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Abstract 

The viridin (2) family of fimgal metabolites has been known for over 55 years, 

but it has been the subject of very few synthetic studies, mostly because of the difficulties 

associated with the synthesis of the ABE fragment 37. The intramolecular Diels-Alder 

(IMDA) methodology developed in oür laboratory provides a fast route to 

naphthofhanone 76, thus making the assembly of the ABE kgment a relatively simple 

matter. The Diels-Alder reactions of 76 and derived compounds have been examined as a 

possible route to 2, but very little success was obtained. Altematively, the IMDA 

reactions of benzindanones have also been investigated, ultirnately leading to the 

synthesis of the pentacyclic skeleton of viridin. Epoxidation and singlet oxygen and 

permanganate oxidations of mode1 compounds were examineci in attempts to install the 

carbonyl on ring A, but that could not be accomplished by any of these methods. Jhstead, 

use of diene 201 b in the IMDA reaction followed by hydrolysis of the thioether moiety 

not only delivered the carbonyl in the desired position, but also led to the shortest 

synthesis of halenaquinone (38) reported to date. 
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CHAPTER 1 - INTRODUCTION 

1.1. Steroids 

The importance of steroids in nature cannot be overstated. Found in virtually a11 

animals, as well as in plants, they are essential constituents of ce11 membranes, also 

possessing important regulatory Gmctions in the secondary metabolism of many 

multicelluiar organisms.' Not surprisingly, steroids have exerted great fascination for 

synthetic chemists, with the first total synthesis of the simplest steroid - equilenin (1)- 

dating as far back as 1 9 3 9 ~ ~  just 7 years after the general structure of steroids had been 

established.' Since then, representative examples of most classes of biologically active 

steroids have been prepared in the laboratory, and routes have been developed to tackIe 

the many synthetic problems posed by those compounds4. Despite al1 the progress made, 

however, some targets remain elusive, and the challenges posed by steroidal systems to 

the creativity of synthetic chemists are far fiom over. In particular, the structures of the 

viridin farnily of pentacyclic antibioticsS highlight many of the problems in the synthesis 

of steroidal compounds that are still not resolved, and the following chapters detail our 

progress in the total synthesis of such compounds. 



1.2. The Viridin Family of Fungal  eta abolit es^ 

Viridin (2) was first isolated in 1945 as a secondary metabolite fiom the fùngus 

Gliocladium virens: and was also found later in fungi of the Trichoderma genus. 

Extensive chernical degradation studies,' aided by 'H NMR spectroscopy7e and later by 

X-ray ~ r ~ s t a l l o ~ r a ~ h ~ , ~  led to the determination of the structure of 2, which contains a 

fbran ring fùsed between C-4 and C-6 of a steroidal framework, an unusuai feature that 

defined a whole new class of ~orn~ounds .~  Other unusual features present in 2 are the 

highly oxygenated ring A and the aromatic ring C. In biological essays 2 showed 

remarkable species specific fungistatic action, but no significant antibacterial activity9 

6: Virone 

n 

Viridin (X = O; R = OMe) 
Dernethoxyviridin (X = O; R = H) 
Viridiol (X = a-H, P-OH; R = OMe) 
Dernethoxyviridiol (X = a-H, P-OH; R = H) 

8: Wortmannin (R = OAc) 
9: 1 1-Desacetoxywortmannin (R = H) 



A number of species of füngi have yielded several other related metabolites: 

Gliocladium sp. also yielded virïdiol (4)" and virone (6);' ' demethoxyviridin (3) I 2  and 

demethoxyvindiol (5)13 were isolated fiom Nodolisporium hinnuleurn and 

wortrnannolone (7),' ' wortmannin (8)14 and 1 1 -desacetoxywortmannin (9)15 were found 

in Penicillium sp., with 8 also being isolated fiom Myrothecium roridium. '' While some 

of these cornpounds exhibited little an t ibga l  or phytotoxic activity, 12.13.17 5 , s  and 9 are 

noteworthy exceptions. Both 8 and 9 are potent anti-infiammatory agents/ 5 and 8 have 

been shown to inhibit some phospholipases,'g and 8 has also attracted some attention as a 

potent inhibitor of phosphatidylinositol3-kinase in guinea pigs' neutrophilsZ0 and also the 

kinase2' of smooth musde. 

Investigations of the patterns of incorporation of isotopically labeled acetate and 

mevalonic acid (10) by fùngal cultures showed that compounds 2-9 are synthesized in 

much the sarne way as mamrnalian steroids, with squalene (11) and lanosterol (12) as 

intermediates (Scheme 1.1).= Further investigations suggest that the cleavage of the 

steroidal side chain and the order of removal of the C-4 methyl groups from 12 are also 

consistent with the biosynthetic pathways of steroids in mammals. Despite these 

similarities, the fimgal metabolites are regarded as triterpenes in origin, since C-20 of 

ring E can be traced back to one of the C-4 rnethyl groups of 1 2 , ~ ~ ~ ~  and only compounds 

with both C-4 methyl groups removed are classified as steroids. 



Scheme 1.1 

12 

Although the viridin family of fùngal metabolites has been known for over fi* 

years, only the synthesis of 8 has been reported so far (Scheme 1.2), albeit through a long 

and low yielding route.= Starting h m  hydrocortisone (13), dehydration and oxidative 

cleavage of the steroidal side chain gave 14, which was then oxidized to 15. Treatrnent 

with Na104 gave tricyclic compound 16, and 17 was formed by converting the aldehyde 

rnoiety into an alkene. Xodolactonization affords 18, which is transformed into 19 in 4 

steps (Scheme 1.3). A sequence of cleverly engineered oxidation and reduction steps 

generates 20, which is fmt oxidized to 21 and then converted to 22. A series of protecting 

group manipulations and oxidation of the dcohol functionality on ring D fmally gives 8 

in approximately 0.M% yield over 34 steps. 



Scheme 1.2 
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Scheme 1.3 

The obvious shortcomings of Shibasaki's synthesis led him to investigate an 

alternative approach to the preparaticn of 8.24 Building on his successful asymmetric 

synthesis of halenaquinone (vide infia)),2s he devised a new synthetic route (Scheme 1.4), 
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which so far has reached intemediate 23. Known diketoester 2426 is alkylated, then 

selectively protected to give 25, which is decarboxylated and subsequently oxidized to 

diketone 26. Compound 27 is generated in 4 more steps, after which a Suzuki cross- 

coupting with iodide 28 produces triflate 29. Conversion to 23 is achieved via an 

intramolecdar Heck reaction, and the remaining steps still to be completed - and 

presurnably leading to wortrnannin (8) - are only presented in the retrosynthetic analysis, 

without any detail. 

The synthesis of a simplified analogue of 8 and 9 has also been reported (Scheme 

1.5)?' Thus, lactone 3oZ8 is reacted with citraconic anhydride, and the resulting Diels- 

Alder adduct is reduced to give di01 31. Selective hydroxylation together with protecting 

group manipulations give acetonide 32, which is converted into hemiacetal33 in 5 steps. 

Further oxidation yields lactone 34, which gave enarnine 35 upon reaction with 

tris(dimethylamino)metiiane. Oxidation of 35 to a diketone followed by treatment with 

acid gives tetracycle 36, which corresponds to the ABCE fragment of  8 and 9. Based on 

this strategy, the authors have also presented a retrosynthetic plan to 8, but the actual 

synthesis is yet to be reported. This brief account represents the total synthetic effort 

hitherto recorded towards viridin (2), wortrnannin (8) and related natural products, thus 

hinting at how much research is still necessary in this field. 

1.3. Natural Products Stmcturally Related to Viridin 

Although viridin and related compounds are an unique class of compounds, they 

share the tricyclic n a p h t h o h  moiety 37 (rings A, B and E) with a group of polycyclic 

quinones isolated fiom tropical marine sponges. The first such natural product to be 



Scheme 1.5 

reported was halenaquinone ( 3 ~ ) , ~ '  obtained from Xestospmgia exigua, with X sapa  

later yielding xestoquinone (39)" and halenaquinol (40):' Adociaquinones A (41) and B 

(42) were isolated fiom sponges of the species X  orb bon aria:^ and in recent years 

several other quinones based on the parent pentacyclic ring system 1H- 

benzo[6,7]phenanth.o[ 1 O, 1 -bc]furan have also been characteri~ed.~~ 



Halenaquinone (38) was first investigated for its antibacterial a c t i ~ i t ~ ? ~  but much 

more interest in it has arisen fiom its inhibitory effect on some tyrosine kinases, a 

property also shared by 40.""~~ Tyrosine kinases have been associated with regulation of 

ce11 growth, and the discovery of effective inhibitors may have implications on the 

development of treatments for proliferative diseases, such as cancer and psoriasis. 

Compounds 39,41 and 42, on the other hand, have been shown to inhibit topoisornerase 

an enzyme involved in the replication of DNA that plays a role in the proliferation 

of cancer ~ e l l s . ~ ~  In addition, 39 is also a powerful cardiotonic agent due to its positive 

3027 inotropic effect on cardiac muscle. 



Scheme 1.6 
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Compared to the fungal metabolites, the marine quinones are much more 

accessible synthetic targrts, and, given their much more interesting biological properties, 

it is not surprising that several total syntheses of such compounds have been reported. 

Despite the structural differences, an analysis of such syntheses is indeed relevant to the 

present work, particularly those steps concemed with the preparation of the tricyclic ABE 

rnoiety 37 or its equivalent. 



The first successfhl synthetic effort towards the marine quinones was Harada's 

synthesis of ( + ) - 3 ~ ~ ~  (Scheme 1.6). Starting fiom optically pure Wieland-Miescher 

ketone (-)-43,39 enone (+)-44 was assembled in 8 steps and then subjected to a Diels- 

Alder reaction with the ortho-quinodimethane generated in situ from 45 to afford 

tetracycle (+)-46. After the aromatization of ring C, air oxidation and removal of the 

acetonide protecting group gave diosphenoi 47, which, upon Pfitzner-Moffatt oxidation 

of the alcohol moieties, spontaneously dehydrates to form (+)-48. FinalIy, deprotection of 

the hydroquinone dimethyl ether moiety by oxidative cleavage gave (+)-38 in 

approximately 2% yield over 14 steps. Reduztion of the quinone ring in (+)-38 gave (+)- 

40;' and slight modifications to Harada's procedure led to the synthesis of (+)-39, from 

which both 41 and 42 were also ~ r e ~ a r e d . ~ '  

The asymmetric synthesis of 38 and 40 has also been achieved by Shibasaki 

(Scheme 1.7).25 Commercially available tetralone 49 was oxidized to 

dihydroxynaphthalene 50, which was then transfonned into ditriflate 51. A cascade 

Suzuki cross-coupling / asyrnmetric Heck reaction between 51 and aikylborane 52 gave 

tricycIe 53, subsequently converted to triflate 54. Acetylene 55 was then used as an acyl 

anion equivalent to produce ketone 56, which was converted into compound 57 via a 

lengthy sequence of oxidations and protecting group manipulations. Iodination of 57 

gives the highly functionalized 58, which undergoes a palladium catalyzed cyclization to 

produce pentacycle 59 and, after desilylation, 48 was obtained. The remainder of the 

synthesis was carried out according to the procedure descnbed by   ara da,^^ giving (+)-38 

in less than 2% yield over 21 steps. 
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Scheme 1.8 
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Xestoquinone (39) has also been the subject of an asymmetric synthesis by Keay 

(Scheme 1.8),42 who started from the readily available f i q l  alcohol 60. Lithiation of 60 

followed by an in situ Suzuki cross-coupling43 led to furan 61, which was converted to 62 

by an oxidation-Wittig reaction sequence. The a-anion of 62 was then condensed with 

acid chloride 63 to give ketone 64, which was then subjected to a palladium catalyzed 

asymmetric polyene ~ ~ c l i z a t i o n ~ ~  that produced pentacycle 65 in 68% ee. Reduction of 

the double bond on ring A, desilylation of the h a n  moiety and oxidation of ring D to a 

para-quinone gave 39 in 1 1% yield over 1 1 steps. 

An interesting route to 39 has been exarnined by Kanematsu (Scheme 1.9)? 

Using the previously developed fkan ring transfer r n e t h o d ~ l o ~ ~ , ~ ~  furan 66 was 



converted in one pot into bicyclic alcohol67 via intermediate 68. Reduction of the double 

bond and subsequent oxidation gave ketone 69, which was doubly alkylated to give 

compound 70. Reductive deoxygenation followed by an intramolecular Friedel-Crafts 

acylation produced ketone 71, later converted to enone 72 through the application of 

selenium chemistry. Pentacycle 73 was assembled in a Diels-Alder reaction between 72 

and an ortho-quinodimethane generated in situ from dibromide 74;' and d e r  two more 

steps gave 39 in 1.5% yield over 1 1 steps. 

Scheme 1.9 

OMe 
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73 



While the syntheses discussed so fat are elegant ways to achieve their respective 

targets, their adaptation to a general route to viridin and related metabolites is difficult, 

since the furanoid ring E is in al1 cases assembled as a Mly unsaturated moiety, which 

severely limits M e r  oxidative transformations on the molecule and, as a result, requires 

the preparation of highly functionalized starting materials. 

Such limitations, however, have been mitigated by Rodrigo7s synthesis of 39.48 

Commercial phenol 75 is oxidized by hypervalent iodine in the presence of 2,4- 

pentadien- 1-01 to give the ortho-quinone monoketai (Scheme 1.10). Depending on 

whether the quinone moiety acts as a dienophile or diene, an intramolecular Diels-Alder 

(IMDA) reaction gives naphthofûranone 76 or bridged adduct 77,49 both as single 

diastereomers. Compound 76 corresponds to the kineticaliy favored endo adduct, and the 

stereochemistry of 77 is a direct result of the tethering of the dienophile to the quinone 

ring. While the yields of tricycle 76 were generally low, a Cope rearrangement in 

refluxing 1,2,4-trimethylbenzene converts 77 into 76, once again forming only the endo 

isomer to give a cornbined yield of 57% over two steps. Isobenzofùran 78" is then 

reacted with naphthofkanone 76 to give compound 79 (Scheme 1.1 l), which is 

aromatized to pentacycle 80 by reaction with sodium methoxide in refluxing rnethanol. 

Treatment with TFA fonns enone 81, and the fiiran moiety is aromatized to 82 by 

reacting with para-chloranil in reflwing xylene. Hydrogenation of the double bond on 

ring A and oxidation of ring D using CAN then gives 39 in 18% yield over eight steps, 

the shortest and highest yielding synthesis for any of these marine quinones to date. 



Scheme 1.10 
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1.4. Synthetic S trategies towards the Viridin Family of Fungal Metabolites 

The development of the IMDA m e t h o d o 1 0 ~ ~ ~ ~  corresponds to a significant step 

towards the synthesis of the viridin family of fùngal metabolites. Besides providing a fast 

and high yielding way of assembling the ABE fragment without the aromatized furan 

ring. it also provides the double bond in ring A as a convenient handle for prospective 

subsequent osidative functionalization of the molecule. Thus. the synthesis of viridin and 

related compounds c m  now be approached fiom two fronts (Figure 1.1): reacting 

naphthofuranone 76 with a suitable diene (route a) or preforming the BCD fragment and 

then reacting it with 2,4-pentadien-1-01 (route b). Both routes, as well as our attempts to 

finctionalize ring A will be discussed in the next chapters. 

OMe 
OH 

Figure 1.1 : Possible approaches towards vindin and related compounds 



CHAPTER 2 - THE ABE NAPHTHOFURANONE APPROACH 

2.1. Preliminary Studies 

Given the success achieved i n  the syrithesis of xestoquinone (39):' it seemed 

natural for us to start our investigations by examining the Diels-Alder rsactions of 

naphthofuranone 76. However, like most cyclohexenones, 76 was a poor dienophile and 

we had little success \vith its reactions wiih dienes other than isobenzofurans. Attempts to 

drive the reaction by adding a Lewis acid catalyst led to severe decomposition of 76, and 

only srnall quantities of adduct 83 were isolated." Presumably, the Lewis acid promotes 

elimination of methanol from 76 to form dienone 84, which then undergoes a Diels-Alder 

reaction with diene 85 (Scheme 2.1). The cycloaddition, however, did not proceed with 

the desired chemoselectivity, which led us to consider Michael addition reactions as an 

alternative route to the pentacyclic framework of viridin. Preliminary tests using diethyl 

maionate were quite successful in producing adduct 86 (Scheme 2.2) as a single 

diastereomer, presumably arising from attack at the P face, since the a face is highly 

concave and therefore not very accessible for the nucleophile. The successful synthesis of 

86 led us use Stork's procedure to prepare enone 87 (Scheme with the intent of 

using it in an arnbitious cascade double Michael addition-Dieckman condensation 

approach (Scheme 2.4).j3 ~ n f o r t u n a t e l ~ ,  only polymerization of 87 was observed, and we 

believe that naphthofuranone 76 is such a poor Michael acceptor that even though the 

formation of doubly stabilized anion 88 provides a thermodynamic incentive for the 

reaction, the self-condensation of the enolate of 87 occurs at a much faster rate. Attempts 

to make 87 a more reactive Michael donor by converting it into ketoester 89 also resulted 



in polymerization o f  the starting material, evidencing that further activation o f  the 

Michael donor was not viable. Instead, preparation o f  a more reactive ABE 

naphthofuranone fragment appeared to be necessary if this approach was to be 

successfully used in the synthesis o f  any of  the fungal metabolites. 

Scheme 2.1 
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Scheme 2.352b 
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2.2. Quest for a more Reactive Naphthofuranone 

Despite their relative lack of reactivity in Diels-AIder reactions, cyclohexenones 

are important building blocks in organic synthesis. The addition of a second electron 

withdrawing substiiuent - generally a carboalkoxys4 or cyanos5 group - a to the ketone 

moiety is a commonly used artifice that tums cyclohexenones into considerably more 

reactive dienophiles. Liu, for instance, has used carbomethoxy cyclohexenones in the 

total synthesis of several natural products (Scheme z.s),~~ and we thus believed that 



naphthofuranone 90 (Scheme 2.7) would be a reactive enough intermediate to allow us to 

achieve the synthesis of viridin (2) and related compounds. 

Scherne 2.4 

Go O OMe 

CycIic a-carboalkoxy enones are usually prepared from P-keto esters (Scheme 

2.6), either by condensation with the dialkyl acetal of an aldehydt? or by the use of 

selenium chemistry5' Given the complexity of the ABE naphthofuranone intermediates, 

however, none of those methods could be easily applied, and alternative routes to 90 had 

to be sought. 



Scherne 2.5 

49.58 The obvious route to 90 (Scheme 2.7) consisted of an IMDA reaction between 

2,4-pentadien-1-01 (91) and benzoate 92, which, as is always the case with IMDA 

reactions involving benzenoid monoketals, gave only minor quantities of the tricyclic 

species 90, with rnost of the product being represented by bridged adduct 93.59 It had 

been previously noted in our laboratory that the Cope rearrangement of adducts bearing 

bridgehead substituents generally results in poor yields,58 but upon reflux in 



1 ?2T4-trimethylbenzene, 93 gave highly irreproducible product distributions, with none of 

the expected tricycle 90 being fonried. Instead, 94 and 95 were the only products isolated 

from the reaction mixture, which suggested the occurrence of some sort of intemolecular 

redox process, and we therefore attempted to improve such results by decreasing the 

concentration of the substrate in the reaction mixture. Unfortunately, both dilution and 

the use of different solvents (nitrobenzene, 1,1,2,2-tetrachloroethane and 1,2- 

diethoxyethane) for the Cope rearrangement failed to generate 90 to any synihetically 

usefiil extent. 

Scheme 2.6 
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O 
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Our search for a better route to 90 led us to investigate the reactlons of 

benzeneselenolate and benzenethiolate anions. It is well documented in the literature that 

such anions6' can be used in tandem Michael addition-aldol reactions, which suggested to 

us that the reaction seqrience outlined in Scheme 2.8 could be a viable route to 90. M i l e  

benzeneselenolate anions can be easily generated by reducing (PhSe)z with N ~ B I ~ ~ '  or 

Na r n e t a ~ , ~ ~  only dismal yields of the Michael addition product 96 were obtained due to 



the extremely fast reoxidation of PhSe- to (Pl~se)~ ,  regardless o f  how much care was 

taken to exclude oxygen fiom the reaction vessel. Benzenethiolate was found to be much 

more resistant to oxidation than its selenium analogue, and 1,4-addition to 76 proceeded 

Scheme 2.7 
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smoothly to give sulfide 97 in nearly quantitative yields. As previously obsewed with 86, 

both 96 and 97 were also isolated as single diastereomers, providing fùrther evidence of 

the inaccessibility of  the a face of 76. Despite the high yields obtained in the synthesis of 

97, attempts to quench its enolate with methyl chloroformate were completely 

unsuccessfùl, with only naphthofiranone 76 and PhScozMe being isolated. Similar 



results nrere obtained with NCC02Et, CS2/MeI and iMe2C03, and attempts to trap the 

anion of 97 with TMSCl aIso failed. Such results indicate that benzenethiolate anions 

react with electrophiles much faster than the enolate of 97 does, which - given the 

reversible nature of the Michael r e a c t i ~ n ~ ~  - causes the regeneration of the starting 

naphtho furanone 76. 

The synthesis of 90 was finally achieved via the two step sequence depicted in 

Scheme 2.9. Thus, we started by reacting 76, pyridine and iodine in dichloromethane 

to give iodo enone 98, which is subsequently reacted with methanol and carbon 

monoxide in the presence of 2,6-lutidine and a palladium catalyst6' to produce the desired 

ketoester 90 in fairly reasonable yield. Despite the prornising results, the synthesis of 90 

was plagued by highly irreproducible results, inuch later found to be caused by poisoning 

of the palladium catalyst by s u l f ~ r ~ ~  from the thiosulfate used for removing excess iodine 

afier the first step. This discovery led us to reexamine the experimental procedure for the 

preparation of iodide 98, and use of ascorbic acid6' instead of Na2S203 elirninated any 

problems in the subsequent step, so that 90 was obtainable in 63% yield. 

Scheme 2.9 

CO, Pd(O), lutidine 
MeOH, THF 

(99%) (63%) 

Since the preparation of iodide 98 from phenol 75 is rather long and involves 

some costly starting materîals, we attempted to use 2-iodocyclohexenone as a mode1 



Scheme 2.10 
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cornpound in the optimization of the reaction conditions, but, curiously, in al1 instances 

only cyclohexenone and phenol were detected in any appreciable yield- Although the 

palladium catal yzed oxidation of a-i odocycl ohexenones to phenolic products by CO had 

been previously reported,68 the successful methoxycarbonylation of 98 encouraged us to 

launch a more comprehensive investigation of the reactions of a-haloenones. looking at a 

broader range of substrates and nucleophiles (Scheme 2.10, Table 2 . 1 ) ~ ~ ~  Our 

observations show that the carbonylation reaction is fairly general, with esters being 

Table 2.1 - Carbonylation of a-haloeneones in the presence of nucleophi1es 

Su bstrate 
99"b 

99 

1 98 1 MeOH 1 90 1 63 1 

98 
98 

isolated yield ( O h )  

68 
nucleophile 

MeOH 

HNEt2 

1 104a 1 MeOH 1 l05b 1 55 1 

product 
1 OOa 

1 OOC 
I 

64 

MeOH 
HNEt2 
PhNH2 

I 

1 104b 1 EtOH 1 105a 1 28 1 

1 04aMa 1 EtOH 1 105a 

102 
1 03a 
76 

98 
98 

58 

1 104d 1 MeOH 1 105c 1 13 1 

5 1 
62 
41 

103b 
1 03c 

n-BuNH2 
O-NH u 

104b 
1 0 4 ~ ' ~ ~  

produced from a variety of cyclic enones, and only cyclohexenones with no quaternary 

carbons failing to yield the expected cross-coupling products. Also, the synthesis of ester 

102 from iodide 101 illustrates that this methodology might also be used with acyclic 

43 
55 

MeOH 
MeOH 

105b 1 29 
105c 1 42 



ketones. It is important, however, to point out that the attempted preparation of acyclic 

a-haloenones using the pyridine/iodine method usually iesults in the polyrnenzation of 

the starting rnate~-ial,~~= and even in favorable cases the yields are quite low. Use of 

sulfides (PhSH, i-PrSH, CsHi iSH) as nucleophiles did not give the corresponding 

thioesters, which may also be due to the poisoning of the palladium catalyst either by the 

thiols thernselves or by sulfûr irnpux-ities66 contained in the reagents used. Most amines, 

on the other hand, gave amides in good yields, particularly when secondary amines were 

used, and only aniline failed to yield the desired anilide. As with other palladium 

catalyzed cross-coupling reactions, bromides proved to be less reactive than iodides, and 

although the reactions of chlorides were not investigated, we expect them to be 

essentially unreactive, in line with results typically observed in related rea~tions.~' 

While the reaction conditions for individual substrates have not been optimized, it 

is clear that the iodination-carbonylation sequence is a fast and convenient way to prepare 

a-carboaIkoxy and also a-carbamoyl enones, especially cyclic ones. Furthemore, this 

methodology is - to the best of our knowledge - the only route that allows 

a$-unsaturated ketones to be iised as starting matenals. 

Once ketoester 90 was prepared, its reactivity towards dienes 85 and 106 - 

prepared in situ from ketoester 87 - was investigated (Scheme 2.1 1). Idealty, both adducts 

107 and 108 could be employed to easily generate the pentacyclic frarnework of 2 and 

related natural products. Our synthetic strategy called for the conversion of 107 into the 

corresponding acid chloride 109, which would then be cyclized to compound 110 via an 

intramolecular Friedel-Crafis type rea~tion,~ '  Heck ~ o ~ ~ l i n ~ ~ ~ ~ ~ ~ ~  or radical process,73 al1 

of which have been reported in the literature as routes to cyclic ketones. Treatment of 
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cornpound 108 with f l~oride, '~ on the other hand, generates enolate 111, which is 

expected to undergo a Dieckman condensation to yield 112, with the formation of 

intermediate similar to 88 as driving force. 

Using the same conditions successfblly ernployed by others in similar ~ ~ s t e r n s , ~ ~  

the reactions of 90 with dienes 85 and 106 were carried out, and althougli the desired 

adducts were indeed formed, yieIds were quite discouraging, with adduct 107 being 

produced in such low yields that its presence could only be inferred fiom NMR spectra, 

and no actual sampie could be isolated. The much more reactive Danishefsky-type 

dier~e'~ 106 also gave the corresponding adduct 108 in disappointing yield (ca. 35%): and 

upon treatment with TBAF'~ 108 did not undergo the expected Dieckman condensation, 

producing only 113, which unfortunately was thermally unstable and could only be 

charactenzed by 'H NMR spectroscopy. Such poor results, coupled with the numerous 

difficulties encountered in the preparation of diene precursor ~ 7 , ' ~  seriously 

compromised further efforts towards the fungal metabolites by this route. 

The low dienophilicity of 90 was particularly fmstrating when compared to some 

excellent results reported in the literature for sirnilar s y s t e m ~ . ~ ~  In al1 such systems, 

however, the stereochemistry of the cycloadduct is reported as endo (Scheme 2-51, and 

since naphthofüranone 76 is known to give exclusively the exo adduct when reacting with 

i ~ o b e n z o f u r a n s ~ ~ " ~  it seerned reasonable to us to assume that 90 would exhibit the same 

behavior. With so much riding on secondary orbital interactions and given that 90 

possesses a quatemary carboii a to the enone moiety, we hoped that elimination of 

methanol to form dienone 114 could produce a more reactive dienophile, since a flatter 

and less sterically crowded structure would presumably be more accessible to an endo 



approach of the diene. Elimination of methanol from naphthofuranones had been 

traditionally done in Our laboratory by treatment with neat TFA at room temperature for 

15 minutesos' but, under these conditions, 90 produced only phenol 115 via a methyl 

migration, a simple 1,2-alkyl shifi in the carbocation formed by protonation of the 

carbonyl, which can also be seen as the equivalent of an acid catalyzed intramolecular 

Michael addition of a methyl anion to the doubly activated vinyl moiety (Scheme 2.1 2). 

Still, canying out the reaction under much milder conditions eventually 1ed to 114 in 

quantitative yield. Unfortunately, in line with results previously observed in the synthesis 

of ~es to~u inone , '~  dienone 114 proved to be an even worse dienophile than 90, and no 

product was isolated when 114 was reacted with dienes 85 or 106. 

Scheme 2.12 
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A final attempt at assembling the carbon skeleton of the füngal metabolites from 

an ABE naphthofuranone involved a Heck ~ o u ~ l i n ~ ' ~  of compound 98 and 2- 

cyclopenten-1-one (Scheme 2.13), which unfortunately led only to the recovery of the 

starting iodide. Since the successful synthesis of 90 from 98 demonstrates very clearly 

that (i) oxidative addition of the a-iodo enone to the metal center does indeed take place, 

we believe that cyclopentenone is too bulky and rigid to either (ii) coordinate to the metal 

center or - most likely - (iii) undergo migratory insertion into the metal-carbon bond. In 

fact, most examples of Heck couplings involve terminal alkenes, and although there are 

reports involving more sterically crowded systems, those are often examples of 

intramolecular r e a ~ t i o n s . ~ ~  

Scheme 2.13 



Since Our attempts at assembling the pentacyclic framework of 2 by attaching 

rings C and D to the ABE fragment gave quite disappointing results, we concentrated our 

efforts on an alternative synthetic route, which has the ABE benzindanone as its starting 

point. 



CHAPTER 3 - THE BENZINDANONE APPROACH 

3.1. Preliminary Studies 

It is a well known fact that ~ r tho-~u inones '~  and their respective rnor~oketals,~~ 

due to the inherent s-cis geometry of their diene moieties, react mainly as dienes in DieIs- 

Alder reactions. In addition, ortho-benzoquinones are also prone to dimerization by such 

a cycloaddition and to substantial decomposition, which Iimits their applications in 

organic ~ ~ n t h e s i s . ~ ~  The presence of an electron withdrawing group on the quinone, 

however, dramatically alters its reactivity, making it Iess prone to dimerization and also 

enabling ot-th-benzoquinones to be used as d i e n ~ ~ h i l e s . ~ ' . ~ ~  Also, the position of  the 

eIectron withdrawing group on the quinone ring completely controls the outcome of the 

reaction, determining not only which of the double bonds on the quinone ring is attacked, 

but also the regiochemistry of the attack by the diene, with only the "ortho" adduct being 

formed (Scherne 3.1). In the particular case of carboxy ortho-quinones, however, 

Scheme 3.1 
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spontaneous decarboxylation takes place to yield a catechoi (Scheme 3.2), and such 

quinones can therefore be employed as convenient benzyne equivalents, with the 

advantage of a total control over the regioselectivity of the ~ ~ c l o a d d i t i o n . ~ ~  

Scheme 3.2 

r i ;  H 
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The usefulness of a-carboxy outho-quinones - easily generated in siru from 

dihydroxybenzoic acidsS2 - together with the poor yields obtained in the Diels-Alder 

reactions of naphthofurmones 76, 90 and 114 with dienes Ied us to focus our efforts on 

the benzindanone route, which had been also previously investigated in Our laboratory 

49.5 1 (Scheme 3.3), with a certain degree of success. The previously developed approach 

started by oxidizing benzoic acid 116 in the presence of diene 85 to produce adduct 117. 

Selective methylation with M ~ ~ o B F ~ ' ~  affords 118, which is converted into 119 via a 

Friedel-Crafts acylation followed by aromatization with D D Q . ~ ~  Hydrolysis of the ester 

moiety, treatment with oxalyl chloride and an intramolecular Friedel-Crafts acylation 

gave benzindanone 120, which corresponds to the BCD fragment of viridin. Oxidation of 
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120 in the presence of 2,4-pentadien- 1-01 (91) produced pentacycle 12 1, but, unlike 

benzenoid systems, which give exclusively the endo adducts, 121 was isolated as a 3:l 

mixture of the endo and exo isomers. Such differences can be explained by the fact that 

the IMDA reaction of benzoquinone systems is almost certainly irreversible, thus giving 

only the kinetically favored endo adduct, whereas naphthoquinones react reversibly to 



Scheme 3.4 
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give a product distribution that reflects the relative thermodynarnic stability of both 

possible stereoi~orners.~~ Treatment of both isorners of 121 with TFA converted endo-121 

into 122 quantitatively, but exo-121 remained unscathed (Scheme 3 -4). Studies by others 

on related tetracycle 123'' (Figure 3.1) and similar substratess8 showed that the exo 

adducts possess geometric constraints that prevent the alignment of  the atomic orbitals 

necessary for the formation of oxonium ion 124, and thus loss of methanol cannot take 

place. While the lack of reactivity exhibited by exo-121 was considered a minor setback 

in the route to viridin (2), Carlini subsequently had indeed to abandon that approach, 

when al1 attempts to selectively reduce the thioester moiety of 121 and 122 failed to 

produce the desired pentacycles 125 and 126 with the angular methyl group. Studies 
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Figure 3.1: X-ray crystal structures of jsomenc tetracycles 123. Notice the position of the 

Ione electron pairs of 0 5  relative to the C5a-011 bond. 



conducted on 121 and structurally similar mode1 substrates did indeed accomplish the 

conversion of the thioester into an aldehyde, but further reduction lead mostly to 

deformylation, generally accornpanied by arornatization of ring  B.^' 

Scheme 3.5 
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3.2. The Friedel-Crafts Route 

In an attempt to circumvent the problems previously encountered in the reduction 

of 121 and 122, we decided to start out with the methyl group already in place. 

Naphthalenoid systcms such as benzindanone 127 (R = R' = H), however, have been 



found not to give the desired intermediate 128 when oxidized in the presence of 91 

(Scheme 3 S). Instead. only decomposition was o b s e r ~ e d , ~ ~ . ' ~  presumabl y via the 

fomiation of para-quinornethide ~ ~ e c i e s , ' ~  which made it clear that Our new route to 2 

would require a partially hydrogenated (benzenoid) version of compound 127 as an 

intermediate. We therefore set out to synthesize a suitably substituted candidate for 

testing this hypothesis. 

The initial step in our proposed route consisted of a Diels-Alder reaction between 

diene 85 and known benzoic acid 129, which reportedly could be prepared from salicylic 

acid 130 (Scherne 3.6).87 While the brornination of 130 proceeded uneventfully, the 

following step requires that large volumes of solutions be handled under oxygen fiee 

conditions, which made the reaction operationally quite difficult to cany out. In addition, 

the isolation of 129 required several days of continuously extracting the aqueous phase 

with EtOAc, to produce only minimal quantities of product, about 1% yield from the 

bromide precursor. Deterred by such results, we set out to find a new synthetic route to 

benzoic acid 129. The reaction between the anions of a phenol and CO2, known as Kolbe- 

Schmitt c a r b ~ x ~ l a t i o n , ~ ~  generates hydroxycarboxylic acids, but attempts to prepare 129 
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from 4-methylcatechol led only to a very water soluble product, presumably arising from 

the double carboxylation of the starting material. Alternatively, the sarne Kolbe-Schmitt 

carboxylation was used to convert phenol 75 into benzoic acid 131, and subsequent 

treatment of 131 with B B ~ , ' ~  demethylated the ether to produce catechol 129 (Scheme 

3.7) in 85% overall yield. Following our usual IMDA protocol~9 compound 129 was then 

oxidized in the presence of 85 to yield, as expected, the "ortho" adduct 132. Selective 

methylation was carried out according to Carlini's methodsgs' to give ester 133, which 



was then treated with AlCl, in CHzClz in the hope that the acylation of  the double bond 

would take place.7' Since alkyl esters usually do not undergo Friedel-Crafts type 

reactions, it was not surprising that the cyclopentanone ring D did not close. We were, 

however, quite puvled when the 'H NMR of the product showed no vinyl signals and an 

unexpectedly high number of aliphatic protons, suggesting that tetrahydronaphthalene 

134 was the product isolated from the reaction mixture. Both I3c NMR and mass 

spectrometry confirmed the structure o f  134, but we have not been able to propose any 

mechanism that accounts for the ongin or identity of the reducing agent. Nevertheiess, 

given the lack of synthetic utility of compound 134, such results were not investigated 

any further. 

Scheme 3.8 
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As an alternative, ester 133 was hydrolyzed with NaOH to yield carboxylic acid 

135 (Scheme 3.8), which, without any further purification, was treated with TFAA to 

f o m  a mixed anhydride that spontaneously cyclizes to afford lactone 136 in excellent 

yields. Tricycle 137 was generated by an intramolecular Friedel-Crafts rea~t ion,~ '  but the 

yields, around 25%, were mediocre at best. Several atternpts to increase the yield by 

changing the reaction conditions or employing different acid catalysts (BFp, TiCld, PPA, 

HzS04) also met with little success, which led us to investigate alternative routes to 

closing the cyclopentanone ring D. 

Scheme 3.9 

3.3. The Heck Reaction Approach 

Cross coupling reactions of alkyl chloroformatesgo and acyl ch lo~ ide s '~~  with 

organometallic species have been reported in the literature, and compound 138 has been 

prepared from iodide 139 via a palladium catalyzed tandem carbonylation-intramolecular 

Heck reaction (Scherne 3.9).n Such results suggested to us that it would be possible to 

effect the closure of ring D via an intramolecular Heck reaction (Scheme 3.10). Since 

generation of acyl chloride 140 in the presence of a free phenolic hydroxyl group leads 

only to iactone 136, compound 132 was reacted with 2,2-dimethoxypropane in the 

presence of TSOH~' to give acetonide 141, which was hydrolyzed to the corresponding 
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Scherne 3.11 

carboxylate and subsequently converted to acid 142. Reaction between 142 and oxalyl 

chloride led to the in situ generation of acid chloride 143, which was then treated with 

Pd(PPh& under a CO atrnosphere. While the presence of CO prevents decarbonylationg2 

and subsequent P-hydride eliminationg3 h m  taking place (Scheme 3 1 1 )  no 

benzindanone 144 or 145 was produced, with only starting acid 142 being isolated after 

work-up. These results Ied us to doubt that acid chloride 143 had actually been formed, 



but when the reaction mixture was treated with MeOH before aqueous work-up, ester 141 

was produced in almost quantitative yield, suggesting that optimizing the reaction 

conditions might afford the desired tricycle. The optimization of palladium catalyzed 

reactions is still largely based on trial and error, and we have examined the effect of 

phospliines with different stencal and electronic properties (dppp, dppf, PCy3), using both 

MeCN and DMF as solvents. Unfortunately, a11 our attempts were equally fruitless, 

forcing us to abandon the Heck reaction route to a suitable BCD substrate. 

3.4. The Nitrile Oside CycIoaddition 

The minimal success achieved in using ester 85 to assemble the BCD 

benzindanone prornpted us to re-evaluate Our strategy, and a new synthetic plan was 

formulated. Although our new route (Scheme 3.12) was still based on the original Diels- 

Alder reaction of an ortho-quinone, we expected to assemble the cyclopentanone ring D 

via an intramolecular nitrile oxide cycloaddition (INOC) reaction. A particular case of 

1,3-dipolar cycloadditions, reactions between nitrile oxides and alkenes have been widely 

employed not only in the synthesis of heterocyclic c ~ r n ~ o u n d s ~ ~  but also as an 

alternative route to aldol condensation products~5 since isoxazolines can be reduced to 

P-hydroxyketones with predictable stereochernistry under relatively mild conditions 

(Scheme 3.13). For us to be able to employ an MOC reaction, however, ester 85 had to 

be replaced by nitrodiene 146," and while 116 is easily prepared by reacting AgNOz with 

known iodide 147, the synthesis of the latter is quite long and expensive (Scheme 3-14)?' 

Our efforts, however, were rewarded when the new synthetic approach finally delivered 

the BCD fragment in excellent yields. 
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Thus, benzoic acid 129 was oxidized to an ortho-quinone in the presence of 

nitrodiene 116 to give adduct 148, which was selectively methylated using the same 

conditions previously discussed. Treatment o f  149 with PhNCO and NEt3 then promoted 

dehydration of the nitroalkyl side   ha in,'^ yielding isooxazoline 150 via an INOC 



Scheme 3.13 
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reaction. However, in addition to the low yields (ca. 45%), hydrûlysis of the carbarnate 

moiety of 150 required quite harsh conditions, leading to an even greater loss of material. 

Such problems were overcorne (Scheme 3.13) by acetylating the hydroxyl moiety pnor to 

the INOC reaction, and also by the use of a more reactive isocyanate, which resulted, 

afier removal of the acetate, in an almost twofold increase in the yields of 152. 

Hydrogenation of compound 152 in the presence of water and H ~ B ~ ~ ~ ~ ~  then afforded a 

one pot reduction of the oxazoline ring and hydrolysis of the resulting irnine to give 

hydroxyketone 153 in practically quantitative yields. The relative stereochemistry of 150 

and 152 is a direct consequence of both the mechanism of the nitrile oxide cycloaddition 



(suprafacial with respect to both alkene and dipole) and the tethering of the dipole, and 

since the hydrogenation of 152 does not affect the relative stereochemistry of the 

molecule, the structure of ketone 153 is also established. 

Scheme 3.14 

Once the BCD fragment was assembled, it was subjected to the usual IMDA 

reaction  condition^:^ which resulted in the severe decornposition of the reagents, making 

purification of the products impossible. Despite that, separation by flash chromatography 

was atternpted, and our reward came as the 'H NMR spectrurn of one of the fractions 

hinted at the. presence of pentacycle 154. Thus, the IMDA reaction was attempted once 

again, but this time the oxidizing agent was added over a period of 4 houn to a hot 

(50°C) solution of 91 and 153 in THF. Such procedure keeps the concentration of the 

reactive intermediate 156 at a minimum, thus reducing the risk of dimerization and also 

ensuring the presence of a large excess of dienol 91 to form the ortho-quinone 



Scheme 3.15 

monoketal. The success of our approach was evidenced when purification of the reaction 

products (Scheme 3.15) led to the isolation of bndged adduct 155 (Figure 3.2) and also of 

a mixture of diastereomen 154a and 154b, which could not be separated by flash 

chromatography. Compounds 154a and 154b arise fiorn 91 attacking intermediate 156 

fiom above or below the plane of the quinonoid ring respectively, and their approximate 

4:3 ratio suggest that the stereochemistry of both the CD ring junction and the C-4 

hydroxyl group have only a minor influence on the stereoselectivity of the formation of 

the orfho-quinone monoketal. However, since the synthesis of the pentacyclic framework 



Figure 3.2: X-ray crystaI structure of bridged adduct 155 



of 2 requires that ring C be aromatized, the fom~ztiori of 154 as a mixture of 

diastereomers did not cause much concem, and no further attempts at separation were 

made before the next step in the synthesis. Bridged adduct 155, on the other hand, is 

isolated as a single diastereomer, presumably because stenc hindrance prevents the 

formation of the other isomer. It is also noteworthy that 155 arises from spontaneous 

dehydration, which takes place despite the fact that reaction conditions are kept neutrai 

by the presence of NaHC03 in the reaction mixture. 

Scheme 3.16 

Upon reflux in 1,1,2,2-tetrachloroethane, bridged compound 155 undergoes a 

Cope rearrangement with subsequent loss of methanol and aromatization of ring C - 



possibly due to radical chlorination followed by dehydrochlorination - to yield pentacycle 

126 (Scheme 3-16), which contsponds exactly to the carbon framework of 2. Conversion 

of diastereomers 154 to pentacycle 126, however, was not as straightforward. Treatment 

of 154 with TFA (Scheme 3.17) caused the elimination of methanol to fom dienone 157 

as a mixture of diastereomers, but the hydroxyl group remained unaffected. Also, 

attempts to dehydrate 157 by reacting it with methanesülfonyl chlonde in pyridine99 

resulted only in the decomposition of the starting material, which led us to investigate the 

Scheme 3.17 

TFA - 
(80%) 



use of TFAA and NEt3 as an alternative, since it has been reported to give good results in 

systerns where MsCl and pyndine failed.'" Once again, our efforts were thwarted by 

some unusual chernical behavior, and only the acylated product 158 was isolated, 

suggesting to us that the geometry of the molecule does not allow for an E2 elimination 

to take place. We therefore set out to reexamine the acid catalyzed dehydration of 

dienone 157, and treatrnent of it with TsOH in hot benzeneiO' with exposure to air finally 

accomplished not only the desired dehydration, but dso the aromatization of ring C, 

presumably due to air oxidation. To a certain extent, aromatization of ring E was also 

observed, and pentacycle 159 was isolated as a side product, which cm, alternatively, 

also be generated in 60% yield by refluxing compound 126 with p-chloranil'02 in xylenes. 

In subsequent experiments, we demonstrated that 126 could also be prepared directly 

fiom 154, by reacting the diastereomeric mixture with TsOH in benzene. In addition, a 

carefùl control of the reaction temperature considerably minimizes the formation of hran 

159, but we have not been able to totally prevent it. It should be pointed out that although 

2 exhibits an aromatic ring E, the sensitivity of furan rings to acid and oxidizing reagents 

made a dihydrofuran ring more desirable at this point, leaving the aromatization of ring E 

for the very end of the synthesis. 

3.5. Attempted Modifications of the Route 

The success of our synthetic route to the pentacyclic skeleton of 2, with an overall 

yield of 19% over just 9 steps,lo3 inspired us to investigate its possible application to 

access the other fungal metabolites of the vindin family. A crucial step for that is the 

synthesis of BCD benzindanone 16(1, which exhibits typical steroidal stereochemistry, 



Scheme 3.18 

KH, 

OMe 
I 

OMe 
I 



with rings C and D fused ili a rrans manner, and an angular methyl group attached to 

C-3a (C-13 according to standard steroid numbering). Based on the fact that methyl 

sulfateIa4 and also methyl sulfite'05 have both been used as methylating agents, our initial 

mute to 160 started with the preparation of 161 by treating benzindanone 153 with KH 

and subsequently with M ~ O S O C ~ . ' ~ ~  Due to the presumed instability of sulfite 161, it was 

not isolated, and a third equivalent of KH was added instead. While we were quite aware 

of the possibility of elimination taking place, the geometry of the enolate did not seem to 

favor thatio7 and we thus hoped that, once the themodynamic anion was formed, an 

intramolecular alkylation'08 would occur to install the rnethyl group on the ring junction 

with the right relative stereochemistry (Scheme 3.18). Unfortunately our fears were quite 

justified, and work up of the reaction mixture only led to the isolation of elimination 

product 162 and fully aromatized benzindanone 163, which probably arises from air 

oxidation of 162. Similar results were observed when M ~ O S O ~ C ~ ' ~  was used to form 

sulfate 164. 

Another approach to the same benzindanone 160 relied on a Mitsunobu 

reactionl'O to invert the relative stereochemistry of the hydroxyl group, while at the same 

time replacing it by a bulkier substituent that would effectively block one of the faces of 

the molecule (Scheme 3.19). Generation of the themodynamic enolate followed by 

methylation would then yield benzindanone 165 with the desired tram CD ring junction. 

Our efforts, however, once again met with little success, as compound 163 was the only 

product detected, indicating that elimination takes place under the Mitsunobu reaction 

conditions, and we believe that such elimination takes place after nitrobenzoate 166 is 

formed, as indicated by the favorable geometry of its e n ~ l a t e . ' ~ ~  However, 166 has not 



been isolated and, as seen for compounds 161 and 164, the possibility that elimination 

takes place right afier the reaction between benzindanone 153 and DEAD-PPh3 complex 

cannot be discounted. 

Scheme 3.19 
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It is important to point out the striking diEerences in reactivity between 

pentacycles 154 and 157 and benzindanone 153. While compounds 154 and 157 proved 

to be quite resistant to an array of dehydration methods, the presence of an aromatic B 
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ring junction afier the pentacyclic carbon skeleton 154 has been assembled. Still, an 

adaptation of classical steroidal chemistryl" was also considered as a possible route to 

160. Thus, catechol 167 is protected as acetonide 168 (Scheme 3.20), which is then 

condensed with aldehyde 169'" to give styrene 170. After hydrogenation, a Friedel- 

Crafts reaction would close ring C, forming a new styrene 171. The hydrogenation of 

similar compounds is known to give the desired tram ring junction,' " and we hoped to 

prepare intermediate 172 in such a way. %le the metal-halogen exchange in 168 

occurred quite readily, the lithiated species did not react at the carbonyl group of the 

aldehyde, with deprotonation of 169 taking place instead.'I3 Transmetallation to form a 

Grignard reagent was also ineffective. The use of organometallic reagents derived from 

oxophilic cations such as cerium'14 or titaniumIi5 makes it possible to do nucleophilic 

additions ont0 carbonyls of enolization-prone substrates, and we therefore considered yet 

another transmetallation. Our efforts, however, were halted by some discouraging results 

obtained in a paralle1 investigation. As previously discussed, the stereochemical features 

of benzindanone 153 have Iittle bearing on the outcome of the IMDA product 154. 

Unlike 2, however, relative stereochemistry is of paramount importance in any route 

leading to several of the other members of the viridin farnily of h g d  metabo~ites.~ To 

address such issues, we initially attempted the separation of diastereomers 154a and 154b 

by preparative HPLC and, although the separation was not complete, pure samples of 

both diastereomers could be obtained. We then examined the attachment of a protecting 

group to the C-4 hydroxyl group of 153 as a way of increasing the steric hindrance on 

one side of the molecule and thereby also increasing the diastereoselectivity of the IMDA 

reaction. Our previous experience with the rnethylation of catechok 117, 132 and 148 



Scheme 3.21 

indicated that the phenolic hydroxyl group was too hindered to react, and as expected, 

reaction between 153 and TIPSOT~"~ generated silyl ether 173 (Scheme 3.21) in 

excellent yields, dong with minor quantities of bis(sily1 ether) 174. Ideally, the presence 

of such a bulky group blocking one of the faces would force dienol 91 to attack the 

orfho-quinonoid intermediate fiom the opposite side, thus yielding much higher 

diastereomeric excesses of the pentacycle. In reality, however, this lead only to the 

almost quantitative recovery of starting material 173, and we believe that the presence of 



the TIPS protecting group causes so much steric crowding that it effectively prevents the 

attack of the phenol on the oxidizing agent. 

Scheme 3.22 

Based on al1 those results, we believe that benxindanone 175 would be a more 

suitable intermediate in the synthesis of several compounds related to 6, since its adduct 

fiom the reaction with 91 lends itself quite well to methylation fiom the P face (Scheme 

3.22) due to the convex shape of the molecule. Also, further dong the synthetic route, 

after the formation of the aromatic furan ring E, the molecule acquires a much flatter 



geometry, and hydrogenation of the vinyl moiety on ring D would presumably result in 

the desired tram ring junction, as was the case in the synthesis of other steroids.' ' ' The 

development of an efficient synthetic route to 175, however, will certainly be a fairly 

difficult task, since migration of the double bond into conjugation with both the carbonyl 

group and aromatic ring might be extremely facile. 

Despite the dificulties encountered in the adaptation of our synthetic route to 

other members of the viridin family of fungal metabolites (6-9), the successfûl 

preparation of pentacycle 126 is a significant step towards a future synthesis of 

cornpounds 2-5. We therefore set out to investigate the use of the double bond in ring A 

as a handle for the oxidative fûnctionalization of the molecule. 



CHAPTER 4 - STUDIES TOWARDS THE FUNCTIONALISATION OF RING A 

4.1. Initial Investigations 

Once the pentacyclic carbon skeleton of viridin (2) had been assembled, it was 

necessary to investigate the functionalization of ring A in order to complete the synthesis. 

Afier consideration of the structural similarities between 2 and halenaquinone (38) and 

also of the simpler substitution pattern present on ring A of the latter, it seemed to us that 

a synthesis of 38 would be a suitable prelude to any investigation of a route to the fùngal 

metabolites. 

Using both naphthofiranone 76 and pentacycle 80 as substrates, our initial goal 

was to first create some differentiation between carbons 2 and 3 of 80 - or carbons 3 and 

4 of 76 - and then selectively convert C-3 into a carbonyl. Thus, 8 0 ~ ~  was treated with 

PhSeBr in the presence of acetic acid,"' but unfortunately no reaction took place 

(Scheme 4.1), and, likewise, only starting material was recovered from the reaction 

between 80 and HOI. Our choice of reagents was based on the belief that the expected 

diaxial ring opening'lg would deliver the oxygenated substituent to the desired position at 



C-3, but Our results suggest that in both cases nucleophilic attack ont0 the cyclic cation at 

the a face is precluded by steric hindrance arising from the highly bent shape of the 

molecule (for an analogous structure, see Figure 4.1). Although the formation of the 

intermediate cyclic cation has not been established by any analytical technique, several 

successful attempts at fùnctionalizing the vinyl moiety in ring A (vide infia) clearly 

demonstrated that attack of the double bond from the P face does indeed take place. We 

therefore believe that the recovery of the starting material arises either fiom a reversible 

electrophilic attack ont0 the double bond or from the quenching of the cyclic cation by an 

udetermined nucleophile, but we have not investigated the matter any further. 
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Based on Our previous results, we were not surprised to verify that treatment of 76 

with E ~ N I ( O A C ) ~ " ~  failed to give the desired acetoxy iodide (Scheme 4.2), but addition 

of a second equivalent of the reagent led to the formation of a-iodoenone 98 in nearly 

quantitative yield, which was quite unexpected, as enones are generally unreactive 

towards electrophiles. The fact that E~NI(OAC)~ is reactive enough to attack the enone 

moiety, combined with the need for a second equivalent of the iodinating reagent for the 

observed reaction to take place providcs M e r  evidence that the double bond on ring A 

is indeed attacked, and that steric hindrance prevents the nucleophile fiom reacting with 

the cationic intermediate. 

4.2. The Epoxidation Route 

Reaction of 76 with m-CPBA in CHzClz gave a 6:l mixture of isomeric epoxides 

176 (Scheme 4.3), with the P epoxide being presumably the major component, since the 



f5 face is readily accessible for the epoxidizing reagent. Our strategy was to use a ring 

opening reaction to create some differentiation between C-3 and C-4, hopefully cleaving 

the epoxide at the C-4-oxygen bond. Due to the relative stereochemistry of the epoxide 

ring, we believed that a476 would undergo ring opening reactions much more easily 

than the p isomer, and we therefore tried to optimize the reaction conditions to iricrease 

the a$ ratio. Unfortunately, variations in solvent, temperature, concentration and amount 

of reagent al1 failed to yield a-176 in reasonable yields. In addition, separation of the 

isomeric epoxides by chromatography was not a straightforward matter, and we thus 

carried on our investigations using 176 as a mixture of both isomers. As expected, 

reaction between 176 and NaOMe or NaSPh led only to recovery of most of the starting 

material, but, interestingly, such recovered starting material consisted exclusively of B- 

176, indicating that the a isomer is indeed more reactive. StiII, we were not able to isoIate 

any ring opening products. Base promoted ring opening of 176 was dso attempted 

without success. ~ i t h i u m ' * ~  and magnesiud2' dialkylamides derived fiom 2,2,6,6- 

tetramethylpiperidine, diisopropylarnine and pyrrolidine, as well as KOrBu d l  failed to 

react with 176 to give allylic alcohol 177. Attempts to prepare a silyl ether of 177 via 

reaction of 176 with TMSOTf in the presence of D B U ' ~  were also hitless, and thus we 

saw it fit to start investigating the use of stronger Lewis acids as catalysts for the epoxide 

ring opening. We feared, however, that treatment of epoxide 176 with acid would 

jeopardize the subsequent Diels-Alder reaction with isobenzofwan 78 by causing 

elimination of methanol to form a dienone. Our experience with related compounds 

shows that dienones are much worse dienophiles than the corresponding enones, and we 

therefore decided to assemble pentacyclic epoxide 178 (Scheme 4.4) prior to any 



attempts at M e r  functionalizing ring A. In addition, we believed that the use of 178 

would make side reactions less likely, since the reactive enone moiety was no longer 

present. 

Scheme 4.3 

Nu', B' = see text 

The initial synthetic route to epoxide 178 involved the reaction between 

pentacycle 80 and m-CPBA, but the yields obtained were quite low. A much more 

successful approach (Scheme 4.4) capitalized on the unreactivity of  176 towards 

nucleophilic attack. Thus, 176 is reacted with isobenzofuran 78 to give bridged adduct 



179, which is then converted to 178 by refluxing with NaOMe in MeOH. It is important 

to point out that, although the starting epoxide 176 was a mixture of both a and P 

isomers, only one isomer of 179 - and consequently also of 178 - has heen isolated from 

the reaction mixture. Analysis of 178 by x-ray diffraction (Figure 4.1) demonstrated that 

the isolated product was indeed the P isomer, indicating that once again a-176 has 

reacted via an undetermined alternative pathway. 
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Reactions between epoxides and DMSO in the presence of a ratalytic amount of 

T F A ' ~ ~  are known to yield a-hydroxyketones, but 178 did not react at al1 under those 



Figure 4.1: X-ray crystal structure of epoxide 178 



conditions, demonstrating once again the inertness of these epoxides towards 

nucleophilic attack fkom the a face. Equally disappointing were the results of the 

treatment of 178 with ~ i ~ 1 0 4 , ' "  which failed to rearrange the epoxide moiety of 178 into 

a ketone, leading only to the recovery of the starting materid instead. As we considered 

the use of harsher Lewis acids, an analysis of the crystal structure of 178 (Figure 4.1) 

suggested that a bulky Lewis acid would favor the epoxide ring opening to occur with the 

desired regiochemistry, since cleaving the epoxide at the C-2-oxygen bond not only 

places the Lewis acid in a quasi-equatorial position, but also avoids the 1,3 diaxial 

interaction with the C-12b methyl group that wodd arise if the C-3-oxygen bond was 

cleaved instead. Unfortunately, both bis[4-bromo-2,6-di-tert-butylphenoxy]methyI 

aluminum and [4-bromo-2,6-di-tert-butylphenoxy]dimethy1din'25 did not promote 

the opening of the epoxide, but an interesting reaction took place when 178 was treated 

with a solution of Lewis acid 180. According to reports in the l i terat~re , '~~ such 

conditions lead to the formation of B-amino alcohols (Scheme 4.9, but in our case only 

starting matenal and epoxide 181 (Figure 4.2) were isolated fiom the reaction mixture, 

with only about 10% of 178 being converted to 181, regardless of how much Lewis acid 

was used. Compound 180 is generated by mixing Me3Al and pyrrolidine in a 1 :1 molar 

ratio, but very surprisingly the use of fiesh M e 4  led to a completely unreactive species, 

leading us to believe that partially hydrolyzed Me3Al was the species responsible for the 

inversion of the epoxide ring. Later investigations showed that the presence of 

pyrrolidine is necessary for the reaction to proceed, and based on these results, we 

tentatively propose (Scheme 4.6) that compound 182 is the species responsible for 

establishing an equilibrium between epoxides 178 and 181. Since addition of water to 



Figure 4.2: X-ray crystal structure of epoxide 181 



MelAl is a poor route to oxygen bridged aluminum ~ ~ e c i e s , ' ~ '  we were not surprked to 

see al1 Our efforts to generate 182 in situ fail, and it seems to us that the actual catalytic 

species will have to be identified before such an interesting synthetic transformation can 

be put to m e r  use. 

Scheme 4.5 

Attempts to open epoxide 178 using strong acids (TFA, BFp) led to substantid 

decomposition of the starting material, as weil as to the formation of compound 82. 

CareiÙl control of the reaction conditions oniy allowed us to isolate 183, and we believe 

that the process to f o m  82 (Scheme 4.7) begins with loss of methanol, followed by 

epoxide ring opening to fonn an allylic alcohol, which is then quickly dehydrated to give 
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Scheme 4.7 

OMe O 

OMe O 

OMe O 

183 

OMe I\\ 

OMe O 

82 

pentacycle 82. Since 183 could be isolated, its reactivity was also investigated. Thus, no 

reaction took place upon treatment with L ~ c ~ o ~ , ' ' ~  and while 183 and TMSOTf did react 

in the presence of DBU,'" the epoxide ring opening occurred with undesired 

regiochemistry to give silylated allylic dcohol 184a (Scheme 4.8). Similar results were 



obtained when the bulkier TIPSOTf was used, indicating that the regiochemistry of the 

ring opening is determïned by the relative acidity of the a-hydrogens, rather than by any 

steric factors. 
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Finally, the reduction of 178 and 183 with metal hydrides was also examined 

(Scheme 4.9), and while attempts to open the epoxide rings using LAH'*~ caused 

decomposition of the starting materials into complex mixtwes of unidentified products, 

DI BAL,'^^ ~ e d - ~ l ' ~ '  or Super ~ ~ d r i d e " '  reduced only the carbonyl moieties of epoxides 

178 and 183 to yield 185 and 186, respectively. Presurnably steric hindrance is once 

again responsible for the unusual lack of reactivity exhibited by both epoxides, and we 

thus focused our efforts to functionalize ring A on other oxidative methods. 

4.3. Permanganate Oxidation and the a-Ketol Rearrangement 

Allylic oxidation followed by transposition and oxidation to an enone was 

investigated as a way of fùnctionalizing ring A (Scheme 4.1 O), but when both P C C ' ~ ~  and 

s ~ o ~ ~ T E ~ H P " ~  failed to oxidize 80 we tumed our attention to the use of K M n 0 4  to 

differentiate between C-2 and C-3. Oxidation of alkenes using KMn04 is widely known 

to produce glycols, but reactions conducted in mildly acidic medium result in fürther 

oxidation of the cyclic manganese ester leading to a-hydroxyketones.'34 Thus reaction 

between 80 and KMnû4 in acidic acetone-water mixture gave hydroxyketone 187 in 

fairly good yields (Scheme 4.1 1). While the formation of 187 instead of 188 was quite 

unfortunate, as the latter could be much more easily converted to 38, the complete 

regioselectivity of the reaction was not entirely surprising, since that arrangement relieves 

a 1,3 diaxial interaction between the manganese ester and the C-12b methyl group and 

also leaves the newly formed hydroxyl group in a quasi-equatorial position. Still, it is 

well documented in the literature that a-hydroxyketones can be isomerized in the 

presence of acidi3' or base,'36 and it was our hope that conditions could be found to 



convert 187 into 188, or at least to establish an equilibriurn between both isomeric 

hydroxyketones. Thus 187 was treated with NaOH in methanol, but surpnsingly only 

diketone 189 was produced (Scheme 4.12), presumably due to air oxidation, since no 

measures were taken to exclude oxygen fiom the reaction. The use of milder reaction 

conditions such as KCN in ~ t ~ ~ - w a t e r ' ~ ~  did not overcome the problem, with essentially 

the same results being observed. Conducting the base catalyzed rearrangement under 

inert atmosphere also failed to produce 188 to any extent. Instead, an inûamolecular aldol 

reaction affords intemediate 190, which then undergoes an a-ketol rearrangement with 

migration of an alkyl group to give compound 191, which had its structure determined by 

X-ray crystallography (Figure 4.3). 
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Figure 43: X-ray crystal structure of compound 191 



Scheme 4.11 

Since 188 could not be obtained by treatment of 187 with bases, we also 

investigated the use of acid to catalyze such rearrangement.13' While no reaction took 

place when dilute acid was used, treatment with neat TFA caused elimination of 

methanol to give compound 192 (Scheme 4-13), but the hydroxyketone moiety remained 

unchanged. Since the structure of hydroxyketone 192 is much more planar than that of 

187, we believed that the former could not undergo the intramolecular aldol reaction, and 

we therefore decided to examine the reaction between 192 and KCN in the absence of 

oxygen. As expected, no carbonyl condensations took place, with an inseparable mixture 

of two compounds k ing  produced instead. One of the products was promptly identified 

as the starting material 192, and the other has been proposed to be its OH-epimer, based 
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on both 1D and 2D 'H NMR experiments. Although the important C-3 signal of the 

newly formed compound is obscured by overlap with the methoxy peaks and C-3a is a 

multiplet, the C-1 protons clearly showed no vicinal coupling for either of the protons, 

thus supporting our epimerization hypothesis. In a final attempt, we hoped that the 

aromatization of ring E could provide some thermodynamic drive to the ketol 

rearrangernent, but treatment of 192 with p-chloranil'02 led only to the decomposition of 

the starting material. Although htrating, such decomposition was not unexpected as a 

similar case was recorded in ou .  investigations towards the synthesis of xestoquinone 

(39).13' ApparentIy, conjugation with an additional unsaturated rnoiety on ring A is 

necessary for the aromatization of the k a n  ring to proceed. 
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4.4. The Singlet Oxygen Ene Reaction 

The functionalization of ring A of compound 76 using singlet oxygen'38 was ais0 

investigated. The pathway envisaged (Scheme 4.14) was that of an ene r e a ~ t i o n , ' ~ ~  and it 

seemed to us that hydrogen abstraction was likely to occur at the secondary C-5 to give 

the desired allylic alcohol 177 rather than at the tertiary C-2a. Once again our hopes were 

foiled, as reactions in MeCN, TKF and CH2C12 al1 gave allylic alcohol 193 as the only 

product, which we assumed to be the P alcohol, as the f3 face is much more accessible. 

Singlet oxygen reactions are reportedly sensitive to the polarity of the s ~ l v e n t , ' ~ ~  and we 

were thus led to investigate the product distributions in non-polar solvents. Surprisingly 
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enough, reaction between singlet oxygen and 76 in CCL produced naphthofbrandione 

194 as the major product, dong with minor quantities of 193. The formation of an enone 

in singlet oxygen oxidations requires the presence of a base to quench the intermediate 

hydroperoxide l9~a,'~O and our results thus indicate that contamination of the solvent 

must have occurred. Since the extent of the contamination - and thus of its effects on the 

regioselectivity of the reaction - was not known, the experiment was repeated using 

fieshly distilled CC4. Unfortunately once again only alcohol 193 was isolated. Allylic 

alcohol 177 was finally obtained when 76 was reacted with singlet oxygen in benzene 

using TPP as the sensitizer. The product consisted of a mixture of alcohols 193 and 177, 

the latter unfortunately being present only in minor quantities (less than 5% yield). 

Coupled with the dificuity encountered in the separation of the isomeric alcohols, such 

poor yields effectively made any route based on tricycle 177 impractical. 

Our attention then tunied to îhe reactions of alcohol 193. Due to the directive 

effect of the hydroxyl group, treatment with rn-CPBA gave P epoxide 196 (Scheme 4.13, 

which was then reacted with L~c~o~,'" in the hope that the epoxide moiety would 

rearrange into a ketone. When no reaction took place, we reasoned that a fiee hydroxyl 

group might coordinate the lithium cation and prevent any M e r  reaction. To avoid such 

problems, acetate 197 and methyl ether 198 were prepared, and 197 gave crystals suitable 

for x-ray analysis (Figure 4.4), which confirmed our assumptions regarding the relative 

stereochemistry of compounds 193 and 196-200. Upon treatment with LiC104, however, 

both 197 and 198 were unfortunately as unreactive as parent compound 196. Compound 

198 was also subjected to treatment with neat TFA and, surprisingly, no reaction took 

place. Even elimination of methanol (fiom C-8a and C-8b) did not occur, leading us to 



Figure 4.4: X-ray crystal structure of acetate 197 
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believe that the same unfavorable geornetry is again responsible for the unusual stability 

of epoxides 196, 197 and 198. In light of the previous results, a less subtle approach to 

epoxide ring opening was taken by reacting ether 198 with BF:, etherate.14' Such 



conditions, however, proved to be too harsh, and the starting material decomposed into a 

complex mixture of unidentified products. 
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Intermediate 199 was also used in attempts to install the carbonyl at C-3. Initial 

studies focused on its midation with K h h 0 4  under acidic conditions'" (Scheme 4.16). 

Given that the substrate is a trisubstituted olefi, the reaction couid only proceed with the 



desired regiochernistry, and, in addition, the hydroxyl group at C-2a would also 

considerably simplify the generation of an aromatic ring E, since treatment with TFA 

would cause elimination of methanol and also dehydration to yield a furan ring. 

Unfortunately, no reaction took place, presumably because the stenc crowding around the 

vinyl moiety prevents the formation of the cyclic manganese ester. Altematively, 

dihydroxylation of compound 199 with 0 ~ 0 ~ ' ~ ~  was also attempted, as oxidation of the 

C-3 hydroxyl group to a ketone was thought to lx a straightforward matter. Once again, 

however, oniy starting materiai was recovered, and we believe that steric crowding can 

one more time account for the observed lack of reactivity. 

4.5. A New Dienol for the IMDA Reaction 

While we were investigating the functionalization of ring A by oxidative methods, 

a different approach to the synthesis of halenaquinone (38) was also been pursued in our 

~aboratory.'~~ Our new route was based on the use of a more functionalized dienol, 

containing an oxygenated functionality at C-3. Initial studies using dienol Zola had been 

~nsuccessful:~ but the use of a dienol containing an oxygen equivalent at C-3 eventually 

led to the synthesis of 38. Thus, diene 201b1" was used in the IMDA step, and, in this 

manner, both bridged adduct 202 and naphthohanone 203 were obtained (Scheme 4.17). 

Initiaily we attempted to puri@ compounds 202 and 203 by column chromatography, but 

while tricycle 203 codd be easily isolated, it was next to impossible to separate adduct 

202 from the excess diene present. Thus a crude mixture of 201b, 202 and 203 was 

redissolved in 1,2,4-trimethylbenzene and refluxed for 2 days to give exclusively the 

desired adduct 203. The steric effects of the thiophenyl substituent in ZOlb, however, 



take their toll on the yields (ca 36%), which are considerably lower than the 56% usually 

obtained when dienol 91 is usedPg Nevertheless, we were quite pleased with the 

successful preparation of 203, as it represented a major breakthrough in our efforts 

towards the synthesis of both 38 and 2. According to the procedure developed for the 

synthesis of xestoquinone (39),48 we proceeded to react tricycle 203 with isobenzofumn 

78 (Scheme 4.18) to obtain bridged pentacycle 204, which upon reflux with NaOMe in 

MeOH caused the aromatization of ring C to give the expected naphthalene 205. 

Conversion of 205 into enone 206 was done by the customary treatrnent with TFA, and 

aromatization of ring E by reflux with p-chloranil' O2 in xylenes. Subsequent hydrol ysis of 

sulfide 207 with rnoist acetic acid and TiCb produced Harada's intermediate 48,98 thus 

completing our synthesis of 38. '" 
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4.6. Conclusion 

The use of the IMDA methodology provided us with a fast and convenient way of 

assembling the ABE fragment of viridin (2) and related naturd products, thus enabling us 

to explore both ABE+ABCDE and BCD+ABCDE routes to the preparation of the 

carbon skeleton of 2. The latter approach delivered a synthesis of the pentacyclic 

framework of 2 that is relatively short and high yielding, yet flexible enough to be 

adapted to other members of the viridin family of steroidal antibiotics. 

Atîempts to fûnctionalize ring A of mode1 compounds by oxidative methods 

failed to produce the desired substitution pattern, but several new cornpounds were 

isolated and characterized in the process. Many of those compounds can be classified as 

xestoquinone (39) derivatives, and, like most of the structurally related marine quinones, 

may possess interesting biological activity. 

Finally, the use of dienol201 to create a ketone on ring A not only allowed us to 

complete the synthesis of 38, but d s o  constitutes a significant advancement in a future 

synthesis of viridin (2) and related fiingal metabolites. Also, f?om the hydrolysis of 207 

we leamed that h a n  ring E is considerably more stable than previously thought, and 

m e r  functionalization of ring A is now known not to require strictly neutral conditions. 

The challenges however remain considerable, as illustrated by our proposed synthesis of 

2 (Scheme 4.19). Particularly sensitive steps are the selective introduction of a double 

bond on ring A to form enone 208 and the selective rnethylation of intermediate 209. In 

addition, one still needs to be concerned with the opening of furan Nig E via 1,4 

additionU and also with the facile epirnerization of the methoxyl group a to the carbonyl 



on the ring A of 2.' Still, we believe that the path h a  already been laid and that success 

will ultimately be within reach. These investigations have already commenced. 



CHAPTER 5 - EXPERIMENTAL PROCEDURES 

5.1. General Conditions 

Al1 reactions, unless othenvise stated, were perfonned under an inert atrnosphere 

(Ar or N2) using dry solvents. Benzene and toluene were distilled fiom sodium, THF 

fiom potassium and diethyl ether fkom NaK alloy, al1 using benzophenone ketyl as an 

indicator. Dichloromethane, chloroform, hexane, DMF and 1,1,2,2-tetrachloroethane 

were distilled fiom CaH2. Cornmercially available reagents were used without fùrther 

purification. 

For TLC analysis, E. Merck 5554 pre-coated silica gel 60 Fzw aluminum sheets 

were used, and the plates were developed with iodine or an oxidizing acidic solution of 

N&Ce(SO& and (I\TtE4)6M07024.HZ0. Flash chromatography was carried out using silica 

gel 60 (230-400 mesh), and the solvent mixtures used as eluent are indicated in each case. 

Melting points were measured with a Gallenkamp melting point apparatus and are 

uncorrected. Infrared spectra were recorded on a Perkui-Elmer Spectnim RX I FTIR 

spectrometer; liquids and oils as neat films between NaCl plates and solids in KBr discs, 

and only the strongest bands are listed. NMR spectra were obtained on Bruker AC-200, 

AM-250, AM-300 and AMX-500 instruments, with 'H and I3c chemical shifts 

determined relative to the residual solvent signal and ' 9 ~  chemical shifts determined 

relative to CFC13 (6 = O) as an extemal standard. Al1 'H NMR spectra were considered as 

first order and coupling constants are therefore reported as measured. 'H and I3c NMR 

signals were assigned based on JMOD, COSY and HMQC data, as well as on comparison 

with the spectra of similar compounds previously synthesized in our laboratory. Mass 



spectra were run at the McMaster Regional Centre for Mass Spectrometry, McMaster 

University, Hamilton, Ontario, and elemental analyses were performed by MHW 

Laboratories, Phoenix, Arizona. 

Regarding known compounds, only the reference to the reported preparation and 

characterization data is given, d e s s  the compound has been prepared via a significantly 

modified or previously unreported route, in which case both the experimental procedure 

and 'H NMR data have k e n  included. 

5.2. Reaction Conditions and Experimental Data 

Halenaquinol dimethyl ether (48)38 

To a solution of sulfide 207 (14 mg, 0.03 1 mmol) in glacial acetic acid (2 mL) 

were added neat Tic4 (1 d) and water (50 PL), and the resulting mixture was refluxed 

ovemight. M e r  being diluted with CH2C12, the reaction mixture was washed with 

saturated aqueous NaHC03 solution and the organic layer was dried (MgS04) and 

concentrated under reduced pressure. Flash chromatography of the residue (50% Et20 in 

hexane) gave known pentacycle 48 (7 mg, 0.019 mmol, 63% yield), whose 'H NMR 

spectnim was identical with the previously published data for (+) 48. 

OMe O 

'H NMR (300 MHz, CDCIa) S: 1.66 (s, 3H, R-CE), 2.32 (dt, J = 4.6, 13.1 H z ,  lH, H- 

l), 2.79-3.07 (m, 3H, H-l, H-2), 3.97 (s, 3H, Ar-OC&), 3.98 (s, 3H, Ar-OC&), 6.72, 



6-83 (both d, J = 8.4 HZ, lH, H-9, H-IO), 8.21 (s, lH, H-4), 8.29 (s, lH, H-12), 9.29 (s, 

1 H, H-7). 

Synthesis of Diethyl2-(8a-methory-5r-methyl-8-axo-2a,S,5a,6,7,8,8a,8b-octahydro- 

To a solution of n a p h t h o h o n e  79' (130 mg, 0.59 mmol), diethyl malonate 

(500 mg, 3.13 mmol) and HMPA (1 mL) in THF (20 rnL) was added solid NaH (60% in 

minera1 oil, 85 mg, 2.13 mmol) and the resulting suspension was s h e d  at room 

temperature for 4 h. The reaction mixture was then diluted with Et20, quenched with 

saturated N&Cl solution and &er separation of the layers the aqueous phase was 

extracted with Em. The cornbined organic layers were dried @@$O4), filtered and the 

solvent was removed under reduced pressure. Column chromatography (20% Et20 hi 

hexane) gave diester 86 as a colorless oil(203 mg, 0.53 mmol, 90% yield). 

4@* 

O OMe 

IR: 2980,1732,1465,1369,1303,1214,1063 cm". 

'H NMR (300 MHz, CDCls) 6: 0.95 (s, 1K R-C&), 1.21 (t, J = 7.4 Hz, 6H, 

R-C02CH2C&, overlapping the other R-CO2CH2Cb), 1.23 (t, J = 7.4 Hz, 

R-C02CH2C&), 1.68 @r d, J = 18.1 Hz, 1 H, H-5), 1.97 (br d, J = 18.1 Hz, 1 H, H-5), 

2.49-2.57 (m, 2H, H-7), 2.70-2.93 (m, 3H, H-2% H-6, H-8b), 3.15 (s, 3H, R-OC&), 3.73 



(d, J = 6.3 HZ, lH, R-CH(C02Et)2), 3.80 (dd, J = 2.4,8.3 HZ, lH, H-2), 3.99 (dd, J = 6.9, 

8.3 Hz, 1 H, H-2), 4.15 (m, 4H, R-C02C&CH3), 5.56 (m, 2H, H-3, H-4). 

NMR (75 MHz, CDCb) 6: 13.99, 14.02 (R-C02CHa3), 24.9 (R-CH3), 33.5, 34.4, 

37.9 (C-5, C-5% C-7), 38.0, 40.1 (C-2% C-6), 50.8, 52.5, 55.7 (C-8b, R-OW3, R- 

CH(C02Et)2), 6 1-67, 6 1.72 (R-C0&H2CH3), 72.6 (C-2), 104.8 (C-8a), 124.6, 127.3 (C- - 

3, C4), 168.91, 168.92 (R-C02CH2CH3), 205.6 (C-8). 

Anal. Calc. for C20H2& C, 63-14; H, 7.42. Found: C, 63.35; H, 7.27. 

Synthesis of 7-Carbomethoxy-8a-methoxy-5a-methyl-2a,5,5a,8,8a,8b-hexahydro-2H- 

naphtho[l,S-bc1furan-û-one (90) 

To a solution of iodide 98 (401 mg, 1.16 mmol) in THF (30 mL) were added 

MeOH (250 PL), 2,6-lutidine (300 a), Pd(0Ac)a (14 mg, 0.06 mmol) and dppp (25 mg, 

0.06 mmol), and the reaction mixture was placed under a CO atmosphere (750 psi) in a 

pressure reactor, which was then heated at 60°C for 48 h. The resulting solution was 

diluted with Et20 and washed with water. The aqueous layer was extracted with Et20, the 

combined organic phases were dried (Na2S04) and the solvent was removed under 

reduced pressure. Flash chromatography (50% Et20 in hexane) gave 90 as a light yellow 

solid (203 mg, 0.73 mmol, 63% yield). 

mp: 80-82OC. 

IR: 2952,1744,1722,1436,1275, 1 13 1 cm-'. 



1 H NMR (250 MHz, CDC13) 6: 1.25 (s, 3H, ROC&), 1.80 (br d, J = 16.7 Hz, lH, H-5), 

2.02 (dd, J = 4.4, 16.7 Hz, lH, H-5), 2.57 (dd, J = 1.3, 9.0 Hz, 1H, H-8b), 2.98 (m, lH, 

H-2a), 3 -25 (s, 3H, R-OC&), 3.79 (s, 3H, R-C02C&), 3.86 (dd, J = 1.8, 8.6 Hz, lH, H- 

2), 4.13 (dd, J = 6.6,8.6 Hz, l H, H-21,572 (br s, 2H, H-3 and H-4), 7.60 (s, l H, H-6). 

I3c NMR (63 MHz, CDC13) 6: 27.3 (%CH3), 34.2 (C-5a), 36.4 (C-5), 36.8 (C-2a), 50.4, 

52.3, 53.9 ( R-OCH3, R-COZH,, C-8b), 73.3 (C-2), 105.2 (C-8a), 124.8, 128.4 (C-3, C- 

4), 13 l .3 (C-7), 163.6 (R-CO2Me), 164.4 (C-6), 188.3 (C-8). 

HRMS (El) d z :  Required for Cl 5HisO5: 278.1 154; Found: 278.1 150. 

Anal. Cdc. for CI C ,  64.74; H, 6.52. Found: C ,  64.60; H, 6.39. 

Sy othesis of Methyl2-hydroly-3-methoxy-5-methylbenzoate (92) 14' 

To a solution of benzoic acid 129 (308 mg, 1.69 mmol) in MeOH (25 mL) was 

added H2S04 (2 mL) and the resulting solution was stirred at room temperature for 3 

days. The reaction mixture was partitioned between a Na2C03 solution and Et20, the 

aqueous phase was M e r  extracted with Et20 and the combiwd organic layers were 

dried (Na2S04) and concentrated under reduced pressure. Flash chromatography (20% 

EtOAc in hexane) gave benzoate 92 as a white solid (297 mg, 1 .SI mmol, 89% yield). 

mp: 88-90°C (lit. 90-9 1 OC). 



'H NMR (250 MHz, CDCM 6: 2.29 (s, 3H, A&&), 3.89 (s, 3H, Ar-C02C&), 3.94 (s, 

3H, Ar-OC&), 6.86 (d, J = 1.4 HZ, lH, H-4), 7.23 (d, J = 1.4 HZ, lH, H-6), 10.79 (s, lH, 

&-OH). 

Attempted Cope Rearrangement of 1-Carbomethoxy-3-methoxy-8-metbyl-2-0x0-10- 

vinyl-4-0xatricyclo[4.3.l.~~]dec-S-ene (93) 

A solution of bridged adduct 93 (2 10 mg, 0.75 mmol) in 1,1,2,2-tetrachloroethane 

(5 mL) was heated to reflux for 24 h, afler which the solvent was removed under vacuum 

and the resulting brown residue purified by column chromatography (20% EtOAc in 

hexane) to give, in order of elution, Sa-methyl-5a,6,7,8-tetrahydro-5H-naphtho[l,8- 

bclhuan-8-one (94) as a light yellow oil (38 mg, 0.20 mmol, 27% yield) and also 7- 

carbomethoxy-5a-methyl-5a,8-dihydro-5H-nahthol,8-bc]fUran-8-one (95)595' as  a 

yellow solid (62 mg, 0.25 mmol, 33% yield). 

IR: 2928,1674,1425, 1341,1052,840 cm-'. 

'H NMR (300 MHz, CDC13) 6: 1.20 (s, 3H, R-CE), 2.00 (t, J = 2.5 Hz, ZH, H-6, 

overlapping the other H-6), 2.04 (d, J = 3.4 Hz, H-6), 2.14 (br d, J = 16.8 Hz, lH, H-5)- 

2.29 (dd, J = 6.2, 16.8 Hz, lH, H-5), 2.48 (dt, J =  3.4, 17.6 Hz, 1H, H-7), 2.77 (t, J = 8.8 

Hz, 1 9  H-7), 5.86 (m, lH, H-4), 6.40 (dd, J = 3.2,9.5 Hz, lH, H-3), 7.33 (s, 1H, H-2). 



13 C NMR (75 MHz, CDCU 6: 22.4 @-CH3), 30.3 (C-5a), 36.1, 38.1,38.9 (C-5, C d ,  C- 

7), l 16.7 (C-3), 120.6 (C-2a), 128.6 (C-4), 140.8 (C-2), 143.2, 145.7 (C-8% C-8b), 184.6 

(C -8). 

HRMS (EI) d z :  Required for C izHi202: 188.0837; Found: 188.0849. 

1 H NMR (250 MHz, CDCI3) 6: 1.41 (s, 3H, ROC&), 2.44 (m, 2H, H-S), 3.89 (s, 3H, 

RC02CI&), 5.94 (ddd, J = 2.6, 5.6,9.7 Hz, lH, H-4), 6.58 (ddd, J = 1.2, 2.9,9.7 Hz, lH, 

H-3), 7.52 (s, lH, H-2), 7.64 (s, IH, H-6). 

Syntbesis of 8a-Methoxy-5a-methyl6-phenylseleno-2a,5,5a,6,7,8,8a,Bb-octahydro- 

2H-na p h tho (l,8-clf furan-8-one (96) 

To a solution of Ph2Se2 (3 12 mg, 1.00 mrnol) in EtOH (8 mL) was added finely 

ground. N a B a  (70 mg, 1.85 mmol) and, after evolution of gas ceased, a degassed 

solution of naphthofkanone 7ti4' (104 mg, 0.47 mmol) in EtOH (2 mL). After stimng for 

30 min at room temperature, the reaction mixture was quenched with AcOH (200 PL) 

and partitioned between water and EtOAc. The aqueous phase was further extracted with 

EtOAc and the combined organic phases were dried (MgS04) and concentrated under 

reduced pressure. Flash chromatography (20% EtOAc in hexane) gave selenide 96 as a 

colorless oil(18 mg, 48 pmol, 10% yield). 



IR: 2939,1735,1476,1438,1123,1059 cm-'. 

1 H NMR (200 MHz, CDC13) 6: 1.13 (s, 3H, ROC&), 1.75 (dm, J = 17.4 Hz, 1 H, H-5), 

2.28 (br dd, J = 4.2, 17.4 Hz, 1 H, H-5), 2.75 (d, J = 9.0 Hz, 2H, H-8b, overlapping H-8b), 

2.83 (dd, J = 6.8, 1 8.7 Hz, H-7,), 3 .O7 (dd, J = 8.6, 1 8.7 Hz, 2H, H-7, overlapping H-2a), 

3.29 (s, 3H, R-OC&), 3.81 (dd, J = 8.4, 11 -1 Hz, 2H, H-6, overlapping H-2), 3.85(t, J = 

8.0 Hz, H-Z), 4.11 (t, J=8.0 Hz, lH, H-2), 5.45-5.64 (m, ZH, H-3, H-4), 7.28 (m, 3H, R- 

Sec&), 7.57 (m, 2H, R-Se-C6&). 

13 C NMR (75 MHz, CDC13 6: 25.9 (R-CH3), 33.9 (C-7), 36.4 (C-Sa), 37.7 (C-2a), 44.8 

(C-5), 46.9, 50.8, 56.1 (R-OCHp, C-6, C-8b), 73.4 (C-2), 106.9 (C-8a), 124.7, 127.3, 

127.5, 129.0, 134.6 (C-3, C-4, C-2', C-3', C-4'), 130.0 (C-1 '), 204.8 (C-8). 

HRMS (EI) m/r: Required for Ci9Hn03Se: 378.0734; Found 378.0732. 

Synthesis of 8a-Methory-Sa-methyl~henylthio-2a,5,5a,6,7,8,8a,Sb-octahydro-2H- 

naphtho[l,8-bclfuran-8-one (97) 

To a suspension of NaH (60% in mineral oil, 100 mg, 2.5 mmol) in THF (1 0 mL), 

were added thiophenol (1mL) and, after the evolution of gas ceased, a solution of 

naphthohanone 7649 (250 mg, 1.14 mrnol) in THF (5mL). The reaction mixture was 

stirred for 2 h, quenched with N&CI solution and extracted with Et20. The combined 

organic layers were dried (Na2S04), filtered and concentrated under reduced pressure. 



Column chromatography (20% Et20 in hexane) gave sulfide 97 as an off white solid (368 

mg, 1.12 mmol, 98% yield). 

SPh 

mp: 60-63OC. 

IR: 2925,1736, 1480,1438,1125, 1062 cm-'. 

'H NMR (200 MIlz, CDC13) 6: 1.13 (s, 3H, R-CE), 1.73 (dm, J = 17.4 Hz, lH, H-5)' 

2.36 (br dd, J = 4.5, 17.4 Hz, lH, H-5), 2.66 (dd, J = 7.2, 18.3 Hz, 2H, H-7, overlapping 

H-8b), 2.68 (d, J = 9.0 HZ H-8b), 3 .O 1 (dd, J = 8.4, 18.3 Hz, 2H, H-7, overlapping H-2a), 

3.30 (s, 3H, R-OC&), 3.75 (dd, J = 7.2, 8.4 Hz, lH, H-6), 3.85(dd, J = 3.7, 8.3 Hz, lH, 

H-2),4.12(& J=8.3 Hz, lH,H-2), 5.51-5.68 (m, 2H,H-3,H-Q7.18-7.51 (m, 5H,R-S- 

c6E)-  

"C NMR (50 iMHz, CDCl3) 5: 24.9 (R-CH3), 33.5 (C-7), 36.3 (C-Sa), 37.7 (C-2a), 44.2 

(C-5), 49.7 (C-6), 50.8, 56.3 (R-0cH3, C-8b), 73.6 (C-2), 105.5 (C-8a), 124.6, 127.1, 

127.6, 129.0, 132.0 (C-3, C-4, C-2', C-3', C-4'), 135.5 (C- 1'), 204.8 (C-8). 

Anal. Calc. for C i9Hu03S: C, 69.06; H, 6.7 1. Found: C, 69.22; H, 6.93. 

Synthesis of 7-Iodo-8a-methory-Sa-mcthy1-2a,S,Sa,8,8a,8b-hexahydro-2H- 

nap ht ho [l,8-bcj furan-8-one (98) 

To a solution of naphthohone 7649 (2.20 g, 10.0 mmol) in CH2C12 (200 mL) 

were added solid iodine (5.60 g, 22.0 m o l )  and pyridine (4 mL). The reaction mixture 

was stirred for two days, afler which it was washed with cold HCI (1 M) and then with a 



solution of ascorbic acid. The organic phase was dried (mS04) and the solvent removed 

under reduced pressure to give iodide 98 as a yellow solid (3.44 g, 9.94 mmol, 99% 

yield). nie 'H NMR spectrum recorded was in complete agreement with the data 

previously rePorted? 

mp: 8 1 -83OC (lit 8 1 -8Z0C). 

1 H NMR (250 MHz, CDC13) 6: 1.25 (s, 3H, R-CE), 1.98 (rn, 2H, H-S), 2.64 (d, J = 10.1 

HZ, 1 H, H-8b), 3.02 (m, 1 H, H-2a), 3.27 (s, 3H, R-OC&), 3.78 (dd, J = 2.9, 8.6 Hz, 1 H, 

H-2), 4.1 5 (dd, J = 7.2, 8.6 Hz, 1 H, H-2), 5.77 (br s, 2Hy H-3, H-4), 7.36 (s, 1 H, H-6). 

Synthesis of 2-Carbomethoxy-4,4-dimethyl-2-cyclohexen-1-one (100a) 

Compound lOOa was prepared as a colorless oi1 (124 mg, 0.68 mmol, 68% yield) 

fiom iodide 9964b (250 mg, 1 .O0 -01) using MeOH (250 &), 2,6-lutidine (300 PL), 

P ~ ( O A C ) ~  (10 mg, 0.04 mmol) and dppp (18 mg, 0.04 mmol) in THF (30 mL) according 

to the procedure described for the synthesis of compound 90. The 'H NMR spectnim 

recorded was in complete agreement with the data reported in the literat~re.~" 

'H NMR (300 MHz, CDC13) 6: 1.24 (s, 6H, R-CE&), 1.90 (m, 2H, H-5), 2.54 (m, 2H, H- 

6), 3.80 (s, 3H, R-C02CH3), 7.36 (t, J -  1.0 Hz, lH, H-3). 



Syn thesis of 2-Carbobu toxy4,4-dimethyl-2-cyc1ohexen-1-one (100b) 

Compound lOOb was prepared as a yellow oil (172 mg, 0.77 nimol, 62% yield) 

fiom iodide 9964b (310 mg, 1.24 mmol) using n-BuOH (300 @), 2,6-lutidine (300 PL), 

P~(OAC)~  (1 5 mg, 0.07 mrnol) and dppp (29 mg, 0.07 m o l )  in THF (25 mL) according 

to the procedure described for the synthesis of compound 90. 

IR: 2961,1741,1713,1690,1467,1272 cm'. 

'H NMR (300 MHz, CDC13) 6: 0.93 (t, J = 7.2 Hz, 3H, R-C02(CH2)3C&), 1.22 (s, 6H, 

R-CE), 1.42 (m, 2H, R-C02(CI-I&CI-&Me), 1.63 (m, 2H, R-CO2CH2CEEt), 1.88 (m, 

2H, H-5), 2.52 (m, 2H, H-6), 4.1 8 (t, J = 6.7 Hz, 2H, R-C02C&Pr), 7.27 (t, J = 0.9 Hz, 

1 H, H-3). 

'% NMR (75 MHz, CDC13) 6: 13.6 (R-C02(CH2)3CH3), 19.0 (R-CO2(CH2)&H2Me), 

27.3 @-CH3), 30.5, 35.1, 35.3 (C-5, C-6, R-CO2CHzH2Et), 33.3 (C-4), 65.0 

(R-COSHzPr), 13 0.3 (C-2), 1 63.6 (RC02Bu), 164.9 (C-3), 1 94.4 (C- 1). 

Synthesis of 2-Diethylaminocarbonyl4,4-dimethyl-2-cyclohexen-l-one (100c) 

Compound lOOe was prepared as a light brown oil (143 mg, 0.64 mmol, 64% 

yield) fiom iodide 99ab (250 mg, 1.00 mmol) using HNEtz (300 pL), 2,6-lutidine (300 

PL), Pd(OAcI2 (10 mg, 0.04 mmol) and dppp (16 mg, 0.04 mmol) in THF (30 mL) 

according to the procedure descnbed for the synthesis of compound 90. 



IR: 2964,1683,1636,1430,1362,1284 cm-'. 

I H NMR (300 M&, CDC13) 6: 1 .O5 (t, J = 7.1 HZ, 3H, R-CON(CH2C&)2), 1.14 (t, J = 

7.1 Hz, 3H, R-CON(CH2C&)2), 1.1 8 (s, 6H, R-CI&), 1.88 (m, 2H, H-5), 2.49 (m, 2H, H- 

6), 3.09 (q, J = 7.1 Hz, 2H, R-CON(C&CH3)2), 3.40 (q, J = 7.1 Hz, 2H, 

R-CON(C&CH3h), 6.63 (s, 1H7 H-3). 

NhlR (75 MHZ, CDCG) 6: 12.9, 14.1 (RCON(CH&H3)2)y 27.6 @-CH3), 32.9 (C-4), 

34.4, 35.7 (C-5, Ca),  39.2,43.1 (RCON(CH2CH3)2), 135.9 (C-2), 156.4 (C-3), 166.9 (R- 

CONEt2), 195.7 (C-1). - 

Synthesis of 4,4-Dimethyl-2-morpholinocarbonyl-2-eyclohexen-l-one (100d) 

Compound lOOd was prepared as a yellow oil (753 mg, 3.1 7 mrnol, 77% yield) 

fiom iodide 9964b (1 .O3 g7 4.12 m o l )  using morpholine (1.5 mL), 2,6-lutidine (1.5 mL), 

Pd(0Ac)z (42 mg, 0.19 m o l )  and dppp (78 mg, 0.19 m o l )  in THF (50 rnL) according 

to the procedure described for the synthesis of compound 90. 

LR: 2960,1682,1634,1434,1360,1114 cm". 



1 H NMR (300 MHz, CDCls) 6: 1.20 (s, 6H, R-CI-&), 1 -90 (t, J = 6.8 HZ, 2H, H-S), 2.5 1 

(t, J = 6.8 Hz, 2H, H-6), 3.20 (t, J = 4.8 HZ, 2H, RN(C&CH~20), 3.62 (t, J = 4.8 Hz, ZH, 

RN(CH2C&hO), 3.68 @r s, 4H, RN(C&C&hO), 6.76 (s, lH, H-3). 

13 c NMR (75 MHz, CDCI3) 6: 27.4 (R-CH3), 33.0 (C-4)- 34.3 (C-5), 35.5 (C-6), 42.0, 

47.4 @QJ(CH2CH2)20), 66.6, 66.7 (RN(CHcH2)20), 134.9 (C-2), 1 58.4 (C-3), 165.7 

(wON(CH2CH2)@), 195.3 (C-1). 

Synthesis of (Z)-3-carbomethoxy-4-phenyl-3-buten-2-one (102) 

Compound 102 was prepared as a light orange oi1 (1 17 mg, 0.57 mmol, 51% 

yield) fiom iodide 1 0 1 ~ ~ ~  (306 mg, 1.12 -01) using MeOH (300 PL), 2,6-lutidine (300 

PL), Pd(0Ac)z (9 mg, 0.04 mmol) and dppp (17 mg, 0.04 mrnol) in THF (20 mL) 

according to the procedure described for the synthesis of compound 90. The 'H NMR 

spectrurn recorded was in complete agreement with the data reported in the literat~re.'~~ 

t H NMR (200 M m ,  CDC13) 6: 2.42 (s, 3H, R-COCb), 3.84 (s, 3H, R-C02C&), 7.42 

(m, 5Hy R-Ctj&j), 7.58 (s, IH, H-3). 



Synthesis of 7-Diethylaminocarbonyl-8a-methoxy-Sa-methyl-2a~~a,8,8a,8b- 

Compound 103a was prepared as a light brown solid (293 mg, 0.92 m o l ,  62% 

yield) fiom iodide 98 (51 1 mg, 1.48 mmol) using MeOH (400 PL), 2,601utidine (500 pL), 

P ~ ( O A C ) ~  (15 mg, 0.07 mmol) and dppp (30 mg, 0.07 mrnol) in THF (25 mL) according 

to the procedure descnbed for the synthesis of cornpound 90. 

mp: 55-B°C. 

IR: 2972,1692,1635, 1458,1433,1049 cm". 

'H NMR (300 MHz, CDC13) 6: 1.11 (t, J = 7.1 HZ, 3H, R2NCH2C&), 1.18 (t, J = 7.1 

Hz, 3H, R2NCH2C&), 1.27 (s, 3H, ROC&), 1.96 (br d, J = 16.5 Hz, 1 H, H-5), 2.04 (br d, 

J = 16.5 Hz, lH, H-5), 2.65 (dd, J = 0.9,9.3 Hz, 1H, H-8b), 3.04 (m, lH, H-2a), 3.20 (q, J 

= 7.1 HZ, 2H, R2NC&CH3), 3.32 (s, 3H, R-OC&), 3.45 (III, 2H, RfiC&CH3), 3.8 1 (dd, 

J = 3.0,8.6 Hz, 1H, H-2), 4.15 (dd, J = 7.2, 8.6 Hz, lH, H-2), 5.79 (rn, 2H, H-3 and H-4), 

6.75 (s, IH, W-6). 

' 3 ~  N M R  (75 MHz, CDC13) 6: 12.8, 14.2 (R-N(CH2CHJ)*), 28.1 (R-CH3), 34.9 (C-Sa), 

37.2, 37.4, 39.2,42.7 (Cœ2a, C-5, R-N(CH2CH3)2), 50.6, 53.5 ( R-0CH3, C-8b), 73.3 (C- 

2), 103.2 (C-8a), 125.6, 129.7 (C-3, C-+, 136.6 (C-7), 156.0 (C-6), 165.4 (RcONEt2), 

188.2 (C-8). 



Synthesis of 7-Butylaminocarbony1-8a-metho~-5a-methy1-2a,5~a,8,8a98b 

Compound 103b was prepared as a light yellow solid (1 20 mg, 0.37 mmol, 43% 

yield) h m  iodide 98 (300 mg, 0.87 rnmol) using n - B m  (200 pL), 2,6-lutidine (300 

PL), Pd(OAc)2 (6 mg, 0.03 mmol) and dppp (12 mg, 0.03 m o l )  in THF (20 rnL) 

according to the procedure descnbed for the synthesis of compound 90. 

mp: 6 1 -6Z0C. 

IR: 3359,2959,1694,1661,1532,1458,1048 cm'. 
I H NMR (300 MHz, CDC13) 6: 0.90 (t, J = 7.3 Hz, 3H, RNH(CH2)3C&), 1.26 (s, 3H, R- 

CE) ,  1.34 (m, 2H, RNH(CH2)2C&Me), 1.52 (m, 2H, RNHCH2C&Et), 1.87 @r d, J = 

16.4 HZ, lHy H-5), 2.03 @r d, J = 16.4 HG 1H9 H-5), 2.58 (d, J = 8.9 HZ, lHy H-gb), 2.98 

(m, lH, H-2a), 3.25 (s, 3H, R-OCE), 3.31 (m, 2H, RNHCbPr), 3.76 (dd, J = 3.1, 8.5 

Hz, 1 H, H-2), 4.12 (dd, J = 7.2, 8.5 Hz, 1 H, H-2), 5.74 (m, 2H, H-3 and H-4), 7.85 (s, 

1 H, H-6), 8 .O9 @r s, 1 H, RN_HBu). 

'% NMR (75 MHz, CDCl3) 6: 13.8 (RNH(CH2)3CH~), 20.2 (RNH(CH2)2C&Me), 28.1 

(R-CH3), 31.4 (RNHCH2C&Et), 34.8 (C-5a), 37.2, 37.5, 39.3 (C-2% C-5, RNxH2Pr), 

5 U 5 2 . 9  ( hoc&, C-8b), 73.2 (C-2), 104.4 (C-8a), 125.7, 129.2 (C-3, Ca),  130.0 (C- 

7), 162.0 (RCONEt2), 166.9 (C-6), 192.2 (C-8). 



Synthesis of 8a-Methory-5a-methyl-7-morpholinocarbonyi-2a~,5a,8,8a,8b- 

hexahydro-2S napbtho [1,8-bc]fumn-8-one (103c) 

Compound 103c was prepared as a light brown oil (266 mg, 0.80 mmol, 55% 

yield) fiom iodide 98 (502 mg, 1.45 mmol) using morpholine (400 pL), 2,6-lutidine (500 

PL), Pd(OAc)2 (15 mg, 0.07 mmol) and dppp (30 mg, 0.07 mmol) in THF (30 mL) 

according to the procedure described for the synthesis of compound 90. 

IR: 2963,1692,1639,1435,1275,1114 cm-'. 

1 H NMR (300 MHz, CDC13) 8: 1.20 (s, 3H, R-CE), 1.85 (br d, J = 1 6.5 Hz, 1 H, H-5), 

2.01 (br d, J = 16.5 Hz, 1H, H-5), 2.58 ( d  J = 9.0 Hz, 1H, H-8b), 2.99 (m, lH, H-2a), 

3.2 1 (s, 5H, R-OC&, overlapping RN(C&CH2)20), 3.49-3 J O  (m, 6H, 

RCON(C&C&)20), 3.75 (dd, J = 2.8, 8.5 HZ, lH, H-2), 4.05 (dd, J = 7.2, 8.5 Hz, lH, 

H-2), 5.72 (m, 2H, H-3 and H-4), 6.86 (s, lH, Hd). 

I3c NMR (75 MHz, CDC13) 6: 27.8 (&CH3), 35.0 (C-5a), 37.1, 37.3, 42.2, 47.0 (C-2% 

C-5, RCON(CH2CH&O), 50.6, 53.5 ( R-0CH3, C-8b), 66.5, 66.7 (RCON(CHsH2)20) 

73.0 (C-2), 103.3 (C-8a), 125.4, 129.4 (C-3, C-4), 135.4 (C-7), 158.7 (C-6), 164.3 

@CON&), 187.6 (C-8). 

Synthesis of 2-Carboethoxy-2-eyclopenten-1-one (105a) 

Compound 105a was prepared as a yellow oil (137 mg, 0.89 mmol, 58% yield) 

fiom iodide 104aMa (320 mg, 1.54 m o l )  using EtOH (300 pL), 2,6-lutidule (500 fi), 



Pd(OAc)* (15 mg, 0.07 mrnol) and dppp (30 mg, 0.07 m o l )  in THF (30 mL) according 

to the procedure described for the synthesis of compound 90. The 'H NMR spectnun 

recorded was in complete agreement with the data reported in the Iiterature. 14' 

1 H NMR (200 MHz, CDCl3) 6: 1.35 (t, J = 6.9 Hz, 3H, R-CB), 2.56 (m, 2H, H-4), 2.75 

(m, 2H, H-5), 4.30 (q, J = 6.9 Hz, 2H, R-C02C&Me), 8.40 (t, J = 3.3 Hg 1 H, H-3). 

Synthesis of 2-Carbomethoxy-2-cyclopenten-1-one (10Sb) 

Compound lOSb was prepared as a light yellow oil (130 mg, 0.93 mmol, 55% 

yield) fiom iodide 104aMa (352 mg, 1.69 -01) using MeOH (300 pL), 2,6-lutidine (500 

PL), Pd(0Ac)z (1 7 mg, 0.08 mmol) and dppp (3 1 mg, 0.08 mmol) in THF (30 mL) 

according to the procedure described for the synthesis of compound 90. The 'H NMR 

spectnim recorded was in complete agreement with the data reported in the literature.14' 

O 

1 H NMR (200 MHz, CDC13) 6: 2.50 (m, 2H, H4),  2.71 (m, 2H, H-5), 3.79 (s, 3H, R- 

CO2C&), 8.41 (t, J = 3.2 Hz, lH, H-3). 

Synthesis of 2-Carbomethoxy-3-methyl-2-cyclopenten-l-e (105c) 

Compound 105c was prepared as a light yellow oil (13 1 mg, 0.85 mmol, 42% 

yield) ficm iodide 104caa (450 mg, 2.03 -01) using MeOH (300 pL), 2,6-lutidim (600 



PL), P~(OAC)~  (22 mg, 0.10 mmol) and dppp (41 mg, 0.10 m o l )  in THF (50 mL) 

according to the procedure described for the synthesis of compound 90. The 'H NMR 

spectrum recorded was in complete agreement with the data reported in the literat~re.'~' 

1 H NMR (300 MHz, CDCl3) 6: 2.39 (s, 3H, R-Cb), 2.52 (m, 2H, H-4), 2.70 (m, 2H, H- 

5), 3.85 (s, 3H, R-C02C&). 

Synthesis of 6a-Carbomethoxy-7- (2-e~rbometh0xyethyl )~ lOb-methyl -  

3a,4,5a,6,6a,7,10,10a,lOb,10c-decahydro-lH-phenanthro[lO,l-bc]furan-6-one (107) 

To a solution of naphthofhanone 90 (87 mg, 0.31 rnrnol) and ester 85 (280 mg, 

2.0 mmol) in CHzClz (5 mLJ was added anhydrous ZnClz (30 mg, 0.22 mmol) and the 

resulting mixture was stirred at room temperature for 3 days. The reaction was diluted 

with CH2C12, washed with water and the aqueous phase was extracted with CH2C12. The 

combined organic phases were dried (MgS04) and concentrated under reduced pressure 

to give a light brown oil that could not be obtained in pure form, despite repeated 

chromatography. The lack of a pure sarnple, combined with the small amount of matenal 

available (16 mg, 37 p o l ,  12% yield), limited the characterization to 'H NMR. 



'H NMR (250 ;MHz, CDCIs) 5: 0.95 (s, 3H, ROC&), 1.58 (br d, J = 16.9 Hz, lH, H-1), 

2.09-2-56 (m, 9H, H-1, H-10, H-10% H-lOc, R - C ~ & C 0 2 M e ) ,  2.77 (t, J = 7.5 Hz, lH, 

H-7), 3.05 (m, lH, H-3a), 3.23 (s, 3H, R-OC&), 3.63 (s, 3H, R-C02C&), 3.67 (s, 3H, R- 

COzC&), 3.80 (dd, J = 3.9, 8.4 Hz, lH, H+, 4.05 (t, J = 8.4 Hz, lH, H+, 5.55 (dt, J = 

2.6,9.6 Hz, lH, H-9), 5.67 (m, 2H, H-2, H-3), 5.94 (m, lH, H-8). 

Synthesis of 7-(2-Carboethoryethyl)da-carbomethoxy-5a-methorry-lOb-methyl- 

3a,4,5a,6,6a,7,8,9,10,10a,10 b,lOc-dodecabydro-1H-phenan throIl0,l-bc]furan-6,9- 

dione (113) 

A mixture of NEt3 (1 mL) and anhydrous ZnClz (20 mg, 0.1 5 mmol) was stirred 

for severai hours until a homogeneous suspension was formed. A solution of enone 87 

(348 mg, 2.04 mmol) in benzene (0.5 mL) was then added, followed by TMSCl (1 mL). 

The reaction mixture was stirred at room temperature overnight, d e r  which the solvents 

were removed under reduced pressure and the residue was redissolved in CH2C12 (5 mL), 

with analysis by GC/MS showing no starting enone 87 le& and also the appearance of 

silyl ether 106, with a molecular peak of m/z 242. A solution of ester 90 (97 mg, 0.35 

mmol) in CH2C12 (2 mL) and more anhydrous ZnCla (20 mg, 0.15 mmol) were added, 

and the reaction was stirred at room temperature for 3 days. The reaction mixture was 

treated with excess TBAF (1 mL 1M solution in THF, 1 mmol) for 1 h and washed with 

saturated solution of W C l .  The aqueous layer was extracted with CH2C12 and the 

combined organic phases were dried (MgS04), concentrated under reduced pressure and 

purified by column chromatography ( 3 0 4 %  EtOAc in hexane) to give tetracycle 113 as 



a yellow oil (54 mg, 0.12 mmol, 34% yield). Compound 113 unfortmately undenvent 

decomposition during storage, thus preventing any M e r  characterization. 

O 

'H NMR (250 MHz, CDCb) 6: 0.99 (s, 3H, R-CE), 1.23 (î, J = 7.1 Hz, 3H, 

R-C02CH2C&), 1.56 (br d, J = 16.1 Hz, lHy H-1), 1.95 (br d, J = 16.1 Hz, 1H, H-l), 

2.07-2.68 (m, I OH, H-7, H-8, H-10, H-1 0% H-1 Oc, R-C&C&C02Et), 2.74 (m, 1 H, H- 

1 O), 3 -07 (m, 1 Hy H-3a), 3.19 (s, 3H, R-OC&), 3.68 (s, 3H, R-C02C&), 3.78 (dd, J = 

3.39 8.4 HZ, 1H, H-4), 4-03 (ty J = 8-4 HZ, lHy H4),  4.10 (qy J = 7.1 HZ, 2Hy 

R-C02C&CH3), 5.64 (br s, 2H, H-2, H-3). 

Synthesis of 7-Carbomethoxy-Sa-methyl-2a,5,5a,8-tetrahydro-2~naphtho[l,B- 

bclfuran-%one (1 14) 

To a solution of ester 90 (770 mg, 2.77 mmol) in CH2C12 (20 rnL) cooled to -40°C 

was added TFA (0.5 d), and after 2.5 hours at that temperature, solid NaHC03 (0.5 g) 

was also added. The reaction mixture was washed with saturated Na2C03 solution and the 

aqueous layer was extracted with CH2C12. The combined organic phases were dned 

(Na2S04) and the solvent was removed under reduced pressure to give, after column 

chomatography (30% EtOAc in hexane), ester 114 as a light yellow solid in quantitative 

yield (68 I mg, 2.77 mmol). 



mp: 109-1 12OC. 

IR: 3445,2956,1731,1664,1435,1272,1145,1008 cm-'. 

'H NMR (250 MHz, CDC13) 8: 1.35 (s, 3H, R-Ch), 2.18 (br d J = 16.6 Hz, 1 H, H-5), 

2.47 (dd, J = 3.1, 16.6 Hz, lH, H-5), 3.86 (s, 3H, R-C02C&), 3.93 (br t, J = 10.2 Hz, lH, 

H-2a), 4.08 (dd, J = 8.6, 10.2 Hz, lH, H-2), 4.13 (dd, J = 8.6, 10.2 Hz, lH, H-2), 5.75 (br 

s, 2H, H-3 and H-4), 7.58 (s, lH, H-6). 

I3c NMR (63 MHz, CDC13) 6: 21.1 (R-CH3), 36.8 (C-5a), 38.8 (C-5), 40.1 (C-2a), 5 1.9 

(R-COgHp), 76.2 (C-2), 124.7, 126.2 (C-3, C-4), 13 1 .O, 138.7, 147.1 (C-7, C-8q C-8b), 

164.7 (R-GO2Me), 164.4 (C-6), 172.9 (C-8). 

HRMS (EX) d z :  Required for C 14H 1404: 246.0892; Found: 246.0858. 

Synthesis of 7 - C a r b o m e t h o x y - 6 - m e t h y i - 2 8 , s - d i h y d r o s n - 8 - 0 1  

(1 15) 

Ester 114 (350 mg, 1.26 mmol) was treated with neat TFA (3 mL) at room 

temperature for 5 min., after which the reaction mixture was diluted with CH2Clz and 

washed with saturated Na2C03 solution. The organic layer was dried (Na2S04) and the 

solvent removed under reduced pressure. Column chromdtography (40% EtzO in hexane) 

gave phen01115 as a dark yellow oil(l27 mg, 0.52 mmol, 41%). 



IR: 3430,1656,1648,1438,1344,1000,944 cm-'. 

1 H NMR (200 MHz, CDC13) 6: 2.37 (s, 3H, Ar-CI-&), 3.20 (m, 2H, H-S), 3.95 (s, 4H, 

Ar-OCE, overlapping H-2a), 4.12 (dd, J = 7.5, 12.8 HZ, 1 H, H-2), 4.95 (dd, J = 7.5, 8.3 

Hz, 1H, H-2), 5.94 (dm, J = 9.7 Hz, lH, H-3), 6.07 (dm, J = 9.7 Hz, 1H, H-4), 9.98 (s, 

I3c NMR (63 MHz, CDC13) 6: 1 7.1 (Ar-CH3), 27.4 (C-5), 39.3 (C-2a), 52.0 (Ar-0m3), 

Synthesis of 1 lb-Methy~-1,3a,4,6,7,8,9,11b-octahydrocyclopenta[7,8]phenanthro 

[l0,1-bcl furan-6,9-dione (126) 

Method 1: A solution of hydroxyketone 157 (159 mg, 0.46 mmol) and p-TsOH (45 mg 

0.26 rnrnol) in benzene (1 5 mL) was heated at 50°C for 4 hours, after which the reaction 

mixture was diluted with CHzClz and washed once with NaHC03 solution. The aqueous 

phase was extracted with CH2C12 and the combined organic phases were dried (Na2S04), 

filtered and concentrated under reduced pressure. Flash chromatography (20% EtOAc in 

hexane) gave pentacycle 126 as a light yellow oil(64 mg, 0.22 mmol, 48% yield). 



Method 2: A solution of bridged adduct 158 (22 mg, 67 pmol) in 1,1,2,2- 

tetrachloroethane (3 mL) was heated to reflux for 2 days. The solvent was removed under 

hi& vacuum and the residue was purified by colurnn chromatography (20% EtOAc in 

hexane) to give pentacycle 126 as a light yellow oil(12 mg, 0.41 p o l ,  61% yield). 

5 

IR: 2926,1710,1659,1591,1319,1188,725 cm-'. 

1 H NMR (500 MHz, CDC13) 6: 1-51 (s, 3Hy R-C&), 2.18 (dd, J = 3.1 17.8 HZ, lHy H- 

l), 2.67 (t, J = 5.7 HZ, 2Hy H-7)y 2.74 (dd, J = 2.3, 17-8 HZ, H-l), 3.67 (t, J = 5.7, 5.7 HZ, 

2H, H-8), 4.00 (dt, J = 2.6, 10.3 Hz, 1Hy H-3a), 4.06 (dd, J = 8.1, 10.7 Hz, IH, H-4), 4.87 

(dd, J = 8.1, 9.8 HZ, lH, H-4), 5.74 (s, 2H, H-2, H-3), 7.55 (d, J = 8.1 lH, H-11), 

7.89 (d, J = 8.1 Hz, lH, W-10). 

13c NNM (75 MHz, CDCL) 6: 24.8 (RXH,), 28.3 (C-8), 36.5 (C-7), 37.8 (C-i lb), 41.0 

(C-3a), 42.4 (C-1), 76.1 (Cd), 125.8, 126.1, 126.4, 126.6 (C-2, C-3, C-10, C-ll),  128.1, 

129.6 (C-6% C-9a), 136.9, 138.6 (C-Sa, C-l lc), 147.1 (C-6b), 157.8 (C-1 la), 177.0 (C- 

6), 206.6 (C-9). 

HRMS (EI) d.: Required for C 19H 1603: 292.1 099; Found: 292.1 1 04. 



Syathesis of 2 J-Dihydroxy-5-methy1benzoiê ncid (129)~' 

To a cooled (-7g°C) solution of benzoic acid 131 (13.0 g, 71.4 mmol) in CH2Ch 

(500 mL) was added neat BBr3 (53.8 g, 215 mrnol) dropwise. AAer warming up to room 

temperature, the solution was stirred ovemight and then quenched with MeOH. The 

solvent was removed under reduced pressure and the solids were redissolved in MeOH 

and rotoevaporated dry three times. Sublimation of the crude product (12U°C, high 

vacuum) gave acid 129 as a white solid (10.5 g, 62.5 mmol, 87% yield). 

'H NMR (200 MHz, CDC13) 6: 2.1 1 (s, 3H, Ar-C&), 6.78 (d, J = 1.7 Hz, lH, C-3), 

7.05(d, J = 1.7 HZ, lH, C-S), 10.49 (br s, R-OH). 

Synthesis of 2-Hydroxy-3-methoxy-5-methylbeazoic acid (131)'~ 

Phenol 75 (10.0 g, 72.5 mmol) and solid oven-dried K2C03 (30.0 g, 217 mmol) 

were mixed and placed in a high pressure vessel under a CO2 atmosphere (800 psi). The 

reaction vessel was kept at 200°C for 4.5 h and subsequently allowed to cool d o m  to 

room temperature. The pressure was released, the contents of the reaction vessel were 

dissolved in water (400 rnL) and the resulting solution was extracted once with ether, 

boiled with activated carbon, filtered and acidified to pH 1 with HCl. The precipitated 

acid 131 (13.0 g, 71.4 mmol, 98% yield) was collected by filtration, dried in a vacuum 

dessicator over P205 and used without M e r  purification. 



1 H NMR (200 MHz, CDC13) 6: 2.32 (s, 3H, Ar-Ca), 3.91 (s, 3H, Ar-OC&), 6.93 (d, J 

= 1.7 Hz, lH,  C-3), 7.31(d, J = 1.7 Hz, lH, C-5), 10.35 (br s, R-OH). 

Synthesis of 8-(2-Carbomethoxyethy1)-1 J-dihydroxy-4-metl1yl-4~8- 

dihydronaphthalene (132) 

To a cooled (O°C) solution of benzoic acid 129 (2.00 g, 11.9 mmol), diene 85 (8.00 g, 

57.1 rnmol) and BHT (one crystal, approx. 5 mg) in THF (30 mL) was added solid PIFA 

(6.14 g, 14.3 mmol) portionwise over a penod of 2 minutes. AAer 30 minutes, the 

reaction was removed fiom the ice bath and stirred another 3.5 hours at room 

temperature. The reaction mixture was then concentrated under reduced pressure, diluted 

with ether and washed with saturated solution of NaHC03. The aqueous layer was 

extracted with ether and the combined organic layers were dried (NazS04), filtered and 

concentrated under reduced pressure. Distillation of the excess diene and iodobenzene 

gave a red viscous oil, which was purified to a colorless solid (2.75 g, 10.5 rnmol, 88% 

yield) by colurnn chromatography (20% Et20 in hexane). 

mp: 76-79OC. 



I k  3402,2951,1708,1619,1439,1363,1298 cm'. 
1 H NMR (300 MHz, CDC13) 8: I .78 (m, 1 H, R-CE-CH2-C02Me), 2.02 (m, i H, R-CE- 

CH2-C02Me), 2.13 (s, 3H, &-CE), 2.38 (dt, J = 5.3, 17.6 Hz, lH, R-C&C02Me), 2.53 

(ddd, J = 5.1, 10.5, 17.6 Hz, 1 H, R-CI-&-C02Me), 3.14 (m, 2H, H-5), 3.59 (m, 1 H, H-8), 

3.74 (s, 3H, R -C02-C&), 5.98 (br s, 2H, H-6, H-7), 6.66 (s, 1 H, H-3), 7.1 8 (br s, Ar- 

0- 

NMR (75 MHz, CDCI3) 6: 18.9 (Ar-CH3), 27.5 (R-CH2-CH2-C02Me), 30.0, 32.0 

(R-CHiC02Me, C-S), 33.2 (C-8), 52.3 (R-COSHI), 1 14.5 (C-3), 124.3, 124.4, 127.0 

(C-4, C-4a, C-8a), 125.6, 126.8 (C-6, C-7), 139.0, 142.1 (C-1 , C-2), 176.6 (R-CO2Me). 

Anal. Calc. for Ci sHis04: C, 68.69; H, 6.92. Found: C, 68.48; H, 6.70. 

Synthesis of 8-(2-Carbomethoxyethyl)-1-hydroxy-2-met-1-5,B- 

dihydronaphthalene (133) 

To a solution of catechol 132 (2.14 g, 8.17 mmol) in CH2C12 (1 50 mL) was added 

oven dned &COs (1 1.3 g, 81.8 mmol) and the resulting suspension was stirred for 30 

min. The reaction mixture was cooied down (O°C), Me30BF4 (2.42 g, 18.3 mrnol) was 

added and the flask was purged with N2. The reaction was allowed io warm up to room 

temperature, and stimng was continued for 20 h. Afier quenching with dilute HCl (0.1 

M), the layers were separated and the aqueous phase was extracted with CH2& The 

combined organic layers were dried (Na2S04), filtered and concentrated under reduced 

pressure. Column chromatography (20% EtOAc in hexane) gave phenol 133 as a light 

yellow oil(2.16 g, 7.82 rnmol, 96% yield). 



IR: 3462,2946,1732,1488,1436,1299,1161 cm". 

'H NMR (300 MHz, CDC13) 6: 1.93-2.32 (m, 7H, R-(CE)2-C02Me, overlapping Ar- 

c&), 2.17 (s, &-CE&), 3.13 (m, SH, H-s), 3.58 (s, 3H, R-C02CH3), 3.83 (m, 4H, H-8, 

overlapping Ar-OCB), 3 -85 (s, Ar-OC&), 5 -63 (s, Ar-OHJ, 5.87 (dm, J = 1 0.1 Hz, 1 H, 

H-6), 5.99 (dm, J = 10.1 Hz, IH, H-7), 6.60 (s, lH, H-3). 

I3c NMR (75.5 MHz, CDCld 6: 19.2 (Ar-CH3), 27.5 WH2-CH2-C02Me), 30.1, 30.2 

(R-C&-COzMe, C-5), 3 3.5 (C-8), 5 1.3 (R-C0sH3), 56.0 (Ar-0CH3), 1 1 0.6 (C-3), 

123.8, 126.0, 126.4 (C-4, C-4% C-8a), 125.4, 128.2 (C-6, C-71, 140.7 (C-1), 144.0 (C-S), 

1 74.6 (R-W2Me). 

And. Cak. for C16H2004: C ,  69.55; H, 7.30. Found: C, 69.3 1; H, 7.05. 

Synthesis of 8-(2-Carbomethoxyethy1)-1-hydroxy-2-met hoxy-4-methyl-5,6,7,8- 

tetrahydronaphthalene (134) 

To a cooled (O°C) solution of phenol 133 (429 mg, 1.55 mmol) in CHzCh (120 

rnL) was added AICL (1.5 g) and the resulting mixture was allowed to warm up to room 

temperature and stirred overnight. The reaction mixture was washed with cold HCl(1 M) 

and the aqueous phase was extracted with CH2C12. The combined organic layers were 

dried (MgSOù, concentrated under reduced pressure and purifieci by column 

chromatography (20% ether in heaane) to give tetrahydronaphthalene 134 as a colorless 

oil(207 mg, 0.74 mmol, 48% yield). 



IR: 3460,2937,1738,1487, 1300,1250,833 cm-'. 

'H NMR (300 MHz, CDC13) 6: 1.58-1.87 (m, 5H, H-6, H-7, R-C&CHtC@Me), 2.06 

(m, IH, R-C&CH2C02Me), 2.15 (s, 3H, A&&), 2.36-2.55 (m, 3H, H-5, 

R-CHzC&C02Me), 2.64 (br d, J = 16.8 Hz, 1 H, H-S), 3.03 (m, lH, H-8), 3.68 (s, 3H, 

R-COzCE), 3.84 (s, 3H, Ar-OC&), 5.85 (br s, 1 H, Ar-OHJ, 6.59 (s, 1 H, H-3). 

I3c NMR (75.5 MHz, CDC13) 6: 17.7 (Cd), 19.4 (&-CH3), 25.1, 26.3, 28.9, 32.5 (C-5, 

HRMS (EI) m/t: Required for Ci6Hu04: 278.15 18; Found: 278-1529. 

Syathesis of 6-Methoxy-4-methyl-3,9,10,10a-tetrahydro-7-oxacyclohepta [de] 

naphthaien-%one (136) 

To a degassed solution of phenol 133 (2.1 1 g, 7.64 mmol) in MeOH (50 mL) was 

added a solution of NaOH (6 g) in water (50 mL), also degassed. The resulting solution 

was stirred for 30 min, extracted with ether to remove unreacted starting matenal, 

acidified to pH 1 with HCl and finally extracted with EtOAc. The combined EtOAc 

phases were dried (Na2S04), filtered and the solvents were removed under reduced 

pressure to give crude acid 135, which was used without M e r  purification. Compound 

135 was then redissolved in CHzClz (50 mL), trifluoroacetic anhydride (25 mL) was 

added and the resulting solution was stirred ovemight. The reaction mixture was 



concentrated under reduced pressure and column chromatography (20% EtOAc in 

hexane) gave lactone 136 (1 -62 g, 6.63 rnmol, 87% yield) as a colorless solid. 

1 
H NMR (300 MHz, CDCIflMSO-d6) 6: 1.91-2.29 (m, 7H, R-(C&)2-C02H, 

overlapping -4r-CE), 2.1 7 (s, At-CB), 3.12 (m 2H, H-5), 3.79 (m, 1H, H-8)- 3.84 (s, 

3H, Ar-OC&), 5.89 (br d, J = 10.0 Hz, lH, H-6), 5.98 (br d, J = 10.0 Hz, lH, H-7), 6.61 

(s, 1 H, H-3) 

13 C NMR (75.5 MHz, CDCIflMSO-d6) 6: 18.6 (Ar-CH3), 26.9 (C-5), 29.7, 29.8 

(R-(CH2)2-C02H), 32.9 (C-8), 55.5 (Ar-0CH3), 1 1 O S  (C-3), 123.9, 125.1, 125.6 (C-4, C- 

4% C-8a), 124.7, 127.7 (C-6, C-7), 140.3 (C-l), 143.8 (C-2), 175.7 (R-m2H). 

mp: 116-1 19OC. 

IR: 2941,1761,1608,1488,1455,13 18,1137 cm'. 

1 H NMR (300 MHz, CDCIj) 6: 2.21 (s, 3H, Ar-CB), 2.36-2.58 (m, 4H, H-9, H-1 O), 

3.17 (brs, 2H, H-3), 3.66 (m, lH, H-lOa), 3.81 (s, 3H, Ar-OC&), 5.80 (dm, J = 10.1 Hz, 

1 H, H-2), 5.87 (dm, J = 10.1 Hz, 1 H, H-1), 6.72 (s, 1 H, H-5). 



I3c NMR (75 MHz, CDC13) 6: 19.8 (Ar-CHs), 27.3 (C- 1 O), 30.9 (C-9), 33.2 (C-1 Oa), 

34.3 (C-3), 56.4 (AFOCH~), 1 13.4 (C-5), 124.1, 126.7 (C-1, C-2), 124.6, 127.5 (C-4, C- 

lob), 134. l (C-3a), 138.0 (Cda), 147.5 (C-6), 171.9 (C-8). 

And. Calc. for C 15H1603: C ,  73.75; H, 6.60. Found: C, 73-61 ; H, 6.49. 

Synthesis of 9-Hydroxy-8-methoxyd-methyl-2J~a,9b-tetrahydro-lH-bem[e]inden- 

3-one (137) 

To a solution of lactone 136 (366 mg, 1.50 rnmol) in CH2C12 (50 mL) was added 

A U 3  (1 g), and the resulting reaction mixture was s h e d  for 1 h 45 min. Water was 

added, the phases separated and the aqueous layer was extracted with CH2C12. The 

combined organic layers were dned (Na2S04), filtered and conccntrated under reduced 

pressure. Column chromatography (20% EttO in hexane) gave benzindanone 137 as a 

white solid (99 mg, 0.40 mmol, 27% yield). 

mp: 1 12-1 14OC. 

IR: 3500,2935,1766, 1604,1487,1315,1134 cm'. 

1 H NMR (300 MHz, CDCI3) 6: 1.93-2.37 (m, 7H, H-1, H-2, overlapping Ar-CE), 2.32 

(s, Ar-C&), 2.62 (m, 1 H, H-3a), 3.22 (m, lH, H-9b), 3.84 (s, 3H, Ar-OC&), 5.79 (m, 

lH, H-4), 5.85-5.91,6.51 (dd, J=3.3,9.9 HZ, lH, H-5), 6.65 (s, lH, H-7). 



13c NMR (75 MHz, CDCls) 6: 18.9 (Ar-CH3), 26.8 (C-1), 29.4 (C-9b), 3 1.1 (C-2), 56.0, 

56.1 (Ar-OC&, C-3a), 112.7 (C-7), 122.3, 123.0 (C-4, C-S), 123.3, 127.4, 129.2 (C-5% 

C-6, C-9a), 137.7, 148- 1 (C-8, C-9), 2 12.0 (C-3). 

Anal. Calc. for Cl5Hl6o3: C, 73.75; H, 6.60. Found: C, 73.81; H, 6.43. 

Synthesis of Methyl3-(2,2,S-trimethyl-6,9-dihydronaphtho[l,2-~ [l Jldioxol-9-yl) 

propanoate (141) 

To a solution of catechol 132 (1.00 g, 3.81 mmol), in MeOH (5 mL) and 

dimethoxypropane (15 rnL) was added p-TsOH (1 g) and the resulting solution was 

stirred at room temperature for 2 days. The reaction mixture was partitioned between 

water and EtOAc, and the aqueous phase was extracted with more EtOAc. The combined 

organic layers were dned (MgS04), filtered and concentrated under reduced pressure. 

Flash chromatography (20% EtzO in hexane) gave acetonide 141 as a light yellow solid 

(1 -07 g, 3.54 mmol, 93% yield). 

mp: 60-62OC. 

IR: 2949,1739, 1478,1375,1244,1007,843 cm-'. 

'H NMR (300 MHz, CDC13) 8: 1.64, 1.66 (2 s, 6H, (AIO)~C(C&)~), 1.90-2.29 (m, 7H, 

R-(Cfi)2-C02MeY overlapping Ar-CE), 2.14 (s, A&&), 3.10 (m, 2H, H-6), 3.58 (s, 



3H, R-C02C&), 3.64 (m, IH, H-9), 5.80 (dm, J = 10.3 Hz, lH, H-7), 5.99 (dm, 5 = 10.3 

HZ, 1H, H-8), 6.50 (s, IH, H-4). 

13 C NMR (75 MHz, CDC13) 8: 19.5 (Ar-CE), 25.8 ((AsO)~C(CH+), 27.5, 30.0, 30.1 

@-(CH2)2-CO2Me, C-6), 33.6 (C-9), 5 1 -4 (R-COCHI), 108.4 (C-4), 1 17.3 

((kû)s(CH3)2), 1 19.3, 125.7, 127.7 (C-5, C-5% C-9a), 125.9, 127.3 (C-7, C-8), 142.7, 

144.8 (C-3q C-9b), 174.5 (R-C02CH3). 

Anal. Calc. for C 1 sHu04: C, 7 1 S O ;  H, 7.3 3. Found: C, 71 -74; H, 7.16. 

Synthesis of 3-(2,2,5-Trirnetby1-6,9-dihydronaphtho[l~-d] [1,3]di0~01-9-y1)pr0panoic 

acid (142) 

To a solution of NaOH (500 mg) in MeOH (30 mL) was added solid ester 141 

(230 mg, 0.76 m o l )  and the resulting solution was stirred at room temperature for 4 

days. The base was neutralized with N a C l  and the reaction mixture was diluted with 

water and subsequently extracted with Et20. The combined organic layers were dried 

(MgS04), filtered and removal of the solvent under reduced pressure gave acid 142 (203 

mg, 0.70 mmol, 92% yield) as a light yellow solid that was used without further 

purification. 

mp: 108-1 13OC. 

IR: 2935,1709,1479,1375,1245,1006,843 cm". 



'H NMR (300 MHz, CDC13) 5: 1.64, 1.65 (2 s, 6H, (ArO)zC(C&)3, 1.88-2.32 (m, 7H, 

R-(C&)2-C02Me, overlapping Ar-CB), 2.14 (s, Ar-C&), 3.12 (m, 2H, H-6), 3.65 (m, 

lH, H-9), 5.79 (dm, J = 10.3 Hz, lH, H-7), 6.00 (dm, J = 10.3 HZ, lH, H-8), 6.49 (s, lH, 

H-4), 1 1.12 (br s, R-C02H). 

"C NMR (75 MHz, CDC13 6: 19.5 (C-6), 25.8, 25.9 ((Ar0)2C(CH3)2), 27.5, 29.7, 30.0 

(R-(CH2)2-C02Me, Cd), 33.5 (C-9), 1 08.5 (C4), 1 17.3 ((ArO)&(CH3)2), 1 1 9.1, 125.6, 

127.8 (C-5, C-5% C-9a), 126.1, 127.1 (C-7, C-8), 142.8, 144.8 (C-3a, C-9b), 179.9 (R- 

COrH). - 

Anal. Calc. for Ci7HzaO4: C, 70.8 1 ; H, 6.99. Found: C, 71.06; H, 7.07. 

Synthesis of 1-Nitrohepta-4,6-diene (146)'~ 

To a solution of 1-iodohepta-4,6-diene (2.46 g, 1 1.1 mmol) in dry ether (1 5 mL) 

was added solid AgNOz (2.18 g, 14.2 mmol) and the resulting suspension was stirred in 

the dark at room temperature for three days. The silver salts were then removed by 

filtration and evaporation of the solvent under reduced pressure gave a red oil, which was 

purified by column chromatography (hexane) to give compound 146 as a slightly yellow 

liquid (1 .O6 g, 7.5 1 m o l ,  68% yield). 

4 2 No2 146 

IR: 2932,1553,1435,1382,1007,906 cm'. 
I NMR (300 MHz, CDC13) 6: 2.04-2.23 (m, 4H, H-2 and H-3), 4.39 (t, J = 6.8 Hz, 2H, 

H-1), 5.03 (d, J = 10.3 HZ, lH, H-7) 5.15 (dd, J = 1.7, 17.0 HZ, lH, H-7), 5.63 (dt, J = 

7.1, 15.0 HZ, lH, H-4), 6.10 (dd, J = 10.3, 15.0 Hz, lH, H-5), 6.30 (dt, J = 10.3, 17.0 HZ, 

1 H, H-6). 



13 C NMR (75 MHz, CDC13) 6: 26.7,28.9 (C-2, C-3), 74.7 (C-11, 1 16.3 (C-7), 13 1 -4, 

133.0, 136.5 (C-4, C-5, (2-6). 

Anal. Calc. for C-iHl1N02: C, 59.56; H, 7.85; N, 9.92. Found: C, 59.41; H, 7.77; N, 9.89. 

Synthesis of 4-Methyl-8-(3-nitropropyI)-5,8-dihydronaphthaleae-l~-diol(148) 

To a cooled (O°C) solution of benzoic acid 129 (828 mg, 4.93 rnmol), diene 146 

(3.50 g, 24.8 mmol) and BHT (one crystal, approx. 3 mg) in THF (40 mL) was added 

solid PIFA (2.50g, 5.81 rnmol) portionwise over a period of 2 minutes. After 30 minutes, 

the reaction was removed fkom the ice bath and stirred another 3.5 hours at room 

temperature. The reaction mixture was then concentrated under reduced pressure, diluted 

with ether and washed with saturated solution of NaHC03. The aqueous layer was 

extracted with ether and the combined organic layers were dried (Na2S04), filtered and 

concentrated under reduced pressure. Distillation of the excess diene and iodobenzene 

gave a red viscous oil, which was purified to a Iight yellow oil (1.12 g, 4.27 mmol, 86% 

yield) by column chromatography (20% EtOAc in hexane). 

IR: 3496,2919,1620,1550,1382,1295,1194,735 cm-'. 

'H NMR (300 MHz, CDC13) 6: 1.63-2.09 (m, 4H, R-(C&)2-CH2-N03, 2.12 (s, 3H, Ar- 

c&), 3.1 3 (m, 2H, H-s), 3.76 (m, 1 H, H-8), 4.29 (t, J = 6.9 Hz, 2H, R-C&-N02), 5.20 

(s, br, 2H, Ar-OB, 5.85-5.91,5.99-6.05 (m, 2H, H-6, H-7), 6.57 (s, 1 H, H-3). 



I3c NMR (75 MHz, CDCI3) 8: 18.9 (Ar<Hs), 23.7, 27.5, 31.7 (C-5, R-(CH2)2-CHr 

N02), 33 -5 (C-8), 75.9 (R-CH2-NO2), 1 15.0 (C-3), 124.9, 126.5, 127.0 (C-4, C-4% C-8a), 

125.6, 127.8 (C-6, C-7), 139.4, 140.2 (C- 1, C-2). 

H W S  (EI) m/r: Required for Cl 4H1 ,NO4: 263.1 157; Found: 263.2 142. 

Synthesis of 2-Methoxy-4-methyl-8-(3-nitropropyl)-5,8-dihydronaphtha1en-l-o1 

(149) 

To a solution of catechol 148 (200 mg, 0.76 rnmol) in CH2C12 (20 mL) was added 

oven dried &CO3 (1.07 g, 7.74 rnmol) and the resulting suspension was stirred for 30 

min. The reaction mixture was cooled d o m  (O°C), Me30BF4 (230 mg, 1.55 rnmol) was 

added and the flask was purged with N2. The reaction was allowed to warm up to room 

temperature, and stirring was continued for 20 h. Afier quenching with dilute HCI (0.1 

M), the layers were separated and the aqueous phase was extracted with CH2C12. The 

combined organic layers were dried (Na2SOs), filtered and concenhated under reduced 

pressure. Column chromatography (20Y0 EtOAc in hexane) gave phenol 149 as a light 

yellow oil(2 15 mg, quantitative yield). 

IR: 3504,2939,1618,1551,1489,1381,1301 cm-'. 

'H NMR (300 MHz, CDClt) 6: 1.62-2.15 (m, 4H, R-(C&)2-CH2-N02), 2.18 (s, 3H, Ar- 

c&), 3.13 (m, 2H, H-5), 3.78 (m, 1 H, H-8), 3.85 (s, 3H, Ar-OC&) 4.27 (f J = 7.0 Hz, 



2H, R-Cb-N02), 5.60 (s, 1 H, Ar-OH), 5.85-5.91,5.97-6.03 (m, 2H, H-6, H-7), 6.61 (s, 

1 H, H-3). 

NMR (75 MHz, CDC13) 6: 19.2 (AFCH~), 23.7, 27.4, 31.7 (C-5, R-(CH&-CH2- 

NOz), 33.5 (C-8), 56.0 (Ar-0CH3), 75.9 (R-GHz-NO2), 1 10.6 (C-3), 123.8, 126.1, 126.2 

(C-4, C-4% C-8a), 125.4, 128.0 (C-6, C-71, 140.5 (C-1), 143.9 (C-2). 

And. Cdc. for C1~H19N04: C, 64.97; H, 6.91; Ny 5.05. Found: C, 65.12; H, 6.81; N, 4.96. 

Syn thesis of 8-Methoxy-6-rnethyl-l,2,4a,5,9b,9~-hexahydrbenzo [4,5] indeno[l,7-clil 

isoxazol-9-y1-N-phenylcarbamate (150) 

Phenol 149 (215 mg, 0.78 mrnol) was dissolved in benzene (15 mL), and to the 

resulting solution were added NEt3 (320 &, 2.22 mrnol) and phenyl isocyanate (350 PL, 

3.11 rnmol). The reaction mixture was protected from light and stirred at room 

temperature for 24 hours, after which it was filtered and the benzene was removed under 

reduced pressure to give a mixture that consisted mostly of product 150 and aniline. The 

crude residue was treated with deoxygenated NaOH (1 g in 20 mL 1 : 1 water:methanol) 

for 45 minutes. The resulting suspension was filtered and the filtrate was acidified with 

HCl(1 M) and extracted with CH2C12. The combined organic layers were dried (MgS04), 

concentrated under reduced pressure and purified by column chromatography (30% 

EtOAc in hexane) to give isooxazoline 152 as a white crystalline solid (68 mg, 0.26 

mmol, 33% yield). 



NHPh 

1 H NMR (200 MHz, CDC13) 6: 1.55 (m, lH, H-1), 2.25 (s, 4H, &-CE, overlapping H- 

S), 2.38-2.72 (m, 3H7 H-l, H-2), 3.10 (dd, J = 6.2, 14.5 Hz, lH, H-5), 3.75 (s, 3H, Ar- 

OC&), 3 -89 (m, 2H, H-9b, H-9c), 4.63 (m, lH, H-4a), 6.67 (s, 1 H, H-7), 6.95-7.60 (m, 

6H, AdlCONHC6&, ArOCOmGH5).  

Synthesis of 8-Methoxy-6-methyl-l,2,4a,5,9b,9c-hexahydrobeozo[4,5]inde~l,7-c~ 

isoxazol-9-ol(152) 

Phenol 149 (1.16 g, 4.4 1 mmol) was dissolved in pyridine (2 mL) and AczO (1 0 

mL), and the resulting solution was stirred at room temperature for 3 hours. The mixture 

was concentrated under reduced pressure, diluted with CH2C12, washed with dilute HCl 

(150) and the aqueous layer was extracted with CH2C12. The combined organic layers 

were dried over Na2S04, filtered and concentrated to give crude acetate 151 as an orange 

oïl, which was used without M e r  purification. Acetate 151 was then dissolved in 

benzene (90 mL), and to the resulting solution were added NEt3 (0.7 mL, 5.03 rnmol) and 

para-chlorophenyl isocyanate (2.50 g, 16.3 mmol). The reaction mixture was protected 

fiom light and stirred at room temperature for 20 hours, after which more 

paru-chlorophenyl isocyanate (600 mg, 3.91 mmol) was added and the stirring continued 

for 2 hours. The reaction mixture was filtered, the benzene removed under reduced 

pressure and the residue treated with degassed NaOH (2 g in 50 mL 1 : 1 water:methanol) 



for 30 minutes. The resulting suspension was filtered and the filtrate was acidified with 

HCI (1 M) and extracted with CH2C12. The combined organic layers were dned over 

Na2S04, concentrated and purified by column chromatography (30% EtOAc in hexane) 

to give isooxazoline 152 as a white crystalline solid (969 mg, 3.74 mmol, 85%). 

'H NMR (300 MHz, CDC13) 6: 1.63-2.1 0 (m, 4H, R-(C&)2-C&-N02), 2.22 (s, 3H, Ar- 

CE) ,  2.33 (s, 3H, ECCOzR) 3.15 (m, ZH, H-5), 3.55 (m, lH, H-8), 3.80 (s, 3H, Ar- 

OC&) 4.27 (t, J = 6.8 HZ, 2H, R-C&-N02), 5.80-5.86,6.00-6.05 (m, 2H, H-5, H-6), 

6.72 (s, lH, H-3). 

I3c NMR (75.5 MHz, CDC13) 6: 19.7 (Ar-CH& 20.6 (H3=O2R) 23.3, 27.5, 32.4 (C-5, 

mp: 1 98-200°C (dec.). 

(C- 1, (2-4, C-4a, C-8a), 148.7 (C-S), 

3 152 

IR: 3448,2963,1728,1686,1456,1251,1100,1056 cm-'. 

1 H NMR (300 MHz, CDC13) 6: 1.53 (m, lH, H-1), 2.25 (s, 4H, A&&, overlapping H- 

5), 2.57 (m, lH, H-2), 2.70 (m, 2H, H-l, H-2), 3.11 (dd, J = 6.4, 14.7 Hz, lH, H-5), 3.86 



(s, 3H, Ar-OC&), 3.94 (m, 2H, H-9b, H-9c), 4.66 (m, 1 H, H-4a), 5.61 (s, 1 H, Ar-OH), 

6.60 (s, lH, H-7). 

'% NMR (75 MHz, CDC13) 6: 19.5 (Ar-CH3), 26.7, 26.9 (C-1, C-2), 30.2 (C-9c), 37.9 

(C-5), 53.3 (C-9b), 56.0 (Ar-0m3), 8 1.3 (C-4a), 1 10.8 (C-7),124.5, 125.2, 126.7 (C-5a, 

C-6, C-9a), 140.6 (C-9), 144.0 (C-8), 171 .O (C-2a). 

Anal. Calc. for C *Hl ,NO3: C, 69.48; H, 6.61 ; N, 5.40. Found: C ,  69.38; H, 6.46; N, 5.34. 

Syntbesis of 4,9-Dihydroxy-8-methoxy-6-mef hyl-2,3,3a,4,5,9b-hexahydro-1H-benz[e] 

inden-3-one (153) 

To a solution of oxazoline 152 (889 mg, 3.43 mmol) in THF (35 mL), MeOH 

(100 mL) and water (25 mL) were added H3B03 (940 mg, 15.2 mmol) and Pd/C (IO%, 

90 mg). The reaction flask was evacuated and refilled with Hz 5 times, and stimng was 

continued overnight. The reaction mixture was filtered through a plug of celite, the 

organic solvents were removed under reduced pressure =d the aqueous layer was 

extracted with CH2C12. The combined organic phases were dried over Na2S04, filtered 

and the solvent was removed under reduced pressure to give hydroxyketone 153 as a 

coloriess solid (89 1 mg, 3.40 mmol, 99% yield). 

mp: 136-137OC. 

IR: 3449,2940,1731,1612,1488,1306,912,73 1 cm-'. 



'H NMR (200 MHz, CDCI3) 6: 2.05-2.59 (m, 8H, H-1, H-2, H-5, overlapping Ar-CE), 

2.18 (s, .k-C&), 2.74 (dd, J = 4.9,9.0 Hz, lH, H-3a), 2.88 (dd, J = 4.3, 16.2 Hz, lH, H- 

5),3.27 (br s, R-OH), 3.87 (s, 4H, Ar-OC&, overlapping H-9b), 4.19 (qn, J = 4.6 E h ,  

1 H, H-4), 5.79 (br s, Ar-OH), 6.64 (s, 1 H, H-7). 

13 C NMR (75.5 MHz, CDCls) 6: 19.5 (Ar-CH3), 28.3 (C-1), 33.4 (C-5), 36.8 (C-9b), 

38.6 (C-2), 50.9 (C-3a), 56.0 ( A r - 0 a 3 ) ,  67.9 (C-4), 1 1 1.2 (C-7), 123.3, 125.4, 127. 1 (C 

5% C-6, C-9a), 14 1.4, 144.1 (C-8, (2-9). 

And. Calc. for C15H1804: C, 68.69; H, 6.92. Found: C, 68.53; H, 6.84. 

Diels-Alder reaction between 2,4-pentadienol(91) and benzindanone 153 

To a solution of benzindanone 153 (870 mg, 3.32 mmol), alcohol 91 (2.80 g, 33 

mmol) and BHT (1 crystai) in THF (30 mL), was added solid NaHC03 (670 mg, 7.98 

mmol) and the resulting suspension was heated to 50°C. A solution of PIFA (1.70 g, 3.95 

mmol) in THF (10 mL) was then added to the reaction mixture via a syringe pump over a 

period of 4 h. Removal of the solvent, iodobenzene and excess 91 under vacuum, 

followed by column chromatography (3 0% EtOAc in hexane) gave 1 2-me thoxy- 1 0- 

methyl- 16-vinyl-13-oxapentacyclo[l0.4.1 .0i~9.026.0"~'5]heptadeca-6,9-diene-5, 17-dione 

(155) as a colorless solid (332 mg, 1.02 rnrnol, 31% yield) and a mixture of two 

diastereorneric forms of 1 O-hydroxy-Sa-methoxy- 1 1 b-methyl- l,3a,4,5a,6,6b,7,8,9,9a, 10, 

1 1,ll  b, 1 1 c - t e t r a d e c a h y d r o c y c l o p e n t a [ 7 , 8 J p h e n a ~ - 6 , 9 d i o n e  (154) as a 

light yellow oil (376 mg, 1.09 mmol, 33% yield). Both diastereomers were separated by 

preparative HPLC (1 0% i-PrOH in hexane). 



5 

IR: 3476,2946,1736,1682,1457,1253,l O38 cm-'. 

'H NMR (300 MHz, CDC13) 8: 1.17 (s, 3H, R-C&), 1.85 (dq, J = 2.9, 16.3 Hz, lH, H- 

l), 1.91-2.29 (m, 6H, H-l, H-7, H-8, H-l l), 2.56-2.68 (m, 3H, H-8, H-9a, overlapping H- 

llc), 2.65 (d, J = 10.4 Hz, H-llc), 3.06 (m, lH, H-3a), 3.39 (t, J = 8.1 Hz, lH, H-4), 3.51 

(s, 3H, R-OC&), 3.60 (m, lH, H-6b), 4.02 (m, 1H, H-IO), 4.22 (t, J = 8.4 Hz, 1H, H-4), 

5.63 (dt, J = 2.6,9.7 Hz, IH, H-3), 5.83 (m, lH, H-2). 

13 C NMR (75 MHz, CDC13) 6: 26.8 (C-7), 29.7 @-CH3), 32.8 (C-8), 34.7 (C-1), 36.4 

(C-llb), 36.9 (C-6b), 37.6 (C-ll), 39.0 (C-3a), 50.3, 50.8, 51.5 ( R - O m ,  C-9% C-1 lc), 

66.8 (C-IO), 73.0 (C-4), 104.3 (C-5a), 126.6 (C-2), 128.4 (C-3), 134.4 (C-6a), 157.3 (C- 

I la), 192. l (C-6), 223.5 (C-9). 

Anal. Calc. for C20H2405: C, 69.75; Hy 7.02. Found (mixture of both diastereomers): C, 

IR: 3480,2941,1733,1682,1457,1295,1163,1043 cm-'. 



1 H NWR (300 MHz, CDC13) 6: 1.13 (s, SH, R-CE), 1.70 (br d, J = 16.4 Hz, lH, H-1), 

1.79 (m, IH, H-7), 2.01 (dm, J = 16.4 Hz, H-1), 1.98-2.33 (rn, 6H, H-6b, H-7, H-8, H-11, 

overlapping H-1), 2.48 (dd, J = 1.9, 8.7 Hz, lH, H-1 lc), 2.62-2.75 (m, 2H, H-8, H-9a), 

3.03 (m, IH, H-3a), 3.19 (s, 3H, R-OC&), 3.63 (m, IH, H-IO), 3.86 (d, J = 8.4 Hz, IH, 

H-4), 4.04 (dd, J = 6.6, 8.4 Hz, I H, H-4), 5.69 (m, 2H, H-2, H-3). 

I3c NMR (75 MHz, CDC13) 8: 23 -3 (R-CH3), 26.6 (C-7), 33.1 (C-8), 36.3 (C-1 I b), 36.8, 

37.0 (C-1, C-1 1), 36.9 (C-6b), 37.2 (C-3a), 49.4, 50.8 (R-O=, C-9a), 52.9 (C-1 lc), 

67.1 (c-IO), 72.7 (C-4), 103.3 (C-sa), 124.3, 127.9 (C-2, C-3), 132.9 (C-6a), 159.7 (C- 

l l a), 190.4 (C-6), 223.6 (C-9). 

mp: 178- 179OC. 

IR: 2949,173 1,17 14,1459,121 8,1025,929 cm-'. 

I H NMR (500 MHz, CDC13) 6: 1 -9 1 (d, J = 1.8 Hz, 3H, R-CE), 2.1 1 (m, 2H, H-3), 2.39 

(br t, J = 3.2 Hz, 2H, H-15, overlapping H-4), 2.43 (ddd, J = 7.6, 10.3, 19.0 Hz, H-4), 

2.59 (br d, J = 18.1 Hz, lH, H-8), 2.64 (d, J = 10.0 Hz, IH, H-16), 2.73 (ddd, J = 4.7, 

10.0, 19.0 Hz, lH, H-4), 2.99 (m, lH, H-2), 3.10 (d, J = 4.4 Hz, lH, H-11), 3.40 (dd, J =  

7.0, 18.1 HZ, lH, H-8), 3.48 (s, 3H, R-OCE), 3.92 (d, J = 8.2 Hz, lH, H-14), 4.16 (dd, J 

= 3.2, 8.2 Hz, lH, H-14), 5.13 (dd, J = 1.4, 10.0 Hz, 2H, RCH=CH2, overlapping the 

other RCH=C&), 5.16 (dd, J = 1.4, 17.0 Hz, RCH=C&), 5.54 (dt, J = 10.0, 17.0 Hz, IH, 

R C W H z ) ,  6.56 (dt, J = 6.4,6.8 Hz, lH, H-7). 



13c NMR (75 MHz, CDCb) 6: 18.3 @-CH3), 19.2 (C-3), 27.6 (C-8),37.1 (C-2), 38.4 (C- 

4), 43.7 (C-l S), 47.1 (C-16), 49.9 (C-l l), 51.4 (R-0cH3), 60.4 (C-l), 74.0 (C-14), 100.6 

(C-12), 1 17.1 (RCH=CH2), 126.1 (C-7), 127.9, 130.7 (C-9, C-IO), 138.1 (KH=CH2), 

142.3 (C-6), f 97.1 (C-17), 205.9 (C-5). 

Anal. Caïc. for C20H2204: C, 73.60; H, 6.79. Found: C, 73.70; H, 6.75. 

Synthesis of 10-Hydroxy-11 b-methyI-1,3a,4,6,6b,7,8,9,9a,lO,ll,llb- 

d o d e c a h y d r o c y c l o p e n t a [ 7 , 8 ] p h e n a n t h r ~ - d i e  (157) 

Pentacycle 154 (70 mg, 0.20 mmol) was dissolved in neat TFA (3 mL) and stirred 

at room temperature for 15 min. The TFA was removed under reduced pressure and the 

residuc was dissolved in EtOAc (1 rnL) and subsequently treated with solid NaHC03 

(100 mg), filtered and concentrated under reduced pressure. Purification by column 

chromatography (65% EtOAc in hexane) gave dienone 157 (51 mg, 0.16 mmol, 80% 

yield) as a light yellow solid. Both diastereomers were separated by preparative HPLC 

(1 0% i-PrOH in hexane). 

5 

IR: 3468,2930,1738,1634,1458,1201,1154,730 cm'. 
1 H NMR (300 MHz, CDC13) 6: 1.27 (s, 3H, R-CE), 1.66 (br s, R-OB, 1.94-2.22 (m, 

3H, H-1, H-7, H-11), 2.26-2.40 (m, 2H, H-8, H-11), 2.45-2.63 (m, 3H, H-1, H-7, H-9a), 



2.68 (br dd, J = 4.0, 17.6 HZ, lH, H-8), 3.61 (br dd, J = 7.2, 15.8 Hz, IH, H-6b), 3.94 (m, 

lH, H-3a), 4.03 (dd, J = 8.0, 10.7 Hz, IH, H-4), 4.31 (m, lH, H-IO), 4.86 (dd, J = 8.0,9.6 

HZ, 1H, H-4), 5.70 (dm, J = 9.7 Hz, lHy H-3), 5.77 (dt, J = 2.0,9.7 Hz, IH, H-2). 

' 3 ~  NlMR (75 MHz, CDCls) 6: 21.1 (R-CH3), 28.0 (C-7), 32.4 (C-8), 35.7 (C-6b), 38.7 

(C-1 lb), 38.8 (C-1 l), 40.0 (C-l), 40.8 (C-3a), 50.0 (C-9a), 66.2 (C-IO), 76.2 (C-4), 

125.8, 126.6 (C-2, C-3), 133.1 (C-11 c), 139.0 (C-Sa), 146.9 (C-6a), 156.4 (C-1 la), 176.8 

(C-6), 223.3 (C-9). 

HRMS (EI) me: Required for CIgH2004: 3 12- 136 1 ; Found: 3 12.134 1. 

Anal. Calc. for C19H2004: Cy 73.06; H, 6.45. Found (mixture of both diastereomers): C, 

72.89; H, 6.53. 

5 

IR: 3462,2925,1734,1634,1459,1201,1156,73 1 cm-'. 

1 H NMR (300 MHz, CDC13) 6: 1.25 (s, 3H, R-CE), 1.63 (br s, R-OH), 2.00-2.23 (m, 

3H, RI, H-7, H-11), 2.27-2.39 (m, 3H, H-8, H-9% H-11), 2.54 (dd, J = 4.3, 16.7 Hz, lHy 

H-1), 2.63 (dd, J = 4.4, 7.6 Hz, lH, H-B), 2.77 (dd, J = 5.3, 8.6 Hz, lHy H-7), 3.77 (m, 

lH, H-IO), 3.90-4.04 (m, 2H, H-3% H-6b), 4.09 (dd, J = 8.7,9.7 Hz, 1H, H-4), 4.85 (dd, J 

= 9.7, 10.3 HZ, 1 H, H-4), 5.73 (m, 2H, H-2, H-3). 

NMR (75 MHz, CDC13) 6: 21.2 (R-CH3), 27.4 (C-7), 29.7 (C-1 lb), 32.0 (C-8), 36.8 

(C-6b), 38.1 (C-11), 40.2, 40.9 (C-1, C-3a), 50.5 (C-9a), 67.2 (C-IO), 76.3 (C-4), 125.6, 



127.2 (C-2, C-3), 133.0 (C-1 1 c), 139.4 (C-5a), 147.2 (C-6a), 157.8 (C-1 1 a), 176.4 (C-6), 

224.8 (C-9). 

HRMS (EI) rn/r: Required for C19H2004: 312.1361; Found: 312.1356. 

Synthesis of 10-Trifluoroacetoxy-l l b-methyl-1,3a,4,6,6b,7,8,9,9a,lO,ll,llb- 

dodecahydrocyclopenta[7,8]phenanthro[l0,l-bc]furan-6,9-dioac (158) 

To a solution of dienone 157 (50 mg, 0.16 mmol) in TFAA (1 mL) was added 

NEt3 (1 m . )  and the resulting solution was stirred at room temperature overnight The 

reaction mixture was partitioned between dilute HCl (0.1 M) and CH2C12, and the 

aqueous phase was M e r  extracted with CH2C12. The combined organic layers were 

dried (MgS04), filtered and concentrated under vacuum. Flash chromatography (20% 

EtOAc in hexane) gave trifluoroacetate 158 (61 mg, 0.15 mmol, 94% yield) as a light 

yellow oïl. Both diastereomen were separated by preparative HPLC (10% i-PrOH in 

hexane). 

IR: 2926,1789,1712,1591,1220,1156 cm*'. 

1 H NMR (300 CDCb) 56: 1.26 (s, 3H, R-CE), 1.70 (m, lHy H-7), 1.88 (br d, J = 

16.7Hz, lH, H-1), 2.33-2.47(m, 3Hy H-1, H-7, H-8), 2.64 (dd, J=3.3, 9.4 Hz, lH, H- 

9a), 2.72-2.87 (m, 2H, H- l l), 2.95 (m, lH, H-g), 3.52 (m, l H, H-6b), 3.97 (m, l H, H-3a), 



4.09 (t, J = 9.4 Hz, lH, H-4), 4.89 (dd, J = 8.6, 10.1 Hz, IH, H-4), 5.67-5.80 (m, 3H, H-2, 

H-3, H-10). 

13 C NMR (75 MHz, CDC13) 6: 23.7 (R4H3), 28.4 (C-7), 29.0 (C-1 lb), 29.6 (C-8), 34.0 

(C-6b), 38.8, 40.2, 41.0 (C-1, C-3% C-11), 47.2 (C-9a), 72.5 (C-IO), 76.4 (C-4), 125.5, 

127.0 (C-2, C-3), 129.9 (q, J = 130 Hz, R-0COCF3), 133-4 (C-1 lc), 140.0 (C-5a), 147.0 

(C-6a), 1 53.2 (C- 1 l a), 167.7 (R-0cOCF3), 176.8 (C-6), 2 17.4 (C-9). 

' 9 ~  NMR (280 MHz, CDC13) 6: -75.67 (R-OCOC&). 

HRMS (EI) d z :  Required for C2 Hl 9F305: 408.1 1 84; Found: 408.1 166. 

5 

IR: 2927,1734,1690, 1645,1458,1200,1128 cm-'. 

1 H NMR (300 MHz, CDCI3) 6: 1.26 (s, 3H, R-Cb),  1.64-1 -81 (m, 2H, H-7), 2.03 (br d, 

J =  16.8 Hz, IH, H-1), 2.34 (m, lH, H-8), 2.46 (dd, J =4.4, 16.8 Hz, lH, H-1), 2.56 (br d, 

J = 18.4 Hz, lH, H-Il), 2.69 (dd, J = 3.4,9.4 Hz, lH, H-9a), 2.86 (m, IH, H-a), 2.98 (d, J 

= 3.8, 18.4 Hz, lH, H-11), 3.58 (m, 1H, H-6b), 3.98 (m, lH, H-3a), 4.06 (dd, J = 8.2, 

10.6 Hz, lH, H-4), 4.89 (t, J = 9.1 Hz, lH, H-4), 5.68 (m, lH, H-IO), 5.72 (dm, J = 9.8 

Hz, 1 H, H-2), 5.79 (br d, J = 9.8 Hz, 1 H, H-3). 

13 c NJfR (75 MHz, CDCl3) 6: 21 -5 (R<H3), 28.5 (C-7), 29.0 (C-1 lb), 29.8 (C-8), 34.3 

(c-6b), 38.7, 38.8, 40.8 (C-1, C-3% C-Il), 47.3 (C-9a), 72.7 (C-IO), 76.5 (C4), 125.5, 



126.9 (C-2, C-3), 129.9 (q, J = 130 Hz, R-OCOm), 133.9 (C-1 lc), 139.5 (C-Sa), 147.1 

(C-6a), 152.5 (C-l la), 167.8 (R-0mCF3), 176.2 (C-6), 216.9 (C-9). 

1 9 ~  NMR (280 MHz, CDCL) 6: -75.7 1 (R-OCOCE). 

Synthesis of 1 1 b-Methy I-1,6,7,8,9,11 b-hexahydrocyclopenta [7,8lphenanthro [lO,l-bc] 

furan-6,9-dione (159) 

A solution of pentacycle 126 (40 mg, 0.14 mmol) and p-chioranil (40 mg, 0.16 

mmol) in xylenes (15 mL) was refluxed for 36 hours, after which the solvent was 

removed under reduced pressure and the residue was purified by flash chromatography 

(20% EtOAc in hexane) to give furan 159 (24 mg, 83 pmol, 60% yield) as a light brown 

oil. 

O 

159 
3 

5 

IR: 2925,1706,1670,1638,1589,1081 cm-'. 

I H NMR (300 MHz, CDC13) 8: 1.51 (s, 3H, R-CE), 2.56 (br d, J = 16.6 Hz, lH, H-1), 

2.75 (t, J = 5.8 Hz, 2H, H-7), 2.97 (dd, J = 6.2, 16.6 Hz, H-1), 3.72 (dt, J = 5.8, 19.7 Hz, 

lH, H-8), 3.86 (dt, J = 5.8, 19.7 Hz, IH, H-8), 6.07 (m, IH, H-2), 6.30 (dd, J = 2.9, 9.7 

Hz, lH, H-3), 7.56 (s, 2H, H-4, overlapping H-11), 7.96 (d, J = 8.0 Hz, lH, H-10). 

13 C NMR (75 MHz, CDC13) 6: 28.4 (C-7), 3 1.5 (R<H3), 35.0 (C-l), 36.3 (C-1 lb), 36.5 

(C-8), 1 17.9 (C-3), 120.8 (C-3a), t 25.2 (C-2), 127.1 (C-1 1), 128.2 (C-IO), 13 1 .O, 137.2 



(C-6% C-1 lc), 141.5 (C-4), 143.0, 144.3 (C-Sa, C-9a), 157.5, 158.5 (C-6b, C-1 1 a), 173.6 

(C-6), 206.7 (C-9). 

HRMS (EI) 4 2 :  Required for Cl9HI4O3: 290.0943; Found: 290.091 5. 

Synthesis of 9-Hydroxy-8-methoxy-6-methyl-2~,S,9b-tetrahydro-lH-benz[e]inden- 

3-one (162) 

Compound 162 was initially isolated as one of the products fiom the treatment of 

compound 161 (or 164) with W. In order to verify the identity of compound 162 and 

fùlly characterize it, 162 was also prepared according to the procedure described below. 

To a solution of hydroxyketone 153 (32 mg, 0.12 mmol) in benzene (5 mL) was 

added p-TsOH (150 mg, 0.87 mrnol) and the resulting suspension was sealed under 

vacuum in a Young's tube. After stimng at room temperame for 3 days, the reaction 

mixture was washed with a saturated solution of Na2C03 and the aqueous phase was 

cxtracted with Et20. The combined organic phases were dried (MgS04), filtered and the 

solvent was removed under reduced pressure to give benzindanone 162 (27 mg, 0.1 1 

mmol, 91% yield) as a dark orange oil, which was not fùrther purified. 

IR: 3428,2938,172 1,1670,1488, l3OO,l 1 17 cm-'. 

1 H NMR (300 MHz, CDC13) 8: 1.66 (m, lH, H-1), 2.22 (s, 3H, Ar-C&), 2.42 (m, 2H, 

H-2), 3.26 (m, 2H, H-1 overlapping H-S), 3.31 (ddd, J = 2.3, 8.8,22.8 HZ, H-S), 3.52 (dt, 



J = 5.3, 22.8 lHy H-5), 3.82 (m, lH, H-9b), 3.88 (s, 3H, Ar-OC&), 5.72 (s, lH, Ar- 

O B ,  6.66 (s, 1 H, H-7), 6.84 (m, 1 H, H-4). 

I3c NMR (75 MHz, CDC13) 6: 19.8 (Ar-CH3), 28.81, 28.82 (C-1, C-S), 38.0 (C-2), 38.6 

(C-9b), 56.1 (Ar-0CH3), 1 1 1.1 (C-7), 122.9, 124.0, 126.4 (C-Sa, C-6, C-9a), 127.4 (C-4), 

139.4, 142.3, 144.5 (C-3% C-8, C-9), 205.9 (C-3). 

HRMS (EI) d z :  Required for C 1 sHi603 : 244.1099; Found: 244.1096. 

Synthesis of 9-Hydroxy-8-methoxy-6-methyl-2~-dihydro-lH-benz~e]inden-3-o~e 

(163) 

Compound 163 was initially isolated as one of the products from the treatment of 

compound 161 (or 164) with KH, and also fkom subjecting 153 to Mitsunobu conditions. 

In order to ven@ the identity of compound 163 and füily characterïze it, 163 was also 

prepared according to the procedure described below. 

To a solution of hydroxyketone 153 (50 mg, 0.19 mmol) in toluene (10 mL) was 

added p-TsOH (150 mg, 0.87 mmol) and the resulting suspension was heated in a s t em 

bath for 8 hours. The reaction mixture was partitioned between EttO and a saturated 

solution of Na2C03 and the aqueous phase was extracted with EtzO. The combined 

organic phases were dried (MgS04), filtered and concentrated under reduced pressure. 

The residue was purified by column chromatography (30% EtzO in hexane) to give 

benindanone 163 (2 1 mg, 87 v o l ,  46% yield) as a yellow solid. 



mp: 168-172'C. 

IR: 3176,2925,1674, 1586,1464,1336 cm-'. 

I H NMR (300 MHz, CDCIj) 6: 2.66 (s, 3H, Ar-CB), 2.77 (m, 2H, H-1), 3.81 ( m  2H, 

H-2), 4.02 (s, 3Hy Ar-OC&), 6- 12 (s, 1 H, Ar-OB, 7-23 (s, lHy H-7), 7.61 (d, J = 8.8 HZ, 

lH, H-5), ), 7.82 (d, J = 8.8 HZ, lH, H-4). 

13c NMR (75 MHz, CDC13) 6:- 19.9 (Ar-CHs), 28.7 (C-1), 36.3 (C-2), 57.0 (Ar-OCHp), 

116.4, 11 7.5, 124.3, (C-4, C-5, C-7), 121 -4, 126.7, 13 1.1, 134.5 (C-3% C-5% C-6, C-9a), 

141 -4, 142.2, 156.5 ((2-8, C-9, C-9b), 207.6 (C-3). 

HRMS (EI) d z :  Required for CI SH1403: 242.0943; Found: 242.0934. 

Synthesis of 4-Brome-5-methyl-1 J-benzeaedi01(167)'~~ 

To a cooled (O°C) solution of 4-methyIcatecho1 (5.00 g, 40.3 rnmol) in CH2C12 

(100 mL) was added bromine (7.00 g, 43.8 rnmol) dropwise, and the resulting solution 

was allowed to warm up to room temperature while stirrïng ovemight. The reaction 

mixture was washed with Na2C03 and NazSf13 solutions, dned (MgSOs) and filtered. 

Removal of the solvent under reduced pressure gave catechol 167 as a gray solid (7.33 g, 

36.1 rnmol, 90% yield) which was used without M e r  purification. 

OH 

1 H NMR (300 MHz, CDCh) 6: 2.26 (s, 3H, Ad&) ,  5.25 (br s, Ar-OB, 6.76 (s, lH, 

H-3), 7.05 (s, lHi H-6). 



Synthesis of 5-bromo-2,2,6-trïmethyi-l,3-benzodioxole (168) 

A solution of catechol 167 (2.03gY 10.0 mmol) and a catalytic amount of p-TsOH 

in 2,2-dimethoxypropane (30 mL) was refluxed ovemight, after which the reaction 

mixture was concentrated under reduced pressure, dried under high vacuum and purified 

by kugelrohr distillation to give acetonide 168 (1.47 g, 6.05 mmol, 61% yield) as a light 

yellow liquid. 

'Br 

IR: 2990,1674,1491,1377,1236,857 cm-'. 

I H NMR (300 MHz, CDCI3) 6: 1.66 (s, 6H, R-CE), 2.29 (s, 3H, Ar-C&), 6.27 (s, 1 H, 

H-4), 6.90 (s, 1 H, H-7). 

"C NMR (75 MHz, CDC13) 6: 22.7 (Ar-CH3), 25.7 @-CH3), 110.3, 112.1 (C-4, C-7), 

1 13.9 (C-2), 1 18.7 (C-5), 129.8 (C-6), 146.3, 146.9 (C-3% C-7a). 

HRMS (EX) nclz: Required for Cl Br02: 24 1.9922; Found: 24 1.9933. 

Synthesis of 9-Hydroxy-8-methoxy-6-methyl-4-(triisopropylsilo)-2a,4,5,9b- 

hexahydro-1SbenzleIinden-3-one (173) 

To a solution of hydroxyketone 153 (1 .O5 g, 4.01 mmol) and 2,6-lutidine (1 .O8 g, 

10.1 mmol) in CHzClz (20 mL) was added TIPSOTf (1.47 g, 4.80 mmol) and the 

resulting solution was stirred at room temperature for 2 days. The reaction mixture was 

diluted with CH2C12, washed with dilute HCl (0.1 M) and the organic phase was dned 



(MgS04), filtered and concentrated under reduced pressure. Purification by flash 

chromatography gave silyl ether 173 (1.22 g, 2.93 mrnol, 73% yield) as a colorless thick 

oil and disilylated product 174 (392 mg, 0.68 mmol, 17% yield) as a colorless solid. 

IR: 3449,2946, 1736,1490,1308,1059 cm-'. 

1 H NMR (300 MHz, CDCb) 6: 0.85-1.03 (m, 21H, R-CEI(CE&)d, 2.10 (m, lH, H-1), 

2.17 (s, 3H, Ar-Cb), 2.30-2.41 (m, 3H, H-1, H-2), 2.56 (br dd, J = 3.0, 16.8 Hz, lH, H- 

5), 2.88 (m, 2H, H-3% overlapping H-5), 2.93 (dd, J = 3. l, 16.8 Hz, H-S), 3.56 (m, lH, 

H-9b), 3.87 (s, 3H, Ar-OC&), 4.76,4.85 (m, 1 H, H-4), 5.62 (s, 1 H, Ar-OH), 6.6 1 (s, 1 H, 

H-7). 

13c NMR (75 MHz, CDCL) 6: 12.8 (R<HMe2), 17.9, 18.1 (R-CH(CH3)2), 19.6 (Ar- 

CH,), 28.6 (C-1), 34.6 (C-s), 35.5 (C-9b), 39.4 (C-2), 50.9 (C-3a), 56.0 (Ar-0cH3), 67.9 - 

(C-4), 1 10.6 (C-7), 123.7, 126.9, 128.6 (C-5a, C-6, C-9a), 141 -5, 143.9 (C-8, C-9). 

HRMS (331) m/z: Required for C24H3s04Si: 4 18.2539; Found: 4 18.2541. 

mp: 71 -73OC. 

IR: 3553,2944,2866,1649,1465,1198 cm-'. 



1 H NMR (300 MHz, CDC13) 6: 0.85- 1.32 (m, 42H, R-CH(CH.1)2), 2. ! 8 (s, 3H, A&&), 

2.28 (m, 1 X, H-1), 2.44 (m, 2H, H- 1, overlapping H-5), 2.50 (br d, J = 1 8.5 Hz, 1 H, H-5), 

2.90-3 -03 (m, 2H, H-3% H-5), 3.53 (m, 1 H, H-9b), 3.85 (s, 3H, Ar-OC&), 4.49,4.59 (m, 

lH, H-4), 4.79 (br s, lH, H-2), 5.51 (s, lH, Ar-OH), 6.55 (s, lH, H-7). 

NMR (75 MHz, CDC13) 8: 12.4, 12.9 (R-CHMe2), 17-92, 17.97, 1 8.04, 1 8.20 02- 

CH(CH3)2), 19.8 (Ar-CH3), 34.8 (C-1), 35.98 (C-S), 36.04 (C-9b), 50.1 (C-3a), 56.0 (Ar- 

0cH3), 66.4,66.6 (C-4), 105.2, 1 05.4 (C-2), 1 1 0.1 (C-7), 125.3, 125.9, 1 26.5 (C-5% C-6, 

C-9a), 14 1.7, 143 -7 (C-8, C-9), 153.6 (C-3). 

HRMS (El) d z :  Required for C33H5804Si2: 574.3873; Found: 574.3874. 

Synthesis of 3,4-Epoxy-8a-methoxy-5a-methyl-2aJ,4,5,5a,8,8a,8b-octahydro-2H- 

naphtho(1,8-bcl furan-%one (176) 

A solution of naphthofkanone 7649 (650 mg, 2.95 rnmol) and m-CPBA (1.3 g, 

5746%) in CHC13 was stirred under reflux for 24 hours. The reaction mixture was then 

washed with saturated solutions of Na2S203 and Na2C03, and the combined aqueous 

phases were extracted with CH2C12. The combined organic phases were drïed (Na~S04), 

filtered and the solvent was removed under reduced pressure to give a 6: 1 mixture of the 

p and a epoxides as a yellow oil (680 mg, 2.88 m o l ,  98% yield). Separation of the 

epoxides was done by column chromatography (20% Et20 in hexane). 

IR: 2960,1727,1689,1456,1250,1100,1055 cm-'. 



1 H NMR (200 MHz, CDCl3) 6: 1.19 (s, 3H, R-C&), 1.87 (d, J = 15.2 Hz, 1 H, W), 2.12 

(dd, J = 3.7, 15.2 Hz, IH, H-5), 2.40 (d, J = 10.3 HZ, 1H, H-8b), 2.88 (ddt, J = 2.1, 7.0, 

10.3 Hz, lH, H-2a), 3.08 (dd, J =  2.1, 4.4 Hz, lH, H-3), 3.25 (t, J =  4.3 Hz, lH, H-4), 

3.37 (s, 3H, R-OC&), 3.81 (dd, J = 6.7, 8.9 Hz, 1H, H-2), 4.22 (dd, J = 7.3, 8.9 Hz, IH, 

H-2), 5.92 (d, J = 10.2 HZ, IH, H-7), 6.54 (d, J = 10.2 HZ, 1H, H-6). 

I3c NMR (75 MHz, CDC13 6: 32.1 (R-CH3), 33.3 (C-Sa), 35.3, 36.9 (C-2% C-5), 48.7, 

50.4, 50.7, 50.8 (R-0CH3, C-3, C-4, C-8b), 69.4 (C-2), 103.1 (C-8a), 123.8 (C-7), 159.4 

(C-6), 19 1.1 (C-8). 

Anal Cak. for C&II604:C, 66.09; H, 6.83. Found: C, 65.84; H, 6.72. 

IR: 2958,2835,1729,1692,1448,1049 cm-'. 

I H NMR (300 MHz, CDCb) 6: 1.27 (s, 3H, R-CE), 2.50 (m, 2H, H-5), 2.39 (d, J = 9.4 

HZ, IHy H-8b), 2.85 (m, lH, H-2a), 2.91 (m, lH, H-3), 3.09 (q, J = 3.5 Hz, lH, H-4), 3.19 

(s, 3H, R-OC&), 3.84 (dd, J = 3 .O, 9.2 Hz, 1 H, H-S), 4.07 (t, 1 = 8.7 HZ, 1 H, H-2), 5.90 

(d, J = 10.2 HZ, lH, H-7), 6.52 (d, J = 10.2 HZ, lH, H-6). 

13 C NMR (75 MHz, CDCI3) 6: 30.4 (R-CH3), 34.5 (C-Sa), 36.6, 37.2 (C-2% C-S), 50.8, 

51 .O, 51.6, 52.6 ( R - O m ,  C-3, C-4, C-8b), 69.6 (C-2), 102.5 (C-8a), 125.9 (C-7), 158.7 

(C-6), 190.7 (C-8). 

Anal Calc. for C, 66.09; Hy 6.83. Found: C, 65.86; H, 6.67. 



Synthesis of 2,3-Epory-5a,8,1l-tnmethoxy-12b-methyl-2 JJP,4,5a,6,12b,l2c- 

octahydro-lH-benzo[6,7]phetlanthro[lO,l-bc]furan-6-one (178) 

Sodium metai (380 mg) was added to methanol (30 mL) and the resulting mixture 

was stirred until gas evolution had ceased and no more solids were visible, at which time 

it was added to a solution of bridged adduct 179 (390 mg, 0.94 mmol) in methanol (130 

mL). After ovemight reflux, the solvent was removed under reduced pressure, and the 

remaining solids partitioned between HCl (1 M) and CH2C12. n i e  aqueous layer was 

extracted with CH2Cl2 and the combined organic layers were dried (Na2S04), filtered and 

concentrated to give, afier column chromatography (30% EtOAc in hexane), epoxide 180 

as a greenish-yellow solid (351 mg, 0.89 mmol, 94%). 

mp: 208-2 10°C. 

IR: 2937,1705,1469,1269,1088,1049,734 cm-'. 

1 H NMR (200 MHz, CDC13) 8: 1.76 (s, R-CE; partially overlapping H-1), 1.80 (dd, J = 

2.0, 16.0 Hz, H-1), 1.99 (br d, J = 16.0 H z ,  lH, H-1), 2.63 (d, J = 8.4 Hz, lH, H-12c), 

3.08 (d, J = 4.2 Hz, lH, H-3), 3.18 (s, R-OC&; overlapping H-3% H-2), 3.93 (s, 3H, Ar- 

OC&), 3.96 (s, 3H, Ar-OC&), 4.02 (dd, J = 1.3,9.1 Hz, lH, H-4), 4.18 (dd, J = 5.8,g.l 

HZ, lH, H-4), 6.69, 6.80 (d, J = 8.4 HZ, lH, H-9, H-101, 8.18 (s, lH, H-12), 8.68 (s, lH, 

H-7). 



'% NMR (75 MHz, CDCls) 6: 27.4 (P-CH3), 34.8 (C-12b), 36.8 (C-3a), 38.0 (C-1), 

50.0, 52.4, 52.7, 53.3 (R-Oc&, C-2, C-3, C-12c), 55.6, 55.7 (Ar- 0CH3), 70.6 (C-4), 

103.8, 106.3 (C-9, C-IO), 104.5 (C-5a), 117.9, 123.2 (C-7, C-12), 124.6, 128.3, 131.2, 

145.9 (C-6% C-7% C-1 1 a, C-12a), 149.1, 150.5 (C-8, C-1 1), 192.9 (C-6). 

Anal. Cdc. for C23H2406: C. 69.68; H, 6.10; Found C, 69.56; H, 6.04. 

Synthesis of 2~,7,12-Diepoxy-5a,8,1l-t~methoay-12b-methyl-2~~a,4,5a,6,6a,7,12, 

l2a,l2b,l2c-dodecahydro-lH-benzo[6,7]phenan thro[lO,l-bcl furan-6-one (179) 

A solution of crude epoxide 176 (425 mg, 1.80 mmol) and isobenzofuran 78 (320 

mg, 1.80 mmol) in toluene (15 mL) was refluxed for 12 hours, after which the solvent 

was removed under reduced pressure and the crude material purified by colurnn 

chromatography (30% EtOAc in hexane) to give 179 as a white crystalline solid (468 mg, 

1.1 3 mmol, 63% yield). 

4 
179 

OMe O 

mp: 128-132OC. 

IR: 2944,1739,1501,1463, 1261,1078,735 cm-'. 

1 H NMR (300 MAz, C&6,34O K) 6: 0.94 (s, 3H9 R-CE), 1-19 (dd, J = 2.2, 15.5 HZ, 

1Hy H-1), 1.97 (dd, J = 5.9, 15.5 Hz, lH, H-1), 2.20 (d, J = 9.6 Hz, lH, H-12a), 2.22 (d, J 

=9.8 HZ, lHy H-12c),2.31 (d, J=3.9Hz, lH, H-3), 2.67 (q, J=9.1 Hz, lH, H-3a), 2.89 

(d, J = 9.6 Hz, 1H7 K-6a), 3.12 (t, J = 8.7 Hz, lH, HA), 3.38,3.40, 3.46 (s, R-OC&, Ar- 



oc&; overlapphg H-2), 3.76 (t, J = 8.9 Hz, 1 H, H-4), 5.43 (s, lH, H-12), 6.3 1 (s, 1 H, 

H-7), 6.43 (s, 2H, H-9, E-10). 

Anal. Cdc. for C~H2607: C, 66.65; H, 6.32; Found C, 66.56; M, 6.04. 

Synthesis of 2$-a-Epoxy-5a,8,1l-trimethory-12b-methyl-2~~a,4,Sa,6,12b,l2~- 

octahydro-1H-benzo[6,7 J pheartnthro[lO,l-bc]fran6one (181) 

To a solution of MgAl (2 M in hexane, 10 mL, 20.0 mmol) in CH2CI2 (10 mL) 

was added pyrrolidine (1.46 g, 20.5 mmol) and the resulting solution was stirred for 30 

min., after which a solution of epoxide 178 (205 mg, 0.52 mmol) in CH2C12 (10 mL) was 

also added. The reaction mixture was stirred at room temperature for 36 h and quenched 

with saturated N a C l  solution. The aqueous layer was extracted with CH2C12 and the 

combined organic phases were dried (MgS04), filtered and concentrated under reduced 

pressure. Flash chromatography (30% EtOAc in hexane) gave starting matenal 178 (170 

mg, 0.43 m o l ,  83% yield) and inverted epoxide 181 (19 mg, 0.05 mmol, 9% yield). 

These results are not typical, and could only be reproduced when reagent fiom one 

particular old bottle of trimethylaluminum was used. For more information see Chapter 4. 

OMe O 

mp: 88OC (dec. without melting). 

IR: 2958, 1702,1628,1596,1467,1333,1268 cm". 



1 H NMR (250 MHz, CDC13) 6: 1.54 (s, 3H, R-CE), 1.94 (m, 2H, H-1), 2.63 (d, J = 9.4 

Hz, 1H, H-12c), 3 .O2 (m, 1 H, H-3a), 3.27 (s, 4H, R-OC&, overlapping H-2), 3.94, 3.97 

(s, 7H, &-OC&, overlapping H-3), 4.13 (dd, J = 3.3, 8.5 Hz, 1 H, H4),  4.22 (dd, J = 6.9, 

lHy 8.5 Hz, H4) ,  6.69, 6.80 (d, 2H, J = 8-4 HZ, H-9, H-IO), 8.17 (s, lH, H-12), 8.72 (s, 

1 H, H-7). 

13 C NMR (63 MHz, CDC13) 5: 28.9 @-CH3), 34.6 (C-12b), 35.6 (C-12c), 37.7 (C-1), 

50.4, 50.7,52.8,55.6,55.7,55.8 (R-0cH3, Ar-0cH3, C-2, C-3, C-3a), 70.6 (C-4), 103.7, 

106.1 (C-9, C-IO), 104.8 (C-5a), 117.4, 123.3 (C-7, C-12), 124.7, 128.3, 131.2 (C-6% C- 

7% C-l la), 144.7, 149.0, 150.6 (C-8, C-l l, C-12a), 192.3 (C-6). 

Anal. Cdc. for CUH2406: C,  69.68; H, 6.10. Found: C, 69.68; H, 5.94. 

Synthesis of 22-Epoxy-$,Il-dimetboxy-12 b-methyL2,3,3a,4,6,12 b-hexahydro-IH- 

benzo[6,7]phenanthro[lO,l-bcjfuran-6-one (183) 

To a cooled (O°C) solution of epoxide 178 (100 mg, 0.25 mrnol) in CHzClz (10 

mL) was added TFA (1 mL) and the resulting solution was stirred for 2 h. After 

quenching with saturated aqueous Na2C@, the phases were separated and the aqueous 

layer was extracted with CH2CI2. The combined organic phases were dned (Na2S04), 

filtered and concentrated under reduced pressure to a iight brown oil. Column 

chromatography (35% EtOAc in hexane) gave demethoxylated epoxide 183 as a bnght 

yellow solid (88 mg, 0.24 mmol, 96% yield). 



mp: 1 54OC (dec. without rnelting). 

IR: 2937,1668,1466,1398,1268,1091, 1063,726 cm-'. 

1 H NMR (300 MHz, CDCJ3) 6: 1.69 (s, 3H, R-CE), 1.87 (dd, J = 2.1, 15.3 Hz, 1 H, H- 

I), 2.98 (dd, J = 1.6, 15.3 Hz, lH, 11-l), 2.63 (d, J = 8.4 Hz, 1H, H-12c), 3.21 (d, J = 3.5 

Hz, 1Hy H-3), 3.33 (m, lHy H-2), 3.90 (t, J = 1 1.2 Hz, 1 H, H-3a) 3.95 (s, 3H, Ar-OC&), 

3.98 (s, 3H, Ar-OCB), 4.32 (dd, J = 9.5, 11.0 Hz, lH,  H-4), 4.98 (dd, J = 9.5, 11.3 Hz, 

1Hy H4)y 6.68, 6.79 (d, J = 8.4 HZ lHy H-9, H-1 O), 8.32 (s, lHy H-12), 9.17 (s, lH, H-7). 

13 C NMR (75 MHz, CDC13) 8: 27.6 (%CH3), 36.5 (C-12b), 39.2 (C-1), 40.6 (C-3a), 

54.4 55.6, 55.7, 55.8 (Ar- 0cH3,  C-2, C-3), 72.9 (C-4), 103.2, 105.8 (C-9, C-IO), 119.5, 

122.9 (C-7, C-12), 124.7, 127.8, 128.8, 137.3 (C-6% C-7% C-l la, C-12a), 146.4, 147.5, 

148.6 (C-8, C-1 1, C-12c), 150.6 (C-5a), 176.1 (C-6). 

HRMS (Er) m/z: Required for C2zHzo05: 364.13 10; Found: 364.1295 

General procedure for the synthesis of 8,11-Dimethoxy-12b-methyl-2-trialkylsi~ 

2,4,6,12b-tetrahydro-1H-benzo[6,7]phenanthro[lO,l-c]futan-oes (184) 

To a solution of epoxide 183 (1 30 mg, 0.36 mmol) in benzene (8 mL) and CH2Cl2 

(2 mL) were added DBU (0.3 mL) and TMSOTf (150 @). The resulting solution was 

stirred for 24 h at room temperature, d e r  which it was diluted with CH2C12, washed with 

dilute HCl (0.1 M), dried (MgS04), filtered and concentrated under reduced pressure to 



give crude silyl ether 184a as a yellow oil. The sarne procedure was followed in the 

synthesis of 184b, and al1 attempts to puri@ these compounds by flash chromatography 

led only to desilylation and subsequent dehydration to give pentacycle 82. 

OTMS 
1 

1 H NMR (250 MHz, CDCU 6: 0.23 (s,  9H, R-Si(C&),), 1.68 (s, 3H, R-CE), 1.88 (dd, 

J = 4.7, 14.0 Hz, lH, H-l), 2.67 (br d, J = 14.0 Hz, lH, H-1), 3.96, 3.99 (s, 3H each, Ar- 

OC&), 4.66 (m, lH, H-2), 5.15 (m, 2H, H-4), 5.76(m, lH, H-3), 6.68, 6.80 (d, J =  8.3 

Hz, 1H each, H-9, H-IO), 8.22 (s, lH, H-12), 9.18 (s, lH, H-7). 

OTIPS 
1 

1 H NMR (300 MHz, CDC13) 6: 0.82-1 .O5 (m, 21H, R-CH(CI&)2), 1.69 (s, 3H, R-Cb), 

1.87 (dd, J = 4.7, 13.7 Hz, lH, H-1), 2.72 (br d, J = 13.7 Hz, lH, H-1), 3.95, 3.99 (s, 3H 

each, Ar-OC&), 4.72 (m, lHy H-2), 5.1 5 (m, 2H, H-4), 5.79 (m, lH, H-3), 6.67, 6.80 (d, 

J = 8.3 HG 1H each, H-9, H-IO), 8.21 (s, lH, H-12), 9.17 (s, lH, H-7). 



Synthesis of 2~-Epory-5a,8,1l-trimetho.wy-12b-methyl-2~~a,4,5a,6,12b,l2~- 

octahydro-1H-benzo [6,7]phennathro[lO,l-bclfuran-6-ol(185) 

To a cooled (O°C) solution of epoxide 178 (100 mg, 0.25 rnmol) in THF (IO mL) 

was added sodium bis(2-methoxyethoxy)dunUlnum hydnde (Red-Al, 65% by weight in 

toluene, 400 pL, 270 mg, 1.34 rnmol) and the resulting mixture was allowed to warm up 

to room temperature while stimng overnight, after which it was diluted with EtOAc, 

washed with HCl (0.1 M), dried (MgS04), filtered and concenârated under reduced 

pressure. Flash chromatography (40% hexane in EtOAc) followed by crystallization fiom 

EtOAc gave alcohol 185 as colorless needles (57 mg, 0.14 rnmol, 57% yield). 

mp: 1 84OC (dec. without melting). 

IR: 3472,2940,1603,1464,1266,1087 cm-'. 

I H NMR (300 MHz, CDCI3) 6: 1 -74 (s, 3H, R-CE), 1 -94 (dd, J = 2.2, 16.3 Hz, 1 H, H- 

l), 2.16 (dd, J = 2.8, 16.3 HZ, lH, H-l), 2.46 (d, J = 9.2 Hz, lH, H-12~), 3.03 (d, J = 9.2 

Hz, 2H, H-3, overlapping H3a), 3.06 (m, H-3a), 3.25 (s, 3H, R-OC&), 3.33 (m, lH, H- 

z), 3.95 (s, 3H, AI-OC&), 3.97 (s, 3H, &-OC&), 4.03 (dd, J = 2.2, 9.3 HZ, lH, H4), 

4.27 (dd, : = 6.7, 9.3 HZ, lH, H-4), 5.00 (d, J = 1.0 HZ, 1H, H-6), 6.69 (s, 2H, H-9, H- 

IO), 8.13 (s, lH, H-12), 8.41 (d, J = 1.0 Hz, lH, H-7). 

13 C NMR (75 MHz, CDC13) 6: 31.1 (&CH3), 35.8 (C-12b), 36.2 (C-1), 37.8 (C-3a), 

49.5, 50.0, 53.0, 54.0 (R-0cH3, C-2, C-3, C-12c), 55,8 [Ar-0cH3), 72.5 ((2-9, 73.4 (C- 



6), 103.3, 103.5 (C-9, C-IO), 109.9 (C-Sa), 117.3, 119.3 (C-7, C-12), 125.1, 125.9, 135.1, 

142.3 (C-6% C-7% C-1 1 a, C-12a), 149.4, 149.7 (C-8, C-1 1). 

HRMS (EL) W z :  Required for C23H2606: 398.1729; Found: 398-1737. 

Synthesis of 2~-Epolry-8,1l-dimethoxy-12b-methyl-25Jn,4,5a,6,12b,12c-octahydro- 

1H-beazo[6,7]phenanthro[l0,l-bc]furan-6-01(186) 

To a cooled (O°C) solution of epoxide 183 (50 mg, 0.14 rnmol) in THF (10 mL) 

was added lithium txiethylborohydride (Super HydrideB, 1 M in THF, 0.5 mL, 0.50 

rnmol) and the resulting mixture was allowed to wann up to room temperature while 

stimng ovemight, after which it was diluted with EtOAc, washed with NaOH solution (1 

M), dried (MgS04), filtered and concentrated under reduced pressure. Flash 

chromatography (20% hexane in EtOAc) gave 186 as a brown solid of acceptable punty 

(42 mg, 0.1 1 mmol, 79% yield). 

OMe OH 

'A NMR (300 MHz, CDC13) 6: 1.63 (s, 3H, ROC&), 1.73 (dd, J = 2.1, 15.2 Hz, lH, H- 

l), 2.26 (br d, J = 6.5 HG lH, R - m ,  2.80 (dd, J = 1.4, 15.2 Hz, lHy H-l), 3.08 (ci, J = 

3.6 Hz, 1Hy H-2), 3.25 (br s, lH, H-3), 3.71 (t, J = 10.7 Hz, lH, H-3), 3.95 (s, 3H, Ar- 

OC&), 3.98 (s, 3H, &-OC&), 4.22 (dd, J = 9.3, 10.4 Hz, lH, HA), 4.88 (dd, J = 9.3, 

10.9 lH, HA), 5.37 (br d, J = 6.5 Hz, 1H, H-6), 6.64 (d, J = 8.3 Hz, lH, H-IO), 6.68 

(d, J =  8.3 HG 1H, H-9), 8.22 (s, lH, H-12), 8.43 (d, J = 1.0 Hz, lH, H-7). 



'Ic NMR (75 MHz, CDC13) 8: 28.3 (R-CH3), 35.4 (C-12b), 39.4 (C-3a), 40.1 (C-1), 

54.7 (C-3), 55.6 (Ar-OCFIS), 55.7 (C-2), 63.4 (C-6), 72.9 (C-4), 102.6, 103.2 (C-9, C-IO), 

114.1 (C-12c), 119.2, 123.4 (C-7, C-12), 125.1, 126.1, 133.3, 142.9 (C-6a, C-7a, C-lla, 

C-12a), 148.3, 148.9, 149.3 (C-5% C-8, C-11). 

HRMS (EI) Required for CuHuOs: 366.1467; Found: 366.1465. 

Synthesis of 3-Hydroxyda,S,1l-trimetboxy-12b-methy1-2,3,3a,4,5a,6,12b,l2~- 

octahydro-1H-benzo(6,7] phenanthro[10,1-bc]furan-2,6-ione (187) 

To a solution of pentacycle 80 (1.02 g, 2.68 rnmol) in acetone (120 mL) were 

added HOAc (3 mL) and a solution of KMn04 (1.10 g, 6.96 m o l )  in water (40 mL). 

The resulting mixture was stirred at room temperature for 20 h, filtered through Celite 

and the organic solvent was removed under reduced pressure. The aqueous layer was 

made basic by addition of NaHC03 and was then extracted with CH2C12. The combined 

organic layers were dried (MgS04), filtered and concentrated under reduced pressure. 

Column chrornatography (30% EtOAc in hexane) gave ketol 187 (739 mg, 1.79 mmol, 

67% yield) as  a bright yellow soiid. 

O 

187 

OMe 

mp: 107-1 10°C. 

IR: 3468,2960,1724,1712,1628,1464,1091 cm-'. 



'H NMR (300 MHz, CDC13) 6: 1-57 (s, 3Hy R-CE), 2-41 (dd, J = 0.9, 15.5 HZ, 1 H, 

H-1), 2.8 1 (d, J = 15.5 Hz, 2H, H-1, overlapping H-3a), 3.92 (d, J= 8.3 Hz, 1 H, H-12c), 

3.39 (s, 4H, R-OC&, overlapping R-OH), 3.96 (s, 6H, Ar-OC&), 4.07 (dd, J = 3.1, 10.2 

Hz, 2H, H-3, overlapping H-4), 4.12 (dd, J = 4.3,9.1 Hz, H4), 4.24 (d, J = 9.1 Hz, H-4), 

6-74,6.83 (d, J = 8.4 HZ, 2H, H-9, H-10)- 8.08 (s, lHy H-12), 8.76 (s, lHy H-7). 

13c NMR (75 MHz, CDC13) 6: 29.5 @-CH3), 40.4 (C-12b), 48.7, 50.7, 51.2 (C-3a, C- 

1 2 ~ ,  R-ocH3), 55.7, 55.8 (Ar-0cH3), 56.7 (C-l), 70.6 (CA), 73.6 (C-3), 101.4 (C-Sa), 

104.2, 106.6 (C-9, C-IO), 110.6, 124.0 (C-7, C-12), 124.9 (C-6a), 128.4, 131.1 (C-7% C- 

l la), 142.4, 149.0, 150.5 (C-8, C-l l, C12a), 194.1 (C-6), 209.1 (C-2). 

Anal. Cak. for C23H2407: C, 66.98; H, 5.87. Found: C, 66.78; H, 6.07. 

Synthesis of 3-Hydroxy-Sa,8,1l-t~methony-12b-methy1-2,4,5a,6,12b,l2c-hexahydro- 

lSbenzo[6,7] phenan th ro [10,1-bclfuran-2,6 (189) 

To a solution of hydroxyketone 187 (lOOmgy 0.24 mmol) in EtOH (8 mL) was added a 

solution of KCN (60 mg, 0.92 mrnol) in water (3 mL). The reaction mixture was refiuxed 

for 0.5 h, stirred at room temperature overnight and finally diluted with CH2C12. The 

resulting solution was washed with dilute Na2C03, and the organic phase was dried 

(MgS04), filtered and concentrated under vacuum to give cmde 189 as a brown oily solid 

(97 mg, 0.24 mrnol, 98% yield), which was not M e r  purified. 

O 



IR: 3402,2925,1673,1626,1465,1382,1264,1092 cm-'. 

I H NMR (300 MHz,  CDC13) 6: 1.55 (s, 3H, R-Ca) ,  2.80 (d, J = 16.7 Wz, lH, H-1), 3.57 

(d, J = 16.7 Hz, lH, H-1), 3.64 (t, J= 2.6 Hz, lH, H-12c), 3.71 (s, 3H, RIOCE&), 3.94 (s, 

6H, Ar-OC&), 4.51 (dd, J = 2.8, 15.6 HZ, lH, H-4), 4.73 (dd, J = 2.5, 15.6 Hz, lH, H-4), 

5.84 (br s, R-OB, 6.68, 6.79 (d, J = 8.4 Hz, 2H, H-9, H-IO), 8.06 (s, lH, H-12), 8.98 (s, 

1 H, H-7). 

13 C NMR (63 MHz, CDC13) 6: 32.2 (R-CH3), 41.4 (C-lSb), 47.8 (C-1), 52.4, 53.7 (C- 

12c, R-0CH3), 55.7, 55.8 (Ar-0CH3), 66.0 (C-4), 102.5 (C-5a), 103.9, 107.1 (C-9, C-IO), 

118.9, 126.0 (C-7, C-12), 125.0 (C-3a), 128.2, 128.6, 128.8 (C-6% C-7% C-lla), 140.2, 

140.3 (C-8, C-II), 148.6, 150.8 (C-3, C-12a), 192.0, 192.6 (C-2, C-6). 

Synthesis o f  1 2 , 1 4 - D i h y d r o x y - S , 8 , 1 8 - t r i m e t h o x y - l - ~ ~ 1 0  

[12.5.1.02*11.04~9.012*ia~O1s~19]icosa-2,4,6,8,10-pentaen-13-one (191) 

To a deoxygenated solution of hydroxyketone 187 (150 mg, 0.36 m o l )  in EtOH (10 

mL) was added an also deoxygenated solution of KCN (100 mg, 1.54 mmol) in water (5 

mL). The resulting solution was stirred for 0.5 h and then quenched (CAUTION: HCN 

formed, do it in the fumehood!) with deoxygenated dilute HCl (0.1 M). A strearn of Nz 

was then bubbled through the solution for 15 min (also in the fumehood), after which the 

reaction mixture was diluted with water and extracted with CH2C12. The combined 

organic phases were dried (MgS04), filtered and concentrated under reduced pressure to 

give a crude brown solid. Column chromatography (50% EtOAc in hexane) and 

crystallization fiom EtOAc (slow evaporation) gave compound 191 as shiny yellow 

crystals (86 mg, 57% yield). 



mp: 237-238OC. 

IR: 3480,2958,1722,1627,1602,1462,1336,1263 cm". 

'H NMR (300 MHz, CDCIflMSO-d6) 6: 1 -5 1 (à, J = 12.7 Hz, 1 H, H-20), 1 .7l (s, 3H, 

R-Ca), 2.12 (4 J = 12.7 HZ, lH, H-20), 2.69 (d, J = 6.3 Hz, 1H, H-19), 2.98 (s, 4H, 

R-OC&, overlapping H-15), 3.71, 3.74 (s, 7H, Ar-OC& overlapping H-16), 3.94 (dd, J 

= 4.5,9.4 HZ, lH, H-16), 6.46,6.51 (d J = 8.4 HZ, 2H, H-6, H-7), 7.85, 8.29 (s, 2H, H-3, 

H-1 O). 

13c NMR (75 MHz, CDCIJDMSO-d6) 

50.2, -51.5 (C-15, C-19, R-OW3), 55.0, 

(C-14), 86.2 (C-12), 102.7, 103.2 (C-6, 

124.5, 125.0, 132.5, 141.1 (C-2, C-4, C-9, C-1 1), 148.5, 149.0 (C-5, C-8), 207.5 (C13). 

HRMS (EI) 4 2 :  Required for CUH2407: 412-1522; Found: 412.1522- 

Synthesis of 3-Hydroxy-8,ll-dimethoxy-12b-methyl-2 JJa,4,6,12b-hexahydro-1H- 

benzo[6,7]phenanthro[lO,l-bcl funn -2,6-dione (192) 

To a solution of ketol 187 (100 mg, 0.24 rnmol) in CH2C12 (5 mL) was added 

TFA (5 mL) and the resulting solution was stirred at room temperature for 2 h, after 

which it was diluted with CH2C12, washed with satunited NaHC03 solution, dried 

(NarS04), filtered and concentrated under reduced pressure. Flash chromatography (30% 



EtOAc in hexane) gave demethoxylated product 192 as a yellow solid (87 mg, 0.23 

m o l ,  95% yield). 

mp: 144-!47'C. 

IR: 3472,2962,1722,1662,1626,1464,1268 cm". 

(d7 J = 13.1 Hz, 1H, H-l), 3-52 (dt, J= 5.7, 9.7 Hz, 1H, H-3a), 3.92 (s, 3H, Ar-OC&), 

3.95 (s, 3H,Ar-OC&),4.22(d, J=9.7Hz7 1H,H-3),4.73 (dd, Je5.7,  10.2 Hz, 2H,H-4, 

overlapping the other H-4), 4.83 (t, J = 9.8 Hz, H4) ,  6.65, 6.77 (d, J = 8.4 Hz, 2H, H-9, 

H-IO), 8.23 (s, lH, H-12), 9.1 1 (s, IH, H-7). 

'% NMR (75 MHz, CDC13) 8: 27.2 @-CH3), 40.1 (C-3a), 47.8 (C-12b), 52.6 (C-1), 

55.6, 55.7 (Ar-0cH3), 74.6 (C-4), 78.6 (C-3), 103.7, 106.3 (C-9, MO), 119.3, 123.5 (C- 

7, C-12), 124.9, 127.8, 128.8, 132.6 (C-6% C-7% C-l la, C-12a), 142.9 (C-12c), 148.5, 

148.7 (C-8, C-Il), 150.6 (C-5a), 176.3 (C-6), 206.6 (C-2). 

HRMS (EI) nJr: Required for C22H2()O6: 380.1260; Found: 380.1249. 

Syntbesis of 4-Hydroxy-8a-methoxy-5a-methyl-4,5,5a,8,8a,Sb-hexabydro-2H- 

na ph tho [l,8-bc] furan-8-one (193) 

A solution of n a p h t h o h o n e  7649 (1.40 g, 6.36 mmol) and a catalytic arnount of 

! Rose Bengal in MeCN (10 rnL) was irradiateci with a 600 W tungsten lamp for 5 h, 



during which a stream of oxygen was constantly bubbled through the liquid. The fomed 

hydroperoxide was quenched by the addition of Me2S (5 mL) and the solvents were 

removed under reduced pressure to give a red oil, which was purified to colorless crystals 

(1 -00 g, 4.24 mmol, 67% yield) by column chromatography (30% EtOAc in hexane). 

"*Q0 1.3 

O OMe 
1 

IR: 3436,2932,1680,1459,1240,1026 cm-'. 

'H NMR (250 MHz, CDC13) 6: 1.35 (s, 3H, R-CE), 1.53 (dd, J = 10.5, 13.0 HZ, lH, H- 

5), 2.13 (dd, J = 5.6, 13.0 Hz, lH, H-5), 2.89 (m, lH, H-8b), 3.42 (s, 3H, R-OC&), 4.14 

(m, ZH, H-4, overlapping H-2), 4.18 (dm, J = 12.4 Hz, H-2), 4.55 (dm, J = 12.4 Hz, lH, 

H-2), 5.57 (br s, lH, H-3), 5.87 (d, J = 10.2 HZ, 1H, H-7), 6.54 (dd, J = 1.6, 10.2 Hz, lH, 

H-6). 

' 3 ~  NMR (63 MHz, CDCb) 6: 27.9 (R-CH3), 37.6 (C-5a), 45.4 (C-S), 50.4, 51.9 (R- 

oc&, C-8b), 66.2 (C-4), 67.8 (C-2), 101.2 (C-8a), 123.1, 126.4 (C-3, C-7), 137.3 (C-2a), 

154.4 (C-6), 193.1 (C-8). 

Anal. Caic. for Ci3HI6o4: C, 66.09; H, 6.83. Found: C, 65.91; H, 6.84. 

Synthesis of 8a-Methory-5a-methyl-4,5,5a,8,8a,8b-bexahdro-2H-aphtho[1,8- 

bc] furan-4,s-dione (194) 

A solution of naphthofhumne 7G4' (353 mg, 1.60 mmol) and a catalytic amount 

of TPP in CC4 (5 mL) was irradiateci with a 600 W tungsten lamp for 5 h, during which a 

strearn of oxygen was constandy bubbled through the liquid. The formed hydroperoxide 



was quenched by the addition of Me2S (5 mL) and the solvents were removed under 

reduced pressure. Colunin chromatography (30% EtOAc in hexane) gave diketone 194 as 

yellow crystats (274 mg, 1.17 mmol, 73% yield). Such results are not reproducible, and 

are believed to be due to a contamination of the solvent by a base. 

mp: 140-142°C. 

IR: 2968,1684,1668,1460, 1257,1028 cm-'. 

1 H NMR (250 MHz, CDCl3) 6: 1.46 (s, 3H, R-Cb), 2.55 (s, 2H, H-5), 3.31 (m, lH, H- 

8b), 3.52 (s, 3H, R-OC&), 4.38 (dt, J = 2.0, 16.4 HZ, lH,  H-2), 4.81 (dt, J = 1.7, 16.4 Hz, 

lH, M-2), 5.96 (m, 2H, H-3, overlapping H-7), 5.97 (d, J = 10.3 Hz, H-7), 6.57 (dd, J = 

1.4, 10.3 HZ, 1 H, H-6). 

I3c NMR (63 MHz, CDC13) 6: 28.2 @-CH3), 39.5 (C-Sa), 49.8 (C-5), 52.4, 52.5 (R- 

0- C-8b), 67.8 (C-2), 101.6 (C-8a), 122.5, 127.2 (C-3, C-7), 154.5 (C-6), 161.3 (C- 

2a), 19 l .7, 195.6 (C-4, C-8). 

HRMS (EI) d z :  Required for Cl 3H 234.0892; Found: 234.0893. 

Synthesis of 2a J-Eporry-4-hydroxy-8a-methoxy-5a-methyl-2a~,4,5,5a,8,8a,8b- 

octahydro-2H-naphtho[1,8-bc]furan-8-one (196) 

To a solution of allylic alcohol 193 (150 mg, 0.64 mmol) in CH2C12 (1 0 mL) was 

added m-CPBA (300 mg, 57-86%), m d  the resulting solution was stirred for 6 h. The 

reaction mixture was then washed with saturated solutions of Na2S203 and Na2CO3, and 



the combined aqueous phases were extracted with CH2C12. The combined organic layers 

were dried over Na2S04, filtered and the solvent was removed under reduced pressure to 

give, d e r  column chromatography (30% EtOAc in hexane), epoxide 196 as a colorless 

solid (126 mg, 0.50 mmol, 78% yield). 

" O r n o  196 

O OMe 

mp: 1 34-13S°C. 

IR: 3454,2945,1686,1459,1247,1033,848 cm-'. 

1 H NMR (300 MHz, CDC13) 6: 1.27 (s, 3H, R-CI&+), 1.59 (dd, J = 1 1.7, 1 3.2 HZ, 1 H, H- 

S), 1.75 (dd, J = 5.4, 13.2 Hz, lHy H-5), 1.91 (br s, R-OH), 2.65 (br s, lH, H-8b), 3.28 (br 

s, lH,H-3),3.46 (s, 3H,R-OC&), 3.78 (d, J =  10.8 Hz, lH,H-2),3.89 (m, lH, H-4), 

4.05 (d, J = 10.8 Hz, 1H, H-2), 6.05 (d, J = 10.3 HZ, IH, H-7), 6.52 (dd, J =2.0, 10.3 Hz, 

1 H, H-6). 

13 C NMR (75.5 MHz, CDC13) 8: 28.5 (R-CH3), 36.8 (C-Sa), 39.0 (C-5), 48.9 (R-0CH3), 

52.0 (C-3), 59.6 (C-Sb), 66.3 (C-4), 66.6 (C-2), 67.1 (C-2a), 101.4 (C-8a), 126.9 (C-7), 

156.1 (C-6), 192.5 (C-8). 

Anal. Caic. for C13H16o5: C ,  61 -90; H, 6.39. Found: C,  62.20; H, 6.22. 

Syn thesis of 2a~-Epory-4-acetory-8a-methory-5a-methyl-2a~,4,5,5a,8,8a,8b- 

octahydro-2H-naphtho[1,8-bc]furan-8-one (197) 

To a solution of allylic acetate 199 (100 mg, 0.36 mmol) in CH2C12 (10 mL) was 

added m-CPBA (600 mg, 57-86%), and the resulting solution was shed for 96 h. The 



reaction mixture was then washed with saturated solutions of NazS203 and Na2C03, and 

the combined aqueous phases were extracted with CH2C12. The combined organic layers 

were dried over Na2S04, filtered and the solvent was removed under reduced pressure to 

give, d e r  column chromatography (30% EtOAc in hexane), epoxide 197 as a colorless 

solid (1 O6 mg, quantitative yield). 

mp: 70-74OC. 

IR: 2940,1738, 1691,1456,1374,1240, 1034 cm-'. 

'H NMR (300 MHz, CDQ) 8: 1.26 (d, J = 10.3 Hz, 4H, H-5, overlapping R-CE), 1.28 

(s, R-CB), 1.73 (d, J = 10.3 Hz, 4H, H-5), 1.73 (s, 3H, R-CO C h ) ,  2.68 (br s, 1 H, H- 

8b),3.30(brs, IH, H-3),3.46(s, 3H, R-OC&),3.77 (d,J= 11.2 Hz, lH, H-2),4.04(ci, J 

= 11.2 HZ, lH, H-S), 4.99 (m, lH, H-4), 6.08 (d, J = 10.0 Hz, lH, H-7), 6.57 (dd, J = 1.3, 

10.0 HZ, lH, H-6). 

"C NMR (75.5 MHz, CDC13) 6: 21.0 (R-COCH3), 28.5 @-CH3), 34.8 (C-S), 36.5 (C- 

Sa), 49.0 (R-O-), 52.1, 56.7 (C-3, C-8b), 66.0 (C-2a), 66.5 (C-2), 68.6 (C-4), 101 -3 

(C-Sa), 127.3 (C-7), 155.6 (C-6), 170.6 (R-OCH,), 192.5 (C-8). 

HRMS (Er) m/z: Required for CI5HIsO6: 294.1 103; Found: 294.10%. 



Synthesis of 2a~-Epony-4,8a-dimetho~-Sa-methy1-2a~,4,S,Sa,8,8a,8b-o~tahydro- 

2H-naphtho[l,8-bc]fumn-8-0ne (198) 

To a solution of methyl ether 200 (40 mg, 0.16 m o l )  in CHzC12 (10 mL) was 

added m-CPBA (100 mg, 57-86%), and the resulting solution was stirred for 72 h. The 

reaction mixture was then washed with saturated solutions of Na2S203 and Na2C03, and 

the combined aqueous phases were extracted with CH2C12. The combined organic layers 

were dried (Na2S04), filtered and the solvent was removed under reduced pressure to 

give, afler column chromatography (30% EtOAc in hexane), epoxide 198 as a slightly 

yellow oil(35 mg, 0.13 m o l ,  8 1 % yield). 

Meo@o 2 O OMe 198 

IR: 2632,1689,1456,1246,1103,1037,843 cm-'. 

'H NMR (300 MHz, CDC13) 6: 1.27 (s, 3H, R-CI&), 1.66 (rn, 2H, H-5), 2.66 @r s, lH, 

H-8b), 3.32 (br s, lH, H-3), 3.42 (s, 3H, R-OC&), 3.45 (s, 3H, R-OC&), 3.47 (m, lH, 

H4), 3-77 (d, J = 10.9 HZ, lHy H-2), 4.04 (d, J = 10.9 HZ, 1 H, H-2), 6-03 (d, J = 10.3 Hz, 

lH, H-7), 6.50 (dd, J = 1.3, 10.3 HZ, lH, H-6). 

'% NMR (75.5 MHz, CDC13) 6: 28.7 (R-CH3), 35.3 (C-S), 36.4 (C-5a), 48.9, 51.9 (R- 

oc&), 56.4,56.7 (C-3, C-8b), 65.7 (C-2a), 66.7 (C-2), 74.5 (C-4), 101.4 (C-8a), 126.8 

(C-7), 156.2 (C-6), 192.5 (C-8). 



Synt hesis of 4-Acetoxy-Sa-methoxy-5a-me thyl-4,S,Sa,S,8a98b-hexahydro-2H- 

naphtho[l,8-bc]furan-8-one (199) 

To a solution of dlylic alcohol 193 (700 mg, 2.97 mmol) in pyridine (2 mL) were 

added acetic anhydride (2 mL) and a catalytic amount of DMAP. After stïrring overnight, 

the reaction mixture was partitioned between dilute HCl (1 M) and CH2CI2, the phases 

were separated and the aqueous layer was extracted with CH2Clt. The combined organic 

layers were dried (wS04), filtered and concentrated under reduced pressure. Column 

chromatography (30% EtOAc in hexane) gave acetate 199 as a light yellow oil (803 mg, 

2.89 mmol, 97% yield). 

IR: 2944,1736,1688,1460,1374,1239,1025 cm-'. 

1 H NMR (250 MHz, CDCl3) 5: 1.3 8 (s, 3H, R-CE), 1.63 (dd J = 10.6, 13.0 Hz, lH, H- 

5), 2.07 (s, 3Hy R-OzCC&)y 2.23 (ddd, J = 0.8, 5.9, 13.0 Hz, lH, H-S), 2.96 (m, lH, H- 

8b), 3.47 (s, 3H, R-OC&), 4.23 (dm, J = 12.7 Hz, H-2), 4.60 (dm, J = 12.7 Hz, 1 H, H-2), 

5.20 (m, lH, H-4), 5.55 (br s, lH, H-3), 5.93 (d, J = 10.2 Hz, lH, H-7), 6.61 (dd J = 1.7, 

10.2 HZ, lH, H-6). 

I3c NMR (75 m, CDCU 6: 21.1 (R-02CcH3), 28.2 (WH3), 37.4 (C-Sa), 41.1 (C-5), 

50.6 (C-8b), 52.0 (R-OCHI), 67.8 (C-2), 68.8 (C-4), 1 01.2 (C-8a), 1 19.1 (C-3), 126.7 (C- 

7), 139.4 (C-2a), 153.8 (C-6), 170.5 (R-0&CH3), 192.7 (C-8). 

HRMS (EI) m4: Required for CI *OS: 278.1 1 54; Fouad: 278.1 126. 



Synthesis of 4,8a-Dimethory-5a-methyl-4,5,5a,8,8a,8b-hexahydro-~-naphtho[l,8- 

bclfuran-8-one (200) 

To a solution of alcohol 193 (150 mg, 0.64 mmol) in a mixture of THF (5 mL), 

HMPA (1 mL) and Me1 (2 mL) was added KH (1.00 g of a 35% w/w suspension in 

mineral oil, 0.35 g, 8.75 rnmol), and the resulting mixture was stirred at room 

temperature overnight. The reaction was partitioned between Et20 and water and the 

aqueous layer was M e r  extracted with EtzO. The combined organic phases were dried 

(Na2S04), filtered and concentrated under reduced pressure. Flash chromatogmphy gave 

methyl ether 200 as an oily colorless solid (98 mg, 0.39 m o l ,  61% yield). 

IR: 2935,1682,1461,1366,1086, 1030 cm*'. 

1 H NMR (300 MHz, CDCIj) 6: 1.3 L (s, 3H, Ar-C&), 1.47, (dd, J = 10.7, 13.2 HZ, 1 H, 

H-5), 2.10 (dd, J = 5.9,13.2 Hz, lH, H-S), 2.85 (m, lH, H-8b), 3.31.3-39 (s, 6H, 

&-OC&, R-OC&), 3.66 (m, lH, H-4), 4.14 (dq, J =  1.5, 12.2 Hz, lH, H-2), 4.51 (dq, J 

= 2.1, 12.2 Hz, lH, H-2), 5.60 (br s, 1H, H-3), 5.82 (d, J = 10.3 Hz, lH, H-7), 6.49 (dd, J 

= 1.5, 10.3 HZ, lH, H-6). 

13 C NMR (75.5 MHz, CDCIù 6: 27.9 (R-CH3), 37.2 (C-5a), 41.7 (C-5), 50.4,s 1.8,55.8 

(R-OcH3, C-8b), 67.8 (C-2), 74.6 (C-4), 1 01.1 (C-Sa), 120.1, 126.3 (C-3, C-7), 137.7 (C- 

Za), l 54.2 (C-6), 192.9 (C-8). 

Anal. Cdc. for C14H1804: C, 67.18; H, 7.25. Found: C, 67.02; H, 7.04. 



Synthesis of 8a-Methorry-5~-methyI-3-phenylthio-2a,5,5a,8,8a,8b-hexahydr0-2H- 

naphtho[l,8-bc] furan-&one (203) 

To a cooled (O°C) solution of methylguaicol 75 (100 mg, 0.72 mmol), 3- 

phenylthio-penta-2,4-dien-lsl(2Olb) (500 mg, 2.60 mmol) and BHT (1 crystal, aprox. 2 

mg) in THF (15 rnL), was added @~is(trifluoroacetoxy)iodo]benzene (375 mg, 0.87 

mmol) and the resulting solution was stirred for 5 minutes, after which solid NaHCOa 

(1 50 mg, 1.79 mrnol) was also added. After the reaction mixture was allowed to warm up 

to room temperature and stK overnight, it was partitioned between water and ether. The 

aqueous phase was extracted twice more with ether and the combined organic layers were 

dried (MgS04) and filtered through a plug of silica gel. After removal of the solvent 

under reduced pressure, the resulting dark orange oil containing compounds ZOlb, 202 

and 203 was dissolved in 1,2,4-trimethylbenzene and reflwed for 2 days. Removal of the 

solvent under vacuum followed by flash chromatography (30% ether in hexane) gave 

naphthofiranone 203 as a light yellow oïl (86 mg, 0.26 mmol, 36% yield). 

OMe 
'0 

mp: 167-169OC. 

W: 2949,1738,1441,1217,1082,1030 cm-'. 

t H NMR (300 MHz, CDC13) 6: 2.03 (d, J = 1.5 Hz, 3H, R-CB), 2.32 (m, lHy H-3), 3.02 

(d, J = 6.8 Hz, lHy H-6), 3.21 (dd, J = 2.1,4.4 Hz, lH, H-3a), 3.52 (s, 3H, R-OC&), 4.01 

(dd, J = 3.2, 8.9 Hz lHy H-2), 4.06 (d, J = 8.9 'l& lH, H-2), 4.88 (d, J = 17.6 Hz, lHy R- 



CH=C&), 5.09 (d, J = 11.0 Hz, lH, R-CH=C&), 5.97 (dm, J = 6.8 Hz, lH, H-5), 6.06 

(dd, J = 1 1 .O, 1 7.6, 1 H, R-CH=CH2), 7.26-7.48 (m, SH, R-Sac6&). 

"C NMR (75 MHz, CDCL) 6: 2 1-4 (%CH3), 46.0 (C-31, 48.2 (C-3a), 5 1.5, 5 1.8 ((2-6, 

R-0cH3), 58.0 (C-8), 69.4 (C-2), 100.9 (C-7a), 114.9 (R-CH=cfi), 122.3 (C-5), 128.6, 

129.3, 136.6 (C-2',C-3',C-4'), 13 1 .O (C-17), 138.4 (R-cH=CH2), 138.8 (C-4), 199.2 (C- 

7)- 

Anal. Calc. for C,9H2003S: C, 69.48; H, 6.14. Found: C, 69.61; H, 6.1 1. 

IR: 2940,1691,1477,1439,1063,746 cm'. 

1 H NMR (300 MHz, CDCL) 6: 1.22 (s, 3H, R-CB), 1.95 (br d, J = 16.2 Hz, lH, H-5), 

2.14 (dd, J = 6.7, 16.2 Hz, IH, H-S), 2.57 (dd, J = 1.7, 9.3 Hz, lH, H-8b), 3.08 (m, lH, 

H-2a), 3.29 (s, 3H, R-OC&), 4.02 (dd, J = 7.5, 8.8 Hz, lH, H-2), 4.09 (dd, J = 3.4, 8.8 

HZ, lH, H-2), 6.94 (dd, J = 3.1,6.7 Hz, 1H, H-4), 6.05 (d, J = 10.1 HZ, lH, H-7), 6.76 (d, 

5 = 10.1 Hz, 1H, H-6), 7.25-7.40 (m, SH, R-SC6&). 

' 3 ~  NMR (75 MHz, CDC13) 6: 27.7 @CH3), 35.0 (C-Sa), 38.9, 40.8 (C-2% C-S), 50.2 

(R-H3), 54.4 (C-8b), 73.3 (C-2), 102.8 (C-8a), 127.1, 127.5, 127.6 (C-4, C-7, 

R-SG~HS), 129.2, 13 1.9 (R-Sc&Is), 133.0, 135.5 (C-1 ', C3),  158.5 (C-6), 190.5 (C-8). 

And. Calc. for Cl9HZ0O3S: C, 69.48; H, 6.14. Found: C, 69.30; H, 6.05. 



Synthesis of 7,l2-Epory-Sa,S,ll-trimethoxy-12b-methyl-3-pheny~thio-3a,4~a,6,6a,7, 

12,12a,12b,l2c-decahydro~beazo(6,7]phenanthro[lO,l-&cfun-6-oe (204) 

A solution of naphthofiuanone 203 (204 mg, 0.62 mmol) and isobenzofuran 78 

(250 mg, 1.40 mmol) in toluene (20 mL) was refluxed for 21 hours, d e r  which the 

solvent was removed under reduced pressure and the residue purified by flash 

chromatography (50% ether in hexane) to give adduct 204 as a white powder (295 mg, 

0.58 mmol, 94% yield). 

OMe O 

mp: 155-156°C. 

IR. 2942,1736,1500,1439, 1260, 1085 cm-'. 

1 H NMR (300 MHz, CDCIi) 6: Cornpound 11 is a fluxional molecule, and the proton 

NMR at room temperature consists of several very broad signals4 with a few diagnostic 

peaks: 1.59 (s, R-CE), 3.32 (s, R-OC&), 3.78 (s, Ar-OC&), 3.80 (s, Ar-OC&), 6.64, 

6.68 (both d, J = 9.0 Hz, H-9, H-1 O), 7.23-7.37 (m, 5H, R-SC6&). 

Anal. Cdc. for C29&006S: C, 68.75; H, 5.97. Found: C ,  68.68; H, 6.13. 

Synthesis of 5a,8,1l-Trimethoxy-12b-methyl-3-phenylthio-3P,,l2b,l2~- 

hexahydro-1H-benzo (6,7lpbenanthro[lO,l-bc]furan-O (205) 

A solution of adduct 204 (403 mg, 0.80 mmol) and NaOMe (4.00 g, 74 mol) in 

MeOH (100 mL) was reflwed for 3 h, after which the solvent was removed under 

reduced pressure and the residue partitioned between ether and dilute HCl (3 M). The 



organic phase was washed once with water and dned (MgS04). Removal of the solvent 

under reduced pressure and flash chromatography of the residue (35% EtOAc in hexane) 

gave the pentacycle 205 as a bright yellow solid (361 mg, 0.74 mmol, 93% yield). 

OMe 1- SPh 9. 205 
9 

OMe 
OMe O 

mp: 165-1 66OC. 

IR: 2938,1704,1628,1471, 1267,1090 cm-'. 

1 H NMR (300 MHz, CDC13) 6: 1.65 (s, 3H, R-Cl&), 2.02 (br dd, J = 6.4, 17.8 Hz, lH, 

H-1), 2.18 @r d, J = 17.8 Hz, lH, H-1), 2.79 (dci, J = 1.8, 8.4 H z ,  lH, H-12c), 3.07 (m, 

IHy H-3a), 3.20 (s, 3H, R-OC&), 3.95 (s, 3H, Ar-OCS), 3.98 (s, 3H, Ar-OC&), 4.05 

(dd, J = 6-13 8.8 HZ, lH, H 4 ) ,  4.39 (d, J = 8.8 I b y  1H, H4),  6.06 (dd J = 1.7, 6-4 HZ, 

1 H, H-2), 6.7 1, 6.82 (both d, J = 8.4 Hz, lH, 8 9 ,  H- 1 O), 7.24-7.44 (m, 5Hy R-SC&), 

8.22 (s, IH, H-12), 8.73 (s, 1H, H-7). 

13 C NMR (75 MHz, CDQ) 6: 24.6 (R-CH3), 35.4 (C-12b), 41.4,41.5 (C-3a, C-1), 49.9 

(R-Oc&), 55.5, 55.7, 55.8 (C-12c, Ar-0cH3), 71.7 (C-4), 103.8, 106.3 (C-9, C-IO), 

104.7 (C-Sa), 1 17.5, 123.4 (C-7, C-12), 124.8, 128.4 (C-7% C-1 la), 127.3 (C-2), 129.2, 

131.1, 131.3, 13 1.6, 132.7 (C-6% R-ScoH5), 133.6 (C-3), 145.0 (C-12a), 149.1, 150.7 (C- 

8, C-l l), 192.6 (C-6). 

And. Calc. for Cz9H28OsS: C, 71.29; H, 5.78. Found: C, 71.30; Hy 5.63. 



To a solution of compound 205 (153 mg, 0.3 1 rnrnol) in CH2C12 (10 rnL) was 

added T'FA (0.5 mL). The resulting solution was stirred for 15 min., after which the 

reaction mixture was diluted with CHzC12 and quenched with aqueous NaHCO:, solution. 

The organic layer was washed with water, dried (MgS04) and the solvent removed under 

reduced pressure to give pentacycle 206 as a bright yellow solid (138 mg, 0.30 mmol, 

97% yield) that was used without M e r  purification, 

1 f - w  
SPh 

1 7 Il 5 
OMe O 

mp: 202-204OC. 

IR: 2934,1664,1627,1464,1268,1091 cm-'. 

1 H NMR (300 MHz, CDCb) 6: 1.66 (s, 3H, R-CE), 2.36 (br d, J = 17.5 Hz, 1 R  H-1), 

3-06 (dd, J = 5-43 1 7.5 HZ, lHy H-l), 3 -97 (s, 3H9 Ar-OC&), 3 -99 (s, 3H, Ar-OCE), 4.07 

(m, lH, R3a), 4.33 (dd, J = 9.1, 10.6 Hz, lH, H-4), 4.67 (dd, J = 9.1, 10.2 Hz, lHy H-4), 

6.08 (m, lHy H-2), 6.70, 6.81 (both d, J = 8.4 Hz, 1Hy H-9, H-IO), 7.29-7.48 (m, 5H, R- 

SC&), 8.3 S (s, IH, H- 12), 9.22 (s, 1 H, H-7). 

NMR (75 MHz, CDC13) 6: 25.4 @CH3), 36.6 (C-12b), 43.6 (C-1), 44.2 (C-3a), 

55.6, 55.7 (Ar-0cH3), 75.3 (C-4), 103.3, 105.8 (C-9, C-IO), 119.3, 123.1 (C-7, C-12), 

124.8, 127.6, 129.7, 132.2 (C-l', C-3, C-7% C-1 la), 127.9 (C-2), 129.3, 129.6, 131.8 (C- 



2', C-3', C-47, 132.9, 139.2 (C-6% C-12a), 145.0, 146.9, 148.6, 150.7 (CA, C-8, C-11, 

C - 1 2 ~ ) ~  176.2 (C-6). 

Anal. Calc. for CZSH2404S: C, 73.66; H, 5.30. Found: C, 73.85; H, 5.50. 

Synthesis of 8,11-Dimethoxy-12b-methyl-3-phenylthiod,12b-dihydr0-1H- 

benzo[6,7]phenanthro[10,1-bc]furan-6-0ne (207) 

A solution of pentacycle 206 (108 mg, 0.24 mmol) and para-choranil (249 mg, 

1.01 mrnol) in xylenes was refluxed for 2 days, after which the solvent was removed 

under vacuum and the residue purified by flash chromatography (50% EtOAc in hexane) 

to give h-an 207 as a bright yellow oil(50 mg, 0.1 1 mmol, 46% yield). 

IR: 2932,1674,1625,1464,1433,1091,724 cm-'. 

1 H NMR (300 MHz, CDCI3) 6: 1.59 (s, 3H, R-CE), 2.79 (br d, I = 16.8 Hz, 1 H, H-1), 

3.27 (dd, J = 6.4, 16.8 Hz, lH, H-1), 3.97 (s, 3H, &-OC&), 3.98 (s, 3H, Ar-OC&), 6.34 

(m, 1 Hy H-2), 6.70,6.8 1 (buth d, J = 8.4 Hz, 1 H, H-9, H- 1 O), 7.20-7.44 (m, 6H, R-SC&, 

overlapping H-4), 8.24 (s, IH, H-12), 9.27 (s, lH, H-7). 

13c NMR (75 MHz, CDC13) 6: 32.2 @-CH3), 35.3, 37.5 (C-1, C-12b), 55.68, 55.70 (Ar- 

ocH3), 1 03.5, 1 O62 (C-9, c- 1 O), 1 18.4, 12 1.7, 124.2, 124.3, 124.8 (C-3q c-7, c-7% C- 

11% C-12), 127.2, 127.5, 128.7, 129.2, 130.2, 131.1, 131.8 (C-2, C-6% C-12a, R-SC6Hs), 



133.5 (C-3), 142.5 (C-4), 144.1, 144.9, 148.6, 1503 (C-5% C-8, C-11, C - 1 2 ~ ) ~  172.6 ((5- 

6)- 

HRMS (EI) 4: Required for Cz8Hu04S: 454.1239; Found: 454.1249. 
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APPENDIX - X-RAY CRYSTALLOGRAPHIC DATA 

Compound 155 



Table 1. Crystal data and structure rehement for M 5 m .  

Identification code rr965m 

Empirical formula C20 H22 04 

Formula weight 326.38 

Temperature 150(1) K 

Wavelength 0.71073 A 

CW-1 Srstem Monoclinic 

Spa= Poup 1 Yc 

Unit ce11 dimensions a = 13.3872(5) A 
b = 8.92 1 S(3) A 
c = 14.1 lO3(5) A 

Volume 1635.09(1 O) A3 

z 4 

Density (calculated) 1.326 ~ g / m ~  

Absorption coefficient 0.091 mm-' 

F(o'w 696 

Crystal size 0.43 x 0.28 x 0.20 mm3 

Theta range for data ccilledion 1.57 to 28-28". 

Index ranges - 17c=h<= 1 7, - 1 1 c=k<= 1 1, - 1 8<=1<= 1 8 

Reflections collected 17568 

Independent reflections 4059 Mit) = 0.0283 3 
Completeness to theta = 28-28" 100.0 % 

Absorption correction Sadabs 

Refïnement methocl Full-matrix least-squares on F2 

Data / restraints / parameters 4059 / O / 298 

Goodness-of-fit on F 2.1 17 

Final R indices U>2sigmaO] RI = 0.0493, wR2 = 0.1066 

R indices (al1 data) R1 = 0.0584, wRS = 0.1079 

Extinction coefficient O.OOOS(6) 

Largest difE peak and hole 0.705 and 4.219 e.A-3 



Table 2. Atomic coordinates ( x IO4) and equivalent isotropie displacement parameters (A2x 103) 

for rr965m- U(@ is defined as one third of the trace of the orthogonalized Uij tensor. 



Table 3. Bond lengths [A] and angies [O] for rr965m. 



Symmetry transformations used to generate equivalent atoms: 



Table 4. Anisotropic displacernent parameters (A2x 103) for rr965m. The anisotropic 

displacement fàctor exponent takes the f m :  -2$[ h2 + ... + 2 h k a* b* U12 ] 



Table 5. Hydrogen coordinates ( x IO4) and isotropie displacement parameters (A2x 10 3, 

for rr96Sm. 





Table 1. Crystal data and structure refin-ent for rr900.  

Identification code 

-pirical formula 

Formula weight 

T-perature 

Wavelength 

Crystal myatom 

Space group 

Unit cal1 dimensions 

Volume. Z 

Deniity (calculatedl 

Abrorption coefficient 

r (000) 

Cryutal size 

8 range for data collection 

Reflectionm collected 

Independent reflectiona 

Completenami to 0 9 27. 9g0 

Data / remtrainta / parsmetari 

Final R indice. [Iw2u(I) l  

EL indics8 (al1 data) 

Abrolute structure parameter 

lktinction coefffcient 

Largemt diff. peak and hole 

rr900 

C23P2406 

396.42 

l 8 0 ( 2 )  IC 

0.71073 A 

Orthorhorbic 

Pca2 (1) 

a = O O )  alpha - 90° 

b = 16.963 (2)  betr = 90° 
O 

c = 9.8120(10) A gamma - 90 

1903.1(3)  A ~ .  4  

1.384 W g / i  
3 

0.100 no= 

840 

0.84 x 0.40 x 0.26 m 

2.15 to 2 7 . ~ 9 ~  

O s h s 1 5 ,  - 2 2 s k s  O ,  O S  1 ~ 1 2  

2421 

2421 

100.0 + 
Pull-matrix least-iquarrr on F 

2 

2421 / O / 358 

2.128 

R1 - 0.0322, wR2 r 0.0586 

81 r 0.0357, wR2 r 0.0589 

0.5(9)  

0 .O039 (5) 

0.223 -0.197 dw3 



4 
Table 2, Atomic coordinatem [ x 10 3 and equivalant imotropic 

2 3 dieplacement parameteru x 10 1 for rr900. U(eq) i m  defined 

a i  one third of the trace of  the orthogonalized U tenmor. 
i f  



T a b l a  3.  Bond lengths [AI and angle. [O] f o r  r r 9 0 0 .  

c (1) -c (2) 
C (2) -0 (13) 
C (3) -0 (13) 
C(3A) -C(4) 
c (4)  -0 (5) 
C (SA) -0 (14) 
c (SA) -c (12C) 
C(6)  -C(6A) 
C (6A) -C (12A) 
C (7A) -C (11A) 
C(8)  -C(9)  
C(9)  -C(10) 
C (11)  -0 (19) 
C (11A) -C(12) 
C(12A) -C( I2B)  
C (12B) -C (12C) 
O (17)  -C (18)  

C (2) -C (1) -C (12B) 
O(13) -C(2)  - C ( l )  
O(13) -C(3) -C (2 )  
C (2) -C (3) -C (31) 
C (3) -C (3A) -C (12C) 
0 ( 5 )  -C (4)  -C (3A) 
O ( 5 )  -C (SA) -0 (14)  
O(14)  -C(5A) -C(6)  
O (14) -C (5A) -C (12C) 
0 (16)  -C ( 6 )  -C (6A) 
C (6A) -C ( 6 )  -C (SA) 
C (7) -C (6A) -C (6 )  
C (GA) -C ( 7 )  -C (7A) 
C (7) -C (7A) -C (8)  
C (9) -C(8)  -0 (17)  
0 (17)  -C (8) -C (7A) 
c (11)  -C( lO)  -C(9) 
c (10)  -c (11)  -c (11A) 
C(7A) - C ( l l A )  -C(12)  
c (12)  -c ( 1 l A )  -c (11) 
C(12)  -C(12A) -C(6A) 
C (6A) -C (12A) -C (128)  
C (12A) -C (12B) -C (12C) 
C (12A) -C (12B) -C (1) 
C (12C) -C(12B) -C(1) 
C (128)  -C (12C) -C (3A) 
C(2 )  - 0 ( 1 3 ) - C ( 3 )  
C (8) -0 (17) -C (18) 

C (1) -C (128) 
c (2)  -c (3) 
C (3)  -C (3A) 
C (3A) -C (12C) 
O ( 5 )  -C (SA) 
C (SA) -C(6 )  
C (6)  -0 (16)  
C (6A) - C ( 7 )  
C (7)  -C (7A) 
C (TA) -C (8)  
C (8)  -0(17) 
c (10)  - C ( l l )  
C (11)  -C (11A) 
C (12)  -C(12A) 
C (12B) -C (21)  
O (14)  - C ( l S )  
O (19)  -C (20)  

O (13)  -C(2 )  -C(3)  
c ( 3 )  -c (2)  -c (1)  
0 (13) -C(3 )  -C (3A) 
C (3)  -C (31)  -C (4 )  
C (4)  -C (3A) -C ( I Z C )  
C (SA) -O(S) -C ( 4 )  
0 (5)  -C (SA) -C (6)  
O (5) -C (SA) -C (12C) 
C (6)  -C (SA) -C ( I Z C )  
0 (16)  -C(6 )  -C (SA) 
C (7)  -C (6A) -C (12A) 
C ( U A )  -C (6A) -C (6 )  
C (7) -C (7A) -C ( 1 l A )  
C (11A) -C (7A) -C (8)  
C (9)  -C (8) -C (7A) 
c (8) -C(9)  -c (10)  
C (IO) -C (11)  -0 (19) 
O (19)  -C (11)  -C ( 1 l A )  
C (7A) -C (11A) -C (11) 
C (12A) -C (12)  -C (11A) 
C(12)  -C(12A) -C(128)  
C (12A) -C (12B) -C (31)  
C (21)  -C (12B) -C (12C) 
C (21)  -C (1281 -C (1) 
C (12B) -C (12C) -C (SA) 
C (SA) -C (12C) -C (3A) 
C (SA) -O (14) -C (IS) 
C (11)  -0 (19) -C (20) 



2 3 
Table 4. Anisotropic dieplacement parameteri CA x 10 1 for rt900. 

The aniaotropic displacemant factor exponent takem the formt 
2 * 2  * 

- 2 r  [ (ha ) ril1 + . . . + 2hka b U12 1 





Compound 181 



Table 1. Crystal data and structure rcfinement for rr899. 

Identification code 

Empitical formula 

Forniulr weight 

Temperature 

Wavelength 

Crymtal ayetem 

Spacs group 

Unit ce11 dimcniionu 

Voluu, z 

Denaity (calculated) 

Abmorption coefficient 

a(ooo) 

Crymtal size 

8 range for data collection 

LIPiting indicem 

Reflectionm callscted 

Independent reflectio~m 

Coipletsnema to 8 = 25.00~ 

Ab8orption correction 

Refinement method 

Data / remtrainta / parameter. 

Goodne88-of-fit OP F 2 

Pinal R indicmm [ X > 2 6  ( X )  1 

R indice. (a l l  data) 

Extinction coefficient 

Largsmt diff. peak and hole 

rr899 

'23=24'6 

396 -42 

293 (2) K 

0.71073 d 

Monoclinic 

PP1/c 

a = . l l  alpha - 90° 
b = 14.1655 (15) A beta - 117.743 ( 6 )  

c =  12.4277(13) A g- = 90° 

1928.2(3) A ~ ,  4 

1.366 ~ g / m  
3 

0.090 *-' 
840 

0.40 x 0.38 rt 0.36 mm 

2-31 to 25.00~ 

O s h s 14, O s k s 16, -14 s 1 s 13 

3563 

3399 (Pint - 0.0152) 
100.0 t 

Pace-indexad analytical 

Full-matrix leamt-mquares on P 
2 

3399 / O / 359 

1.958 

11 - 0.0389, w R Î  - 0.0669 
11 - 0.0556, wR2 - 0.0680 
0.0020 (2) 

0.351 and -0.166 do3 



4 
Table 2. Atomic coordinates 1 x 10 1 and equivalent iaotropic 

3 diaplacement parameters t~~ x 10 1 for rr899. U(aq) 58 definad 

aa one third of t h  trace of the orthogonalized U tenoor. 
ij 



C ( 1 )  -C ( IZB)  
c ( 2 )  -c ( 3 )  
C (3) -C (3A) 
C (3A) -C (12C)  
0 ( 5 )  -C (SA) 
C(5A) - C ( 6 )  
C (6 )  -0 ( 1 6 )  
C (6A) -C (7) 
C ( 7 )  -C (7A) 
C (7A) -C ( 8 )  
C ( 0 )  -0 ( 1 7 )  
C ( 1 0 )  - C ( l l )  
C ( 1 1 )  -C (11A)  
C ( 1 2 )  -C ( 1 2 A )  
C (12B)  -C ( 2 1 )  
O ( l 4 )  - C ( l S )  
O ( l 9 )  - C ( 2 0 )  

Symmetry transformationm used to generate equivalemt atomsz 
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Table 4.  Anisotropic displacemerrt parameters [d x 10 1 for rr899,  

The animotropic displacement factor exponent takem the forpp: 
2 2 + 

-2r 1 (ha UI1 + .. . + 2hka b U12 1 



=able 5.  Bydrogen coordinatam ( r 104) and imotropic 
2 3 

diaplacemient parameter8 (A x 10 1 for rr899, 
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Table 1. Crystal data and structure refincment for rr909. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crymtal uyutam 

Space group 

Unit ce11 dimensione 

Volume, z 

Denmity (calculated) 

Abmorption coefficient 

r (000) 

Cryatal mize 

8 raage for data collectio~ 

Limi ting indice. 

Ref lectionm collected 

Independent reflectione 

O 
Coanpleteness to 8 = 30.00 

Abmorption correction 

Max. and min. transmismion 

Refinement method 

Data / remtraintm / parametesa 

Final R indice8 [I>2o (1) 1 

R indice8 (al1 data) 

Extinction coefficient 

LargeBt diff. peak and bole 

a = 7.5059 ( 7 )  Â alpha - 86.967(71° 
b - 7.8212(9) & bat1 - 81.114(41~ 
c -  11.9450(12) 1 gamma - 85.860(6)O 

Integratioa 

0.9602 and 0.9367 

0.404 and -0.179 eAw3 
213 



4 
Table 2. Atomic coordinats8 [ x 10 ] and equivalant ïsotropic 

02 3 
displacement parameteru [A x 10 1 for rr909. U ( e q )  is defined 

am one third of the trace of the orthogonalized U tenmor. 
if 



T a b l e  3. Bond lamgth. [ÀI and a n g l e a  [O] for rr909. 

C(8A) - O ( l )  -C i21  
O (9) -C (2A) -C (3 )  
C (3)  -C(2A) -C(2)  
C ( 3 )  -C (21) -C (88) 
O ( 9 )  -C (3)  -C (?A) 
C (2A) -C (3) -C (4)  
O (10 )  -C(4) - C ( 5 )  
C(4)  -C(5) -C(SA) 
C(6 )  -C(SA) -C(14)  
C (6)  -C (SA) -C (5) 
C (14 )  -C (SA) -C ( 5 )  
C ( 6 )  -C(7)  -C (8 )  
O ( l 5 )  -C(8) -C(8A) 
O(16)  - c ( ~ A )  - 0 ( 1 )  
O (1 )  -C (8A) -C (8B) 
O ( 1 )  -C(BA) -C(8) 
C (21)  -C (89) -C (8A) 
C (8A) -C (8B) -C (SA) 
C ( l 1 )  -0 (10)  -C(4) 
O ( Z 2 ) - C ( l l ) - C ( 1 3 )  
C (8A) - 0 ( 1 6 )  -C(17) 

O (1) -C (2) -C (2A) 
O (9 )  -C ( 2 ~ )  -C (2 )  
0 (9)  -C (2A) -C (88) 
C (2 )  -C (2A) -C (88) 
O(9)  -C(3 ) -C(4 )  
O ( l 0 )  - c ( 4 )  -C(3 )  
C(3)  -C(4)  -C(5 )  
C (6)  -C (SA) -C (88) 
C (8B) -C (SA) -C (14) 
C (8B) -C (SA) -C (5)  
C (7)  -C (6 )  -C(5A) 
O (15)  -c (8) -c (71 
C(7 )  -C(8) -C(8A)  
0 (16) -C (8A) -C (88) 
0 (16)  -C (8A) -C (8) 
C(8B)  - C ( 8 i )  -C (8) 
C(2A) -C(8B) -C(SA) 
C (2A) -0 ( 9 )  -C (3) 
O (12)  - C ( l l )  -O(lO) 
O ( I O )  -C (11)  -C (13) 

Symmotry Lranaformat ions  used to generate rquivalent atomat 



3 
Table 4. Aniiotropic displacement parametatm [i2 r 10 1 for rr909. 

The anieotropic displacement factor exponent takem the form: 
2 + 2 * 

-21 C (ha ) Ull + . .. + 2hka b U12 1 



T a b l e  5 .  nydrogen coordinaten ( x 104) and iaotropic 
2 3 

displacement parameterg (A x 10 1 for rr909, 




