ,  1 HI H-3), 2.82-2.64 (m. 1 H), 2.57 (dd, J =  16.3, 4.9 HZ 1 H), 

1.06 (d, J =  7.4 Hz, 3 H, H-21), 1.04 (s, 3 H, H-19): 0.91 (d, J =  6.3 Hz. 6 H, H-26 and H- 

27), 0.89 (s, 9 H, Si(Me)2t-Bu), 0.83 (s, 3 H, H-18): 0.06 (s, 6 H, Si(Me)2f-Bu); "c-NMR 

(50 MHz)  6 210.0 (C=O), 159.9 (C), 141.8 (C), 121.8 (CH), 120.9 (CH), 72.5 (CH), 57.3 

(CH), 52.4 (CH2), 50.8 (CH), 50.7 (CH2), 47.1 (C), 42.8 (CH2), 37.3 (CH2), 36.8 (C), 

34.9 (CH2), 32.1 (CH2), 3 1.6 (CH2), 3 1 .l (CH2), 3 1.5 (CH), 27.6 (CH), 25.9 (CH3), 24. j 

(CH), 22.6 (CH3), 21.1 (CH3), 20.8 (CH2), 19.3 (CH3), 18.2 (C), 16.5 (CHj), 4.6 (CH3); 

mass spectrum, d. (relative intensity, %) 512 (M4, 2), 497 (Pvf- CH3, 3), 455 (M' - t-Bu, 

34), 380 (9), 437 (19), 355 (l3), 281 (23), 159 (27), 75 (97), 57 (100). Exact mass calcd 

for C3jH5602Si @h+ - t-Bu): 455.3345. Found: 455.3 325. 

The more polar, minor hct ion was also a solid foam: IR (KBr) 1714 (ketone 

C=O), 1253, 1 133,109 1 cm-'; 'H-NMR (200 MHz) 8 5.35-5.28 (rn, 2 H, H-6 and H-16): 

3.49 (dddd, J =  10.8, 10.8, 5.4,5.4 H z ,  1 H, H-3), 2.80-2.65 (m, 1 H), 2.41 (dd, J =  16.1, 

8.0 HZ, 1 H), 1 .04(~,  3 H,H-19), 1.01 (d, J = 6 . 8  HZ, 3 H, H-21): 0.91 (d, J=6.2Hz,  6 

H, H-26 and H-27), 0.90 (s, 9 Hy Si(Me)zt-Bu), 0.80 (s, 3 H, H-18), 0.07 (s, 6 H, 

Si(Me)2t-Bu); ' 3 ~ - ~  (50 MHz) 6 210.0 (C=O), 160.0 (C), 141.8 (C), 121.2 (CH), 



120.9 (CH), 72.5 (CH, C-3), 57.3 (CH), 52.5 (CH2), 50.8 (CH), 50.2 (CH2), 47.2 (C), 

42.8 (CH2), 37.3 (CH2), 36.8 (C), 35.2 (CH2), 32.1 (CHr), 31.6 (CH2), 31.1 (CHI), 30.6 

(CH), 28.0 (CH), 25.9 (CH3), 24.4 (CH), 22.6 (CH3), 21.6 (CH3), 20.8 (CH2), 19.3 (CH3), 

18.2 (C), 16.2 (CH3), -4.6 (CH3); mass spectrum, m/z (relative intensity, %) 497 (W- 

CH;, 5),  455 (Ad'+- t-Bu, 18), 437 (19), 355 (loo), 281 (58), 159 (77), 75 (79), 57 (84). 

Exact mass cdcd for Cj3Hj602Si (vf- 1-BU]: 455.3345. Found: 455.3336. 

7.5.4.2 With Chlorotrimethylsilane 

Iodide 372 (207 mg, 0.403 mmol) in 2 mL of ether at -78 "C was reacted with t- 

butyllithium (0.45 mL of a 1.78 M solution in pentane, 0.80 mmol) for 1 h. A 

homogeneous mixture of copper(1) iodide (38 mg, 0.20 mmol) and dimethyl sulfide (56 

pL, 0.76 mmol) in 2 mL of T W  was added, and the solution was stirred for 1 h at -78 O C .  

A mixture of enone 369 (25 mg, 0.20 mmol) and chlorotrimethylsilane (100 pL, 0.788 

rnmol) in 1 mL of THF was added and the mixture was stirred for 12 h, during which the 

reaction mixture was warmed kom -78 O C  to room temperature. The mixture was 

quenched with N&C1 solution, diluted with ether. washed with NaCl solution, dried 

(MgSOI), and the solvent was removed in vacuo. Chromatography with 2% ethyl 

acetate-hexanes gave two Eactions. The first contained 116 mg (77%) of deiodinated 

starting material 381, and the second contained 24 mg (26%) of the mixture of C-20 

epimers of compound 380 in a ratio of 1 : 2. These were identical (TLC and 'H-NMR) 

with the epimers reported in section 7.5.4.1. 



7.5.5 Formation of ( 3 9 - 3 - t - B u t y l d i m e t h y l s i l y l o x y c h o l e s t a ~ l  (382) 

from the Reaction of 380 with Selenium Dioxide 

A solution of the less polar isomer of 380 (41 mg, 0.080 mmol) in 2 mL of 1,4- 

dioxane was added to selenium dioxide (31 mg, 0.30 mmol) and potassium dihydrogen 

phosphate (22 mg, 0.16 rnmol) in 1.5 mL of 1,4-dioxane and 0.5 mL of water. The 

solution was heated to 100 O C  and was stirred for 10 h. The heterogeneous reaction 

mixture was filtered through Celite, evaporated in vacuo, diluted with water, and 

extracted with ethyl acetate. The combined organic layers were washed with water, NaCl 

solution, dried (MgSOa), evaporated* and purified by chromatography (elution with 3% 

ethyl acetate-hexanes). This furnished 24 mg (57%) of 382 as a white solid: mp 1 16- 1 17 

"C (from methanol); IR (KBr) 3497 (OH), 1714 (ketone C=O), 1254, 1248, 1099, 1037 

cm'l; 'H-NMR (200 MHz) S 5.52 (m, 1 H, H-16), 5.33 (m, 1 H, H-6), 4.31 (s, 1 H, OH), 

3.51 (dddd, J =  10.6, 10.6, 5.2, 5.2 Hz, 1 H, H-3), 2.94 (d, J =  17.4 Hz, 1 H, H-22), 2.55 

(d? J =  17.4 HZ, 1 H, H-22), 1.37 (ST 3 H, H-21), 1.03 (s? 3 H, H-19), 0.93 (s, 3 H, H-18): 

0.93 (d, J = 7.4 H z  6 H, H-26 and H-27), 0.90 (s, 9 £4, Si(Me)zt-Bu), 0.07 (s, 6 H, 

Si(Me)zr-Bu); ' 3 ~ - ~ ~ ~  (50 MHz) 6 212.8 (C=O), 160.0 (C), 141.8 (C), 123.9 (CH), 

120.8 (CH), 73.5 (C, C-20), 72.6 (CH, C-3), 57.8 (CH), 53.5 (CH2), 53.1 (CH2), 50.3 

(CH), 47.4 (C), 42.8 (CH2), 37.2 (CH2), 36.7 (C), 36.4 (CH2), 32.0 (CH*), 31.5 (CH2), 

30.9 (CH2), 30.4 (CH), 30.0 (CH3), 25.9 (CH3), 24.2 (CH), 22.5 (CH;), 20.9 (CH2), 19.3 

(CH;) , 1 8.2 (C), 1 7 -6 (CH3), -4.6 (CH3); mass spectrum, m/z (relative intensity, %) 5 1 0 

(M'- H20, I), 371 (75), 75 (100). Anal. calcd for C33HS603Si: CI 74.94; H, 10.67. 

Found: C, 74.82; H, 10.78. 



7.5.6 Preparation of (3S,15R)-3-t-Butyldimethylsilyloxy-l5-hydro~androst-5- 

en-17-one (383) 

Sodium borohydride (582 rng, 15.4 mmol) was slowly added to a solution of 

diphenyl diselenide (2.4 g, 7.7 mmol) in 70 rnL of absolute ethanol. The initial yellow 

color faded and the mixture was stirred for 5 min. Acetic acid (60 pL, 1.0 mmol) was 

added, followed by epoxy ketone 353 (2.07 g, 4.97 mrnol) and the solution was stirred for 

2 h. The reaction was diluted with W C l  solution and extracted several times with ether. 

The combined ether extracts were washed with 10% HCI solution, NaHC03 and NaCl 

solutions, dried (MgSOd), and the solvent was evaporated. The residue was purified by 

chromatography (elution with 0-20% ethyl acetate-hexanes) to afford 1.45 g (60%) of 

recovered diphenyl diselenide and 2.00 g (96%) of hydroxy ketone 383 as a white solid: 

mp 180-182 OC (fiom chloroform-hexanes); IR (KBr) 3499 (OH), 1734 (ketone C=O), 

1254, 1166, 1 156, 1130, 1098 cm"; 'H-NMR (200 MHz) 8 5.35 (my 1 H, H-6), 4.55 (m, 

H-lj)? 3.49 (dddd, J =  10.5, 10.5,5.3,5.3 Hz 1 H, H-3), 1.19 (s, 3 H), 1.07 (st 3 H), 0.89 

(s, 9 H, Si(Me)2t-Bu), 0.067 (s, 3 H, Si(Me)2t-Bu), 0.065 (s, 3 H, Si(Me)tt-Bu); "c- 
NMR (100 MHz) G 220.0 (GO), 142.1 (C, C-5), 119.9 (C, C-6), 72.4 (CH), 67.3 (CH), 

56.0 (CH), 50.6 (CH), 47.0 (C), 46.7 (CH2), 42.7 (CH2), 37.3 (CH2), 36.8 (C), 32.8 

(CH2), 32.0 (CH2), 30.4 (CH2), 27.6 (CH), 25.9 (CH3), 20.3 (CH*), 19.3 (CH,), 18.2 (C), 

17.4 (CH3), -4.6 (CH3); mass spectrum, d z  (relative intensity, %) 361 w- t-Bu, 1): 361 

(M'- i-Bu and H20, 1 I), 25 1 (28), 75 (100). Anal. calcd for C2S&203Si: C, 71.72; H, 

10.1 1 Found: C, 71.63; H, 9.98. 



7.5.7 Reaction of Hydroxy Ketone 383 with Hydrazine and Iodine 

Hydroxy ketone 383 (9.03 g, 2 1.6 mmol), hydrazine hydrate (6.5 mL of a 5 j% 

solution in water, 0.12 mol), and hethylamine (6.5 mL, 47 mmol) were stirred in 70 mL 

of absolute ethanol for 12 h. The solvent was evaporated to give 9.17 (98%) of the 

corresponding hydrazone, which was used directly in the next step. 

A solution of 1 , 1 , 3 , 3 - t e ~ e t h y l m d i n e  (6.9 mL, 55 rnmol) in 160 mL of THF 

was added over 15 rnin to iodine (4.2 g, 17 mmol) dissolved in 100 mL of THF. The 

solution was cooled to 0 OC. and the above hydrazone (3.40 g, 7.86 mmol) in 60 d, of 

THF was added dropwise. The mixture was stirred for 30 min and then the TW was 

evaporated in vacuo. The residue was diluted with ether, washed with 10% aqueous HCl 

solution, NaHC03, Na2S203, and NaCl solutions, dried (MgS04), and the solvent was 

evaporated. Chromatography with 0%-3% ether-benzene gave two fiactions. The firsf 

contained 2.67 (64%) of the desired vinyl iodide 385 as a white solid: mp 140-141 O C  

(fiom methanol); IR (KBr) 3420 (OH), 1575, 1256, 1124, 1012, 1001, 889 cm"; 'H- 

NMR(200 MHz) G 6.34 (d, J =  2.9 Hz, 1 Hy H-16), 5.35 (m, 1 H, H-6), 4.47 (dd, J =  4.9, 

3.0 HZ, 1 H, H-lj), 3.50 (dddd, J =  10.2, 10.2,5.0, 5.0 HZ, 1 Hy H-3), 1.10 (s, 3 K), 1.08 

(s, 3 H), 0.90 (s, 9 H, Si(Me)2t-Bu), 0.07 (s, 6 H, Si(Me)2t-Bu); "C-N~/IR (50 MHz) S 

142.0 (C), 139.0 (CH), 121.2 (C), 120.3 (CH), 74.6 (CH), 72.5 (CH), 58.2 (CH), 50.9 

(CH), 50.6 (C), 42.7 (CHz), 37.2 (CH2), 36.9 (C), 36.3 (CH2), 32.0 (CH2), 30.7 (CH2), 

25.1 (CH), 25.9 (CH3), 22.0 (CH3), 20.7 (CHI), 19.2 (CHI), 18.2 (C), -4.6 (CH;); mass 

spectrum, m/z (relative intensity, %) 513 (MC- CH3, 2), 510 w- HzO, 2), 471 (M- t-Bq 

1 j), 453 (Is), 252 (25),75 (100). Anal. calcd for C2SH.11101Si: C, 56.81; H, 7.82. Found: 

C, 57.01; H, 7.96. 



The second hct ion contained 560 mg (18%) of the rearraged product 387 as a 

solid foam: IR (KBr) 3557 (OH), 1252,1223,1195,1086,838 cm"; 'H-NMR (400 MHz) 

6 5.34 (m, 1 H, H-6), 4.30 (dd, J =  5.4, 5.4 Hz, 1 H, H-15), 3.51 (dddd, J =  10.9, 10.9, 

5.1, 5.4Hr 1 H, H-3),2.21 (s, 3 H,H-20), 0.95 (s, 3 Hy H-19), 0.90 (s, 9 H, Si(Me)?t- 

Bu), 0.07 (s, 6 H? Si(Me)~t-Bu); 13c-NMR (100 MHz) G 140.8 (C), 133.4 (C), 125.3 (C), 

120.8 (CH, C-6), 72.6 (CH), 70.2 (CH), 58.4 (CH), 48.3 (CHJ, 47.7 (CH?), 42.7 (CH2), 

37.4 (CH2), 36.7 (C), 32.7 (CH2), 32.0 (CH2), 30.6 (CH), 25.9 (CH3), 25.5 (CH,), 25.2 

(CH2), 19.3 (CH3), 18.2 (C), 13.3 (CH3), 4.6  (CH,); mass spectrum, d z  (relative 

intensity, %) 345 (M'- t-Bu, 23), 327 (78), 312 (X), 253 (100). Exact mass calcd for 

C2S&202Si (M- t-Bu): 345.2250. Found: 345.2255. 

7.5.8 Preparation of (3S,15R)-15-Benyloxy-3-t-butyldimethyls~-l7-iodo- 

androsta4,lddiene (386) 

Alcohol 385 (452 mg, 0.854 rnmol) was dissolved in 25 mL of THF. Sodium 

hydride (170 mg of a 60% dispersion in mineral oil, 4.27 mmol) was added slowly and 

the solution was stirred for 1 h at room temperature. B e ~ y l  bromide (0.51 rnL, 4.3 

mmol) and tetrabutylarnmoniurn iodide (16 mg, 0.043 mmol) were added and the mixture 

was stirred for a fixther 17 h before water was added. The mixture was extracted several 

times with ether, dried (MgS04), and the solvent was evaporated. The crude product was 

subjected to Kligelrohr distillation, 100 OC at 0.1 Tom, to remove the excess benzyl 

bromide. The residue contained 516 mg (98%) of benzyl ether 386 as a white solid: mp 

112-113 OC (fiom ether); IR (KBr) 1572, 1248, 1231, 1145, 1096, 960 cn"; 'H-NMR 

(200 MHz) G 7.37-7.22 (m, 5 H, 0CH2Ph), 6.42 (d, J =  2.6 Hz, 1 H, H-16), 5.31 (m, 1 H, 



H-6), 4.54 (d, J = 11.8 HZ, 1 H, 0CH2Ph), 4.38 (d? 5 = 11.8 Hz, 1 H7 0CH2Ph), 4.1 1 

(dd, J =  5.1,2.6 Hz, 1 H, H-lj), 3.48 (dddd, J =  10.8, 10.8, 5.4, 5.4 Hz, 1 H, H-3), 1.09 

(s, 3 H), 1.06 (s, 3 H), 0.89 (s, 9 Hy Si(Me)zt-Bu), 0.06 (s, 6 H, Si(Me):t-Bu); "c-NMR 

(50 MHz) G 141.8 (C), 138.8 (C), 137.3 (CH), 128.2 (CH), 127.4 (2 CH), 121.9 (C), 

120.7 (CH), 80.7 (CH), 72.5 (CH), 71.0 (CH2), 58.3 (CH), 50.9 (0, 50.8 (C), 42.7 

(CH2), 37.3 (CHI), 36.9 (C), 36.3 (CH2), 32.0 (CHt), 30.6 (CHI), 28.3 (CH), 25.9 (CH3), 

20.8 (CH;), 20.7 (CHI), 19.2 (CH3), 18.2 (C), -4.6 (CHI); mass spectrum, d z  (relative 

intensity, %) 618 w, 0 3 ,  603 (M'- CH;, I), 561 (M'- t-Bu, 78): 453 (14), 379 (9), 252 

(1 9), 91 (1 00). Anal. calcd for C32b7102Si: C, 62.12; H, 7.66. Found: C, 6 1.77; H, 8.06. 

7.5.9 Conjugate Addition Reactions of Cuprate 392 

BnO L, PY 

7.5.9.1 Addition to Enone 369 

t-Butyllithium (0.45 mL of a 1.8 M solution in pentane, 0.80 mrnol) was added to 

a solution of iodide 386 (233 mg, 0.377 mmol) in 2 mL of ether at -78 O C ?  and the 

mixture was stirred for 1 h. This solution was added to copper(1) iodide-tri-n-butyl- 

phosphine complex (74 mg, 0.1 9 mmol) in 2 mL of ether. The solution was s h e d  for 1 h 

at -78 OC, followed by addition of enone 369 (24 mg, 0.20 mmol) in 1 mL of ether and 

the mixture was warmed fiom -78 "C to 0 "C over 3 h. It was quenched with (?JH4hS04 

solution, extracted several times with ether. washed with NaCl solution. dried (MgS04), 

and the solvent was evaporated. Chromatography with 50% benzene-hexanes afforded 



three fractions. The first contained 55 rng (30%) of deiodinated starting material, 

(3S, 15 R)- 1 5-benzyloxy-3-I-buty1dimethylslyloxyo-5, 1 6-diene (394) as a white 

solid: mp 109-1 11 O C  (from methanol-petroleum ether); IR (Kl3r) 1601 (C=C), 1589, 

1141, 11 19,1094, 1058 cm'l; 'H-NMR (200 MHz)  6 7.38-7.23 (m, 5 H, 0CH2Ph), 6.20 

(d, J =  5.8 Hz, 1 H, H-17), 5.98 (dd, J =  5.6,2.2 Hz. 1 H, H-16), 3-33 (m, 1 HI H-6), 4.57 

(d, J =  12.0 1 H, 0CH2Ph), 4.42 (d, J =  12.0 HZ, 1 H, 0CH2Ph), 4.21 (dd, J =  5.2, 

2.1 Hz, 1 H,H-15), 3.48(dddd, J =  10.8, 10.8, 5.4,5.4Hz, 1 H,H-3), 1.14(s, 3 H), 1.09 

(s, 3 H), 0.91 (s, 9 H, Si(Me)*t-Bu), 0.08 (s, 6 HI Si(iMe)zt-Bu); "c-NMR (50 MHz) 8 

149.1 (CH), 141.6 (C), 139.4 (C), 128.8 (CH), 128.1 (CH), 127.3 (CH), 127.1 (CH), 

121.0 (CH), 80.8 (CH), 72.6 (CH), 70.8 (CHI), 59.2 (CH), 51.4 (CH), 46.0 (C), 42.8 

(CH2), 37.3 (CHI), 36.9 (C), 35.7 (CH2), 32.0 (CH2), 30.9 (CH2), 27.7 (CH), 25.9 (CH3), 

22.1 (CH3), 20.7 (CH2), 19.3 (CH3), 18.2 (C), -4.6 (CH3); mass spectrum, d z  (relative 

intensity, %) 492 (w, j), 477 (M'- CH3, 15), 435 (W- t-Bu, 7 9 ,  91 (100). And. cdcd 

for C32H.180ZSi: C, 77.99; H, 9.82. Found: C, 77.80; H, 10.06. 

The second fraction contained 25 rng (14%) of dimer 395 as a white solid: mp 

1 16- 1 17 OC (from methanol-petroleum ether); IR (KBr) 1560, 1254, 1202, 1 194, 1 149, 

1096 cm"; 'H-NMR (400 MHz) G 7.36-7.23 (m, 5 H, 0CH2Ph), 5.99 (m. 1 H, H-16). 

5.34 (m, 1 H, H-6), 4.54 (d, J = 12.0 Hz, 1 H, 0CH2Ph), 4.46 (d, J = 12.0 Hz, 1 H, 

0CH2Ph), 4.20 (dd, J =  5.1,2.4 Hz, 1 H, H-15), 3.49 (dddd, J =  10.9, 10.9, 5.4,5.4 HZ 1 

H, H-3), 1.30 (s, 3 H), 1.08 (s, 3 H), 0.89 (s, 9 Hy Si(Me)2t-Bu), 0.06 (s, 6 H, Si(Me)*t- 

Bu); 1 3 ~ - ~ ~ ~  (100 MHz) G 153.9 (C), 141.7 (C), 139.6 (C), 128.2 (CH), 127.4 (CH), 

127.2 (CH), 126.5 (CH), 121.1 (CH), 79.9 (CH), 72.6 (CH), 71.0 (CH2), 59.9 (CH), 51.0 

(CH), 48.0 (C), 42.9 (CH2), 39.3 (CH2), 36.8 (C), 35.9 (CHI), 32.1 (CH2), 30.8 (CH?), 

27.5 (CH), 25.9 (CH3), 22.2 (CHI), 21.0 (CH2), 19.2 (CH3), 18.2 (C), 4 .6  (CH3); mass 

spectrum, m/z (relative intensity, %) 759 (M'- PhCH20H and SiMert-Bu, 39), 108 (89), 

69 (100). Anal. calcd for C&Hg404SiZ: C, 78.09; H, 9.63. Found: C, 77.95; H, 9.78. 

The third hction contained 43 mg (37%) of 393 as a gum: IR (KBr) 1713 

(ketone C=O), 1616 (C=C): 1291, 1252, 1090, 1067 cm-'; 'H-NMR (400 MHz) G 7.37- 

7.21 (m,5H,0CH2Ph),5.62(d, J =  1.8Hz, 1 H,H-16),5.33 (m, 1 H,H-6),4.51 (d , J=  



12.1 HZ, 1 H, 0CH2Ph), 4.41 (d, J =  12.1 Hz, 1 H, 0CH2Ph), 4.13 (dd, J =  5.1,2.4 Hz, 1 

H, H-15), 3.48 (dddd, J =  10.9, 10.9, 5.4, 5.4 Hz, 1 H, H-3), 2.81 (m, 1 H), 2.53 (dd, J =  

16.0, 5.0 H z ,  1 H), 1.17 (s, 3 H, H-19), 1.09 (d, J =  6.8 Hz, 3 H, H-21): 1.08 (s, 3 H, H- 

18), 0.90 (d, J = 7.1 Hz, 6 H, H-26 and H-27), 0.89 (s, 9 H, Si(Me)zt-Bu), 0.06 (s, 6 H, 

Si(Me)~t-Bu); 13c-NMR (100 MHz) 6 209.8 (C=O), 166.2 (C), 141.7 (C), 139.7 (C), 

128.1 (CH), 127.3 (CH), 127.1 (CH), 12 1.9 (CHI, 12 1.1 (CKj, 74.6 (CtT), 72.6 (Ch"), 

70.6 (CH2), 60.1 (CH), 52.4 (CH2), 51.2 (0, 50.5 (CH2), 47.6 (C), 42.8 (CH?), 37.3 

(CHz), 36.9 (C), 34.9 (CHZ), 32.1 (CHz), 30.8 (CH2), 27.6 (CH), 27.4 (CH), 25.9 (CH3), 

24.5 (CH), 22.59 (CH3), 22.56 (CHI), 21.1 (CH3), 21.2 (CH2), 20.6 (CH2), 19.2 (CH,), 

18.2 (C), -4.6 (CH3); mass spectrum, m/z (relative intensity, %) 61 8 w, 0.4), 603 @f- 

CH3, 0.8), 56 1 (M- [-Buy 2 1 ), 5 10 (1 61, 453 (22), 279 (26), 9 1 (1 00). Exact mass calcd 

for CdaH6r03Si (w- f-Bu): 561 3764. Found: 561 3763. 

7.5.9.2 Addition to Enone 369 and Chlorotrimethylsilane 

t-Butyllithium (0.38 mL of a 1.78 M solution in pentane, 0.68 rnmol) was added 

to iodide 386 (21 1 mg, 0.341 mmol) in 2 mL of ether at -78 OC. and the mixture was 

stirred for 1 h. A homogeneous solution of copper(1) iodide-tri-n-tributylphosphine 

complex (67 mg, 0.17 mmol) in 2 rnL of ether was added, the mixture was stirred for 1 h 

at -78 OC, and a solution of enone 369 (22 mg, 0.17 mmol) and chtorotrimethylsiIane 

(43 pL, 0.34 mmol) in 1 mL of ether was added. The mixture was warmed from -78 "C to 

0 O C  over 4 h. The reaction was quenched with (NH&S04 solution, extracted several 

times with ether, washed with NaCl solution, dried (MgS04), evaporated, and purified by 

chromatography (elution with 50% benzene-hexanes). This gave three fractions. The 

fim contained 62 mg (37%) of deiodinated starting material 394, the second contained 2 

mg (1%) of dimer 395, and the third fraction contained the 66 mg (62%) of the desired 

product 393. These products were identical (TLC and 'H-W) with those reported in 

section 7.5.9.1. 



7.5.93 Addition to Enone 370 

Iodide 386 (275 mg, 0.444 rnmol) in 2 mL of ether at -78 O C  was reacted with r- 
butyllithium (0.66 mL of a 1.35 M solution in pentane, 0.89 mmol) for 15 min. A 

homogeneous mixture of copper@) iodide (43 mg, 0.23 mmol) and dimethyl sulfide (65 

pL, 0.88 mmol) in 2 mL of THF was added, and the soiution was stirred for 30 rnin at 4 0  

O C .  Enone 370 (28 mg, 0.23 -01) in 1 mL of THF was added and the mixture was 

stirred for 2 h, during which the reaction mixture was warmed from -78 O C  to room 

temperature. The mixture was quenched with N a C I  solution, diluted with ether, washed 

with NaCl solution, dried (MgS04), and the solvent was removed in vacuo. 

Chromatography with 50% benzene-hexanes gave three fractions: 64 mg (29%) of 

deiodinated starting material 394, 10 mg (4%) of dimer 395, and 45 mg (33%) of the 

desired addition product 393. The 'H-NMR spectra of these compounds were identical to 

those listed in section 7-5.9.1. 

7.5.10 Attempted Hydrogenations of 393 

Compound 393 (25 mg, 0.040 mmol), pailadium (10 mg of 10% on activated 

carbon, 0.0094 mmol) and 1 mL of 95% ethanol were stirred under 1 atmosphere of 

hydrogen for 24 h. The mixture was filtered through Celite and the solvent was 

evaporated. Only starling material ('H-NMR, TLC) was recovered. 

In a separate experiment, compound 393 (26mg, 0.042 mmol), palladium (46 mg 

of 10% on activated carbon, 0.043 rnmol) and 1 mL of 95% ethanol were placed in a Parr 



microreactor and the vessel was charged with 30 atmospheres of hydrogen. After 4 h, the 

mixture was filtered through Celite and evaporated in vacuo. Compound 396 had: 'H- 

NMR (200 MHz)  6 5.37-5.30 (m, 0.5 H, H-6), 3.70-3.50 (m, 2 H, H-3, H-1 5). Attempts 

to use longer reaction times resulted in the formation of a complex mixture. 

Compound 393 (1 6 mg, 0.026 mmol) was also hydrogenated in 1.5 mL of ethyl 

acetate with platinum oxide ( 5  mg, 0.02 mmol) under 30 atmospheres of hydrogen for 1 

h. No reaction was observed ('H-NMK TLC). When the experiment was repeated for 

17 h, a small amount of a product was produced which lacked both the olefinic protons 

and signals attributable to the benzyl group in its 'H-NMR spec-. However. the IR 

spectrum lacked an absorption attributable to an alcohol group. 

7.5.1 1 Preparation of (3S,15R f OS)-3-t-Butyldimethylsilyloxy-15J3-dihydro~- 

cholestad,lCdiene (398) 

Benzyl ether 393 (50 mg, 0.08 1 mmol) was dissolved in 3 rnL of THF and 5 mL 

of liquid ammonia was added followed by pieces of sodium metal (27 mg, 1.1 mmol). 

The solution immediately turned dark blue, and after 3 min, solid m C 1  (10 g) was 

added. The remaining ammonia was evaporated under a stream of nitrogen, the residue 

was diluted with water and extracted with ether. The combined ether extracts were dried 

(MgS04) and the solvent was evaporated. The crude product was purified by 

chromatography (elution with 10% ethyl acetate-hexanes) to firrnish 32 mg (74%) of a 

m i m e  of C-23 epimeric alcohols 398 as a solid foam: IR (KBr) 3402 (OH), 1255,1124, 

1092 cm"; 'H-NMR (400 MHz) G 5.62 (br s, 1 H? H-16), 5.36 (m, 1 H, H-6), 4.48 (m, 1 

H, H-15), 3.50 (dddd, J =  10.7, 10.7, 5.4, 5.4 Hz, 1 H, H-3), 1.19 (d, J =  6.6 Hz, 1.5 H, 



H-21), 1.17 (d, J =  6.3 Hz, 1.5 H, H-21), 1.16 (s, 3 H), 1.08 (s, 3 H), 0.91 (d, J =  5.9 Hz, 

6 H, H-26 and H-27), 0.90 (s, 9 H, Si(Me)zt-Bu), 0.07 (s, 6 H, Si(Me)*t-Bu); due to the 

similarity between the two alcohol isomers, not all of the carbon signals for each separate 

isomer could be distinguished. "c-NMR (50 MHz) 6 167.4 (C), 141.9 (C), 124.1 (CH), 

123.7 (CH), 120.7 (CH), 73.6 (CH), 73.5 (CH), 5 1.6 (CH), 68.1 (CH), 6 1.1 (CH), 60.0 

(CH), 59.9 (CH), 5 1.2 (CH), 5 1.1 (CH), 47.69 (C), 47.66 (CH2), 47.1 (CH?), 45.7 ( C H ~  j, 

45.6 (CH2), 37.3 (CH*), 36.9 (C), 35.4 (CH2), 35.3 (CH2), 32.1 (CH2), 30.9 (CH2), 28.1 

(CHI, 27.60 (CH)? 27.56 (CH), 25.9 (CHI), 24.63 (CH), 24.57 (CH), 23.53 (CH3), 23.49 

(CH3), 23.46 (CH3), 22.2 1 (CH3), 22.1 5 (CH3), 20.9 (CH2), 20.6 (CH*), 19.2 (CH;), 18.2 

(C), -4.6 (CH3); mass spectrum, mk (relative intensity, %) 512 (W- H20, 9), 497 (33): 

455 (33), 412 (41), 180 (100). Exact mass cdcd for C33HS803Si (bf- H20): 512.4050. 

Found: 5 12.4043 

7.5.12 Attempted Ado1 Reaction of Diketone 400 

The crude alcohol 396 (4.5 mg, 0.0084 mmol) obtained in section 7.5.10, 

tetrapropy lammonium permthenate (1 mg, 0.003 mmol), Cmethy lmorpholine N-oxide 

(1.5 mg, 0.013mmol), and 4 A molecular sieves were stirred in 0.5 mL of dry acetonitrile 

for 12 h at room tempeE3hUe. The mixture was filtered through Celite and evaporated in 

vacuo to give 4 mg of diketone 400 as a gum: IR (film) 1736 (C=O), 1708 (C=O), 1100 

cm"; 'H-NMR (400 MHz) 6 5.32 (rn, 0.5 H, H-6), 3.5 (rn, 1 H, H-3), 1 .O-0.90 (rn, 6 H), 

0.89 (s, 9 H), 0.85-0.78 (m, 9 H), 0.07 (s, 6 H). The product was used directly in the next 

step. 

The above product (4 mg, 0.008 mmol) and sodium hydroxide (8 pL of a 2 N 

solution in water, 0.0 16 mmol) in 0.3 mL of 95% ethanol and 0.1 rnL of 'IHF were stirred 

at room temperature for 18 h. The mixture was diluted with ether, washed with water, 

NaCl solution, dried (M$So4), and evaporated. No new product was evident ('H-NMR 

and TLC). 



7.5.13 Formation of (3SJ0S)-3-t-ButyldimethyIsily10xycholesta-5,14,16-~en-23- 

one (399) from the Reaction of 393 with 25-Dimethyl-1 J-dioxolane and 

p-Toluenesulfonic Acid 

Compound 393 (20 mg, 0.032 mmol), p-toluenesulfonic acid (1 mg, 0.005 mmol), 

and 0.25 mL of 2,2-dimethyl-1,3-dioxolane were stirred in 3 mL of methylene chloride 

for 3 h. The miture was diluted with methylene chloride, washed with NaHCO; solution, 

dried (MgS04), and the solvent was evaporated. Chromatography with 50% benzene- 

hexanes gave 15 mg (91%) of triene 399 as a white solid: mp 97-98 OC (from methanol- 

petroleum ether); IR (KBr) 1712 (ketone C=O), 1300, 1283, 1256, 1079, 1018: 889 cm*'; 

'H-NMR (400 MHz) 6 6.04 (d, J =  1.9 H z ,  1 H), 5.82 (d, J = 1.9 H z  1 H), 5.41 (m, 1 H1 

H-6)13.49(dddd, J =  10.9. 10.9, 5.4, 5.4Hz, 1 H,H-3), 2.97(m, 1 H),2.61 (dd, J =  16.1, 

5.5 Hz. 1 H), 2.44 (dd, J =  16.4, 8.5 Hr 1 H), 1.12 (d, J =  7.2 Hz, 3 H, H-21), 1.1 1 (s, 3 

H), 1.05 (s, 3 H), 0.91 (d, J =  6.9 Hz, 6 H, H-26 and H-27), 0.90 (s, 9 H, Si@4e)ie)zt-Bu), 

0.07 (s, 6 H, Si(Me)tt-Bu); ' 3 ~ - ~ ~ ~  (100 MHz) 6 210.1 (C=O), 162.7 (C), 158.4 (C), 

140.9 (C), 122.2 (CH), 120.9 (CH), 118.5 (CH), 72.6 (CH), 53.8 (CH), 53.7 (C), 52.7 

(CH2), 51.5 (CH*), 42.8 (CH2), 37.7 (CHt), 37.3 (C), 35.7 (CH2), 32.0 (CH2), 31.7 (CH), 

29.1 (CH2), 27.1 (CH), 25.9 (CH3), 24.5 (CH), 22.62 (CH3), 22.59 (CH3), 22.4 (CHI), 

21.1 (CH3), 19.5 (CH3), 18.2 (C), -4.6 (CH3); mass spectrum, rn'z (relative intensity, %) 

5 10 (M', 1 51, 41 1 (1 7), 353 (1 I), 279 (23): 207 (loo), 158 (51), 75 (85). Exact mass 

calcd for C33H5402Si: 510.3 893. Found: 5 10.3872. 

The same triene 399 was obtained in 95% yield from the reaction of known dlylic 

alcohol 4 0 7 ' ~ ~  with a catalytic amount ofp-toluenesulfonic acid under similar conditions. 



7.6 Molecular Modeling 

7.6.1 Results Pertaining to Chapter Three 

Compounds 170,208-21 1, 216, and 217 were modeled with MacroModel version 

3.5a.'93 The local minimum energy conformations were found by using an MM2 force 

field and the in vacuo parameters of the PRCG subroutine. The global minimum energy 

conformations were then calculated by a Monte Carlo search, selecting 1000 iterations 

and all conformations within 50 kJ/mol of the global minimum energy to be saved. The 

relative heats of formation and dihedral angles were thus obtained. 

For the constrained conformations of allylic alcohols 170, 208-211 the 0-C(22)- 

C(23)-C(24) dihedral angle was systematically fixed at 120': -120°, 50°, and -50' as 

appropriate. A standard minimization and Monte Carlo search was used to determine the 

relative energies of these conformations. 



7.6.2 Results Pertaining to Chapter Four 

254 kR'= OH, 
255 R =  OH, R'= H 
256 kR'= H 

The local and global minimum energy conformations of brassinolide (1) and 

nonsteroidal mimetics 254-256, 261, and 262 were determined following the protocol 

listed in section 7.6.1. The structures were imported into ~ ~ a r t a n 8 ' ~ ~  and re-minimized. 

The structure of brassinolide was r ehed  at the ab initio level with the STO-3G basis set. 

The mimetics were refined at the semi-empirical level using the AM1 force field. The 

global minimum energy conformation for 263 was determined using an Osawa search 

with the AM1 force field in Spartan@. 

Using the dihedral angles and atomic distances calculated between the different 

hydroxyl groups on brassinolide as  a guide, the following constraints were imposed on 

the mimetics: 0 1 -C2-C7-08 = -50.g0, 04-C3-C6-05 = 3 1.3", 05-C6-C7-08 = -55.6", 

C9-C10-C 1 LC1 2 = 180'. A standard mhimization of the constrained strutures at the 

semi-empirical level with the AM1 force field was conducted. The relative heats of 

formation, interatomic distances, and dihedral angles were thus obtained. 
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