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A concept of first choice for the synthesis of the title compounds had been proposed by Dane in the late 1930s. 
It was soon turned down, because the opening move - a chirogenic Diels-Alder reaction -did not work. With Lewis 
acids as mediators, however, a successful start has been achieved now. With Ti complexes of chelating ligands 
(Seebach 's TADDOLs ( = a,a,a',a'-tetraaryl- 1,3-dioxolane-4,5-dimethanols)), enantioselective formation of the 
desired adducts does occur. Efficient total syntheses of 2 and 3a have been accomplished. 

1. Introduction. - 17a -Ethynylestradiol (l), norgestrel(2), and estrone (3a) are repre- 
sentative examples of steroids containing the estrane or 18a-homoestrane skeleton. The 
first two of these compounds play an important role, as components of oral contracep- 
tives, both in the welfare of individual human beings and for the benefit of all mankind. 
Compound 1 is readily accessible from the naturally occuring 3a, compound 2 from the 
methyl ether of non-natural 18a-homoestrone (3d; or from either of the constitutionally 
isomeric dehydro derivatives 4b or 5b). Compounds 3a and 3d may, therefore, be re- 
garded as attractive target compounds for the total synthesis of 1 and 2, respectively. The 
strategy of the synthesis to be employed here, however, must be sufficiently flexible to 
permit incorporation of an angular Me group, as well as an angular Et group. The 
biosynthesis of 3a3) is certainly not the appropriate model. As is often the case with 
compounds which perform biologically important functions, the synthetic pathway, 
which was found in the course of the early period of material evolution, is too convoluted 
to be useful for synthetic practice. Structural changes invented in the laboratory, and thus 
belonging to the later period of cultural evolution, are of particular value for synthetic 
chemistry, when they permit frequently desired structural modifications to be effected in 
a straightforward way. The Diets-Alder reaction is one such transformation, playing no 
role in biosynthesis, but, in contrast, occupying a prominent position in abiotic chem- 
istry. 

') Fr0mthePh.D. thesesofM.D.G.[l],A.D.[2], W.D.[3],R.I.S.[4],M.B.[5],andtheDiplomathesisofG.T.D.[6]. 
*) Abbreviations used: BHT: 2,6-Di(fert-butyl)-4-methylphenol; HMDS: 1,1,1,3,3,3-hexamethyldisilazane; 

HMPT: hexamethylphosphoric triamide. 
3, The biosynthesis of 3a contains that one of cholesterol and includes degradation of the side chain and 

aromatization of ring A .  
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1 2 3a R’ =H, R2 = Me 
3b R’ = H. R2 = Et 

Me0 Me0 

4a R = M e  
4b R = E t  

5a R = M e  
5b R = E t  

2. Constitutional Construction AB + D --f ABCD’ --f ABCD. - 2.1. With Dienophiles 
oJ’Type 7 as the D-Ring Building Blocks. It is no longer possible to ponder on the synthesis 
of steroids with the various basic skeletons known without thinking of intermolecular 
Diels-Alder reactions as the opening move4). However, unlike intramolecular Diels -Alder 
reactions’), they have not especially proved their worth in pellucid syntheses, particularly 
of steroids with the estrane skeleton‘). As early as the late 1930s, Dune and Eder [lo] were 
to make the discovery that the at first sight very promising cycloaddition of l-vinyl-6- 
methoxy-3,4-dihydronaphthalene (6) with 2-methylcyclopent-2-en-1-one (7a) does not in 
fact take place. The relatively late observation that Diels-Alder reactions in which a Lewis 
base acted as the dienophile could be accelerated using Lewis acids [ 1 11 was to give a new 
impetus to efforts to finally make Dune’s concept a reality. 

6 7a R = M e  8a R = M e  
7b R = E t  8b R = Et 

9a R=Me 
9b R = E t  

10a R = Me 
lob R=E! 

l l a  R = Me 
l l b  R = Et 

12a R=CF3 
12b R=l-Naphthyl 
12c R=2,4,6-Triisopropylphenyl 
12d R=pTol 

4, 

5,  

‘) 

See the section ‘Intermolecular Diels-Alder reactions’ in 171 [XI. 
See the section ‘Intramolecular DieO-Alder reactions’ in [7] [8]. 
The stereoselective synthesis of 3a [91 provides an early example what optimization may achieve; the overall 
pathway, however, is too lengthy. 
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2.1 . I .  Diels-Alder Reactions Mediated by Lewis Acids'). Naphthalene derivative 6 
does indeed react with 7 a  or 7b in the presence of Lewis acids (s. Table 1 ). The respective 
acidity (the nature of the central atom and its ligands) of the Lewis acid employed 
determines the chemical yield in which the constitutional isomers of the primary adduct 
(of type ruc-8 or ruc-9')) or those of the derived secondary adduct (of type ruc-10 or 
rac- 11) are produced. 

Table 1. Diels-Alder Reactions of Diene 6 with Dienophiles of Type 7 

Dienophile Reaction Adduct Exper. 
conditions 

7 a  - 

7 a  rac-8a (96) + rac-9a (4) 2 
59 Yo 

1.1.1 

7 s  A rac-8s (91) + rac-9a (9) 1.1.2 
86 Yo 

7 a  

7a 

7 b  

A 
89 % 

A 
90 % 

rac- 10a 

rac- 10b 

1.1.4 

1.2 

") Dioxane, reflux. b, Et,AICI, CH2C1,, O"+r.t. ') rue- lZd, (CH,CI),, 0O-tr.t. d, (i-PrO),TiCI,, CH2Cl2, r.t. 
') TiC14, -80". 

Lewis acids with A1 as the central atom (Et,AlCl or ruc-129)) lead, in moderate-to- 
good yields, to primary adducts, mainly consisting of ruc-8. Of Lewis acids with Ti as the 
central atom, (i-PrO),TiCl, is insufficiently acidic (no cycloaddition), while TiCl,, on the 
other hand, is so acidic that secondary adducts (exclusively of type ruc-10) are isolated. 

X-Ray crystal-structure analyses (Fig. 1 ) of ruc -8aI0), ruc -10a"), and rue -lob") estab- 
lish the cis-fusion of the C and D rings and the location of the respective C=C bonds, as 
well as the favored formation of that adduct arising through an endo transition structure, 
still demonstrable in the case of ruc-8a. 

2.1.2. Stereostructurul Correction of the Fusion of Rings C and D. Mechanism controls 
that rings C and D are fused in a cis-configuration in Diels-Alder adducts of type 8 or 10. 
It is known that steroids of type 14 may be partially and stereoselectively hydrogenated 

7, 

') 

The essential facts were reported in [12] and a review article [13]. An overview of the influence of Lewi.7 acids 
on the course of Diels-Alder reactions may be found in [14]. 
Compounds rac-8a and rac-9a apriori could be constitutional or configurational (H-C(X)/H-C(14): cis or 

trans) isomers. In the latter case, rac-8a and rac-9a, on treatment with HCI/MeOH, would give one and the 
same product, namely rac-lOa, which is not true (see Exper. 2 .2) .  

9, For preparation and use of 12 or of ent- 12, see [15]. 
lo) See Exper. I.I.l as well as Fig. 15A in [13]. 
") See Ref.7 in [12] and Fig. 15B in [13]. 
12) See Ref.7 in [12] and Fig. 1SC in [13]. 

60 
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Fig. 1. Representations of single-crystal X-ray structures of compounds 
rac-S(a; Exper. Z.I.Z),rac-lOa(b; Exper.1.1.4),rac-lOb(c; Exper.Z.2.1), 

[16] to give steroids of type 5 ,  with C and D rings fused in a truns-manner. The pathway 
from rur-8a, via ruc-lOa, ruc-l3a, ruc- 14a, and thence to ruc-5a, together with that one 
from rac-lob, via ruc-l3b, and ruc-14b to rac-5b is outlined below. 

The decisive reaction step in the sequence of transformations which begins with 
secondary adducts of type rac-10 and ends with C(14)-isomers of type ruc-5 is the 
conversion of compounds of type ruc-10 into those ones of type ruc-13. The majority of 
known literature procedures makes use of a reaction pair: bromination/dehydrobromi- 
nation, sulfide oxidation/sulfoxide elimination, or selenide oxidation/selenoxide elimina- 



HELVETICA CHIMICA ACTA ~ Vol. 78 (1995) 1349 

tion. In the case to hand, however, these methods have all shown themselves to be 
unsuitable, as they lead to complex mixtures, and consequently to unsatisfactory yields of 
the desired dehydrogenation product. We have essentially followed a modification of a 
procedure reported by Tsuji and coworkers [ 171, which chemists at Schering AG [ 181 have 
already exploited in the preparation, with good yields, of conjugated, unsaturated 17- 
keto steroids. This procedure makes use of silyl enol ethers, accessible from ketones 
of type ruc-10, which may be oxidized with equivalent quantities of Pd(OAc), in MeCN 
at r.t. 
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138 R = M e  14a R = M e  158 R = M e  16 
13b R = E t  14b R=Et 15b R = E t  

c)  80 % d) 62 % 
2.2 1.1.5.1 1.1.5.2 1.1.5.3 raeaa raeloa b)84%_ racl la  - r a e l h  - mela 

b) 82 % C) 84 % d) 71 % 

1.2.2.1 1.2.2.2 122.3 rael0b - racl3b - rae14b - rac5b 

a) CH,CI,/MeOH, HCI, r.t. 
THF/HMPT, -8O", 2. AcOH, -80". d) H,, Pd/CaCO,, r.t. 

b) I .  LDA, TMS-CI, THF, -80°, 2. I'd(OAc),, MeCN, r.t. c) 1. LiHMDS, 

Conversion of compounds of type rac-13 into compounds of type rac-14 proceeded in 
80 % yield, by means of vinylogous deprotonation and subsequent protonation. Maxi- 
mum stereostructural simplicity is achieved arriving at Torgov's pentaenone',) of type 
rac- 14 [ 191: the necessary ensuing introduction of the stereogenic centers C( 14), C(9), and 
C(8) is initially directed by the angular Me (or Et)group. The trans-relationship of the C 
and D rings was achieved in a known manner [ 161 using catalytic hydr~genation'~). 

2.1.3. Completion of the Synthesis of rac3a and rac-2a. Ionic hydrogenation [20] 
affords rac-3c") in 70% yield from rac-5a; cleavage of the ether then gives (&)-estrone 
(rac-3a)I6) in 73 YO yield. A series of reaction steps - reduction of the styrene derivative 
rac-5b with LiAlH,, Birch reduction of the mixture of epimeric alcohols thus obtained, 
followed by Oppenauer oxidation and ethynylation of the resulting ketone rac-16") - 
affords rac-2 in an overall yield of 39% from rac-fib. 

a) 70 % b) 73 % 
1.1.5.4 1.1.5.5 

c) 57 0% d) 69 %, 
1.2.2.4 1.2.2.5 

ra&a - rac-3c - rac3a 

rac5b - rac-16 ~ rac-2 

a) Et,SiH, CF,CO,H, benzene, r.t. b) BBr,, CH,Cl,, 0". c) 1. LiAIH,, Et,O, ultrasound, r.t.; 2. K, aniline, 
NH,(l), then Li, EtOH; 3. (i-PrO),Al, butan-I-one, benzene, reflux. d) 1. LiC-CH, H,N(CH,),NH,, THF, r.t.; 
2. MeOH, HCI, 4045". 

2.1.4. Enantioselective Realization of the ChirogenicI8) Opening Move. The total synthe- 
sis of steroids with the estrane skeleton discussed here begins with a chirogenic Diels- 
Alder reaction. The first step, not possible in the absence of a catalyst, offers the oppor- 

I,) Besides Dune's concept, that one of Torgov belongs to the simplest conceivable strategies for the synthesis of 
the title compounds. 

1 4 )  Hydrogenation of ruc-14a affords rut-5a (66%), rut-10a (9%), and rac-15a (5%). On hydrogenation of 
ruc- 14b, the product components ruc-Sb (74%), ruc-lob (4%), and ruc-15b (4%)  were observed. 

") See [21] for the ionic hydrogenation of 8a to 3a, and [22] for that one of ruc-Sb to ruc-3b. 
1 6 )  See [23] for the cleavage of the methyl ether of 3a with BBr,. 
") The reaction sequence commencing with rue-5b and ending with rue2  has already been employed in a 

previous total synthesis of 2 and ruc-2 [24]. 
1 8 )  See [25] for the meaning of the term 'chirogenic reaction step' and the usefulness of its application. 
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Table 2. Enantioselective Diels-Alder Reactions of Diene 6 with Dienophile 7a Mediated by Chiral, Non-racemic 
Lewis Acids, Formed by Reactions between Ligands of TypeB with the Indicated A1 Compounds 

(for details, see Exper. l.l.3) 
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Ligand Lewis Temp. Time Yield [a 1:19 Optical purity 
acid [“CI [%I [%I 

Ba AIMe, 0 to 25 15 h 92 +34 13 
Ba AIMe, -25 2.5 d 93 t 3 2  12 
Ba AIMe, -80 I d  85 +25 10 
Ba DIBAH -25 I5 h 26 0 0 
Ba DIBAH -80 7 d  15 -36 13 
Bb AIMe, 0 to 25 15 h 82 +3 1 
Bb AIMe, -25 2 d  68 +6 2 
Bb AIMe, -80 14 d 9 0 0 
Bd DIBAH -25 2 d  32 4-67 25 
Bb DIBAH -80 14 d 0 - - 

Bc AIMe, 0 to 25 15 h 83 -46 11 
Bc AIMe, -25 2 d  16 -41 18 
Bc AIMe, -80 7 d  0 - - 

Bc DIBAH -25 2 d  9 +I 3 
Bc DIBAH -80 14 d 0 - ~ 

Bd AIMe, 0 to 25 15 h 80 +41 15 

i ‘  Ba R = CF, 
‘S02-NH \ /  HN-Sop Bb R = Naphthalen-1-yl $7 Bc R = 2,4,6-Triisopropylphenyl 

P h  Ph Bd R = 4-Methylphenyl 
B 

tunity of achieving enantioselection with the aid of a chiral, non-racemic Lewis acid. 
Using the Lewis acid U”), reported by Corey et al., the conversion of 6 into 7 proceeds in 
80 YO chemical yield but with an enantiomeric excess of only 15 % (see Table 2). 

Because (i-PrO),TiCl, was ineffective as a reaction mediator (Sect. 2.1. l), chiral di- 
alkoxytitanium compounds were initially left out of consideration. These compounds 
were only to enter into the picture, after interest in dienophiles of type 7 had markedly 
declined. The fact that interest in these monodentate ligands had so diminished is due to 
the structure of the complex between TiCl, and ketone 7a. The conformational space of 
the ligand is only negligibly restricted in the complex, a situation not very conducive to 
stereoselection - which requires some degree of preference for interaction with a reaction 
partner in one half space or the other, above or beneath the (imagined) molecular plane of 
the ligand. This is illustrated by the X-ray crystal-structure analysis of the dimeric 1 : 1 
adduct [(7a-TiC14)] (17A; see Fig. 220)). Bidentate ligands of type 18 should, therefore, be 
better suited for the enantioselective execution of chirogenic Diels-Alder reactions than 
monoketones of type 7. 

19) See Footnote 9 regarding the complex 12 of AlMe, and (1S,2S)-1,2-bis{[(4-methylphenyl)sulfonyl]amino}- 
1,2-diphenylethane [15]. 

20) See Fig. 1 in [26] for a representation of 17 with the program SCHAKAL 888 (Kristallographisches Institut 
der Universitat Freiburg) and Fig. 17 in [13] for a polytube representation (MacroModel V2.5) [27]. 
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U 

Fig. 2. Represmtutions uf single-crvstul X-ra.v structures qf compounds 1711 (a ; Exper. 5.1 ), 17B (b  ; Exper. 5.2). 
17C ( c ;  Exper. 5.3), and 17D ( d ;  Exper. 5 .4)  

2.2. With Dienophiles of Type 18 as the Ring-D Building Blocks. 2.2.1. By Means of 
Lewis-Acid-Mediated Diels-Alder Reactions’). After the negative experience with 7a, 
Dane attempted to remedy the problem using 18a [28]. Unlike in the first case, a reaction 
with 6 did indeed occur in this instance. It was only twenty years later that a thorough 
investigation [29] established that the adduct, not unambiguously identified by Dane, had 
in fact contained two components, to which formulae rac-21 (for the minor component) 
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and rac-22a (for the major component) were assigned. A repetition of the experiment, 
however (see Exper. 1.3.1), revealed that, in reality, the two constitutional isomers 
rac-19a and rac-20a had been formed in 82% yield. It was possible to isolate the major 
component (with substantial losses) and identify it as rac -20a by X-ray crystal-structure 
analysis. For quantitative examination of the adduct, it is expedient to use the ( t -  
Bu)Ph,Si derivatives rac -19b and rac-20b rather than the parent enols; these are formed 
in a 1 :3 ratio under the conditions stated. Although 6 had reacted with 18a (and - as was 
found out later - could also do the same with 18b; see Exper. 1.4.1), Dane, together with 
a whole generation of synthetic chemists, was forced to abandon this first and in its 
simplicity very convincing strategy: the chemical yield with which the adduct component 
showing the constitution of the steroid skeleton could be produced was simply too small. 

1353 

18a R = M e  
18b R = E t  

19a R = Me, X = H 
19b R =Me, X = (t-Bu)PhPSi 

19d R = El, X = (t-Bu)Ph2Si 

20a R = Me, X = H 
20b R = Me, X = (1-Bu)PhpSi 

206 R = Et, X = (t-Bu)PhpSi 
19C R = Et, X = H 20C R = Et, X = H 

j' 

21a R = M e , X = H  
21b R = Me, X = (f-Bu)PhpSi 

21d R = Et, X = (t-Bu)PhpSi 
2lC R = € t , X = H  

. .. 

22a R = Me, X = H 
22b R = Me, X = (f-Bu)PhpSi 

22d R = Et, X = (f-Bu)PhpSi 
22C R = Et, X = H 

After the catalyzability of a whole class of Diels-Alder reactions had been established 
(see Sect. 2. I ), we examined the question") of whether Lewis acids are capable not only of 
accelerating adduct formation from 6 and dienophiles of type 18, but of also affecting the 
relative proportions of the two components of type rac-19 and rac-20. The results 
summarized in Table 3 answer this question in the affirmative, offering a synthetically 

Table 3. Diels-Alder Reactions of Diem 6 with Dienophiles of Type 18 
(ratio of adduct components determined after silylation) 

~~ ~~ 

Entry Dienophile Reaction conditions Adduct Yield [YO] Exper. 

1 18a Dioxane/reflux ruc-19a (1) + ruc-20a (3) 82 1.3.1 
2 18b Dioxane/reflux ruc-19c ( I )  + ruc-2Oc (1.9) 40 1.4.1 
3 18a BF,. OEt,/Et,O/-20" ruc-19a (49) + rac-20a (1) 7 5  1.3.2 
4 18b BF,. OEt,/EtzO/-20" ruc-19c (32) + rac-20c ( I )  53 1.4.2 
5 18a (i-PrO)2TiC1z, CHzCI,, -30"; ruc-2la 80 1.3.3 

CH,Cl,, conc. HCI, r.t. 

CH2C1,, conc. HC1, r.t. 
6 18b (i-PrO),TiCl,, CH2C12, -30"; rac-2lc 80 1.4.4 

7 18b (i-PrO)3TiC1, CH,CI,, -20" rac -1 9c 70 1.4.3 

This question was raised on the occasion of a lecture in honor of Russell E. Marker; see [30]. 
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valuable finding because of the pronounced reversal in the proportions of the adduct 
components relative to the uncatalyzed Diels-Alder reaction. 

X-Ray crystal-structure analyses (see Fig. I )  of rac-19bZZ), rac-19c (see Exper. 1.4.3), 
and rue- 20aZ3) lead to the conclusion, from the position of the angular Me or Et group 
and from the relative synlanti-orientation of the angular ligands on C(8), C(14), and 
C( 13), that diene and dienophile have preferentially come together via an endo transition 
state. Furthermore, the styrenic and enolic C=C bonds in rings C and D can be seen. As 
the chirogenic Diels-Alder s reactions of dienophiles of type 18, unlike that one of 7a, with 
diene 6 may be catalyzed by dialkoxytitanium compounds, it is to be hoped that enan- 
tioselective cycloaddition is possible, provided that 18a or 18b participates as a bidentate 
ligand in a chiral, non-racemic complex. 

2.2.2. Enantioselective Realization of the Chirogenic Opening Move2,). With the dike- 
tone 18a, unlike with the monoketone 7a, we were not succesfull in isolating a crystalline 
adduct with TiC1,. Efforts were made to provide alternative solutions, with the isolation 
of complexes of TiCl, and acenaphthoquinone (17B) or camphorquinone (17c), as well as 
from SnCl, and benzil(17D), and the solving of their X-ray crystal structures (see Fig.2 
[ 3  11. These analyses should answer the question of whether a-diketones function as 
bidentate ligands to form a chelate ring with the central atom. 

In the monomeric complexes 17B, 17C, and 17D (see Fig. 2), and also in the case of 
the dimeric complex 17A, the Ti- or Sn-atoms are sixfold coordinated in a distorted 
octahedron. Two types of Ti-Cl or Sn-CI bonds may be identified. The longer of these 
may be described as axial, the shorter ones as equatorial. Such a characterization fits with 
the two 0-atoms of the chelated a-diketone lying in a plane with the two equatorially 
oriented C1-atoms and the central atom. 

In order for chirogenic Diels-Alder reactions with a -diketones serving as dienophiles 
to proceed in an enantioselective manner, it is desirable to make use, if possible, of chiral, 
non-racemic Lewis acids to control not only the constitutional and relative configuration, 
but, additionally, the absolute configuration of the demanded adduct components. 

By 1989, when we began to revive Dane’s concept of a simple steroid synthesis, the 
a, a, a’, a ’-tetraaryl- 1,3-dioxolane-4,5-dimethanols (TADDOLs) introduced by Seebach 
et al. [32] had already achieved considerable fame for their ability, complexed with Ti, to 
cause enantioselection in the prime example of Diels-Alder reactions - cycloaddition 
between cyclopentadiene and acrylic-acid derivatives [33] [34]. Since the results of, for 
example, the addition of cyclopentadiene to 3-[(E)-but-2-enyl)- 1,3-0xazolidin-2-one [33] 
[35] [36] cannot automatically be applied to the reaction of 6 with dienophiles of type 18, 
we made this last reaction, performed in the presence of various TADDOLs of type T 
complexed with Ti, the centerpiece of our own investigations on the enantioselective 
formation of adducts of type 21 (see Table 4 ) .  

With the exception of the TADDOL ligand containing 3,5-di(tert -butyl)phenyl 
residues, all the other TADDOL ligands with (S,S)-configuration of Table 4 lead to 
adducts showing the absolute configuration of the naturally occuring steroids. When four 
phenanthren-Pyl residues are present in the TADDOL ligand, the cycloaddition of 6 and 

~~ 

**) 
*’) 
24) 

See Footnote 7 in [12] and Fig. 19B in [I31 (this refers not to the enol, but to its (t-Bu)Ph,Si derivative). 
See Footnote 7 in [I21 and Fig. 19A in [13]. 
The essential facts were reported in [26] and in a review article [13]. 
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Table 4. Enantioselectiw Diels-Alder Reactions of Diene 6 with Dienophiles of Type 18 Mediated by Ti-TADDO- 
Late Complexes, Formed by Reaction of the Indicated TADDOLs with (i-Pro),TiCI, 

(for details, see Exper. 1.3.4 and 4.1)  

Entry Dieno- Ligand Abs. Equiv. Temp Time Yield [a]:& ex.  

phile conf. ["CI I %I [%I 
I 18a Ta ( S S )  2 -30 2 h  64 +92 45 
2 18a Tb ( S S )  2 -50 3 h  76 +144 72a) 
3 18a ent-Tc (R,R) 2 -30 3 h  60 -162 80a) 
4 18a ent-Td (R,R) 2 -30 2 h  71 -102 51a) 
5 18a Te (SS) 2 -25 15 h 54 +94 46a) 

7 18a Tf ( S S )  0.5 -30 2 h  76 +142 71a) 
8 18a Tf ( S S )  2 -25 15 h 73 +174 86 

I0 18a Tg (SS) 2 -25 15 h 67 +171 81 
I 1  18a Th (SS) 2 -25 15 h 88 +27 1 4a) 

13 18a Tk ( S S )  2 -25 15 h 35 +191 92 

15 18a Tk ( S S )  0.25 -80 7 d  78 +172 85 
16 18b Te ( S S )  2 -80 7 d  60 +105 48 
17 18b Tf ( S S )  2 -80 7 d  53 +184 80 
I8 18b TI ( S S )  2 -80 7 d  67 -16 8 
19 18b Ti ( S S )  2 -80 7 d  56 +171 80 
20 18b Tk ( S S )  2 -80 7 d  50 +193 88 
21 18b Tk ( S S )  0.2 -80 7 d  77 +196 89 

6 18a Tf ( S S )  2 -50 3 h  77 +164 79 

9 18a Tf (SS) 2 -50 5 h  64 +152 74 

12 18a Ti ( S S )  2 -25 15 h 60 +164 79 

I4 18a Tk (SS) 2 -80 2 d  65 +194 93 

Ta R' = R2 = Me, Ar = Ph [32b] 
Tb R' = R2 = Me, Ar = 3,5-Dimethylphenyl /381b) 
Tc R' = R2 = Me, Ar = Naphthalen-1-yl /32blb) 

Te R' = R2 = Et, Ar = Ph [35] 
Tf R' = R2 = Et, Ar = 3,5-Dimethylphenyl [35] /381b) 
Tg R' = R2 = Et, Ar = 2,5-Dimethylphenyl 
Th R' = R2 = Et, Ar = 3,4-Dimethoxyphenyl 
Ti R' = R2 = Et, Ar = Naphthalen-1-yl 
Tk R' = R2 = Et, Ar = Phenanthren-9-yl 
TI R' = R2 = Et, Ar = 3,5-Di(tert-butyl)phenyl 

Ar Ar R 1 y l <  H ent-Td R' = Me, R2 = Ar = Ph [38] /41/h) 

R i  OH 

Ar Ar 

T 

') Optical purity. 
b, Procedures in references indicated in italics lead to enantiomeric TADDOLs. 

18a attains a chemical yield of 65 YO and an e.e. value of 93 YO (run with 2 equiv. of Lewis 
acid; Entry 14) .  With 18b as the dienophile instead of Ma, the corresponding values are 
77 % and 89 % (run with 0.2 equiv. of Lewis acid; Entry 21).  

Attempts were of course made to set up a rule in enantioselection [37] in this multitude 
of Ti-TADDOLate-mediated Diels-Alder reactions, visualizing the outcome in a particu- 
lar case with the aid of a generalized model for the adduct-determining transition struc- 
ture [35-391. It became apparent that the cycloaddition of 6 with dienophiles of type 18 
represent the exception to the rule. 

Enantioselection was initiated by suitably chosen reaction conditions for the chiro- 
genic reaction (e.e. 93% in the Me series, 89% in the Et series) and completed by 
fractional crystallization (e.e. > 99.7 YO). 



1356 HELVETICA CHIMICA ACTA ~ VOI. 78 (1995) 

2.2.3. Stereostructural Correction oJ'Ring Fusion. While secondary adducts of type 10, 
resulting from the use of monoketonic dienophiles of type 7, may be converted into 
compounds of type 13 by dehydrogenation, secondary adducts of type 21, originating 
from diketonic dienophiles of type 18, allow access to compounds of type 13 through 
deoxygenation. Stille's procedure for the deoxygenation of enols [40] is the method of 
choice: enol triflates, forming complexes in the presence of LiCl with a Pd(PPh,), catalyst, 
can then be reduced in good yield with Bu,SnH. 

The pathway from the chiral, non-racemic Diels-Alder adducts to the target com- 
pounds 3a and 2 is shown below. 

f) 75% e) 75% 
1.3.55 3c 5a 3a - I 

a) 1. (CF,S02),0, 2,6-Lutidine, CHzCI,, O", 2. Pd(PPh,),, Bu,SnH, THF. b) MeOH. c) 1. BuLi, HMDS, HMPT, 
THF, -go", 2. AcOH. d) H,, 5% Pd/CaCO,, C,H6, r.t. e) Et,SiH, TFA. C,H,, r.t. f )  BBr,, CH,CI,, 0". 

b) 84% c) 79% d) 75% 21c/ent-21c>l 13b/ent-l3b>l - 13b/ent-i3b>>l -__ 14b/enf-l4b>>l 
1.4.5.1 e.e. 92% 1.4.5.l e.e. 99.7% 1.4.52 e.e. 99.7% -7 1 

1 )  69% e) 55% 

1.4.5.5 1.4.5.4 
2 - 16 - 5b 

a) 1 .  (CF,SO,),O, 2,6-Lutidine, CHzCIz, O", 2. Pd(PPh,),, Bu,SnH, THF. b) MeOH. c) 1. BuLi, HMDS, HMPT, 
THF, -go", 2. AcOH. d) HI, 5% PdiCaCO,, C,H,, r.t. e) 1. LiAIH,, ultrasound, EtzO, r.t., 2. K, aniline, NH,(I), 
then Li, EtOH, 3. (i-PrO),AI, butan-I-one, reflux. f )  1. LiC=CH-HzN(CHz),NHz, THF, r.t.; 2. MeOH, HCI, 
40 45'. 

3. Constitutional Construction AB + ABC + ABCD. -- The use of cyclic dienophiles 
of type 7 or 18 (of necessity with (2)-configuration in the c'=C bond) makes it possible to 
smoothly construct the steroid skeleton, at least as far as the constitution is concerned. 
However, the configurationally inevitable cis-fusion of rings C and D in the resulting 
adducts is highly inconvenient. It can be corrected, as shown above, by a sequence of 
reaction steps. The question of whether an acyclic dienophile with (E)-configuration of 
the C=C bond might not be preferable will, after all, not go away. A dienophile of type 
23a would merit considerationz5). A successful Diels-Alder reaction would establish ring 
C and a Dieckmann condensation ring D. Above all, the (E)-configurated C,-dienophile 
would ensure the thermodynamically unfavored trans-fusion in the sequentially arising C 
and D rings. 

2 5 )  The suggestion to use 23a as dienophile was included in a research proposal put forward by M .  D. G. in April 
1992 during his membership of the graduate course 'Chemical and Biological Synthesis of Active Compounds' 
at the Institut fur Organische Chemie der Universitat Frankfurt am Main. 
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28 29 30 

b) 90% 

1.5.3 
6 + 23b - rac24 (30) + rap25 (32) + (rac-26 + rac27) (10) + rao28 (28) 

a), c)  79% 

1.5.4.1 
6 + 23b - rac29 (93) + rac30 (7) 

a) Me2A1C1, CH2C12, -25". b) Me2A1C1, CH,C12, 5". c) TFA, CH2CI2, 0" +r.t. 

3,l. With Dienophiles of Type 23 to the ABC System. 3.1.1. Via Lewis-Acid-Mediated 
Diels-Alder Reactions. No reaction between 6 and 23a was observed, even in the presence 
of Lewis acids. However, if instead of the monodentate ligand 23a, the bidentate 23b was 
used as the dienophileZ6), an adduct (85 %) containing the components rac-24, rac-25, 
and (rac-26 + r ~ c - 2 7 ) ~ ~ )  in the ratio 62:29:9 could be obtained after 14 d in the presence 
of 3 equiv. of Me,AlCl in CH,Cl,. HPLC permitted separation of this mixture into its 
components. 

The main component rac-24 was identified by X-ray crystal-structure analysis (see 
Fig. 3). Constitutionally (angular Me group on C(13), C=C bond between C(9) and 

~~ 

2 6 )  a$ -Unsaturated N-acyloxazolidinones have been used by Narasaka et al. [33] [36], Chupuis and Jurczak [41], 
Evans et al. [42], G r e y  and Matsumura [35], and Seebach el al. [37] [38] as bidentate ligands, forming reactive 
dienophiles with chirdl, non-racemic Lewi.r acids in chirogenic Diels-Alder reactions. 
The adduct components rac-26 and rac-27, constitution isomers of ruc-24 and rac-25, were obtained in a 3: 1 
ratio after HPLC separation. 

") 
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Fig. 3. Representation of single-crystal X-ray structure of compound rac-24 (Exper. 1 S.1) 

C( 1 1)) and configurationally (trans-arrangement of the functional group necessary for 
later ring closure in ring C), the Diels-Alder reaction has taken place in the desired 
manner, but, however, via the exo transition structure (s.vn -arrangement of the H-atoms 
on C(8) and C( 14)). 

3.1.2. Stereostructural Simplification. The Diels-Alder reaction between 6 and 23b did 
only proceed with the mediation of A1 Lewis acids (see Table 5 ) .  

Table 5. Diels-Alder Reactions of Diene 6 with Dienophile 23b Mediated by Various Lewis Acids 

Entry Lewis Temp. Time Yielda) rac -24/rac-25/ 
acid ["CI ["/.I (rac -26 $- rac-27)a) 

Me A 1 C 1 
Me2AlCl 
Me2AIC1 
MeAlCl, 
Et,AICI 
EtMeAICl, 

AIMel 
AICI, 

-25 
-25 
-25 
-25 
-25 

5 
-25 

5 

I d  
10 d 
14 d 
14 d 
14 d 
40 h 

7 d  
40 h 

66 
77 
89 
82 
65 
15 
2b) 
5 7  

57:31:12 
54:34:12 
62~2919 
60 :30 : 10 
53:31: 16 
69 :24 :I 

8:16:77 
51 :38:ll 

") 
b, 

") 

Overall yield determined by HPLC. 
In addition to primary adduct, secondary components rac-29 and rac-30 were present in an overall yield of 

In addition to primary adduct, rac-28 was isolated in 12% yield. 
16%. 
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SiCI,, SnCl,, (i-PrO),TiCl, TiCI,, and ZrC1, did not bring about reaction; 23b could be 
recovered almost quantitatively. Use of AICl,, TiCI,, (i-Pr0),TiCl2, or ZrC1, led to partial 
or complete polymerization of diene 6. The Lewis acid Me,AlCl, which gave the highest 
yields, was used in various molar equivalents relative to dienophile 23b in steps from 1 to 
4 (see TubZe 6 ) .  

Table 6. Diels-Alder Reactions of Diene 6 with Dienophile 23b 
in the Presence of Me2AlCl at - 2 5 O  

Entry Mol.-equiv. Time Yielda) rac -24/rae-25/ 
of Me2 AlCl [%Dl (rac-26 + rac-27) 

1 equiv. 
2 equiv. 
3 equiv. 
4 equiv. 

14 d 
14 d 
14 d 
14 d 

2 
8 

89 
84 

54: 13 :33 
56:21:23 
62:29:9 
51:35:14 

") Determined by HPLC. 

Table 7. Diels-Alder Reactions of Diene 6 with Dienophile 23b 
Mediated by Methylaluminium Chlorides at 5" 

Entry Lewis Time Yield")b) of rac -24/rac-25/ Yield of 
acid [hl adduct [ %] (rac-26 + rac-27) rac-28 

1 MezAICl 12 
2 Me,AICI 24 
3 Me,AlCl 48 
4 MeAICI, 24 
5 MeAlC1, 50 

62 
65 
48 
72 
7 F )  

39:45:16 
41:45:14 
30:50:20 
58:20:22 
47:38:15 

11 
25 
46 
7 
15 

") Determined by HPLC. 
b, Overall yield. 
') Conducted in the presence of 5 mol-% galvanoxyl. 

Scheme 1. Outline, How the Diels-Alder Adduct Component rac-24 Is Converted into rac-28 
by a Lewis-Acid-Mediated Ene Reaction 
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With constant temperature and reaction time, the highest yields, and also the best 
constitutional isomer ratios, were obtained with 3 mol-equiv. of Me,AlCl. With 4 equiv. 
of Lewis acid, the results were less good. This may possibly be due to a change in the 
nature of complexation. 

The question of whether the reaction time may be reduced by using a higher tempera- 
ture can be answered in the negative (see Table 7). Diene 6 polymerizes more quickly at 
elevated temperatures. An additional reaction component also appears in the shape of the 
tetracyclic rac -28, which can be explained as the product of sequential intermolecular 
Diels-Alder reaction and intramolecular ene reaction (see Scheme I). 

3.2. Completion of the ABCD System. For a successful opening step in the total 
synthesis of rac-3, it seemed appropriate to constitutionally modify, and at the same time 
simplify, the crude product of the Diels-Alder reaction to fit the aim of the synthesis. This 
was achieved using CF,COOH in CH,Cl,, the four Diels-Alder adduct components being 
transformed pairwise into the two components rac-29 and rac-30 and isolated in 74% 
and 5% yields. 

The trans-fusion of rings Band C was established by means of ionic hydrogenation of 
the C=C bond between C(8) and C(9), following essentially a procedure developed by 
Posner and Switzer [21]. The mixture rac-29 was transformed into the components rac-31 
and rac-32 (in ratio of ca. 5 :  1) in 68 YO yield. The oxazolidine group, which had proved to 
be essential, was removed hydrolytically in a manner based on the work of Evans et al. 
[42]. With the (&)-0-methylhomomarrianolic acid obtained (in yields up to 85 Yo), the 

31 

& \ H H  C02R 

Me0 

33a R = H  
33b R = M e  

32 

34a 
34b 

R' = H, R'= CO'Me 
R' = C02Me, R2=  H 

a) 68% b) 85% c)  96% d) e)  78% 
ra~-29  - rac-31 (21) + rac-32 (4) - rac-33a -- rac-336 

1.5.4.2 1.5.4.3 1.5.4.4 1.5.4.5 7 --I rac34a + rac34b rac-3a - racJc 
f) 75% 

1.5.4.6 

a) Et,SiH, TFA, CH2C12, 0" -t r.t. b) LiOOH, THF/H,O, 0" + r.t. c) CHIN2, Et,O/MeOH. d) t-BuOK, C,H,, 
reflux. e) Triethyleneglycol/H,O, 180". f )  BBr,, CH,CI,, 0". 
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historical ground for estrone total synthesis, developed by Anner and Miescher [43], and 
Johnson et al. [44a-c] in the middle of this century, was reached. Using knowledge gained 
then, it was possible to complete the steroid skeleton in 84% yield by means of a 
Dieckmann condensation. The mixture of rac-34a and rac-34b obtained provided (*)- 
estrone methyl ether (ruc- 3c; 93 %) after sequential hydrolysis and decarboxylation: the 
latter was converted into (&)-estrone (rac-3a) using known methodology [44d] in 75 YO 
yield. 

4.  Conclusion. -When, in the 1930s, chemists began to think about the total synthesis 
of steroids at all, Dane’s concept, to build up the steroidal ABCD system by Diels-Alder 
reaction between an appropriate AB system as diene and a five-membered unsaturated 
ketone as dienophile, was taken for choice. But soon, when it turned out that initial hopes 
had been raised too much, Dane’s concept was superseded by Torgov’s idea [19] how to 
build up a steroidal ABD system (Scheme 2). This was definitely the case after the regio- 
and enantioselective reduction of the resulting achiral diketone intermediate had been 
succeeded. 

Scheme 2. Opening Move in Torgov’s Concept Leading to an Achiral Diketone Whieh Can Be Reduced Regio- and 
Enan t ioselertivelv 

After Valenta’s observation [45] that, on Diels-Alder reaction between 6 and 2-Me- 
substituted 1 ,4-benzoquinones as dienophiles, the adduct component close to steroid 
constitution can be made to predominate, provided an achiral Lewis acid had been used 
as a mediator, caused some doubt, whether Dune’s concept, which in the meantime was 
lost sight of, had not been given up too early. That this doubt is justified was supported by 
the enantioselective verification of the chirogenic Diels-Alder reaction between 6 and 
dienophiles of type 18, carried out in the presence of chiral, non-racemic Lewis acids. The 
prevailing opinion that Dane’s concept did fall out of favor has to be abandoned. 

Ten years ago, we have already reported a total synthesis of 2 [24] following the 
constitutional construction scheme AB + ABD -+ ABCD. Here, an intramolecular Diels- 
Alder reaction [46] played a key role. Does the new total synthesis of 2 employing an 
intermolecular Diels-Alder reaction successfully compete with the old one making use of 
an intramolecular Diels-Alder reaction? 

As far as the constitutional build-up of the steroid skeleton is concerned, the latter 
synthesis is chemically more innovative than the former one: by photoenolization a 
short-lived dienol is produced which, after deprotonation, reacts even with a rather 
unreactive dienophile, hereby making an ABCD out of an AD system. The precursor of 
the photoenol, being a 1,5-diketone, is easily formed by Michael addition of a chiral, 
non-racemic ring-D donor to an achiral AB acceptor. The required trans-fusion of rings 
C and D does not cause any worry here (Schenze 3). 
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Scheme 3. Ring-A Michael Acceptor and Ring-D Michael Donor Afford a IS-Diketone, Which on Photoenolization 
Unt1ergoc.s nn In?romoleciil~r Diels- Alder Reoction Completing the Steroid Skeleton 

I 

If the way generating chirality becomes the crucial test for evaluation, the synthesis of 
2 which includes an intermolecular Diels-Alder reaction is better than that one with an 
intramolecular Diels-Alder reaction. While a chiral, non-racemic auxiliar, in order to 
induce enantioselection, has to be covalently bound in the latter case, transient formation 
of a coordination complex suffices in the former one. 

Financial support by Deutsche Forschungsgemeinschaft (project Qu 15/26), Fonds der Chemischen Industrie, 
Ministry of Research and Technology (project No. 03 18801 B), and Hoechst AG is gratefully acknowledged. 

Experimental Part 

General [47]. Solvents before use were distilled: Et,O, THF (Na; benzophenone); toluene (Na); MeCN 
(CaH2), or filtered: CH,CI, and DMF (alumina B, act. I; ICN).  All reactions were carried out under N2. unless 
otherwise stated. For reactions in CH,C12 or (CH,Cl),), CH,CI,, for reactions in Et20, THF, or i-BuOH, Et,O was 
used for distribution of the particular product between org. solvent and sat. aq. NaHCO, soln. (basic workup), aq. 
HCl soln. (acidic workup) or sat. aq. NH4C1 soh. (usual workup). The org. layer was washed with brine, dried 
(MgSOJ, filtered (silica gel), and evaporated. Single-crystal structure determination at r.t. with Enraf Nonius 
CAD4 diffractometer (CuK,) by direct methods. Further details of the crystal-structure determinations may be 
obtained from the Fachinformationszentrum Karlsruhe, Gesellschaft fur wissenschaftlich-technische Information 
m.b.H., D-76344 Eggenstein-Leopoldshafen on quoting the deposit number CSD 58994 (if not indicated other- 
wise), the names of the authors, and the journal citation. 

1. Preparative Investigation and Synthetic Appalication of Diefs-Alder Reactions of Diene 6. - 1.1. With 
Dienophile 7a. 1.1.1. In the Presence of Et,A/CI. In a dry, 100-ml, three-necked, round-bottomed flask, 7a (300 mg, 
3.12 mmol; see Exper. 3.2) was dissolved in dry CH,CI, (50 ml). The soh. was cooled to O", and a I M  soln. of 
Et2AIC1 in toluene (1.73 ml, 3.12 mmol) was added. After stirring at 0" for 30 min, a soln. of6 (870 mg, 4.68 mmol, 
1.5 equiv.; see Exper.3.1) in dry CH2C1, (3 ml) was introduced. The mixture was kept at 0-25" for 15 h. Basic 
workup afforded 523 mg of rac-Sa/ruc-9a. After FC (hexane/AcOEt 15: 1) on silica gel (150 g) and crystallization 
(Et20/pentane), 482 mg (55%) of (i)-3-methoxy-14~-estra-1.3,5(10),9(ll)-tetraen-17-one (rac-8a) were ob- 
tained. M.p. 111-112" (Et20/pentane). TLC (hexane/AcOEt 4:l): Rf 0.21. UV (MeO): A,,, 263.5 (19938). IR 
(KBr): 1740s (C=O); 1065m, 1576m, 1498m (C=C, arom.). 'H-NMR 1.12 (s, Me); 1.50-2.26 (m, 8 cycloaliph. H); 
2.47-2.60 (m. H-C(8), H-C(16)); 2.82-2.95 (m, 2 H-C(6)); 3.80 (s, MeO); 6.11-6.15 (m, H-C(l1)); 6.62 (d, 

7.56 (d, J(H-C(l),H-C(2)) = 8.8, H-C(1)). Signals were assigned using a 'H,'H-COSY spectrum. Cross 
peaks between 1.50-2.26/2.47-2.60,1.50-2.26/2.82-2.95,2.47-2.60/6.11-6.15,2.82-2.95/6.62,6.62/6.74.6.74/7.56. 
13C-NMR: 19.6 (C(18)); 20.6, 26.8, 29.3 (C(7), C(12), C(15)); 30.6 C(6)); 33.6 (C(14)); 35.6 (C(16)); 46.4 (C(13)); 

J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.74 (dd, J(H-C(2),H-C(4)) = 2.7, J(H-C(Z),H-C(l)) = 8.8, H-C(2)); 
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46.6 (C(8)); 55.2 (MeO); 112.8 (C(2)); 113.4 (C(4)); 113.7 (C(I1)); 124.5 (C(I)); 126.8, 132.4, 138.0 (C(5), C(Y), 
C(10)); 158.6 (C(3)); 221.0 (C(17)). Signals were assigned using a 'H,"C-COSY spectrum. Cross peaks between 

2.60/35.6, 1.50-2.26146.4, 3.80/55.2, 6.1 1-6.15/113.4, 6.6211 13.4, 6.74/112.8, 7.56/124.5. Crystal-structure analysis 
qj'rac-8a (Fig. l a ) :  monocliniccrystals, P 2 J a  (No. 14); a = 13.956 (4). b = 7.475 (2), c = 15.051 (3) A,P = 100.60 
(2)"; V = 1543 (1) A3; Z = 4;p = 1.215 g/cm3; quadrant through 20 = 120"; 2227 indep. reflect. with I > g(1);  279 
variables; R(F) = 0.042; R,.(F) = 0.033. The ratio rac-Salrac-9a was determined as 96:4 by HPLC (hexane/ 
AcOMe 1O:l +20% CH,CI,, MN Nucleosil50-10, 1.5 ml/min, 254 nm) from an experiment carried out under 
similar conditions. Anal. calc. for C,,H,,O, (282.38): C 80.82, H 7.85; found: C 80.89, H 7.77. 

The minor component had been separated by prep. HPLC (hexane/AcOEt 10:1.5) from rae-8alrac-9a 
obtained from Exper. 1.1.2: ( i/-3-methoxy-14~-methylgona-1,3,5(10) .9-tetraen-15-one (rac-9a): M.p. 67" (Et,O). 
TLC (hexane/AcOEt 4:l): Rf0.6. UV (MeOH): A,,, 264 (16784). IR (KBr): 3031s (=CH); 2955s, 2917m, 2810m 
(C-H); 1722s (C=O); 1604m, 1572m, 1493m (C=C, arom.). 'H-NMR: 1.08 (s, Me); 1.27-1.36 (m. H-C(I7)); 

1.12/19.6, 1.50-2.26/20.6, 1.50-2.26/26.8, 1.50-2.26/29.3, 2.82-2.95/30.6, 2.47-2.60/33.6, 1.50-2.26/35.6, 2.47- 

1.45-1.55 (m,  H'pC(17)); 1.68-1.75 (M, H-C(I3)); 1.68-1.81 (M, H-C(7)); 1.85-2.02 (m, H'-C(7), 2 H-C(16)); 
1.19 (dddd, J(H'-C(12),H-C(12)) = 17.3, J(H'-C(12),H'-C(I 1)) = 3.0, J(H'-C(12),H-C(13)) = 7.0, 
J(H'-C(12),H-C(8)) = 3.0, H'-C(12)); 2.42-2.53 (M,  2 H-C(6)); 3.35 (s, MeO); 5.98-6.01 (m, H-C(l1)); 6.53 (d, 

7.41 (d, J(H-C(I),H-C(2)) = 8.7, H-C(1)). Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks 
between I .27-1.36/1.45-1.55, 1.27-1.36/1.68-1.75, 1.27-1.36/1.85-2.02, 1.45-1.55/1.68-1.75, 1.45-1.55/1.85-2.02, 

2.53, 1.85-2.0215.98-6.01,2.19/5.98-6.01.2.42 -2.53/6.53,6.53/6.75,6.75/7.41. I3C-NMR: 23.4(Me); 26.2 (C(17)); 
26.5, 38.0 (C(7), C(16)); 27.8 (C(12)); 31.2 (C(6)); 42.3 (C(7)); 42.5 (C(8)); 50.5 (C(14)); 54.7 (MeO); 113.1 (C(4)); 
113.1 (C(4)); 113.2 (C(2)); 117.2 (C(11)); 125.2 (C(1)); 128.9, 136.1, 138.2, 159.3 (C(3), C(5), C(9), C(10)); 219.8 
(C(I5)). Signals were assigned using a 'H,13C-COSY spectrum. Cross peaks between 23.4/1.08, 26.2/1.27-1.36, 

1.85-2.02, 54.7/3.35, 113.1/6.53, 113.2/6.75, 117.2/5.98-6.01, 125.2/7.41. Anal. calc. for C,,H,,O, (282.38): C 
80.82, H 7.85; found: C 80.69, H 7.85. 

1.1.2. In the Presence qf rac-12a. In a dry 1000-ml, three-necked, round-bottomed flask, bis-sulfonamide 
rac-Ba (16.3 g, 31.2 mmol; see Table 2 and Exper.4.2.1) was dissolved in dry (CH,CI), (500 ml) at 4 0 - 5 0 O .  After 
cooling to 0°, a 2M soh. of AIMe, (15.6 ml, 31.2 mmol) in toluene was added dropwise within 2 min. The soh. was 
heated to 80" for 2 h, cooled to O", and a soh. of 7 a  (3.00 g, 31.2 mmol) in dry (CH,CI), (10 ml) was introduced. 
After stirring at Oo for 30 min, a soln. of 6 (8.70 g, 46.8 mmol, 1.5 equiv.) in dry (CH2C1), (15 ml) was added. The 
mixture was stirred at 0-25O for 15 h. Basic workup left 150 ml of org. soln. to which 1 1 Et,O was added. The 
mixture was set aside for 2-3 h at r.t. for crystallization. Filtration and washing of the crystals with Et,O gave 
rac-Ba (14.0 g, 86%). The filtrate was concentrated and the residue subjected to filtration (hexane/AcOEt 1O: l )  on 
silica gel (150 g) to give a mixture rac-8alrac-9a (7.55 g, 86%). Separation by prep. HPLC (hexane/AcOEt 20:3) 
furnished rac-8a (6.17 g, 70%) as a colorless solid. Recrystallization (Et20/hexane) afforded rac-9a (0.52 g, 6%). 
The ratio of rac-8a/rnc-9a was determined as 9 1 :9 by HPLC (hexane/AcOMe 20: 1 + 20 % CH,CI,, M N  Nucleosil 
50-10, 1.5 ml/min, 254 nm) from an experiment carried out under similar conditions on a 3.12 mM scale. Anal. data 
were identical with those ones under Exper. 1.1.1. 

1.1.3. In the Presence of a Lewis Acidof Type 12 (see Table 2 ) .  In a dry, three-necked, round-bottomed flask, 
1.25 eqniv. of ligand of type B was dissolved in (CH,CI),. A soln. of DIBAH (1.2 equiv.) in CH,CI,, or of AIMe, 
(1.2 equiv.) in toluene was added at r.1. The mixture was stirred at 80° for 3 h and cooled to r.t. For reactions 
at -80°, the solvent was removed and the residue dissolved in dry CH,CI,. A soh. of 7 a  (96 mg, 1.0 mmol) in dry 
CH,CI, or (CH,CI), (2 ml) was added at the given reaction temp. (see Table 2 ) .  After stirring for 30 min, a soln. of 
6 (450 mg, 2.4 mmol, 2.4 equiv.) in dry CH,CI, or (CH,Cl), (2 ml) was added and the mixture kept for 15 h to 14 d 
at the temp. mentioned. The product obtained after basic workup was filtered on silica gel (hexane/AcOEt 8:l). 
Optical purity was determined using 8 a  as a reference (see Exper.2.1.1).  

1.1.4. In the Presence ofTiCZ,. In a IOO-ml, three-necked, round-bottomed flask, a soln. of TiCl4 (0.91 ml, 8.32 
mmol) in dry CH,CI, (10 ml) was added to a soh. of 7 a  (320 mg, 3.33 mmol) in CH,CI, (30 ml) at -80". The yellow 
mixture was stirred for 15 min, and a soln. o f6  in CH,CI, was added dropwise, until 7 a  could not be detected any 
longer by GC (altogether 1.57 g (8.4 mmol) of diene 6). The mixture was stirred for 1 h at -80" and warmed up to 
0". Basic workup gave a crude product which was purified by filtration (hexane/AcOEt 2:l) on silica gel (20 g), 
prep. HPLC (hexane/AcOEt 10: 1, MN Nucleosil50-10) and crystallization from Et,O/hexdne to furnish (841 mg, 
89 Ye) of (+j-3-methoxy-l4~-estra-1,3,5(IOj,8-tetren-l7-one (rac- 10a). M.p. 88-90° (Et,O/hexane). TLC (hex- 
ane/AcOEt 4:l): Rf0.54. UV (MeOH): &,,, 272.8 (17079). IR (KBr): 1724s (C=O); 1614m (C=C, olef.); 1570~1, 

J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.75 (dd, J(H-C(2),H-C(4)) = 2.6, J(H- C(Z),H-C(I)) = 8.7, H-C(2)); 

1.68-1.75/1.85-2.02, 1.68--1.75/2.19, 1.68-1.81/1.85-2.02, 1.68-1.81/2.42-2.53, 1.85-2.02/2.19, 1.85-2.02/2.42- 

26.2/1.45--1.55, 26.5/1.85-2.02, 27.8/1.85-2.02, 27.8/2.19,, 31,212.42-2.53, 38.0/1.85-2.02, 42.3/1.68-1.75, 42.51 

61 
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1498m (C=C, arom.); 866m, 802m (trisubst. arom.). 'H-NMR: 1.07 (s, Me); 1.44-1.53 (m, H-C(12)); 1.71-1.86 
(m. H'-C(12), H-C(l1)); 2.08-2.47 (m, 2 H-C(7), H-C(l l ) ,  H-C(14), 2 H-C(15), 2 H-C(16)): 2.66-2.85 (m, 
2 H-C(6)); 3.80 (s, MeO): 6.69-6.74 (m, H-C(2), H-C(4)): 7.1 1 (d,  J(H-C(l),H-C(2)) = 8.1, H-C(1)). The 
signals were assigned using at 'H,'H-COSY spectrum. Cross peaks between 1.44-1.53/1.71-1.86, 1.44-1.53/2.08- 
2.47, 1.71-1.86/2.08-2.47,2.08-2.47/2.66-2.85, 6.69-6.74/7.11. "C-NMR: 20.5 (C(18)); 21.9 (C(11)); 25.4(C(15)); 
26.8 (C(12)); 27.4 (C(7)); 28.7 (C(6)): 36.6 (C(16)); 47.1 (C(13)); 48.5 (C(14)); 55.2 (MeO); 110.8 (C(2)); 113.4 
(C(4)); 123.0 (C(1)); 126.3 (C(9)); 128.9 (C(8)); 131.7 (C(l0)): 137.0 (C(5)); 223.0 (C(17)). Signals were assigned 
using a 1H,'3C-COSY spectrum. Cross peaks between 20.5/1.07, 21.87/2.08-2.47, 25.4/1.71-1.86, 25.4/2.08-2.47, 

113.4l6.69-6.74, 123.0/7.11. Anal. calc. for CiyH,,O, (282.38): C 80.82, H 7.85; found: C 80.68, H 7.92. Crystal- 
structure analysis of rac-l0a: cf: Fig. I ,b  (depository number CSD-55302; CSD refcode: VIYSIF) [12]. 

1.1.5. From Diels-Alder Adduct rac-l0a to rac-3a. 1.1.5.1. Preparation ofrac-13a. In a three-necked, 100-ml 
flask equipped with internal thermometer, BuLi (3.18 ml, 1 . 6 ~  soln. in hexane, 5.10 mmol, 1.2 equiv.) was added to 
a stirred soh. of (i-Pr)*NH (0.84 ml, 5.93 mmol, 1.4 equiv.) in dry T H F  (30 ml) at -20". The soh. was kept for 
45 min at -5 to 0" and then cooled to -80". A soh. of rac-l0a (1.20 g, 4.25 mmol) in dry THF (6 ml) was 
introduced avoiding the internal temp. to raise above -70". After stirring for 1 h at -go", Me,SiCI (1.08 ml, 8.49 
mmol, 2.0 equiv.) was added. The cooling bath was removed instantly and the temp. allowed to raise to r.t. The 
soln. was stirred for 1 h and then transferred to a 100-ml, one-necked, round-bottomed flask (using Et,O). The 
solvent was evaporated and the resulting suspension filtered through alumina (50 g; bas. act. 111; hexane/AcOEt 
4: 1). After removing the solvent, the remaining crude silyl enol ether (1.6 g) was dissolved in dry and 0,-free MeCN 
(25 ml). After addition of Pd(OAc), (935 mg, 4.25 mmol, 1 .0 equiv.), the mixture was stirred for 5 h at r.t. under Ar 
and then filtered through CcUze. The filtrate was concentrated and the residue purified by FC (hexane/AcOEt lo:]; 
150 g silica gel). Crystallization from MeOH gave 0.998 g (84%) of j~)-3-methoxy-ll-estru-l.3,5(10).8,15- 
pentaen-17-one (rac- 13a). M.p. 133-135" (MeOH). TLC (hexane/AcOEt 4:l): R, 0.35. UV (MeOH): A,,, 268.5 
(15510); 302 (sh). 1R (KBr): 3064w, 3 0 4 2 ~  (C=C-H); 1706s (C=O); 1604m, 1583m, 1500m (arom. C=C). 
'H-NMR: 1.20 (s, Me-C(13)); 1.55-1.64 (m. H-C(12)); 1.88-1.96 (m. H'-C(12)); 2.16-2.44 (m, 2 H-C(7)); 
2.70-2.90 (m, 2 H-C(6)); 3.15 (s, H-C(14)); 3.79 (s, MeO); 6.12 (dd, J(H-C(16),H-C(15)) = 5.8, 

J(H-C(15),H-C(16)) = 5.8, J(H-C(15),H-C(14)) = 2.6, H-C(15)). Signals were assigned using a 'H,'H-COSY 
spectrum. Cross peaks between 7.64/6.12, 7.64/3.15, 7.07-7.10/6.70-6.73, 6.12/3.15, 2.70-2.90/2.16-2.44, 1.88- 
1.96/2.16-2.44. 1.88-1.96/1.55-1.65. I3C-NMR: 22.47 (4. C(18)); 22.29, 27.43 (21, C(7), C(11)); 28.63 ( t ,  C(6)); 
31.53 ( I ,  C(12)); 55.23 (4, MeO); 55.51 (d, (314)); 110.95 (d,  C(2)); 113.55 (d, C(4)): 123.37 (d, C(1)); 128.34 (s, 
C(9)); 128.62 is, C(8)); 129.55 (s, C(10)); 130.53 (d, C(16)); 136.53 (s, C(5)); 158.30 (s, C(3)); 162.53 (d,  C(15)); 
214.36 (s, C(17)). Signals were assigned using a 'H,'3C-COSY spectrum. Cross peaks were found between: 

55.23/3.79, 3 1.53l1.55-1.64, 3 1.53/ 1.88-1.96, 28.63l2.70-2.90,22.43/2.16-2.44, 27.4312.16-2.44.22.4711.20. Anal. 
calc. for ClyH2,,O, (280.37): C 81.40, H 7.19; found: C 81.34, H 7.36. 

1.1.5.2. Prepararion ofrac-14a. In a 25-ml. three-necked flask, BuLi (3.85 ml, 1 . 6 ~  soln. in hexane, 6.16 mmol, 
1.8 equiv.) was added to a soh.  of HMDS (0.91 ml, 6.87 mmol, 2.0 equiv.) in dry T H F  (6 ml) and HMPT (3 ml) 
at -20 to -30'. After stirring for 1 h a t  0-4' a soln. of rac-13a (0.960 g. 3.42 mmol) in dry THF (10 ml) was added 
during 1-2 min at -70 to -80". The dark brown mixture was stirred for 1 h at -70 to -go", and then AcOH (4 ml, 
87 mmol, 20 equiv.) was added during 1-2 s. The temp. was raised to 0". After acidic workup, the crude product was 
purified by FC (hexane/AcOH 20:l; 150 g silica gel) and crystallization from MeOH to give 0.768 g (80%) of 
(~)-3-metho.cyestru-1,3,5(10).8,14-pentuen-l7-one (rac-14a). M.p. 115-1 16O (MeOH) ([48]: 115-1 16" (MeOH); 
[49]: 1 1 2 O  (EtOH); [19]: 108-109" (MeOH)). TLC (bexane/AcOEt 4:l): Rr0.62. UV (EtOH): A,,, 233.6 (12932), 
311 (28827), 323.5 (22226). IR (KBr): 3 0 5 9 ~  (C=C-H); 1740s (C=O); 1598m, 1559~1, 1497m (arom. C=C). 
'H-NMR: 1.14 (s, Me-C(13)); 1.54-1.65 (m, H-C(12)); 2.00-2.07 (m, H'-C(12)); 2.28-2.37 (m, H-C(7)); 

J(H-C(I6),H-C(15)) = 3.1, H-C(I5)); 3.32(d,J(H-C(I6),H-C(16)) = 23.4, H'-C(16)); 3.81 (s,MeO); 5.86 ( t ,  
J = 2.5, H-C(I5)); 6.73-6.77 (m, H-C(2), H-C(4)); 7.23-7.27 (m.  H-C(1)). Signals were assigned using a 
IH,'H-COSY spectrum. Cross peaks between 7.23/6.73-6.77,5.86/3.32,5.86/2.93,2.28-2.37/2.55-2.66,2.28-2.37/ 
2.77--2.83,2.00-2.07/2.55-2.66,2.00-2.07/1.54-1.65, 1.54-1.65/2.55-2.66. "C-NMR: 22.56 (4. C( 18)); 22.73,22.93 
(2t,C(7),C(11));27.33(1, C(l2));28.42(t,C(6));41.92(t,C(16));49.02(s,C(13)); 55.25(9,MeO); 111,14(d,C(2), 
C(4)); 114.66 (d, C(15)): 124.1 I (d, C(1)): 125.32, 128.59, 129.85 (3s, C(8), C(9), C(10)); 138.17 (d,  C(5)); 146.93 (s, 
C(14)); 158.68 (s, C(3)); 219.91 (s, C(17)). Anal. calc. for ClyH,o02 (280.37): C 81.40, H 7.19: found: C 81.21, 
H 7.13. 

26.8/1.44-1.53, 26.81 I .7 1-1.86, 27.4/2.08-2.47, 28.712.66-2.85, 36.612.08-2.47. 48.5/2.08-2.47, 11 0.816.69-6.74, 

J(H-C(16),H-C(14)) = 2.2, H-C(16)); 6.70-6.73 (m, H-C(2), H-C(4)); 7.07-7.10 (m, H-C(1)); 7.64 (dd, 

162.53/7.64, 130.53/6.12, 123.37/7.07-7.10, 113.55/6.70-6.73, 110.95/6.70-6.73; 110.95/6.7&6.73, 55.51/3.15, 

2.55-2.66 (m, H'-C(7), 2 H-C(I1)); 2.77-2.83 (m, 2 H-C(6)); 2.93 (dd, J(H-C(16),H'-C(16)) = 23.4, 
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1.1.5.3. Preparation of'rac-5a. In a 50-ml, three-necked flask, 5% Pd/CaC03 (150 mg) in C6H, (20 ml) was 
heavily stirred under H2 for 1 h. After rue-14a (1.0 g, 3.57 mmol) and C,H6 (15 ml) had been added, the flask was 
evacuated and tilled with H, (80 ml, 1 .O equiv.); 45 min later, the mixture was filtrated through Celite and washed 
with Et20. Evaporation of the solvent gave 1.03 g of product. Anal. HPLC (hexane/AcOEt 1O:l; MN Nucleosil 
50-10, UV 254 nm) revealed the presence of rac-5a (66%), rac-l0a (9%), and rac-15a (5%; for preparation and 
identification of rac- 15a, see Exper. 2.4.2). Prep. HPLC (hexane/AcOEt 10: 1 ; MN Nucleosil 50.10, refractom.) 
afforded rac- 10a (69 mg, 7%) and a predominantly rac-5a-containing fraction (269 mg); crystallization from 
MeOH/Et20 gave rac-5a (513 mg, 51 %). Semiprep. HPLC (hexane/dioxane 10:0.7; MN Nucleosil50-10, refrac- 
tom.) of combined mother liquors and combined product mixtures gave additional ruc-5a (1 12 mg, 11 %). A total 
yield of isolated (il-3-methoxyestra-l,3,5(10),8-tetraen-17-0ne (rue-5a) of 62% (625 mg) was obtained. M.p. 
120-123" (MeOH/Et20 3:l) ([46a]: 120-123' (MeOH/Et20/petroleum ether); [48]: 118-1 19O (MeOH); [49]: 123O 
(AcOEt); [19]: 120-121' (AcOEt); [51]: 128" (hexane)). TLC (hexane/AcOEt 4:l): R, 0.58. UV (MeOH): A,,, 278 
(16787). IR (KBr): 3061w (C=C-H); 1734s (C=O); 1609m, 1568~1, 1491m (C=C). IR (CCIJ: 1742s (C=O); 
1607~1, 1570m,1555m, 1499m (C=C). 'H.NMR: 0.89 (s, Me-C(13)); 1.60-1.85 (m,  H-C(12), H-C(5)); 1.99-2.08 
(n7, H'-C(12)); 2.11-2.17 (m, H'-C(15)); 2.19-2.31 (m. 2 H-C(7), 2 H-C(14)); 2.51-2.81 (m, 2 H-C(6). 
2 H-C(ll), 2 H-C(16)); 3.80 (s, MeO); 6.70-6.74 (m, H-C(2), H-C(4)); 7.14 (dd, J(H-C(l),H-C(2)) zz 7.3, 

((36)); 28.83 (C(12)); 36.48 (C(16)); 47.22 (C(14)); 47.58 (C(13)); 55.23 (MeO); 110.80 (C(2)); 113.66 (C(4)); 123.07 
(C(1)); 126.49 ((39)); 128.60 (C(8)); 130.58 (C(10)); 137.1 1 (C(5)); 158.06 (C(3)); 219.67 (C(17)). IR, 'H-NMR, and 
"C-NMR data are identical with those in [46a]. Anal. calc. for C19H2202 (282.38): C 80.82, H 7.85; found: C 80.71, 
H 7.94. 

1.1.5.4. Preparation ofrac-3c. In a three-necked, 25-ml flask, Et,SiH (1.03 ml, 6.47 mmol, 10 equiv.) and 
CF,COOH (1.0 ml, 13 mmol, 20 equiv.) were added to a soln. of rue-5a (182 mg, 0.645 mmol) in dry C,H6 (12 ml). 
After stirring the mixture for 12 h at r.t. and usual workup, the residue obtained was purified by FC (hexane/ 
AcOEt 1O:l; 50 g silica gel). Crystallization from MeOH gave 128 mg (70%) of (f)-estronemethyl ether (rac-3c). 
M.p. 144-145' (MeOH) ([51]: 142-144' (MeOH); [48] [19]: 143-144" (MeOH); [23c]: 144145O (MeOH/Aceton); 
[49]: 142" (MeOH); [52]: 139-141O; [44b]: 143.2-144' (MeOH)). TLC (hexane/AcOEt 2:l): Rf0.70. UV (MeOH); 
A,,, 277.8 (2010); 286.2 (1900) ([51]: UV (MeOH): A,,,, 276 (1900), 286 (2000)). IR (KBr): 1737s(C=O); 1608nz, 
1579w, 1504m (arom. C=C). 'H-NMR: 0.91 (s, Me-C(13)); 1.39-1.67 (m, 6 cycloaliph. H); 1.92-2.55 (m, 
7 cycloaliph. H); 2.87-2.93 (m, 2 H-C(16)); 3.78 (s. MeO); 6.64 (d, J(H-C(2),H-C(4)) = 2.8, H-C(4)); 6.72 

I3C-NMR: 13.81 (C(18)); 21.54 (C(15)); 25.89 (C(11)); 26.52 (C(7)); 29.63 (C(6)); 31.56 (C(12)); 35.82 (C(16)); 
38.35 (C(8)); 43.93 (C(9)); 47.96 (C(13)); 50.39 (C(14)); 55.16 (MeO); 111.54 (C(2)); 113.86 (C(4)); 126.30 (C(1)); 
133.00 (C(10)); 137.71 (C(5)); 157.59 (C(3)); 220.81 (C(17)). Anal. calc. for CI,H2,O2 (284.40): C 80.24, H 8.51; 
found: C 80.24, H 8.27. 

1.1.5.5. Preparation ofrac3a. In a 25-ml flask, BBr, (0.70 ml, 8.85 mmol, 18 equiv.) was added to a stirred 
soh. of rue-3c (140 mg, 0.49 mmol) in dry CH2CI2 (7 ml) at -30". The soh. was left at U0 for 2 h. The orange soln. 
was cooled to -30", and MeOH (2 ml) was added dropwise under stirring. The mixture was poured into CHCI, 
(200 ml)/H20 (100 ml). The org. layer was washed with H20 (2 x 100 ml), the combined aq. layers were extracted 
with CHC13 (100 ml), and the combined org. layers were dried (MgSO,). After evaporating of the solvent in vucuo 
and dissolving the crude product in DMSO (1 ml), further purification was undertaken by FC (hexane/AcOEt 4:l; 
70 g silica gel). Crystallization from EtOH afforded 97 mg (73%) of (+)-estrone (rac-3a). M.p. 254-255" (EtOH) 
([46a]: 254-254.5" (EtOH); [44b]: 252.8-254.7" (acetone); [23c]: 254.5-256" (acetone); [43a]: 251-254"). TLC 
(hexane/AcOEt 2:l): Rf 0.62. UV (MeOH): A,,, 281 (2118); 287 (sh, 1920) ([46a]: UV: A,,, 280 (2110), 287 (sh, 
1930)). IR (KBr): 3327s(OH); 1718s(C=O); 1619m,1581w, 1498m (arom. C=C). 'H-NMR: 0.90 (s, Me-C(13)); 
1.41-1.67 (m. 6 cycloaliph. H); 1.88-2.55 (m, 7 cycloaliph. H); 2.83-2.89 (m, 2 H-C(16)); 5.49 (br. s, OH, 
D,O exchange); 6.58 (d,  J(H-C(2),H-C(4)) = 2.5, H-C(4)); 6.64 (dd, J(H-C(2),H-C(4)) = 2.6, 
J(H-C(l),H-C(2)) = 8.4, H-C(2)); 7.10 (d, J(H-C(l),H-C(2)) = 8.4, H-C(1)). Anal. calc. for CI8Hz20, 
(270.37): C 79.96, H 8.20; found: C 79.95, H 8.04. 

1.2. With Dienophile 7b in the Presence of Tic/,. 1.2.1. Preparation of rac-lob. In a 250-ml, three-necked, 
round-bottomed flask, a soh. of TiCI, (1.12 ml, 10.2 mmol) in dry CH,CI, (20 ml) was added to a soh. of 7b (450 
mg, 4.1 mmol; see Exper. 3.2.2) in dry CH2CIz (50 ml) at -80°. The yellow mixture was stirred for 15 min, and a 
soln. of 6 (see Exper. 3.1) in dry CH2CI2 was introduced dropwise (760 mg, 4.1 mmol, then 3 x 380 mg, 2.1 mmol), 
until 7b could not be detected any longer by GC (altogether 1.9 g (10.2 mmol) of 6). The mixture was warmed up to 
0". Basic workup gave crude rac-lob. Chromatography (hexane/AcOEt 1O:l) on silica gel (60 g) and crystallization 
from MeOH afforded 1.109 g (90%) of (i)-13-e~hyf-3-methoxy-1~-gona-1~3,5(10),8-~~traen-17-one (rac- lob). 

J(H-C(l), H-C(4)) z 1.9, H-C(1)). 13C-NMR: 13.22 (C(18)); 21.14 (C(15)); 23.79 (C(11)); 24.30 (C(7)); 28.48 

(dd, J(H-C(2),H-C(4)) = 2.8, J(H-C(l),H-C(2)) = 8.6, H-C(2)); 7.20 (d,  J(H-C(I),H-C(2)) = 8.4, H-C(1)). 
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M.p. 82-83' (MeOH). TLC (hexane/AcOEt 4:l): Rf 0.40. UV (MeOH): A,,, 272.0 (16960). IR (KBr): 3060w 
(=C-H); 2932m, 2830m (-C-H); 1732s (C=O); 1648~) (C=C, olef.); 1605m, 1570m, 1499m (C=C, arom.). 
'H-NMR: 0.86 ( t ,  J(MeCH2,MeCH2) = 7.4, MeCH,); 1.43-1.61 (m, H-C(12),CH2Me); 1.64-1.87 (m, 2 H-C(7), 
H-C(15), 2 H-C(ll), 2 H-C(16)); 2.61-2.68 (m, H-C(14)); 2.71-2.82 (m, 2 H-C(6)); 3.79 (s, MeO); 6.69-6.73 
(m, H-C(2),H-C(4)); 7.08 (mc, H-C(1)). Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks 
between 0.86/1.43-1.61, 1.43-1.61 / 1.64-1 37,  1.43-1.61/2.07-2.41, 1.64-1.87/2.07-2.41, 1.64-1.87/2.61-2.68, 
2.07-2.41/2.61-2.68, 2.07-2.41/2.71-2.82, 6.694.73/7.08. "C-NMR: 8.5 (C(19)); 22.0, 27.5 (C(7), C(l I)); 25.4 
(C(15)); 25.8 (C(12)); 26.3 (C(18)); 28.8 (C(6)); 37.8 (C(16)); 44.9 (C(14)); 51.0 (C(13)); 55.2 (MeO); 110.9, 113.4 
(C(2), C(4)); 123.0 (C(1)); 126.6, 129.1, 132.0, 137.0 (C(5), C(lO), C(8), C(9)); 229.9 (C(17)). Signals were assigned 
using a 'H,'3C-COSY spectrum. Cross peaks between 8.5/0.86, 22.0/2.07-2.41, 25.4/1.641.87, 25.4/2.07-2.41, 

55.2/3.79, 110.9/6.69-6.73, 113.4/6.69-6.73, 123.0/7.08. Anal. calc. for C2,H2.,02 (296.39): C 81.05, H 8.16; found: 
C 80.82, H 8.07. Crystal-structure analysis of ruc-lob: c j  Fig. 1, c (depository number CSD 55302; CSD refcode 

1.2.2. From rac-lob to rac-2. 1.2.2.1. Preparation ofrdc-13b. 1 . 6 ~  BuLi soln. in toluene (2.34 ml, 3.7 mmol, 
1.1 equiv. was added to a soh. of (i-Pr),NH (575 pl, 4.1 mmol, 1.2 equiv.) in dry THF (20 ml) at -80". The mixture 
was warmed up to 0' and stirred for 1 h. After cooling to -80D, a soln. of rac-lob (1.0 g, 3.4 mmol) in dry THF (20 
ml) was added dropwise and the mixture stirred for 1 h at -80'. Me,SiCI (773 pl, 6.1 mmol, 1.8 equiv.) was added 
and the mixture warmed up to 0" during 1 h (TLC, hexane/AcOEt 1O:l). After evaporation and chromatography 
(hexane/AcOEt 4.1) on alumina (B, act. 111 80 g), a colorless foam (1.28 g) was obtained. A soln. of the foam in 
MeCN (5 ml) was added to a suspension of Pd(0Ac)z (763 mg) in MeCN (10 ml). The mixture was stirred for 16 h 
at r.t. (TLC, hexane/AcOEt 4:l). After filtration through Celite and evaporation in vucuo, the crude product was 
subjected to FC (hexane/AcOEt 20:l) on silica gel (80 g). Crystallization from MeOH afforded (*)-13-ethyl-3- 
metho~y-14~-gonu-l,3,5(10).8,I5-pentuen-l7-one (rue-13b; 820 mg, 82%). M.p. 77-78" (MeOH). TLC (hexane/ 
AcOEt 4:l): Rf0.32. UV (MeOH): A,,, 268.7 (15280). IR (KBr): 3070w ( 4 - H ) ;  2932m, 2835m (-C-H); 1704s 
(C-0); 1662w (C=C, olef.); 1609m, 1568m, 1497m (C=C, arom.). 'H-NMR: 0.85 (t, J(CH2Me,CH2Me) = 7.4, 
MeCH2); 1.49-1.77 (m, MeCH2, H-C(12)); 1.95-2.08 (m, H'-C(12), H-C(l1)); 2.19-2.51 (m, 2 H-C(7), 
H'-C(ll)); 2.68-2.91 (m, 2 H-C(6)); 3.25 (vs, H-C(14)); 3.77 (s,MeO); 6.10 (dd, J(H-C(16),H-C(15)) = 5.8, 
J(H-C(16),H-C(I4)) = 2.1, H-C(16)); 6.68-6.72 (m, H-C(2), H-C(4)); 7.03-7.06 (m, H-C(1)); 7.62 (dd, 
J(H-C(15),H-C(16)) = 5.8, J(H-C(lS),H-C(14)) = 2.7, H-C(15)). Signals were assigned using a 'H,'H-COSY 
spectrum. Cross peaks between 0.85/1 .49-1.77, 1.49-1.77/1.95-2.08, 1.49-1.77/2.19-2.51, 1.95-2.08/2.19-2.51, 

29.5, 31.0(C(18), C(6),C(7),C(ll),C(l2)); 50.9(C(13), 52.6(C(14)); 55.1 (MeO); 110.9, 113.5, 123.5, I31,6(C(l), 
C(2), C(4), C(16)); 128.3, 128.6, 129.9, 136.5 (C(5), C(8), C(9). C(19)); 158.2 (C(3)); 163.3 (C(15)); 214.4 (C(17)). 
Anal. calc. for C2,,H2,0, (294.4): C 81.60, H 7.53; found: C 81.62, H 7.56. 

1.2.2.2. Preparation qfrac-14b. 2 . 5 ~  BuLi s o h  in toluene (I  .45 ml, 4.60 mmol, 1.8 equiv.) was added to a soh. 
of HMDS (1.09 ml, 5.1 1 mmol, 2.0 equiv.) in dry THFiHMPA ( I  :1, 14 ml) at -20". The mixture was stirred for 1 h 
at 0°, cooled to -80" and a soln. of ruc-13b (750 mg, 2.55 mmol) in dry THF (7 ml) added dropwise. After stirring 
for 1 h at -80", AcOH (6 ml) was added and the mixture warmed up to O'. Acidic workup gave a crude product 
which was subjected to FC (hexane/AcOEt 1O:l)  on silica gel (150 9). Crystallization from Et20 afforded 
(f/-13-efhyl-3-methoxygona-l,3,5(l0~,8,14-pentuen-l7--one (ruc-14b; 630 mg, 84%). M.p. 77-79" (Et,O) (1531: 
71-73' (MeOH/AcOEt)). TLC (hexane/AcOEt 4:l): Rf 0.42 UV (MeOH): A,,, 311.7 (28469) ([53]: UV: 311 
(28000)). IR (KBr): 3072w, 3050w (=C-H); 1740s (C=O); 1620w (C=C olef.); 1602w, 1563w, 1499s (C=C, arom.). 
'H-NMR: 0.84 (t. J(MeCH&eCH,) = 7.5, MeCH,); 1.49-1.69 (m. J(MeCH2,MeCH2) = 7.5, MeCH2, 
H-C(12)); 2.12-2.20 (m, H-(312)); 2.2g2.38 (m, H-C(7)); 2.59-2.68 (m, H-C(7), 2 H-C(l1)); 2.77-2.83 (m, 2 

J(H'-C(16),H-C(16)) = 23.5, H'-C(16)); 3.81 (s, MeO); 5.93 ( t ,  J(H-C(IS),H-C(16)) = 2.4, H-C(15)); 6.72- 
6.76 (m, H-C(2), H-C(4)); 7.20-7.24 (m. H-C(I)). Anal. calc. for C 2 0 H ~ ~ 0 2  (294.39): C 81.60, H 7.53; found: C 
81.51, H 7.65. 

1.2.2.3. Preparation ofracJb. In a 50-ml Schlenk flask, a suspension of 5 % Pd/CaCO, (43.4 mg, 5 mol-%) in 
dry benzene (5 ml) was evacuated and filled with H2. The suspension was stirred under H2 for 1 h. ruc-14b ( I  50 mg, 
0.51 mmol) was added, and subsequently H2 (18.8 ml, 0.8 mmol) was introduced through a gas bourette (TLC, 
hexane/AcOEt 4:l). The mixture was filtered through Celife, washed (Et,O) and evaporated in vacuo. The crude 
product contained 129 mg (86%) of rucdb, 2 mg ( I  %) of ruc-lob, and 5 mg (3%) rac-15b according to anal. 
HPLC (hexane/AcOEt 10:l, MA' Nucleosil 50-10, 2 ml/min, 254 nm) and was purified by semiprep. HPLC 
(hexane/AcOEt 1O:l) to give (*/-13-ethyl-3-mefhoxygona-l,3,5(10/.8-~etraen-l7-one (ruc-5b; 112 mg, 74%). 

25.8/1.43-1.61, 25.8/1.6&1.87, 26.3p.43-I .61, 27.5/2.07-2.41, 28.8/2.71-2.82, 37.8/2.07-2.41, 44.9/2.61-2.68, 

VIYSOL) [12]. 

2.19-2.51/2.67-2.91; 3.25/6,10, 3.25/7.62, 6.10/7.62, 7.03-7.06/6.68-6.72. "C-NMR: 8.6(C(19)); 22.1, 27.7, 28.6, 

H-C(6)); 2.92 (dd, J(H-C(16),H'-C(16)) 23.5, J(H-C(16),H-C(15)) = 2.9, H-C(16)); 3.14 (d, 
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Crystallization from MeOH afforded rac-5b (107 mg, 71 %). M.p. 121-123O (MeOH) ([53]: 120-122.5" (MeOH)). 
TLC (hexane/AcOEt 4:l): Rr0.36. UV (MeOH): A,,, 279.0 (16599) ([53]: UV: A,,, 280 (16000)). IR (KBr): 3 0 3 0 ~  
(=C-H); 2920m, 2 8 9 0 ~  2833m (-C-H); 1731s (C=O)); 1608m, 1568m, 1496s (C=C, arom.). 'H-NMR: 0.85 (f, 
J(CH2Me,CH2Me) = 7.5, MeCH,); 1.22-1.66 (m. J(CH,Me,CH2Me) = 7.4. MeCH2, H-C(12)); 1.75-1.91 (m, 
H-C(12)); 2.05-2.30 (m, H-C(7), 2 H-C(15), 2 H-C(16)); 2.42-2.62 (m, H'-C(7), 2 H-C(l1)); 2.73-2.83 (m, 
2 H-C(6), H-C(14)); 3.80 (s, MeO); 6.70-6.74 (m, H-C(2), H-C(4)); 7.11-7.15 (m, H-C(1)). "C-NMR: 7.8 
(C(19)); 17.4, 20.6, 23.7, 24.3, 24.8, 28.5, 36.5 (C(6), C(7), C(11), C(I2), C(15), C(16), C(18)); 48.0 (C(14)); 50.8 
(C(13)); 55.2 (MeO); 110.8, 113.6, 123.0 (C(I), C(2), C(4)); 126.9, 128.6, 130.5, 137.0 (C(5), C(8), C(9), C(10)); 
158.0 (C(3)); 218.7 (C(17)). Anal. calc. for H2,H2,02 (296.41): C 81.04, H 8.16; found: C 80.85, H 8.07. 

/i)-l3-Ethyl-3-~thoxy-8cr-gona-l.3.5(10)-trien-l7-one (rac-15b). M.p. 94-97" (MeOH) ([54]: 96-100" 
(MeOH/H,O); [55 ] :  93-96'), TLC (hexane/AcOEt 4:l). Rf0.36. UV (MeOH): A,,, 277.5 (2095). IR (KBr): 3082w 
(=C-H), 2940~1, 2856m (-C-H), 1727s (C=O), 1608m, 1575~1, 1497m (C=C, arom.). 'H-NMR: 0.74 ( i ,  

J(MeCH&H,Me) = 7.5, MeCH,); 1.22-2.48 (m, 2 H-C(7), H-C(8), 2 H-C(ll), 2 H-C(12), H-C(14), 2 
H-C(15), 2 H-C( 16), MeCH,); 2.60-2.85 (m,H-C(6),H-C(9)); 3.76 (s, MeO), 6.60 (d, J(H-C(4),H-C(2)) = 2.7, 

H-C(2)) = 8.48, H-C(1)). Anal. calc. for C2,H2802 (298.43): C 80.44, H 8.78; found: C 80.71, H 8.81. 
1.2.2.4. Preparation of rac-16. LiAIH, (97 mg, 2.55 mmol, 0.75 equiv.) was added to a soln. ofrac-5b (1.007 g, 

3.40 mmol) in dry Et20. The mixture was subjected to ultrasound for 5 min (TLC, hexane/AcOEt 4:l). H20 was 
added (ice-cooling), until a tine precipitate appeared. After decantation and washing of the residue with Et,O (4x), 
the combined org. phases were dried (MgSO,) and evaporated to yield (+)-13-ethyl-3-rnethoxygona-J.3,5(10).8- 
tetraen-l7/?-ol (rue-35; 994 mg, 98%) as a colorless solid. M.p. 106-108" ([53]: 102-105° (MeCN)). TLC (hexane/ 
AcOEt4:I): Rr0.25. IR (KBr): 3506s(br., OH); 3021w(=C-H); 2947s, 2874s, 2832s(-C-H); 1610s, 1570s, 1494s 
(C=C, arom.). 'H-NMR: 1.06 (t, J(CH2Me,CH2Me) = 7.5, MeCH2); 1.32-1.77 (m, MeCH,, H-C(12), H-C(15), 
2 H-C(16), OH); 2.14.2.28 (m. 2 H-C(7), H'-C(15)); 2.30-2.51 (m, 2 H-C(ll), H-C(14)); 2.69-2.76 (m, 2 
H-C(6)); 3.80 (s, MeO); 3.89-3.96 (m. H-C(17)); 6.69-6.74 (m, H-C(2), H-C(4)); 7.13 (d, 
J(H-C(l),H-C(Z)) = 8.2, H-C(1)). 13C-NMR: 10.3 (C(19)); 18.0, 22.1, 24.3, 24.7, 28.6, 30.0, 31.3 (C(6), C(7), 
C(11), C(12), C(15). C(16), C(l8)); 44.3 (C(13)); 48.5 (C(14)); 55.3 (MeO); 82.5 (C(17)); 110.7, 113.6, 122.8 (C(l), 
C(2), C(4)); 125.8. 129.1, 132.2, 137.0 (C(5), C(8), C(9), C(10)); 157.7 (C(3)). Anal. calc. for C,,H2,O2 (298.43): C 
80.49, H 8.78; found: C 80.47, H 8.86. 

H-C(4)); 6.71 (dd, J(H-C(Z),H-C(l)) = 8.45, J(H-C(2),H-C(4)) = 2.7, H-C(2)); 7.03 (d, J(H-C(1), 

35 36 

A 100-ml, three-necked, round-bottomed flask equipped with an acetone/N2-cooled Stiideler condenser was 
charged with dry NH,. (40 ml) at ca. -60". Aniline (440 pl) and potassium (250 mg, 6.37 mmol, 5 equiv.) were 
added. A soh. of rac-35 (382 mg, 1.27 mmol) in dry THF (5 ml) was added to the dark-blue soln., and the mixture 
was stirred for 1 h at -40". Li (355 mg, 50.9 mmol, 40 equiv.) was added in small portions, the mixture stirred for 
30 min, and EtOH (3.0 ml) added dropwise during 1 h. The mixture was warmed up to r.t. to remove the NH,, and 
AcOH (loo/,, 70 ml) was added dropwise (ice-cooling). After basic workup, a residue was obtained which was 
purified by prep. HPLC (hexane/AcOEt 5 :  1 ; MN Nucleosil50-10,O.l Ijmin) to give (f)-13-ethyl-3-methoxygona- 
2,5(10)-dien-17-01 (rac-36; 282 mg, 73%) as a colorless solid. A sample was crystallized from MeOH. M.p. 
117-1 19' (MeOH) ([53]: 117-121° (MeOH)). TLC (hexane/AcOEt 4:l): Rf0.29. IR (KBr): 3300s (br., OH); 2939s, 
2818s (-C-H); 1697m, 1668m, (C=C, enol ether). 'H-NMR: 0.98 ( t ,  J(CH,Me,CH,Me) = 7.5, MeCH2); 0 . 8 6  
1.74 (m, 12 aliph. H, OH); 1.82-1.93 (m, 2 aliph. H); 2.03-2.17 (m. 2 aliph. H); 2.25 (dt, J = 12.6, 3.1, aliph. H); 
2.47-2.87(m,4aliph.H);3.55(s,MeO);4.63-4.65(m,H-C(2)). I3C-NMR:9.5(C(19)); 17.8,22.5,25.4,26.7,28.3, 
30.5, 31.0, 33.1, 34.1 (C(1), C(4), C(6), C(7), C(11), C(12), C(15), C(16), C(18)); 38.8,45.2, 51.2 (C(8), C(14)); 44.9 
(C(13)); 53.8 (MeO); 84.0, 90.6 (C(2), C(17)); 124.9, 128.0 (C(5), C(10)); 157.7 (C(3)). Anal. calc. for C*oH3oO2 
(302.46): C 79.42, H 9.99; found: C 79.33, H 9.91. 

Alcohol rar-36 (185 mg, 0.61 mmol), by Oppenauer oxidation carried out as described in [24], gave ( f ) -J3-  
ethyl-3-methoxygona-2,5(10)-dien-l7-one (rac-16; 146 mg, 79%). A sample was crystallized from MeOH. M.p. 
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158-161" (MeOH) ([53]: 152-160" (MeOH); [24]: 158-163" (MeOH); [56]: 160-162' (MeOH)). TLC (hexane/ 
AcOEt 4:l): Rf0.47. IR (KBr): 3047w (=C-H); 2941s, 2906s,2846s, 2812s (-C-H); 1738s (C=O); 1698s, 1666m 
(C=C, enol ether). 'H-NMR: 0.77 (f ,  J(CH,Me,CH,Me) = 7.5, MeCH,); 1.13-1.37 (m. 4 aliph. H); 1.48-2.16 (m, 
12 aliph. H); 2.38-2.88 (m, 5 aliph. H); 3.55 (s, MeO); 4.634.65 (m, H-C(2)). I3C-NMR: 7.4 (C(19)); 17.6, 20.8, 
24.6, 26.1, 27.4, 28.3, 30.4, 34.1, 35.9 (C(I), C(4), C(6), C(7), C(11), C(12),C(15), C(16), C(18)); 38.2, 45.4, 51.1 
(C(8). C(9), C(14)); 53.8 (MeO); 90.2 (C(2)); 125.1, 127.6 (C(5), C(10)); 152.6 (C(3)); 219.7 (C(17)). Anal. calc. for 
C,,H,,O, (300.44): C 79.96, H 9.39; found: C 79.75, H 9.46. 

1.2.2.5. Preparation of rac-2from rac-16. It was carried out as described in [24] to afford ( f)-norgestrel (rac-2; 
58 mg, 69%) as colorless crystals. M.p. 207-209" (MeOH) ([53]: 205-207" (MeOH); [24]: 206-208O (MeOH); [%I: 
204-206" (acetoneihexane)). TLC (hexaneiAcOEt 4:l): RfO.l 1. UV (MeOH): A,,,,, 240 (17089) ([53]: UV: &,ax 241 
(16700, EtOH); [58] :  UV: A,,, 239 (17350, EtOH)). IR (KBr): 3347m (OH); 3267s (C-C-H); 3037w (=C-H); 
29333, 2868m, 2854m (-C-H); 1654s (C=O, a,p-unsat. ketone); 1616s (C=C, a,p-unsat. ketone). 'H-NMR: 
0.86-1.18 (m, 6 aliph. H), beneath: 1.01 ( f ,  J(CH2Me,CH2Me) = 7.5, MeCH,); 1.30-1.73 (m, 8 aliph. H); 1.78-2.53 
(m, 12 aliph. H), beneath: 1.89 (s, OH); 2.59 (s, C=C-H); 5.83 (s, H-C(4)): I3C-NMR: 9.6 (C(19)); 18.9, 22.4, 
26.2, 26.6, 28.4, 30.7, 35.5, 36.5, 39.6 (C(1), C(2), C(6), C(7), C(11), C(12), C(15), C(16), C(18)); 40.9, 42.5, 48.9, 
50.8 (C(8), C(9), C(10), C(14)); 48.0 (C(13)); 74.2,81.4,87.8 (C(17), C(20), C(21)); 124.6 (C(4)); 166.5 (C(5)); 199.0 
(C(3)). Anal. calc. for C21H2802 (312.45): C 80.73, H 9.03; found: C 80.94, H 9.20. 

1.3. With Dirnophile 18a. 1.3.1. Uncututyzed Reaction. 1.3.1.1. Preparation ofrac-20a. A soln. of 18a (500 mg, 
4.54 mmol) and 6 (1 -00 g, 5.36 mmol, 1.2 equiv.) in dioxane (60 ml) was heated under reflux for 50 h. After cooling 
to r.t., the solvent was removed in vucuo and the residue was subjected to chromatography (hexane/AcOEt 2:l) on 
silica gel (80 g). A portion (290 mg, 22%) of the main product (f)-16-hydroxy-3-methoxy-l4/?-mefhylgona- 
1,3,5j10),9,16-pentaen-15-onr (rac-20a) was obtained after crystallization from Et,O/pentane. M.p. 180-182O 
(MeOH) ([28a]: 170" (MeOH); [29]: 178-179" (MeOH/benzene)). TLC (hexane/AcOEt 4:l): R, 0.25. UV 
(MeOH): I,,, 254.8 (20973). IR (KBr): 3340s (OH); 3040w (=C-H); 1685s (C=O); 1650s (C=C, olef.); 
1605m, 1580m, 1490s (C=C, arom.). 'H-NMR (250 MHz): 1.34 (s, Me); 2.09-2.17 (m, 2 H-C(7)); 2.35-2.41 (m, 

(dd, J(H-C(I3),H-C(12)) = 6.9, J(H-C(13),H-C(17)) = 3.7, H-C(13)); 3.76 (s, MeO); 5.21 (3, OH); 

J(H-C(2),H-C(4)) = 2.5, H-C(2)); 7.31 (d, J(H-C(I),H-C(Z)) = 8.6, H-C(1)). Signals were assigned using a 
'H,'H-COSY spectrum. Cross peaks between 2.09-2.17/2.35-2.41, 2.09--2.17/2.46-2.56, 2.09-2.17/2.65-2.73, 
2.35-2.41/6.01, 2.46-2.56i2.65-2.73, 2.7616.19, 6.60/6.68, 6.68i7.31. I3C-NMR: 21.6 (C(7)); 22.5 (Me); 27.5, 30.3 
(C(6), C(l2));44.5,45.4(C(13),C(8));48.9 (C(14)); 55.2(MeO); 112.4, 112.5, 117.8, 124.8, 130.O(C(l), C(2),C(4), 
C(11), C(17)); 127.3, 137.4, 139.2, 152.6, 158.4 (C(3), C(5), C(9), C(10), C(16)); 206.4 (C(15)). Anal. calc. for 
CI9H?,O, (296.37): C 77.00, H 6.80; found: C 76.83, H 6.85. Crystal-structure analysis of ruc-20a: cf. Fig. 1, f 
(depository number CSD-55302 ; CSD refcode VIYSEB) [12]. 

1.3.1.2. Preparation ofrac-19b andrac-20b. Enedione 18a (150 mg, 1.36 mmol) and diene 6 (300 mg, 1.61 
mmol, 1.2 equiv.) were heated under reflux in dioxane (20 ml) for 48 h. After evaporation in vucuo, the residue was 
subjected to FC (hexane/AcOEt 4:l) on silica gel (60 g) to give the mixture rac-19a/rac-20a (330 mg, 82%) as a 
yellowish solid. The solid was dissolved in dry DMF (1 ml), imidazole (184 mg, 2.67 mmol, 2.4 equiv.), ( t -  
Bu)Ph,SiCl (350 ml, 1.33 mmol, 1.2 equiv.) was added and the mixture stirred for 2 h at r.t. Filtration (hexane/ 
AcOEt 10:l) of the crude product on silica gel (20 g) and purification by prep. HPLC (hexane/AcOEt 20: 1 + 20% 
CH,CI,, MN Nucleosil 50-10, 2 ml/min, 254 nm) afforded rac-19b (124 mg, 21% from ruc-19alrac-20a) and 
ruc-20b (376 mg, 64 % from rac- 19alrac- 20a) as colorless solids. The ratio of ruc- 19blrac-20b was determined to 
be 1 :3 by HPLC (hexane/AcOMe 20:1, MN Nucleosil50-10, 2 ml/min, 254 nm) from an experiment carried out 
under similar conditions. 

i 11-16- ([(tert-Butyl)diphenylsilyl]oxy~-3-mefhoxy-l4~-est~a-l ,3,5(10) ,9,15-penraen-17-one (rac- 19b): M.p. 
138 139" (Et,O/pentane). TLC (hexane/AcOEt 4:l): Rf0.48. UV (MeOH): A,,, 258.5 (18610). IR (KBr): 3090w, 
3 0 3 0 ~  (=C-H); 1710s (C=O); 1627m (C=C, olef.); 1604m, 1580w, 1495m (C=C, arom.). 'H-NMR (300 MHz): 
0.84-1.03 (m. H-C(7)); 1.03 (s, t-Bu); 1.10 (s, Me); 1.67-1.74 (m, H'-C(7)); 1.87 (mc, H-C(12)); 2.48-2.61 (m, 
2 H-C(6), H-C(8), H-C(12), H-C(14)); 3.80 (s, MeO); 5.83 (d, J(H-C(l5),H-C(14)) = 2.5, H-C(15)); 5.99 

J(H-C(2),H-C(1)) = 8.6, H-C(2)); 7.00-7.05 (m, 2 arom. H); 7.13 (d, J(H-C(l),H-C(2)) = 8.6, H-C(1)); 
7.19-7.27 (m, 3 arom. H); 7.33-7.48 (m. 1 arom. H); 7.51-7.54 (m, 4 arom. H). Signals were assigned using a 
'H,'H-COSY spectrum. Cross peaks between 0.84-1.03/1.67-1.74, 1.67-1.74/2.48-2.61, 1.87/2.48-2.61, 1.87/5.99, 

H-C(8), 2 H-C(12)); 2.46-2.56 (m, H-C(6)); 2.65-2.73 (df, J(H-C(6),H'-C(6)) = 15.1, H'-C(6)); 2.76 

6.01 (mC, H-C(l1)); 6.19 (d, J(H-C(17),H-C(13)) = 3.1, H-C(17)); 6.60 (dd, J(H-C(Z),H-C(l)) = 8.8, 

(mc, H-C(l1)); 6.58 (d, J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.67 (dd, J(H-C(2),H-C(4)) = 2.7, 

2.48-2.61/5.83, 6.58/6.67, 6.67/7.13, 7.00-7.05/7.19-7.27, 7.00-7.05/7.33-7.48, 7.19-7.27/1.33-7.48, 7.19-7.271 
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7.51-7.54, 7.33-7.48/7.51-7.54. I3C-NMR: 19.3 (Me&); 23.8 (Me); 25.3 (C(7)); 26.4 (Me$); 30.3 (C(6)); 34.2 
(C(12)); 37.8, 48.2 (C(8), C(14)); 47.0 (C(13)); 55.3 (MeO); 112.4 (C(2)); 112.8 (C(4)); 118.4 (C(11)); 124.8, 127.5, 
127.7, 129.7, 129.9, 135.3, 135.5, 135.8(Ph); 136.3(C(15)); 131.8,32.2, 139.0, 153.4, 158.4(C(3),C(5),C(9),C(lO), 
C(16)); 208.0 (C(17)). Signals were assigned using a 'H,I3C-COSY spectrum. Cross peaks between 23.8p.03, 

2.61, 55.3/3.8. 112.4/6.67, I12.8/6.58, 118.4/5.99, 136.3/5.83. Anal. calc. for C,,H3,0,Si(534.77):C78.61, H7.16, 
Si 5.25; found: C 78.54, H 7.03, Si 5.09. Crystal-structure analysis of rac-19b: cf: Fig. I ,d  (depository number 
CSD-55302; CSD refcode VIYSAX) [12]. 

(=t) - 16- ~[(tert-BuryI/diphenylsilyf f o x y )  -3-methoxy- I4~-melhylgonu- 1,3,5(10) ,9(11),16-pentuen- 15-one 
(rac-20b): M.p. 101-102" (Et,O/pentane). TLC (hexane/AcOEt 4:l): Rf0.48. UV (MeOH): A,,, 253.0 (16780). IR 
(KBr): 3070w, 3030w (=C-H); 2930m, 2860m (-C-H); 1710s (C=O); 1627s (C=C, olef.); 1604m, 1576w, 1496m 
(C=C, arom.). 'H-NMR: 1.01 (s, t-Bu); 1.22 (s, Me): 2.02-2.26 (m, 2 H-C(7), H-C(8), 2 H-C(12)); 2.43-2.52 
(m, H-C(6), H-C(13)); 2.67 (mc, H-C(6)); 3.79 (s, MeO); 5.78 (d, J(H-C(17),H-C(13)) = 3.1, H-C(17)); 

J(H-C(2),H-C(4)) = 2.4, H-C(2)); 7.24-7.46 (m, 7 arom. H); 7.60-7.66 (m, 4 arom. H). Signals were assigned 
using a 'H,'H-COSY spectrum. Cross peaks between 2.02-2.26/2.43-2.52, 2.02-2.26/2.67, 2.02-2.26i5.85, 2.43- 
2.52/2.67, 2.43-2.52/5.78, 6.60/6.68, 6.68/7.24-7.46. l3C-NMR: 19.4 (Me,C); 21.6, 27.4 (C(7), C(12)); 22.9 (Me); 
26.5 (Me,C); 30.4 (C(6)); 44.5 (C(8)); 44.7 (C(13)); 48.3 (C(14)); 55.3 (MeO); 112.5 (C(2), C(4)); 117.7 (C(11)); 
138.0(C(17)); 124.7, 127.7, 135.4, 137.8, 139.4, 158.5(C(1), C(3), C(5), C(9), C(10), C(16), arom. C). Signals were 
assigned using a 'H,I3C-COSY spectrum. Cross peaks between 21.6/2.02-2.26, 22.9/1.22, 26.5/1.02, 27.4/2.02- 
2.26,30.4/2.67,44.5/2.02-2.26,44.7/2.43-2.52,55.3/3.79, 112.5/6.60, 1 12.5/6.68,117.7/5.85, 138.0/5.78. Anal. calc. 
for C,,H,,O,Si (534.77): C 78.61, H 7.16, Si 5.25; found: C 78.37, H 7.29, Si 5.36. 

1.3.2. In the Presence ofBF3.0Et,. BF'OEt, (1.0 ml, 6.14 mmol, 2.6 equiv.) was added to a soln. of 18a (260 
mg, 2.36 mmol) in dry Et,O (15 ml) under N2 at -20". After stirring at -20" for 30 min, a soln. of 6 (520 nig, 2.74 
mmol, 1.2 equiv) in dry Et,O (5 ml) was added, and the mixture was stirred at - I S D  for 4 h. After warming up to 0" 
and basic workup, the resulting residue was subjected to FC (hexane/AcOEt 4:l) on silica gel (80 g) to give 
the mixture rac-19alrac-20a (530 mg, 75%) as a yellowish solid. Silylation according to Exper. 1.3.1.2 with 
(t-Bu)Ph2SiCI (380 ml, 2.15 mmol) and imidazole (292 mg, 4.3 mmol) gave the mixture rac-19blrac-20b as a 
colorless solid. Crystallization from Et,O/pentane gave rac- 19b (91 1 mg, 90% from rac- 19alrac-tOa) as colorless 
crystals. The ratio rac-19blrac-2Ob was determined to 98:2 by anal. HPLC (hexane/AcOMe 20:1, MN Nucleosil 
50-10,2 ml/min, 254 nm) from an experiment conducted under similar conditions. Anal. data identical with those 
ones under Exper. 1.3.1.2. 

1.3.3. In the Presence qf (i-PrO)2TiC12. A soh.  of (i-PrO),TiCI2 (5.9 g, 25 mmol, 2.5 equiv.) in dry CH2CI2 
(30 ml) was added dropwise to a soh.  of 18a (1.10 g, 10 mmol) in dry CH,Cl, (30 ml) under N, at -30'. After 
stirring for 30 min, a soln. of 6 (2.40 g, 13 mmol, 1.3 equiv.) in dry CH,CI, (10 ml) was added and the mixture stirred 
for 2 h at -30". After warming up to r.t. and basic workup to leave a volume of ca. 20 ml, conc. aq. HC1 soh. 
(10 drops) was added, and the mixture was stirred vigorously for 30 min at r.t. After filtration over MgSO, and 
evaporation in vacuo, the residue was subjected to FC (hexane/AcOEt 4:l) on silica gel (200 g) to give rac-21 
(2.36 g, 80%) as a yellowish solid. 

(+)-I6-Hydroxy-3-methoxy- IqU-estra-l,3,5 ( lo )  ,8,15-pentaen- I7-one (ruc- 2la) ; M.p. 125-1 28" (Et20/pen- 
tane). TLC (hexane/AcOEt 4:l): Rr 0.2. UV (MeOH): A,,, 270.0 (18960). IR (KBr): 3335s (OH); 3063w, 3025w 
(=C-H); 1695s (C=O); 1 6 5 2 ~  (C=C, olef.); 1606m, 1570w, 1490m (C=C, arom.). 'H-NMR: 1.23 (8,  Me); 
1.57-1.68 (m. H-C(12)); 1.88-1.98 (m. H'-C(12)); 2.08-2.25 (m, H-C(7), H-C(11)); 2.37-2.44 (m, H'-C(7), 
H-C(l1)); 2.70-2.83 (m, 2 H-C(6)); 3.00 (d, J(H-C(14), H-C(15)) = 2.5, H-C(14)); 3.78 (s, MeO); 5.84 (s, 
OH); 6.55 (d, J(H-C(IS),H-C(14)) = 3.0, H-C(15)); 6.694.73 (m, H-C(2), H-C(4)); 7.047.08 (m, H-C(1)). 
Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between 1.57-1.68i1.88-1.98, 1.57-1.68/2.08- 

2.37-2.4412.70-2.83, 3.00/6.55, 6.69-6.73i7.04-7.08. ',C-NMR: 22.3 (C(7)); 22.8 (Me); 28.6 (C(6)); 31.9 (C(12)); 
45.8 (C(13)); 49.2 (C(14)); 55.2 (MeO); 111.0, 113.5 (C(2), C(4)); 123.1 (C(1)); 128.9 (C(15)); 128.7, 129.7, 136.7 
(C(5), C(8), C(9), C(10)); 150.3 (C(16)); 158.3 (C(3)); 208.8 (C(17)). Anal. calc. for ClgH2,03 (296.37): C 77.00, H 
6.80; found: C 76.96, H 6.80. 

Silylation according to Exper. 1.3.1.2 with (t-Bu)Ph2SiCl (100 mi, 0.4L mmol) and imidazole (55 mg, 0.82 
mmol) gave rac-21b as a colorless solid. rac-21b was the only steroidal compound that could be detected by anal. 
HPLC (hexane/AcOMe 10:0.3, MN NucIeosil50-10,2 ml/min, 254 nm). Crystallization from Et,O/pentane gave 
ruc-21b (154mg, 8 5 %  fromrac-2la). 

25.3/0.841.03, 25.3/1.67-1.74, 26.4/1.03, 30.312.48-2.61, 32.2/1.87, 32.2/2.48-2.61, 37.8/2.48-2.61, 48.2/2.48- 

5.85 (mC, H-C(1 1)); 6.60 (d, J(H-C(4),H-C(2)) = 2.5, H-C(4)); 6.68 (dd, J(H-C(2),H-C(I)) = 8.5, 

2.25, 1.57-1.68/2.37-2.44, 1.88-1.98/2.08-2.25, 1.88-1.98/2.37-2.44, 2.08-2.25/2.37-2.44, 2.08-2.25/2.70-2.83, 
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(=k)-16- {[( tert-Butyljdiphenylsil~l]ox~ ) -3-methox~-I4~-cs tro- l ,3 ,5(  10) .8,15-pmtaen-l7-one (rac- 21b): M.p. 
125-128" (Et20/pentane). TLC (hexane/AcOEt 4:l): R, 0.2. UV (MeOH): i,,, 270.0 (17230). IR (KBr): 3070w, 
3042w (=C-H); 2931n1, 2857m (-C-H); 1712s (C=O); 1673~1, 1 6 5 4 ~  (C=C, olef.); 1613m, 1590m, 1490m 
(C=C, arom.). 'H-NMR: 1.09 (s, t-Bu, Me); 1.39-1.50 (m. H-C(12)); 1.85-1.96 (m, 2 H-C(7), H-C(ll), 

J(H-C(14),H-C(15)) = 2.8, H-C(14)); 3.79 (s, MeO); 6.15 (d, J(H-C(lS),H-C(14)) = 3.1, H-C(I5)); 6.64 (d, 

7.02 (d ,  J(H-C(I),H-C(Z)) = 8.4, H-C(1)); 7.14-7.25 (m, 3 arom. H); 7.31-7.43 (m, 3 arom. H); 7.58-7.69 (m. 
4 arom. H). Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between 1.39-l.50/l.85-1.96, 

6.15,6.64/6.71,6.71-7.02,7.14-7.25/7.58-7.69,7.31 -7.4317.58-7.69. ' k - N M R :  I9.4(Me3C);22.3,27.3,28.5,31.6 
(C(6), C(7), C(11), C(12)); 24.2 (Me); 26.7 (Me,C); 45.6 (C(13)); 49.1 (C(14)); 55.3 (MeO); 110.8, 113.4, 123.4 
(C(l).C(2),C(4)); 127.6, 127.8, 130.0, 135.5, 137.0(C(15), arom. C); 128.2, 128.9, 131.8, 132.3, 136.7, 150.7, 158.1 
(C(3),C(5),C(8),C(9),C(IO),arom.C); 208.2(C(17)). Anal. calc. forC35H,,0,Si(534.77):C78.61, H7.16,Si 5.25; 
found: C 78.38, H 7.14, Si 5.10. 

Without acidic isomerization, two products were obtained, which were identified, after silylation, as the 
double-bond isomers rac- 19b and rac-2lb.  

1.3.4. Li-TADDOLate-Mediated Reaction with Dienophiles 18a or 18b. 1.3.4.1. General Procedure for  the 
Preparation uf the Individual Ti-TADDOLates. In a dry, round-bottomed flask, 2.0 equiv. of (i-PrO)*TiCI, and 2.2 
equiv. of chiral, non-racemic TADDOL (see E.wper. 4.1) were stirred under Ar in dry toluene (conc. ca. 50 mmol/l) 
for 1 h at r.t. The solvent was removed under reduced pressure (1  5 Torr, bath temp. ca. 50') and the residue was 
dried under reduced pressure (0.1 Torr, r.t.). 

I .3.4.2. General Procedure for the Enantioselective Diels-Alder Reactions. Dienophile 18a or 18b (1 .O mmol) 
was dissolved under N, in dry CH,CI, (20 ml) and cooled to the reaction temp. (see Table 4 ) .  Thesoln. of the chiral, 

cid (prepared according to General Procedure 1.3.4.1) in dry CH2C1, (20 ml) was added 
dropwise and the mixture stirred for 30 min. The soln. of 6 (279 mg, 1.50 mmol, 1.5 equiv.) in dry CH,Cl, (10 ml) 
was added and the mixture left a t  the reaction temp. for 2 h to 7 d (see Table 4) .  The residue obtained after acidic 
workup was subjected to FC (hexane/AcOEt 4: I ;  in case of ligand Tk, CHCl,/acetone 50: I )  on silica gel (50 g). The 
crude product was dissolved in CH,CI, (10 ml) and conc. aq. HC1 soh .  (10 drops) was added. The mixture was 
stirred for 30 min at r-t., filtered through MgSO,, and evaporated in vacuo. FC (hexane/AcOEt 4.1) of the residue 
on silica gel (20 g) gave the adducts 21alen1-21a # 1 or 21c/en/-21c # 1 as yellowish to colorless solids. Silylation 
according to Exper. 1.3.1.2 with (t-Bu)Ph,SiCI (1.2 equiv.) and imidazole (2.4 equiv.) afforded the silyl enol ethers 
2 l b / e n / - Z l b  # 1 or Zld/ent-Zld # 1 as colorless solids. The enantiomeric excess (e.e.) of the predominant silyl enol 
ether was determined by 'H-NMR shift experiment using (+)-[Eu(hfc)?]. The optical purity of the predominant 
silyl enol ether was determined by comparison of the specific optical rotation with an optically pure reference (for 
preparation, see Exper. 2.5.1 and 2.5.2). 

1.3.5. From Diels-Alder Adduct 21aient-21a >> I to 3a. 1.3.5.1. Preparation of 13a. In a dry, 50-ml three 
necked, round-bottomed flask, 21alenf-21a >> I (407 mg, 1.37 nimol; CF Exper. 1.3.4 and Entry 14 of Table 4 )  was 
dissolved under N, in dry CHpCI, (20 ml). At O", 2,6-lutidine (0.37 ml, 3.2 nimol, 2.3 equiv.) and (CF,SO,),O (0.5 
ml, 3.0 mmol, 2.2 equiv.) were added simultaneously. The mixture was stirred for 1 h a t  Oo, the solvent was removed 
and the residue filtered (hexane/AcOEt 4: 1) over silica gel (30 g). The resulting yellow oil was dissolved under N, in 
dry THF (100 ml) in a 250-ml, three-necked, round-bottomed flask. LiCl (176 mg, 4.15 mmol, 3 equiv.) and 
Pd(PPh,), (32 mg, 0.028 mmol, 0.02 equiv.) were added, and the mixture was heated to 4045". A soln. of Bu,SnH 
(0.44 ml, 1.66 mmol, 1.2 equiv.) in dry T H F  (50 ml) was introduced dropwise during 2 h (TLC, hexane/AcOEt 4:l). 
After cooling to r.t. and basic workup, the crude product was subjected to FC (hexane/AcOEt 4: 1) on silica gel (30 
g) and prep. HPLC (hexane/AcOEt 10:3 + 30% CH2CI2) to afford 13alent-13a 22.5:l (91.5% c.e., 256 mg, 66%). 
[a]::p = +606.3 (c = 1.024, CHCI,); [a]:& = f638.5; [CX]::~ = t747.5; = f1541.3; [a]:& = imperm.; 91 O/u 
opt. purity. The ex.  of 13a was determined to be 91.5% by anal. HPLC (hexaneii-PrOH 5:2, Daicel Chiralccl OJ, 
0.8 ml/min, 254 nm) from an experiment carried out under similar conditions. Crystallization from MeOH gave 
224 mg (88%) of 13a/ent-l3a 221 : I ,  99.1 % e.e. TLC, UV, IR and 'H-NMR data are identical with those ones in 
Exper. 1.1.5.1. M.p. 160" (MeOH). [a]:& = +671.6 (c = 0.9483, CHCI,); [a]:$ = f707.5; [a]:& = +828.2; 
[a]:y,5 = f1707.9; see reference sample of 13a: Exper. 2.3.1. Anal. calc. for C19H2002 (280.37): C 81.40, H 7.19; 
found: C 81.43, H 7.26. 

Enrichment of a sample 13a/ent-l3a 285:l (99.3% e.e.; 148 mg, 0.53 mmol) was possible by two successive 
crystallizations from MeOH to give 13alenr-13a 666:l (99.7%, e.e.; 89 mg, 60%). 

H'-C(I 2)); 2.22-2.30 (m, H'-C(11)); 2.43-2.55 (m, H-C(6)); 2.59-2.69 (WI, H'-C(6)); 2.76 (d, 

J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.71 (dd, J(H-C(2),H-C(1)) = 8.4. J(H-C(2),H-C(4)) = 2.7, H-C(2)); 

1.39-1.5012.22 2.30, 1.85-1.96/2.22-2.30, 1.85-1.96/2.43-2.55, 1.85-1.9612.59--2.69, 2.43-2.5512.59-2.69, 2.761 
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1.3.5.2. Preparation oy14a. In a 50-ml, three-necked flask, BuLi (0.56 ml, 2 . 5 ~  soh .  in hexane, 1.4 mmol, 1.8 
equiv.) was added to a s o h  of HMDS (0.33 ml, 1.58 mmol, 2.0 equiv.) in dry THF (2 ml) and HMPT ( 2ml) 
at -20". After stirring for 1 h at -20°, the mixture was cooled to -80" and a soln. of 13alent-13a 221: 1 (99.1 YO e.e.; 
220 mg, 0.79 mmol) in dry THF (10 ml) was added. The dark mixture was stirred for 1 h at -80°. Then, AcOH (1.5 
ml) was added and the temp. raised to r.t. The crude product obtained after acidic workup was purified by FC 
(hexane/AcOEt 1O:l)  on silica gel (50 g). Crystallization from MeOH gave 14alent-14a 666:l (99.7% ex.; 171 mg; 
78%). M.p. 145- 146" (MeOH) ([19]: 143O (i-Pr)*O). [a]:y8 = -107.8, 
[a]:$ = -125.9; [a]& = -259.9; [a]:& = imperm. ([IY]: = -143 (c = 0.6%, CHCI,)). IR and 'H-NMR 
data are identical with data in Exper. 1.1.5.2. Anal. calc. for C,,H200, (280.37): C 81.40, H 7.19; found: C 81.24, 
H 7.30. 

1.3.5.3. Preparation ofSa. In a 50-ml, three-necked flask, 5% Pd/CaCO, (1 10 mg) in C,H6 (20 ml) was heavily 
stirred under H, for I h ;  14a (0.589 g, 2.13 mmol) and C,H, (5 ml) were added. The flask was evacuated and filled 
with H, (50 ml, 2.1 mmol, 1 .O equiv.). 45 min later the reaction mixture was filtered through Celite and washed with 
Et,O. The solvent was removed and the resulting residue (600 mg) purified by prep. HPLC (hexane/AcOEt 10: 1.2; 
MN Nucleosil 50-10, refractom.) and crystalliration from MeOH to give 5a (349 mg, 58 %). Semiprep. HPLC 
(hexane/dioxane 10:0.7; MN Nucleosil 50-10, refractom.) of a predominantly 5a-containing fraction (47 mg) 
afforded additional 5a (29 mg, 5%) resulting in a total yield of 63% (378 mg) of 5a. Ketones 10a and 15a of two 
similar experiments were collected and purified by semiprep. HPLC (hexane/AcOEt 10: 1, MN Nucleosil50-10, 
10 ml/min, refractom.). For the preparation of 15a, see Exper. 2.4.2. 

Data 9f5a.  M.p. 123-125" (MeOH). ([46b]: 123-125" (MeOH/AcOEt); [50]: 128" (hexane); [52]: 116-1 19" 
(Et,O/petroleum ether)). [a]$!y = +32.2 (c = 0.917, dioxane), [a]:& = +34.4; [a]:& = +42.5; [a]& = +116.2; 
[a]:& = 359.8. [a]:& = +30.3 (C = 0.991, CHCl,); [a]:$ = +32.6; [a]:;6 = +40.8; [a]& = + I  17.1 ; 
[a]:& = +373.9 ([46b]: [a]:& = f33.4 (c = 0.513, dioxane); [52]: [a],  = 30.4 (CHCI,); [51]: [a], = +29 (c = 1 %, 
CHCI,)). CD (c = 0.0367, dioxane): -2708 (245); +13249 (292 ([50]: [de],,, = +4.1, [de],,,-O.Y, [de],,, = +0.7, 
calc. of [el ([el = 3300 x [As]) gives: +13530 (290); -2970 (245)). UV (MeOH): I,,, 278 (16640). IR, 'H-NMR and 
"C-NMR data are identical with data in Exper. 1.1.5.3. Anal. calc. for ClyH2,0, (282.38): C 80.82, H 7.85; found: 
C 80.96, H 7.85. 

[a]::, = -102.6 (c = 0.904, CHCI,); 

Compound 1Oa. Non-chiroptical data identical with those ones under Exper. 1.1.5.3. 

1.3.5.4. Preparation of 3c. In a three-necked, 25-ml, flask, Et,SiH (1.09 ml, 6.84 mmol, 10 equiv. and 
CF,COOH (1.05 ml, 13.6 mmol, 20 equiv.) were added to a soln. of 5a (192 mg, 0.68 mmol) in dry C,H, (12 ml) at 
r.t. After stirring for 12 h at r.t. and usual workup, a residue was obtained, which was filtered through flash silica 
gel (30 g; hexane/AcOEt 4:l) and purified by senipiprep. HPLC (hexane/AcOEt 1O:l; M N  Nucleosil 50-10, 
refractom.) and crystallization from MeOH/AcOEt 1:l to give 3c (142 mg, 73%). M.p. 174-175" (MeOH/AcOEt 
1 : I  ([46b]: 172-173O (MeOH/AcOEt 1:l); [60]: 164-167" (MeCN); [52]: 164-166" (MeOH); [61]: 174175.5"; [21]: 
165-167.5'; [43a]: 164165" (MeOH)). [a]::, = +161.1 (c = 0.781, dioxane); [a]:yg = f169.2; [a]:$ = +196.8; 
[a]& = +390.7; [a]:& = +838.3 ([52]: [a], = +156" (dioxane); [46b]: [~]:k)~ = 159.4 (c = 0.501, dioxane); [60]: 

= +154.0 (dioxane); [61]: [a]g+159.2 (c = 0.72, CHCI,); [21]: [a], = +156.7 (c = 0.102, dioxane)). CD 
(c = 0.114, dioxane): +I1240 (303); +lo739 (sh, 297); +8110 (sh, 312). ([62]: CD (c =0.167, dioxane): +11120 
(303); +I0820 (sh, 297); +7700 (sh, 312) ([61]: CD (c = 0.0003, dioxane): fllO80 (300); +9400 (268-271)). UV 
(MeOH+I O/a CH,CI,): A,,, 278.6 (2011), 287.2 (1902). 1R and 'H-NMR data are identical with data in Exper. 
1.1.5.4. Anal. calc. for C,,H,,O, (284.40): C 80.24, H 8.51; found: C 80.27, H 8.53. 

1.3.5.5. Preparation of3a. In a 25-ml flask, BBr, (0.70 ml, 8.85 mmol, 18 equiv.) was added to a stirred soh.  of 
3c (150 mg, 0.53 mmol) in dry CH2C12 (7 ml) at -30". The soln. was left at 0-4" for 2 h, cooled to -30'. After 
dropwise addition of MeOH (2 ml) to the stirred soln. and usual workup, the crude product obtained was dissolved 
in DMSO ( I  ml) and purified by FC (hexane/AcOEt 4 :  I ; 60 g silica gel). Crystallisation from EtOH afforded 3a 
(107 mg, 75%; by anal. HPLC (hexane/AcOEt 10:4.3 +lo%, Et,O; Merck Superspher Si 60, refractom.; or 
hexane/AcOEt 10:4.3, MN Nucleosil 50-10, refractom.), no other products were determined). M.p. 259-260" 
(EtOH) ([46b]: 259-260.5" (EtOH); [62]: 266-267.5'; [43a]: 254-255.5" (acetone); [61]: 254255O)). [CC]:;~ = +163.6 
(c  = 0.486, dioxane); [a]:!$ = +172.1; [a]::, = f200.0; [a]:& = +396.8; [a]:& = +852.8 ([46b]: [a]$& = +163.6 
(c = 0.509, dioxane); [61]: [a]g = +153.2 (c = 0.31, CHCI,); [43a]: [a]g+149.4 (c = 0.6295, CHC1,); [63]: 
[a], = +160(dioxane)).CD(c = 0.157,dioxane): +11037(303)[46b]: CD(c =0.157,dioxane): +11130(303)). UV 
(MeOH): I,,, 281 (2103); 287 (sh, 1901) ([46b]: UV (MeOH): 280 (2110); 287 (sh, 1940)). IR and 'H-NMR data 
are identical with data in Exper. 1.1.5.5. Anal. calc. for C,,H2,02 (270.37): C 79.96, H 8.20; found: C 80.02, H 8.34. 

1.4. With Dienophile 18b. 1.4.1, Uncatalyzed Reaction. Compound 18b (510 mg, 4.1 mmol); see Exper. 3.2.2.4) 
and 6 (920 mg, 4.9 mmol, 1.2 equiv.; see Exper. 3.1) were heated under reflux in dioxane (60 ml) for 48 h. After 



1372 HELVETICA CHIMICA ACTA - Vol. 78 (1995) 

evaporation in YUCUO,  the residue was subjected to FC (hexane/AcOEt 4:l) on silica gel (80 g) to give a mixture 
ruc-19c/rur-20~ (510 mg, 40%) as a yellowish solid. Silylation according to Exper. 1.3.1.2 with (2-Bu)Ph,SiCI (510 
pl, 1.97 mmol) and imidazole (268 mg, 3.94 mmol) gave a mixture ruc-19d/ruc-20d as 35:65 (by anal. HPLC, 
hexane/Et20 l O : l ,  M N  Nucleosil 50-10, 2 ml/min, 254 nm). Separation by prep. HPLC (hexane/Et,O 10:1.2) 
yielded rac-19d (252 mg, 28%) and rue-20d (469 mg, 52%) as colorless solids. Samples were crystallized from 
Et,O/pentane. 

( ~)-13-Ethy1-3-methoxy -16- { [ ( tert-butyl/diphenylsilyl]oxy 1 - 148 -gonu-1,3,5(10) ,9( 11) ,15-pentuen-17-one 
(ruc-l9d): M.p. 117- 119' (Et,O/pentane). TLC (hexane/AcOEt 4:l): Rf0.45. UV (MeOH): A,,, 258.5 (18901). IR 
(KBr): 3070w, 3046w, 3030w (=C-H); 1713s (C=O); 1619s (C=C, olef.); 1607m, 1569w, 1490m (C=C, arom.). 
'H-NMR: 0.77 ( t ,  J(MeCH2,MeCH,) = 7.4, MeCH2); 0.95-1.07 (m, t-Bu, H-C(7)); 1.43-1.75 (m,  
J(MeCH,,MeCH,) = 7.4, MeCH2, H'-C(7)); 1.90 (tydt, J(H-C(12),H'-C(12)) = 15.0, J(H-C(IZ),H-C(ll)) 

J(H-C(14),H-C(15)) = 3.1, H-C(14)); 3.81 (s, MeO); 5.83 (d, J(H-C(IS),H-C(14)) = 3.1, H-C(15)); 6.01 

J(H-C(2),H-C(4)) = 2.7, H-C(2)); 6.97-7.03 (m. 2 arom. H); 7.16-7.27 (m. H-C(I), (3 arom. H); 7.33-7.40 (m, 
1 arom. H); 7.45-7.55 (m. 4 arom. H). Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between 
0.77/1.43-1.75, 0.95-1.07/1.43-1.75, 1.43-1.7y2.46-2.56, 1.90/6.01, 2.46-2.56/2.65, 2.46-2.56/6.01, 2.65/5.83, 
6.59/6.68, 6.68/7.1&7.27, 6.97-7.03/7.16-7.27, 6.97-7.03/7.45-7.55, 7.16-1.2717.33-7.40, 7.16-7.2717.45-7.55, 
I3C-NMR: 8.6 (C(19)); 19.3 (Me,C); 25.4 (C(7)); 26.4 (Me$); 30.1 (C(18)); 30.3 (C(6)); 32.9 (C(12)); 38.1 (C(8)); 
45.2 (C(14)); 51.4 (C(13)); 55.3 (MeO); 112.4 (C(2)); 112.8 (C(4)); 118.1 (C(11)); 124.8 (C(1)); 127.6, 127.7, 129.7, 
129.9, 135.3, 135.5 (arom. C); 131.8, 132.1, 135.9, 139.0 (C(5), C(9), C(IO), arom. C); 137.0 (C(15)); 154.5 (C(16)); 
158.4 (C(3)); 208.0 (C(17)). The signals were assigned using a 'H,"C-COSY spectrum. Cross peaks between 

38.1/2.46-2.56, 45.2/2.65, 55.3/3.81, 112.4/6.68, 1 12.8/6.59, 118.1/6.01, 124.8/7.167.27, 127.6, 127.7/6.97-7.03, 
129.7, 129.9/7.16-7.27, 129.7, 129.9/7.33-7.40, 135.3, 135.517.43-7.55, 137.0/5.83. Anal. calc. for C,,H,,O,Si 
(548.80): C 78.39, H 7.35, Si 5.1 1; found: C 78.61, H 7.36, Si 5.18. 

(~)-14~-Ethyl-3-methox.v-l6- { f (tert-hutyl)diphenylsi!vl]oxy ]gonu-l.3.5( 10) .9(1 I ) ,  16-peniuen-15-one (rac- 
20d): M.p. 118" (Et,O/pentane). TLC (hexane/AcOEt): R,  4:l. 0.47 UV (MeOH); A,,, 254.1 (17671). TR (KBr): 
3072n., 3044w, 3 0 3 0 ~  (=C-H); 1710s (C=O); 1628s (C=C, olef.); 1606rn, 1570w, 1493m (C=C, arom.). 'H-NMR: 
0.80 ( 2 ,  J(MeCH2,MeCH2) = 7.4, MeCH,); 1.01 (s, t-Bu); 1.68 (mc, J(MeCH2,MeCH2) = 7.4, MeCH,); 1.96- 

J(H-C(6),H-C(7)) = 3.7, H-C(6)); 2.62-2.70 (m, H'-C(6), H-C(13)); 3.79 (s, MeO); 5.80 (d, 

6.69 (dd, J(H-C(Z),H-C(I)) = 8.6, J(H-C(2),H-C(4)) = 2.7, H-C(2)); 7.26--7.47 (m, H-C(I), 6 arom. H); 
7.60-7.65 (m, 4 arom. H). The signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between 

2.70/5.80, 6.60/6.69, 6.69/7.26-7.47, 7.26-7.47/7.60-7.65. "C-NMR: 8.9 (C(19)); 19.4 (Me,C); 21.1 (C(7)); 26.5 
(Me$); 27.7 (C(18)); 27.8 (C(12)); 30.4 (C(6)); 40.7 (C(13)); 41.8 (C(8)); 52.6 (C(14)); 55.2 (MeO); 112.4, 112.5 
(C(2), C(4)); 117.5 (C(1 I)); 124.7 (C(1)); 127.6,127.7,129.8, 129.9, 135.3 (arom. C); 132.4, 137.5, 139.4(C(S),C(9), 
C(10)); 138.7 (C(17)); 154.1 (C(16)); 158.5 (C(3)); 205.9 (C(15)). The signals were assigned using a 'H,'3C-COSY 
spectrum. Cross peaks between 8.9/0.80,21.1/1.96--2.20,26.5/1.01,27.7/1.68,27.8/1.96-2.20, 30.412.50, 30.4/2.62- 

127.7/7.26-~7.47, 128.8, 128.9/7.2&7.47, 135.3/7.6&7.65. Anal. calc. for C,,H400,Si (548.80): C 78.39, H 7.35; 
found: C 5.11, H78.56. 7.32, 5.02. 

1.4.2. In the Presence qfBF,' Et,O. Compound 18b (308 mg, 2.48 mmol) was dissolved in dry Et20 (10 ml) and 
cooled to -15". BF,. Et20 (770 pl, 6.20 mmol, 2.5 equiv.) was added, and the soln. was stirred for 30 min. A s o h  
of 6 (555 mg, 2.98 mmol, 1.2 equiv.) in dry Et20 (10 ml) was added dropwise and the mixture stirred for 4 h at -1 5". 
After warming up to r.t. and basic workup, the resulting residue was subjected to FC (hexane/AcOEt 4: l )  on silica 
gel (50 g) to give a mixture rac-19c/rac-20~ (408 mg, 53%) as a yellowish solid. Silylation according to Exper. 
1.3.1.2 with (t-Bu)Ph,SiCI (410 ~ l ,  1.58 mmol) and imidazole (215 mg, 3.15 nimol) gave the mixture rac-l9d/rac- 
2Ud 97:3 (by anal. HPLC, hexane/Et,O 10: 1, M N  NucleosilSO-IU, 2 ml/min, 254 nm). Purification by prep. HPLC 
(hexane/Et,O 10:1.2) yielded rue-19d (560 mg, 78%). A sample was crystallized from Et,O/pentane. Anal. data 
identical with those ones under Exper. 1.4.1. 

1.4.3. In the Presence qf(i-PrO),TiCl. A 1 . 0 ~  soln. of (i-PrO),TiCI in hexane (6.43 ml, 6.43 mmol, 2.5 equiv.) 
was added to a soln. of 18b (319 mg, 2.57 mmol) in dry CH2C1, (20 ml) at -20". After stirring for 30 min a soln. of 
6 (575 mg, 3.08 mmol, 1.2 equiv.) in dry CH2CI, (10 ml) was added, and the mixture was stored at -2OO for 16 h. 

= 2.8, H-C(I2)); 2.46-2.56 (m, 2 H-C(6), H-C(8), H'-C(12)); 2.65 (dd, J(H-C(14),H-C(8)) = 5.7, 

(mc, H-C(l1)); 6.59 (d, J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.68 (dd, J(H-C(Z),H-C(l)) = 8.6, 

8.6/0.77, 25.4/0.95-1.07,25.4/ 1.43-1.75, 26.4/0.95-1.07, 30.1/1.43-1.75, 30.3/2.46-2.56, 32.9/ I .90, 32.9/2.46-2.56, 

2.20 (m> 2 H-C(7), 2 H-C(12)); 2.33-2.42 (m,  H-C(8)); 2.50 (dd, J(H-C(6),H-C(6)) = 12.3, 

J(H-C(17),H-C(13)) = 3.1, H-C(I7)); 5.83-5.87 (m, H-C(I1); 6.60 (d, J(H-C(4),H-C(2)) = 2.6, H-C(4)); 

0.80/1.68, 1.96-2.20/2.32-2.42, 1.96-2.20/2.50, 1.96-2.20/2.62-2.70, 1.96-2.20/5.83-5.87, 2.50/2.62-2.70, 2.62- 

2.70, 40.7/2.62-2.70, 41.8/2.32-2.42, 55.213.79, 112.4, 112.4/6.60, 6.69, 1 17.5/5.83-5.87, 124.7/7.26-7.47, 127.6, 
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Basic workup gave a crude product, which was subjected to FC (hexane/AcOEt 4:l) on silica gel (40) to give 
(~/-13-ethyl-3-methoxy-lfi-hydroxy-14~-gona-1,3,5(10),9.15-pentuen-li'-one (ruc-l9c, 559 mg, 70%) as a yellow- 
ish solid. A sample was crystallized from Et20. M.p. 138-140" (Et,O). TLC (hexane/AcOEt 4:l): R,0.21. UV 
(MeOH): A,,, 260.7 (23279). IR (KBr): 3337s, 3291m (OH); 3034w, 3014w (=C-H); 1686s (C=O); 1650s, 1604m, 
(C=C, olef.); 1627w, 1571w, 1498m (C=C, arom.). 'H-NMR: 0.84 ( t ,  J(MeCH,,MeCH,) = 7.4, MeCH,); 1.52- 
1.75 (m.  J(MeCH,,MeCH,) = 7.4, MeCH2, H-C(7)); 1.99-2.11 (m, H'-C(7), H-C(12)); 2.53 (dd, 

(dd, J(H-C(14),H-C(8)) = 5.5, J(H-C(14),H-C(15)) = 3.1, H-C(14)); 3.78 (s, MeO); 5.40 (s, OH); 6.04 (mc, 
J(H'-C(12),H-C(12)) = 15.0, J(H'-C(12),H-C(11)) = 7.4, H-C(l2)); 2.61-2.78 (m, 2 H-C(6), H-C(8)); 2.91 

J(H-C(11),H'-C(12)) = 7.5, H-C(l1)); 6.40 (d ,  J(H-C(15),H-C(14)) = 3.0 H-C(l5)); 6.62 (d, 
J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.69 (dd, J(H-C(2),H-C(1)) = 8.6, J(H-C(2),H-C(4)) = 2.7, H-C(2)); 
7.36 (d, J(H-C(l),H-C(2)) = 8.6, H-C(1)). The signals were assigned using a 'H,'H-COSY spectrum. Cross 
peaks between 0.84/1.52-1.75, 1.52-1.75/1.99-2.11, 1.52-1.75/2.61-2.78, 1.99-2.11/2.53, 1.99-2.11/2.61-2.78, 

(C(18)); 30.4 ((36)); 32.8 (C(12)); 38.1 (C(8)); 45.9 (C(14)); 52.0 (C(13)); 55.2 (MeO); 112.6 (C(2)); 112.9 (C(4)); 
117.3 (C(11)); 127.3, 136.1, 139.0 (C(5),C(9), C(10)); 128.9(C(15)); 154.1 (C(16)); 158.5 (C(3)); 208,0(C(17)).The 
signals were assigned usinga'H,'3C-COSYspectrum.Crosspeaksbetween8.6/0.84, 25.8/1.52-1.75,25.8/1.99-2.11, 

6.62, 117.3/6.04, 124.9/7.36, 128.9/6.40. Anal. calc. for C20H,,0, (310.39): C 77.39, H 7.14; found: C 77.31, 
H 7.20. 

Crystd-Structure Analysis ofrac-19c (see Fig. le). Suitable crystals (orthorhombic) were obtained from Et,O 
at +4O: space group Pbcu; cell: a = 13.1265 (9) A; h = 19.332 (1) A;  c = 25.979 (2) A;  V = 6593 (1) A3; Z = 16 
(two independent molecules); D, = 1.251 g . ~ m - ~ .  Octant up to 28,,, = 120°. 6109 reflections, 4879 independent 
reflections, 4733 reflections with I > 0 of a colorless, transparent crystal (size 0.3 x 0.4 mm). Number of variables: 
592. The final difference density was less than 0.15 e . k 3 ,  R(F) = 0.043, R,.(F) = 0.038. 

Compound ruc-l9c (529 mg, 1.70 mmol) was silylated similar to Exper. 1.3.1.2 using (t-Bu)Ph,SiCl (530 pl, 
2.05 mmol) and imidazole (279 mg, 4.09 mmol). The C(14)-ethylated isomer ruc-20d could not be detected by anal. 
HPLC (hexane/Et,O lO:l, MN Nucleosil5O-10,2 ml/min, 254 nm). The crude product was purified by prep. HPLC 
(hexane/Et20 1O:l) to give rac-19d (748 mg, 80%) as a colorless solid. A sample was crystallized from EtzO/pen- 
vane. Anal. data identical with those under Exper. 1.4.1. 

1.4.4. In the Presence of(i-PrO),TiCl,. A soh.  of (i-PrO),TiCI, (4.31 g, 18.2 mmol, 2.5 equiv.) in dry CH,CI, 
(30 ml) was added to a s o h  of 18b (902 mg, 7.3 mmol) in dry CH,Cl2 (20 ml) at -20". After stirring at -2OO for 30 
min, a soh.  of 6 ( I  .625 g, 8.72 mmol, 1.2 equiv.) in dry CH,Cl2 (25 ml) was added dropwise. The mixture was stirred 
for 2 h at -20" and then warmed up to r.t. After basic workup, a volume of ca. 50 ml was left. After addition of 
conc. aq. HC1 soh.  (10 drops), the mixture was stirred vigorously for 30 min. The mixture was dried (MgS04), 
evaporated in vacuo, and subjected to FC (hexane/AcOEt 4: 1) on silica gel (1 50 g) to give (&) -13-ethyl-16-hydro.xy- 
3-methoxy-14~-gonu-l,3,5(lO/,8,15-pentuen-l7-one (ruc-2lc; 1.805 g, 80%) as a yellowish solid. M.p. 143-147". 
TLC (hexane/AcOEt 4:l): Rf0.21. UV (MeO): A,,,,, 271.4 (18434). IR (KBr): 3323s (OH); 3064w, 3025w, 3007w 
(=C-H); 1687s (C=O); 1649m (C=C, olef.); 1606m, 1570w, 1499m (C=C, arom.). 'H-NMR: 0.84 (t.  
J(CH2Me,CH2Me) = 7.4, MeCH,); 1.57-1.78 (m, J(CH,Me,CH,Me) = 7.7, MeCH,, H-C(12)); 2.00-2.1 1 (m, 

(ys, H-C(14); 3.79 (s, MeO); 5.74 (J, OH); 6.56 (d, J(H-C(15),H-C(14)) = 3.0, H-C(15)); 6.694.71 (m, 
H-C(2), H-C(4)); 7.04 (d, J(H-C(I),H-C(2)) = 9.1, H-C(1)). The signals were assigned using a 'H,'H-COSY 
spectrum. Cross peaks between 0.84/1.57-1.78, 1.57-1.78/2.00-2.11, 1.57-1.78/2.38-2.44, 2.00-2.1 1/2.38-2.44, 
2.17-2.26/2.38-2.44, 2.17-2.26/2.70-2.84, 2.38-2.44/2.70-2.84, 3.10/6.56, 6.69-6.71/7.04. "C-NMR: 8.6 (C( 19)); 
22.2 (C(11)); 27.7 (C(7)); 28.7 (C(6)); 30.0 (C(18)); 31.4 (C(12)); 46.5 (C(14)); 49.9 (C(13)); 55.2 (MeO); 110.9, 
113.5 (C(2), C(4)); 123.3 (C(1)); 128.7, 129.1, 129.8, 136.7 (C(5), C(8), C(9), C(10)); 129.6 (C(15)); 151.3 (C(16)); 
158.2 (C(3)); 208.7 (C(17)). The signals were assigned using a 'H,I3C-COSY spectrum. Cross peaks between 

1.78, 31.4/2.00-2.11, 46.5/3.10, 55.2/3.79, 110.9/6.67-6.71, 123.3/7.04, 129.6/6.56. Anal. calc. for C,,H,,O, 
(310.39):C77.39,H7.14;found: C77.09,H7.04. 

Compound ruc-2lc (458 mg, 1.56 mmol) was silylated similar to Exper. 1.3.1.2 using (t-Bu)Ph2SiC1 (490 pl, 
1.86 mmol) and imidazole (255 mg, 3.75 mmol). (&)-16- {/( tert-Butyl)diphenylsi/yl]oxy}-13-ethyl-3-methoxy- 
14~-gonu-1,3,5(10),8,15-pentaen-l7-one (ruc-2ld; 677 mg, 80%) was obtained as a colorless solid. A sample was 
crystallized from Et20/pentane. M.p. 120" (Et20/pentane). UV (MeOH): A,,, 271.4 (17699). IR (KBr): 3072w, 
3054w, 3031w, (=C-H); 2931~1, 2903m, 2857m, 2827m (C-H); 1716s (C=O); 1646m (C=C, olef.); 1610s, 1572m, 
1498m (C=C, arom.). 'H-NMR: 0.74 ( r ,  J(CH,Me,CH,Me) = 7.5, MeCH,); 1.09 (s, t-Bu); 1.41-1.65 (m, 

1.99-2.11/6.04, 2.53/6.04,2.61-2.78/2.91, 2.91/6.40, 6.62/6.69, 6.69/7.36. I3C-NMR: 8.6 (C(19)); 25.8 (C(7)); 29.8 

29.8/1.52-1.75, 30.4/2.61-2.78, 32.8/1.99-2.11, 32.8/2.53, 38.1/2.61-2.78, 45.9/2.91, 55.2/3.78, 112.6/6.69, 112.9/ 

H-C(ll), H'-C(12)); 2.17-2.26 (WI, H-C(7)); 2.38-2.44 (m, H'-C(7), H'-C(II)); 2.70-2.84 (m, 2 H-C(6)); 3.10 

8.6/0.84,22.2/2.00-2.11,22.2/2.38-2.44,27.7/2.17-2.26,27.7/2.38-2.44,28.7/2.7&2.84,30.0/1.57-1.78,3 1.4/1.57- 
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MeCH,, H-C(12)); 1.86-2.01 (m, 2 H-C(7), H-C(I I) ,  H'-C(12)); 2.25--2.31 (yldt, H'-C(I 1)); 2.47-2.67 (m, 
2 H-C(6)); 2.84 (d, J(H-C(14),H-C(15)) = 2.8, H-C(14)); 3.79 (s, MeO); 6.17 (d, J(H-C(IS),H-C(14)) = 3.2, 

J(H-C(2),H-C(4)) = 2.7. H-C(2)); 7.01 ( d ,  J(H-C(l),H-C(2)) = 8.4, H-C(1)); 7.13-7.43 (m, 6 arom. H); 
7.58-7.69 (m, 4 arom. H). The signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between 

6.64/6.71, 6.71/7.01, 7.13-7.43/7.58-7.69. ',C-NMR: 8.5 (C(19)); 19.4 (Me,C), 22.2 (C(11), 26.5 (Me3C); 27.4 
(C(7)); 28.5 (C(6)); 30.7 ((C(18), C(12)); 46.4 (C(14)); 49.4 (C(13)); 55.2 (MeO); 110.7 (C(2)); 113.4 (C(4)); 123.3 
(C(1)); 127.6, 127.7, 129.9, 135.4 (arom. C); 128.6, 128.9, 131.9, 132.3, 136.6 (C(5), C(8), C(9), C(10), arom. C); 
137.8 (65)); 151.6 (C(16)); 158.1 (C(3)); 208.0 (C(17)). The signals were assigned using a 'H,13C-COSY spectrum. 
Cross peaks between 8.5/0.74,22.2/1.86-2.01,22.2/2.25-2.3 1,26.5/1.09,27.4/1.86-2.01,28.5/2.47-2.67,30.7/1.41- 
1.65. 30.7/1.86-2.01, 46.41234, 55.2/3.79, 1 10.7/6.71, 113.4/6.64, 123.3/7.01, 127.6/7.13-7.43, 127.7/7.13-7.43, 
129.9/7.13-7.43, 135.4/7.58-7.69, 137.8/6.17. Anal. calc. for C,6H,,0,Si (548.80): C 78.79, H 7.35; Si 5.11; found: 
C 78.80, H 7.43, Si 5.10. 

1.4.5. From Diels-Alder Adduct Zlc/ent-Zlc >> 2 to2.  1.4.5.1. Preparation o f l3b .  (CF3S02),0 (1.96 ml, 11.96 
mmol, 2.0 equiv.) and 2,6-lutidine (1.53 ml, 13.16 mmol, 2.2 equiv.) were added simultaneously to a stirred soln. of 
Zlc/ent-Zlc >> 1 (1.856 g, 5.98 nimol; cj .  Exper. 1.3.4 and Entry 21 of Table 4 )  in dry CH,CI, (100 ml) at Oo. The 
mixture was stirred for 1 h a t  O", evaporated, and the resulting residue was subjected to FC (hexane/AcOEt 4:l) on 
silica gel (150 g). The obtained yellow oil (2.482 g) was dissolved in dry T H F  (130 ml) and the soln. added to a 
mixture of LiCl(690 mg, 16.24 mmol, 3.0 equiv.) and Pd(PPh,), (125 mg, 0.18 mmol, 2 mol- %) in dry THF (20 ml). 
After warming to 45", a soh. of Bu,SnH (1.50 ml, 5.68 mmol, 1.05 equiv.) in dry THF (80 ml) was added within 
2.5 h at 45-50" (TLC, hexane/AcOEt 4:l). The residue obtained after basic workup was subjected to FC 
(hexane/AcOEt 1O:l) on silica gel (250 8): 13blenf-13b 24:l (1.532 g, 77%) was obtained as a colorless solid. 
[a]:& = +617.1 (c = 0.84, CHCI,); [a]& = f649.9; [a]<& = f761.1; [a]:& = f1512.2; [a]:& = imperm., 89% opt. 
purity; see reference sample of 13b: Exper. 2.3.2. The e.e. of 13b was determined to be 92 9'0 by anal. HPLC (Daicel 
Chiralcel O J ;  hexane/i-PrOH 10:2; 1 ml/min; 254 nm). 

Mixture 13bien6- 13b 24: 1 (1.290 g) was crystallized from MeOH twice to give 13blent- 13b 666: 1 (1.084 g, 
84%). M.p. 88-89" (MeOH). TLC (hexane/AcOEt 4:l): R f  0.32. [a]::, = f699.2 (c = 1.10, CHCI,); 
[a] :$ = +736.5; [a]:!& = f862.6; [a]& = +1781.8; [&I::, = imperm.; opt. pure. UV (MeOH): A,,, 270 (15599). 
CD (c =0.016, MeOH): f72733 (223), f50274 (209). IR (KBr): 3 0 6 4 ~  (=C-H); 2956m, 2936m, 2914m, 
2874m (C-H); 1701s (C=O); 1640w (C=C, olef.); 1602m, 1570~1, 1500m (C=C, arom.). 'H-NMR: 0.83 ( t ,  
J(CH2Me,CH2Me) = 7.4, MeCH,); 1.51-1.77 (m, MeCH,, H-C(12)); 1.98-2.08 (m. H-C(ll), H'-C(12)); 2.20- 
2.52 (in, 2 H-C(7), H'-C(l1)); 2.69-2.92 (m, 2 H-C(6)); 3.27 (vs,  H-C(14)); 3.79 (s, MeO); 6.12 (dd, 

H-C(l5)); 6.64 (d, J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.71 (dd, J(H-C(2), H-C(1)) = 8.4, 

0.74/1.41-1.65, 1.41-1.65/1.86-2.01, 1.41-1.65/2.25-2.31, 1.86-2.01/2.25--2.31, 1.86-2.01/2.47-2.67, 2.84/6.17, 

J(H-C(16),H-C(15)) = 5.8, J(H-C(16),H-C(14)) = 2.1, H-C(16)); 6.694.73 (m, H-C(2), H-C(4)); 7.04-7.08 
(m, H-C(I)); 7.63 (dd, J(H-C(I5),H-C(16)) = 5.8, J(H-C(lS),H-C(14)) = 2.7, H-C(15)). l3C-NMR: 8.8 
(C(19)); 22.3, 27.8, 28.7, 29.6, 31.2 (C(6), C(7), C(8), C(I1), C(12)); 51.1 (C(13)); 52.7 (C(14)); 55.3 (MeO); 111.0, 
113.6, 123.4, 131.8 (C(l), C(2), C(4), C(16)); 128.4, 128.7, 130.1, 136.7 (C(5), C(8), C(9), C(10)); 158.3 (C(3)); 163.4 
(C(15)); 214.6 (C(17)). Anal. calc. for C,,H,,O, (294.39): C 81.60, H 7.53; found: C 81.60, H 7.65. 

The e.e. of 13b was determined to be 99.7% by anal. HPLC (Daicel Chiralcel; hexane/i-PrOH 10:2; 1 ml/min; 
254 nm). 

1.4.5.2. Preparafion o f l 4 b .  A 2 . 5 ~  BuLi soh.  in hexane (2.46 ml, 6.15 mmol, 1.8 equiv.) was added to a soh. 
of HMDS (1.44 ml, 6.84 mmol, 2.0 equiv.) in dry THFiHMPA 1: 1 (24 ml) at --20". The mixture was stirred for 1 h 
at 0", cooled to -80" and a soln. of 13blent-13b 666:l (1.006 g, 3.42 mmol) in dry THF (12 ml) added dropwise. 
After stirring for 1 h at -80°, AcOH (5 ml) was added and the mixture warmed up to 0" within 1 h. The crude 
product obtained after basic workup was subjected to FC (hexane/AcOEt 1 O : l )  on silica gel (250 g). Filtration 
(CHCl,/acetone 1OO:l)  through flash silica gel (40 g) and crystallization from MeOH afforded 14blent- 14b 666:l 
(792 mg, 79%) as colorless crystals. M.p. 67-68" (MeOH). TLC (hexane/AcOEt 4:l): R f  0.43. [a]::, = -123.9 
(c = 0.92, CHCI,); [a]$p1 = -130.9; [z]& = -154.0; [a]:&, = -330.6; [a]& = imperm. UV (MeOH): A,,, 
311.8 (28844). C D  (c =0.017, MeOH): -27823 (232), +6977 (293), -12763 (319). 1R (KBr): 3066w, 3 0 5 6 ~  
(=C-H); 2936~1, 2835m (C-H); 1740s (C=O); 1598~1, 1560~1, 1496s (C=C, arom.). 'H-NMR: 0.84 ( t ,  
J(CH2Me,CH2Me) = 7.5, MeCH,); 1.47-1.69 (m, J(CH2Me,CH2Me)  = 7.7. MeCH,, H-C(12)); 2.12-2.19 (m, 

J(H-C(16),H'-C(16)) = 23.5, J(H-C(16),H-C(15)) = 3.0, H-C(16)); 3.14 (d, J(H'-C(l6),H-C(16)) = 23.5, 
H'-C(16)); 3.81 (s, MeO): 5.93 ( r ,  J(H-C(I5),H-C(16)) = 2.5, H-C(15)); 6.72-6.76 (m, H-C(2), H-C(4)); 
7.21 7.24 (m, H-C(1)). '-'C-NMR: 8.3 (C(19)); 22.9, 23.0, 25.8, 26.4, 28.5 (C(6), C(7), C(11), C(12), C(18)); 43.6 
(C(16)); 53.0 (C(13)); 55.3 (MeO); 111.1, 113.6, 115.7, 124.0 (C(1), C(2), C(4), C(15)); 125.5, 128.6, 129.8, 138.1, 

H'-C(12)); 2.28-2.38 (m,  H-C(7)); 2.59-2.68 (n?, H'-C(7), 2 HC(11)) ;  2.77-2.83 (m, 2 H-C(6)); 2.92 (dd, 
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146.1 (C(5). C(8), C(9), C(10), C(14)); 158.6 (C(3)); 220.0 C(17)). Anal. calc. for C2,H2,02 (294.39): C 81.60, 
H 7.53; found: C 81.43, H 7.65. 

The e.e. of 14b was determined to be 99.7% by anal. HPLC (Daicel Chiralcel O J ;  hexane/i-PrOH 10:2; 
1 ml/min; 254 nm). 

1.4.5.3. Preparation of5b. In a 50-mI Schlenk flask, a suspension of 5% Pd/CaCO, (193 mg, 4 mol-%) in dry 
benzene (10 ml) wdS evacuated and filled with H2. The suspension was stirred under H, for 1 h. Mixture 
14b/ent- 14b 666:l (668 mg, 2.27 mmol) was added, and subsequently H2 (68.7 ml, 3.1 mmol) introduced through a 
gas burette (TLC, hexane/AcOEt 4:l). After filtration through Celite, washing (Et,O), and evaporation in vacuo, 
the crude product was purified by prep. HPLC (hexane/AcOEt lO:l, M N  Nucleosil50-10, 2 ml/min, 254 nm) to 
give a mixture of 5b (532 mg, 79%), 10b ( I  1 mg, 2%), and 15b (14 mg, 2%). Crystallization from MeOH afforded 
5b (504 mg, 75%) as colorless crystals. M.p. 128-130" (MeOH). TLC (hexane/AcOEt 4:l): Rf0.36. UV (MeOH): 
A,,, 279.0 (16625). [a]:& = -31.5 (C = 0.89, CHCI,); [a]!'$ = 32.2; [E]& = -34.3; [a]:$, = -28.5; [t1]:25 = +96.8. 
CD (c = 0.017, dioxane): +4539 (229), -4921 (251), -5064 (268), +12231 (300). IR (KBr): 3030w (=C-H); 
2920m, 2890m, 2833m (C-H); 1731s (C=O); 1608m, 1568~1, 1496s (C=C, arom.). 'H-NMR: 0.85 ( t .  
J(CH2Me,CH,Me) = 7.5, MeCH,); 1.22-1.66 (m, J(CH2Me,CH2Me) = 7.4, MeCH,, H-C(12)); 1.75-1.91 (m. 
H'-C(12)); 2.05-2.30 (m, H-C(7), 2 H-C(15), 2 H-C(16)); 2.42-2.62 (m, H'-C(7), 2 H-C(l1)); 2.73-2.83 (m,  
2 H-C(6), H-C(14)); 3.80 (s, MeO); 6.704.74 (m. H-C(2), H-C(4)); 7.11-7.15 (m, H-C(1)). "C-NMR: 7.8 
(C(19)); 17.4, 20.6, 23.7, 24.3, 24.8, 28.5, 36.5 (C(6), C(7), C(Il), C(12), C(15), C(16), C(18)); 48.0 (C(14)); 50.8 
(C(13)); 55.2 (MeO); 110.8, 113.6, 123.0 (C(1). C(2), C(4)); 126.9, 128.6, 130.5, 137.0 (C(S), C(8), C(9), C(I0)); 
158.0 (C(3)); 218.7 (C(17)). Anal. calc. for C2oH2402 (296.41): C 81.04, H 8.16; found: C 80.83, H 8.27. 

No trace of ent-5b could be detected by anal. HPLC (Daicel Chiralcel O J ;  hexane/i-PrOH 10:4; 0.8 ml/min; 
254 nm). 

The by-products 10b and 15b of two identical experiments were collected and further purified by semiprep. 
HPLC (hexane/AcOEt 10:1, MN Nucleosil50-10,2 ml/min, 254 nm). lob: TLC, IR, 'H-NMR and I3C-NMR data 
were identical with those ones of rac-lob (Exper. 1.2). [a]::9 = +I773 (c = 0.83, CHCI,); [a]:& = f187.2; 
[a]$& = +217.0; [ti]& = +416.9; [a ]&  = +760.8. 

Data of 15b: TLC (hexane/AcOEt 4:l): Rf 0.36. [a]:& = +54.9 (c = 0.95, CHCI,); [a]:$ = +57.0; 
[CL]::~ = f68.3; [a]$& = +149.0; [a]:& = f387.8 ([57b]: [a]:$ = +62). IR (KBr): 3009s (=C-H); 2927s, 2854s 
(C-H); 1732s (C=O); 1609m, 1574w, 1492m (C=C, arorn.). 'H-NMR: 0.75 (t. J(CH2Me,CH2Me) = 7.5, MeCH2); 
1.21-1.35(m, 1 H,MeCH*); 1.50-2.24(m, 1 H,MeCH,, 11 aliph.H);2.36-2.49(m,aliph.H);2.61-2.86(m,3aliph. 
H); 3.77 (s. MeO); 6.61 (d, J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.72 (dd, J(H-C(2),H-C(1)) = 8.4, 

20.8, 22.3, 28.3, 31.5, 35.7(C(6), C(7),C(Il), C(12), C(15),C(16), C(18)); 38.9, 41.2,49.4(C(8), C(9),C(14)); 50.8 
(C(13)); 55.2 (MeO); 112.2, 113.3, 130.2 (C(I), C(2), C(4)); 133.3, 137.6 (C(5), C(10)); 157.5 (C(3)); 218.9 (C(17)). 

1.4.5.4. Preparation of16. LiAlH, (46 mg, 1.21 mmol) was added to a soh. of 5b (480 mg, 1.62 mmol) in dry 
Et,O (25 ml). The mixture was subjected to ultrasound for 5 min (TLC, hexane/AcOEt 4:l). H 2 0  was added under 
ice-cooling, until a fine precipitate appeared. After decantation and washing of the residue with Et20 (4 x ), the 
combined org. phases were dried (MgSO,) and evaporated in vacua to yield 35 (475 mg, 98 %) as a colorless solid. 
M.p. 114-116" ([57a]: 112-114" (MeOH/H20); [64]: 1 1 8 O ) .  TLC (hexane/AcOEt 4:l): R, 0.25. [a]:!9 = -64.2 
(c = 0.96, CHCI,); = -67.2; [a]::6 = -77.4; [a]:!6 = -144.1; [a]!& = 262.8 ([57a]: [a]:!, = -66; [64]: 
[a]:& = -64). IR (KBr): 3506s(br., OH); 3021w(=C-H); 2947s, 2874s, 2832s(-C-H); 1610s, 1570s, 1494s (C=C, 
arom.). 'H-NMR: 1.06 (t, J(CH2Me,CH2Me) = 7.5, MeCH,); 1.32-1.77 (m, MeCH,, 2 H-C(12), H-C(15), 

2 H-C(6)); 3.80 (s. MeO); 3.89-3.96 (m', H-C(I7)); 6.69-6.74 (m, H-C(2), H-C(4)); 7.13 (d, 
J(H-C(l),H-C(2)) = 8.2, H-C(1)). ' k - N M R :  10.3 (C(19)); 18.0, 22.1, 24.3, 24.7, 28.6, 30.0, 31.3 (C(6), C(7), 
C(11), C(12), C(15), C(16), C(18)); 44.3 C(13)); 48.5 (C(14)); 55.3 (MeO); 82.5 (C(17)); 110.7, 113.6, 122.8 (C(I), 
C(2), C(4)); 125.8, 129.1, 132.2, 137.0 (C(5), C(8), C(9), C(10)); 157.7 (C(3)). Anal. calc. for C2,H2,02 (298.43): 
C 80.49, H 8.78; found: C 80.36, H 8.79. 

A lOO-ml, three-necked, round-bottomed flask equipped with an acetone/N,-cooled Stiideler condenser was 
charged with dry NH, (30 ml) at ca. -60'. Aniline (410 pl) and K (136 mg, 3.35 mmol, 5 equiv.) were added. A soln. 
of 35 (200 mg, 0.67 mmol) in dry THF (5 ml) was introduced into the dark-blue s o h ,  and the mixture was stirred 
for 1 h a t  -40". Li (190 mg, 26.8 mmol, 40 equiv.) was added in small portions, the mixture stirred for 30 min, and 
EtOH (3.0 nil) added dropwise during I h. The mixture was warmed up to r.t. to remove the NH,, and AcOH 
(lo%, 40 ml) was added dropwise under ice-coolig. The resulting residue obtained after basic workup was purified 
by prep. HPLC (hexane/AcOEt 5 :  I ,  MN Nucleosil50-Z0,O. 1 l/min) to give 36 (1 55 mg, 76 O h )  as a colorless solid. A 
sample was crystallized from MeOH. M.p. 158-161" (MeOH) ([57a]: 159-161" (EtOH), 158-159" (petroleum 

J(H-C(2),H-C(4)) = 2.7, H-C(2)); 7.07 (d, J(H-C(l),H-C(2)) = 8.5, H-C(1)). "C-NMR: 8.8 (C(19)); 19.9, 

2 H-C(16), OH); 2.14-2.28 (m, 2 H-C(7), H'-C(I5)); 2.30-2.51 (m, 2 H-C(ll), H-C(14)); 2.69-2.76 (m, 



1376 HELVETICA CHIMICA AcrA - vo1.78 (1995) 

ether); [24]: 152-155" (petroleum ether/AcOEt 10:3); [65] [66]: 160-161' (MeOH)). TLC (hexane/AcOEt 4:l): R, 
0.29. [a]::9 = +95.6 (c = 0.52, dioxane); [a]:'& = +100.0; [G(]:& = + I  14.0; [a]& = f198.7; [a]$& = +323.5 ([57a]: 
[a]:& = +95, from petroleum ether +99" (c = 1, CHCI,); [24]: = +92.9 (c = 0.504, dioxane); [65] [66]: 
[a]$$ = +96 (c = 0.55, dioxane)). IR (KBr): 3300s (br., OH); 2939.7, 2818s (C-H); 1697m, 166th (C=C, enol 
ether). 'H-NMR: 0.98 ( t ,  J(CH,Me,CH,Me) = 7.5, MeCH,); 0.86-1.74 (tn, 12 aliph. H, OH); 1.82-1.93 (m, 2 
aliph. H); 2.03-2.17 (m, 2 aliph. H); 2.25 (df, J = 12.6, 3.1, aliph. H); 2.47-2.87 (m, 4 aliph. H); 3.55 (s, MeO); 
4.63 4.65 (m, H-C(2)). 13C-NMR (62.90 MHz, CDCI,): 9.5 (C(19)); 17.8, 22.5, 25.4, 26.7, 28.3, 30.5, 31.0, 33.1, 
34.1 (C(I), C(4), C(6), C(7), C(11). C(12), C(15), C(16), C(18)); 38.8, 45.2, 51.2 (C(8), C(9). C(14)); 44.9 (C(13)); 
53.8 (MeO); 84.0, 90.6 (C(2), C(17)); 124.9, 128.0 (C(5), C(I0)); 157.7 (C(3)). Anal. calc. for C20H,002 (302.46): C 
79.42, H 9.99; found: C 78.97, H 10.17. 

Compound 36 (270 mg, 0.89 mmol), (i-PrO),Al(77 mg, 0.37 mmol), and butan-1-one (500 pl) were refluxed in 
dry benzene (30 ml) for 24 h. The mixture was cooled to r.t., aq. 5% NaOH soln. (3.5 ml) and 2,6-Di(/ert-butyl)-3- 
methylphenol (trace) were added, and the soh. was stirred for 5 min. The crude product obtained after usual 
workup was subjected to FC (hexane/AcOEt 4:l) on silica gel (30 g) to give 16 (221 mg, 82%). M.p. 187-189' 
(MeOH) ([57a]: 184-185" (MeOH); [24]: 181-184" (MeOH); [65] [66]: 189-191O). TLC (hexane/AcOEt 4:l): R,  
0.47. [a]::9 = +160.0(c = 0.94, CHCI,); [~] :4~  = +167.9; [a]:& = +194.8; [a]:$ = f379.1; [a]:& = +779.9; ([57a]: 
[a]:& = +I58 (c = 1, CHCI,); [24]: [a]:& = +156.2 ( C  = 0.45, CHCI,); [65] [66]: [G(]:& = +159.5 (C = 0.45, 
CHCI,)). CD (c =0.24, dioxane): +9250 (304) ([24]: CD: +9211 (304), (c = 0.198, dioxane). 1R (KBr): 3 0 4 7 ~  
(=C-H); 2941.7, 2906s, 28463, 2812s (C-H); 1738s (C=O); 1698s, 1666m (C=C, enol ether). 'H-NMR: 0.77 ( t ,  
J(CH,Me,CH,Me) = 7.5, MeCH,); 1.13-1.37 (m.  4 aliph. H); 1.48-2.16 (m, 12 aliph. H); 2.38-2.88 (m,  5 aliph. 
H);3.55(s,MeO);4.63-4.65(m,H-C(2))."C-NMR:7.4(C(lY)); 17.6,20.8,24.6,26.1,27.4,28.3,30.4,34.1,35.9 
(C(I), C(4), C(6), C(7), C(11), C(12), C(15). C(16), C(18)); 38.2, 45.4, 51.1 (C(8). C(9), C(14)); 53.8 (MeO); 90.2 
(C(2)); 125.1, 127.6 (C(5), C(10)); 152.6 (C(3)); 219.7 (C(17)). Anal. calc. for C2,H2,02 (300.44): C 79.96, H 9.39; 
found: C 79.77, H 9.46. 

1.4.5.5. Preparalion of 2. Li (41 mg, 5.93 mmol) was dissolved in stirred ethylenediamine (5 ml) under Ar. 
Acetylene (passed through KOH and activated charcoal) was bubbled through the dark-blue soln. for 1 h. A soln. 
of 16 (8 1 mg, 0.27 mmol) in dry THF ( 1  0 ml) was added to the white suspension, and acetylene was passed through 
the mixture for 2 additional h (TLC, hexane/AcOEt 4: I). 1.0 ml aq. 20% H,S04 s o h ,  2.0 ml H20,  1.0 ml aq. 20% 
H,SO, soln. and, finally, 2.0 ml H,O were added under stirring and ice-cooling. A white solid (90 mg) obtained 
after basic workup, which was dissolved in MeOH (5 ml) and treated with aq. 6% HCl soh .  ( 1  .O ml) was added and 
the mixture stirred at 45-50° for 45 min (TLC, hexane/AcOEt 2:l). The residue, obtained after basic workup, was 
subjected to chromatography (hexane/AcOEt 4:l) on flash silica gel (15 g) to give 2 (67 mg, 80%). Crystallization 
from MeOH afforded 2 (58 mg, 69%). M.p. 240-242" (MeOH) ([57a]: 229-23 I "  (crude product), 228-229O(EtOH); 
[24]: 235-237" (MeOH); [53]: 238-242"; [65] [66]: 226-228" (crude product), 230-233' (MeOH), [67]: 240"). TLC 
(hexanc/AcOEt 4:l): Rr 0.1 1. [a]$& = -34.0 (c = 0.94, CHCI,); [a]:$ = --36.2; [@I:$ = -43.6; [a]& = 117.2; 
[a]$& = -603.8 ([57a]: [a]:& = -34 (c = 1, CHC1,); [24]: [a]:& = -32.4 (c = 0.496, CHCI,); [53]: [a]:& = -40.7 

dioxane): -2141 (sh, 309), -3633 (319), -4653 (332), -3714 (343, -1371 (sh, 360) ([24]: CD: -2115 (sh, 
309), -3570 (320), -4525 (332), -3610 (344), -1325 (sh, 361)). UV (MeOH): i.,,, 241 (16911) ([57a]: UV: 239 
(17000); [24]: UV: 241 (16770); [65] [66]: UV: 240 (18400)). IR (KBr): 3347m (OH); 3267s (C-C-H); 303711' 
(=C-H); 2933.7, 2868m, 2854m (C-H); 1654s (C=O, a,P -unsat. ketone); 1616s (C=C, G(,P -unsat. ketone). 
'H-NMR: 0.86-1.18 (M, 6 aliph. H), beneath: 1.01 (t ,  J(CH,Me,CH,Me) = 7.5, MeCH,); 1.30-1.73 (m, 8 aliph. 
H); 1.78-2.53 (m, 12 aliph. H), beneath: 1.89 (s, OH); 2.59 (3, C-CH); 5.83 (s, H-C(4)). ',C-NMR: 9.6 (C(19)); 
18.9, 22.4, 26.2, 26.6, 28.4, 30.7, 35.5, 36.5, 39.6 (C(I), C(2), C(6), C(7), C(1I). C(12), C(15), C(16), C(18)); 40.9, 
42.5, 48.8, 50.8 (C(8), C(9), C(10), C(14)); 48.0 (C(13)); 74.2, 81.4, 87.8 (C(17), C(20), C(21)); 124.6 (C(4)); 166.5 
(C(5)); 199.9 (C(3)). Anal. calc. for C,,H,,O, (312.45): C 80.73, H 9.03; found: C 80.62, H 8.96. 

N o  trace of ent-2 could be detected by anal. HPLC (Daicel Chirulcrl O J ;  hexane/i-PrOH 5:3; 0.6 ml/min; 
254 nm). 

1.5. With Dienophile 23b. 1.5.1. In the Presence ofMe,AICI at Low Temp. In a 30-ml Schlrnk flask, Me,AICI 
(2.74 ml, I M  in hexane, 2.74 mmol, 3 equiv.) was added to a soln. of 23b (220 mg, 0.912 mmol; for preparation, see 
Exper. 3.2.3) in dry CH2C1, (1 2 mi) under dry Ar at -60'. After stirring for 30 min at -60", a soln. of 6 (1.27 g, 6.84 
mmol, 7.5 equiv., for preparation see E.wper. 3.1) in dry CH,CI, (3 ml) was added. After stirring for 1 additional h 
at -60°, the temp. was raised to -30", and the mixture stored at -30" to -25O for 14 d. The red s o h  was poured 
into sat aq. NH4 CI soln. and worked up in the usual way. The resulting residue was subjected to chromatography 
(hexane/AcOEt 4:l) on flash silica gel (150 x 30 mm column) to afford a colorless solid. Anal. HPLC (hexanel 
AcOMe/CH2C12 38:12:50, M N  Nucleosil SU-I0,2 ml/rnin, 254 nm) showed the presence of four product compo- 

(CHCI,); [65] [66]: [a]::9 = -34 (C = 0.94, CHCI,); [67]: [~t]Z9 = -26 + 0.5 (C = 0.5, CHCI,)). CD (C = 0.231, 
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nents in a total yield of 348.9 mg (89%) and a ratio of rac-24/rac-25 + rac-27) of 62:29:9. Semiprep. HPLC 
(hexane/AcOEt/CH2Clr 4921 :30; MN Nucleosi150-10,2 ml/min refraktom.) gave rue-24 (212.7 mg, 55%), rac-25 
(97.7 mg, 25%), rac-26 (23.8 mg, 6%), and rac-27 (7.4 mg, 2 % )  as colorless solids. Crystallization of rac-24 from 
Et,0/CH2C12 ( S o )  afforded (~)3-(3-methox,v-16-(methoxycarbonyl)-13,16-seco- D-nor-8-estra-l.3,5(10),9(ll)- 
tetraene-13-carbonyl]oxazolidin-2-one (rue-24). M.p. 147-149". TLC (hexane/AcOEt 1 :l): Rf 0.42. UV 
(MeOH + 1 %  CH2Cl,): A,,, 264.8 (19630); 273.0 (sh); 300.0; 310.0 (sh). IR (KBr): 3032w (arom. CH); 2955w 
(aliph. CH); 1775s, 1730s, 1677s (C=O); 1607m, 1576w (arom. C=C); 1235s, 1038s. 'H-NMR: 1.46 (s, Me-C(18)); 
1.59-1.62 (m, 2 H-C(7)); 1.66-1.83 (m,  2 H-C(15)); 2.09-2.11 (m, H-C(12)); 2.17-2.1 (m, H-C(8)); 2.45-2.51 (t, 
( t ,  J(H-C(IS),H-C(16)) = 8,2 H-C(16)); 2.77 (m. 2 H-C(6)); 2.79-2.80 (m, H-C(14)); 2.86-2.87 (m, H-C(12)); 
3.67 (s, MeO); 3.77 (s, MeO); 3.994.08 (m, CH,O), 4.354.42 (m, CH,N); 6.246.26 (m, H-C(l1)); 6.56 (d, 

7.58 (d, J(H-C(I),H-C(2)) = 8.8, H-C(1)). Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks 
between: 1.59-1.62/2.77; 1.66-1.83/2.45-2.51; 1.66-1.83/2.79-2.80; 2.79-2.80/2.17-2.18; 2.17-2.18/6.246.26; 
3.994.08/4.354.42; 6.56/6.70; 6.70/7.5. I3C-NMR: 20.4 (C(18)); 21.18 (C(7)); 27.44 (C(15)); 35.42 (C(12)); 39.94 
(C(8)); 35.30 (C(16)); 31.05 (C(6)); 39.52 (C(14)); 48.82 (C(13)); 51.52 (MeCO,); 55.21 (ArOMe); 45.31 (CH2N); 

(C(5)); 158.20 ((33)); 152.43,173.83,176.69 (3 C=O). Signals were assigned using a 'H,'3C-COSY spectrum. Cross 
peaks between: 1.46/20.42; 1.59-1.62/21.18; I .66-1.83/27.44; 2.09-2.1 1/35.42; 2.17-2.18/39.94; 2.45-2.5 1/35.30; 

113.12; 6.70/112.71; 7.58/142.42. Anal. calc. for C2,H2,N0, (427.49): C 67.43, H 6.84, N 3.28; found: C 67.48, H 
6.77, N 3.31. 

Crysral-Structure Analysis ofrac-24 (see Fig. 3). Triclinic crystal system; space group P1; cell: a = 8.361 (1) A; 
b = 11.003 (2) A; c = 12.170 (2) A; V = 1048.9 (4) A3; 2 = 2 (two independent molecules), D, = 1.354 g.cm-'. 
Octant up to 20,,, = 120"; 3125 independent reflections, 3060 reflections, with I >  0 of a colorless, transparent 
crystal (size 0.15 x 0.20 x 0.50 mm3) were measured at r.t. Number of variables: 397. Structure refinement based 
on Fvalues using unit weights. The final difference density was less than 0.15 e k3, R ( P )  = 0.038; R ( F )  = 0.036. 

( +)-3-[3-Methoxy-16- (methoxycarbonyl)-13,16-~eco- D-norestra-1.3,5(10) ,9(11)-tetraene-l3-carbonyl]oxa- 
zolidin-2-one (rac-25): M.p. 67" (Et,,0/CH2Cl,). TLC (hexane/AcOEt 1 :I): R f  0.42 UV (MeOH + 1 %CH2CI,): 
A,,, 262.5 (17521); 294.0. IR (KBr): 3006w, (arom. CH); 2948w (aliph. CH); 17758, 1734s, 1677s (C=O); 1607~1, 
1 5 7 0 ~  (arom. C=C); 1257s; 1044s. 'H-NMR: 1.29 (&Me-C(13)); 1.63-1.69 (m, 2 H-C(15)); 1.96-2.04 (m, 
H-C(8)); 2.16--2.21 (m, 2 H-C(7)); 2.35 (m, H-C(12)); 2.40 (m. 2 H-C(16)); 2.49 (m, 2 H-C(14)); 2.85-2.88 (m. 
2 H-C(6)); 3.03-3.10 (m, H'-C(12)); 3.66 (s, MeO); 3.78 (s, ArOMe); 4.334.40 (m, CH20); 4.414.47 (m, CH2N); 
6.05-6.07 (m, H-C(1 I)); 6.58 (4 J(H-C(2),H-C(4)) = 2.7, H-C(4)); 6.70 (dd, J(H-C(2),H-C(4)) = 2.7, 
J(H-C(l),H-C(2)) = 8.8, H-C(2)); 7.45 (d, J(H-C(1), H-C(2)) = 8.8, H-C(1)). Signals were assigned using a 
'H,'H-COSY spectrum. Cross peaks between: 1.63-1.69/2.40; 1.63-1.69/2.49; 2.49/1.96-2.04; 3.03-3.10/2.35; 

(C(7)); 30.35 (C(6)); 33.98 (C(12)); 34.69 (C(16)); 40.67 (C(14)); 40.70 (C(8)); 45.56 (CH2N); 48.42 (C(13); 51.53 
(MeO); 55.20 (ArOMe); 62.30 (CH,O); 112.65 (C(2)); 112.96 (C(4)); 115.30 (C(11)); 125.15 (C(1)); 127.56 (C(9)); 
134.36 (C(10); 137.00 (C(5)); 158.48 (C(3)); 152.61, 173.95, 178.75 (3 C=O). The signals were assigned using a 
'H,'-'C-COSY spectrum. Cross peaks between: 1.29/17.30; 1.63-1.69/27.52; 2.16-2.21/28.51; 2.85-2.88/30.35; 
2.35/33.98; 2.40/34.69; 2.49/40.67; 1.96-2.04/40.70; 4.414.47/45.56; 3.66/51.53; 3.78/55.20, 4.33-4.40/62.30; 
6.70/112.65; 6.58/112.96; 6.05-6.07/115.30; 7.45/125.15. Anal. calc. for C24H2,N06 (427.49): C 67.43, H 6.84, N 
3.28; found: C 67.43, H 6.80, N 3.30. 

( +)-3-[3-Methoxy-16 - (methoxycurbonyl) - 14,15 - seco- D-nor-8.13,14-merhylgona-1.3.5(10) .9(11)-tetraene- 
14-curbonyl]oxazolidin-2-one (rac-26): M.p. 84-85" (Et,O/CH2CI2). TLC (hexane/AcOEt 1 : 1): Rf 0.42. UV 
(MeOH + 1 % CH,CI,): A,,, 264.5 (13449). IR (KBr): 3054w (arom. CH); 2925w(aliph. CH); 1774s(C=O); 1734s 
(C=O); 1676s (C=O); 1607m. 1574w (arom. C=C); 1234s. 'H-NMR: 1.11 (s, Me-C(14)); 1.40-1.48 (m, 

H-C(12)); 2.75 (m, 2 H-C(6)); 2.95 (m, H-C(13)); 3.65 (s, MeO); 3.77 (s, ArOMe, and sh at 3.72, m, H-C(8)); 
4.104.19 (m, CH,O); 4.374.56 (m. CH2N); 6.22 (m, H-C(l I)); 6.55 (d, J(H-C(2),H-C(4)) = 2.7, H-C(4)); 6.70 

Signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between: 1.40-1.48/2.29-2.37; 1.40-1.48/2.95; 
6.22/2.39-2.53. I3C-NMR: 11.89 (Me-C(14)); 27.66 (C(16)); 25.12 (C(7)); 29.07 (C(12)); 31.48 (C(15)); 30.81 
(C(6)); 33.51 (C(13)); 38.82 (C(8)); 51.58 (MeO); 55.14 (ArOMe); 45.97 (CH,O); 53.62 (C(14)); 62.17 (CH,N); 
115.61 (C(11)); 112.97 (C(4)); 112.65 (C(2)); 124.75 (C(1)); 127.29 (C(9)); 132.49 (C(19)); 137.56 (C(5)); 158.24 
(C(3)); 152.57, 174.08, 177.75 (3 C=O). The signals were assigned using a 'HL3C-COSY spectrum. Cross peaks 

J(H-C(2),H-C(4)) = 2.7, H-C(4)); 6.70 (dd, J(H-C(2),H-C(4)) = 2.70, J(H-C(I),H-C(Z)) = 8.8, H-C(2)); 

62.08 (CH20); 116.91 (C(11)); 113.12 (C(4)); 112.71 (C(2)); 124.42 (C(1)); 126.89 (C(9); 131.27 (C(10)); 137.58 

2.77/31.05; 2.79-2.80/39.52; 3.67/51.52; 3.77/55.21; 4.354.42/45.31; 3.994.08/62.08; 6.2446.26/116.91; 6.56/ 

4.33-4.40/4.414.47; 6.05-6.07/3.03-3.10; 6.58/6.70; 6.70/7.45. I3C-NMR: 17.30 (C(18)); 27.52 (C(15)); 28.51 

2 H-C(I6)); 1.49-1.59 (RZ, 2 H-C(7)); 1.75-1.90 (m, H-C(12)); 2.29-2.37 (07, 2 H-C(l5)); 2.39-2.53 (RZ, 

(dd, J(H-C(2),H-C(4)) = 2.7, J(H-C(I),H-C(2)) = 8.8, H-C(2)); 7.57 (d, J(H-C(I),H-C(Z)) = 8.8, H-C(1)). 



1378 HELVETICA CHIMICA ACTA - Vol. 78 (1995) 

between: I .  11/11.89; 1.40-1.48/27.66; 1.49-1.59/25. 12; 1.75-1 .YO and 2.39-2.53129.07; 2.29-2.37/31.48; 2.75/ 
30.81; 2.95/33.51; 3.7-3.8/38.82; 3.65/51.58; 3.77/55.14; 4.10-4.19/45.97; 4.374.56/62.17; 6.221115.6; 6.55/ 
112.97; 6.70/112.65; 7.571124.75, Anal. calc. for C24H29NOh (427.49) C 67.43, H 6.84, N 3.28; found: C 67.48, 
H 6.79, N 3.43. 

The relative configuration of H-C(8) was assigned by NOE measurements (irradiated signdl/NOE [%I):  
H-C(I3)/H-C(8) (2.6%); H-C(I3)/H-C(12) (2.3%); H-C(8)/H-C(13) (0.4%); H-C(8)/H-C(6) (0.3%); 
Me-C(14)/H-C(12) (0.5%). 

( *) -3-[3-Met hoxy- 16- (rizet howpcarhunyl) - 14,l S-SCCO- D-nor- I3,14-met hylgonu- 1,3,5 ( 10) ,9 ( I I )  -te t raene- 14- 
curhoni l /oxazol i -Z-one (rac-27): M.p. 1 1  9-120O (Et20/CH2C12). TLC (hexane/AcOEt 1: I ) :  Rf 0.42. 
UV(MeOH + 1 'hCH2CI,): A,,, 264.5 (7295). IR (KBr): 3005w (arom. CH); 2927m (aliph. CH); 1774s, 1734s, 
1684s(C=O); 1607nr, 1570w'(arom. C=C); 1255s; 1039s. 'H-NMR: 1.48 (s, Me-C(14)); 1.32-1.49 (m, 2 H-C(7)); 

(m, 2 H-C(15)); 2.80 (m, H-C(6)); 2.96 (m, H-C(8)); 3.65 (s, MeO); 3.77 (s, ArOMe); 3.924.19 (m. CH20);  

J(H-C(2),H-C(4)) = 2.7, J(H-C(I),H-C(Z)) = 8.8, H-C(2)); 7.38 (d, J(H-C(I),H-C(2)) = 8.8, H-C(1)). Sig- 
nals were assigned using a 'H,'H-COSY spectrum. Cross peaks between: 1.32-1.49/2.80; 1.59-1.86/2.31-2.39; 
2.21-2.30123-2.39; 5.94/2.21-2.30. ' k - N M R :  16.19 (Me-C(14)); 27.20 (C(7)); 27.04 (C(16)); 28.09 (C(12)); 
35.26 (C(13)); 33.03 (C(15)); 30.58 (C(6)); 42.28 (C(8)); 51.49 (MeO); 55.17 (ArOMe); 45.39 (CH20); 52.17 
(C(14)); 62.36 (CH,N); 115.43 (C(1 I ) ) ;  112.36 (C(2)); 112.87 (C(4)); 124.85 (C(1)); 129.36 (C(9)); 135.58 (C(10)); 
176.72 (3 C=O). Signals were assigned using a 'H,13C-COSY spectrum. Cross peaks between: 1.48/16.19; 1.32- 
1.49/27.20; 1.59-1.86/27.04; 1.89-2.10 and 2.21-2.30/28.09; 2.31 -2.39/35.26; 2.40-2.51/33.03; 2.80/30.58; 2.96/ 
42.28; 3.65/51.49; 3.77155.17; 3.924.19145.39; 4.31-4.51162.36; 5.94/115.43; 6.67/112.36; 6.5511 12.87; 7.381 
124.85. Anal. calc. for C24H29N06 (427.49): C 67.43, H 6.84, N 3.28; found: C 67.21, H 6.87, N 3.02. 

1.5.2. I n  the Presence of Various Lewis Acids. The reactions were conducted according to Exper. 1.5.1. The 
results are summarized in Table S and 6 (see Sect. 3) .  

1.5.3. In the Presence ojMe,AlCIat Elevated Temp. (see Table 7). Me2AIC1 (3.66 ml, I M  in hexane, 3.66 mmol, 
3 equiv.) was added to soln. of 23b (294 mg, I .22 mmol) in dry CH2CI, (25 nil) under Ar at  -60". A soln. of 6 (1.70 
g, 9.15 mmol, 7.5 equiv.) in dry CH,CI, (4 ml) was added. The mixture was left for 24 h at 5". Usual workup 
followed by FC (hexane/AcOEt 4: 1); 180 x 30 column) furnished two fractions. After complete elution of the first 
fraction, the polarity of the eluent was changed to hexane/AcOEt 1:l.  The first fraction contained the four 
components of the Dkls-Alder adduct (339 mg, 65%)) in ratio of rac-24/rac-25/(rac-26 + ruc-27) 41:45:14 
(determined by anal. HPLC (hexane/AcOMe/CH,CI? 38:12:50; MN Nuckosil SO 10, 254 nm). Separation by 
semiprep. HPLC (hexane/AcOMe/CH2C1 38: 1250; MN Nucleosil50-10, refractom.) afforded ruc-24 (1 33.8 mg, 
260/), ruc-25 (149.7 mg, 29%), rac-26 (40.5 mg, 8%), and rac-27 (5.9 me,, 1%) as colorless solids. The second 
fraction contained 128.6 mg (25 %) of (&)- N- ~2-hydro.~~vmethpl)-3-methox~-16-(methoxycurbonyl)-13,16-.seco- 
D-itore.stra-1,3,5/ 10) ,H-tetraene-1 l,l3-dicarhoxiumide (rue -28). M.p. 14 1-144". TLC (hexane/AcOEt 1 : I ) :  Rf 0. 15. 
UV (MeOH + 1 %CH,CI,): 1,,, 267.5 (9646); 287.0. 1R (KBr): 3382m (br., OH); 3 0 0 3 ~  (arom. CH); 2950w 
(aliph. CH); 1732s (ester C=O); 1674s (iniide C=O); 1607m, 1574w (C=C); 1255s; 1042s. 'H-NMR: 1.46 (s, 
Me-C(13)); 1.59~ 1.62(m,2H-C(7)); 1.66-1.83 (m,2H-C(15));2.09-2.11 (m, H-C(12)) 2.17-2.18(m,H-C(8)); 

3.77 (s, MeO); 3.994.08 (m. CH20); 4.354.42 (m. CH,N); 6.66 (d, J(H-C(2),H-C(4)) = 2.7, H-C(4)); 6.75 (dd, 

NMR: 20.42 (C(18)); 21.18 (C(7)); 27.44 (C(15)); 35.42 (C(12)); 39.94 (C(8)); 35.30 (C(16)); 31.05 (C(6)); 39.52 
(C(14)); 35.42 (C(12)); 51.52 (C0,Me); 55.21 (ArOMe); 45.31 (CH20); 62.08 (CH2N); 113.12 (C(4)); 112.71 
(C(2)); 124.42 (C(1)). Anal. calc. for C,,H,,NO, (427.49): C 67.43, H 6.84; N 3.28; found: C 67.38, H 6.82, N 3.43. 

1 S.4. From the Complex Diels- Alder Adduct to rac-3a. 1.5.4.1, Cvcloaddition with Acid Treatment q f t h e  Diels- 
Alder Adduct. In a 30-ml Schlenk flask, Me2AICI (1.74 ml, I M  in hexane, 1.74 mmol, 3 equiv.) was added to a soln. 
of 23b (140 mg, 0.580 mmol) in dry CH2CI2 (8 ml) under Ar at -60". After stirring for 30 h, a soln. of 6 (0.8 1 g, 4.35 
mmol; 7.5 equiv.) in dry CH2C12 (2 ml) was added. The mixture was stored at -30" to -25" for 14 d. The red soln. 
was worked up in the usual way and the resulting residue subjected to FC (hexane/AcOEt 4 : l ;  180 x 30 mm 
column). Yield (215.3 mg, 87%) and ratio ofproduct components (ruc-24/rac-25/(rac-26 + ruc-27) 61 :32:7) were 
determined by anal. HPLC (hexane/AcOMe/CH2CI22; 38:12:50, M N  Nucleosil50-10, 2 ml/min, 254 nm). In a 
100-ml Srhfenk flask the colorless solid was dissolved in dry CH,C12 (30 ml) and treated with CF,COOH (2 ml). 
After stirring for 15 min at 0" and for 15 rnin at r.t., CH2C12 (20 ml) was added. After basic workup, the obtained 
residue was subjected to FC (hexane/AcOEt 2.1; 150 x 30 mm column) and semiprep. HPLC (hexane/AcOEt/ 
CH2C12 49:21:30; MN Nucleosil SO-10, refractom.) to give rac-29 (182.7 mg, 74%) and ruc-30 (12.2 mg, 5%) .  

1.59-1.86 (m, 2 H-C( 16)); 1.89-2.10 (m, H-C(12)); 2.21-2.30 (m, H'-C(12)); 2.31-2.39 (m, H-C(I3)); 2.40-2.51 

4.314.51 (M, CH2N); 5.94 (m, H-C(I 1)); 6.55 (d, J(H-C(2),H-C(4)) = 2.7, H-C(4)); 6.67 (<id+ 

2.45 2.51 ( r i ~ ,  2 H-C(16)); 2.77 (m, 2 H-C(6)); 2.79-2.80(m, H-C(14)); 2.86-2.87 (m, H -C( 12)); 3.67 (s, MeO); 

8.6, H-C(2)); 7.61 (d, J(H-C( I),H-C(2)) = 8.6, H-C(1)). I3C- J(H-C(2),H-C(4)) = 2.7, J(H-C(I),H-C(2)) 
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( =kj-3-[3-Methoxy-16- (metho.xycurbonyl)-l3,16-seco- D-norestru-l,3,5( 10) ,8-tetruene-13-curbonylJoxuzoli- 
din-2-one (ruc-29): M.p. 106" (Et,O/pentane). TLC (hexane/AcOEt 1 : 1): Rf 0.46. UV (MeOH + 1 %CH2CI,) I,,, 
273.3 (35860). IR (KBr): 30301~ (arom. CH); 2947m (aliph. CH); 1779s, 1734s, 1684s (C=O); 1607m, 1570w (arom. 
C=C); 1194s; 1040s. 'H-NMR: 1.46 (9, MeeC(13)); 1.68-1.88 (m, 2 H-C(l5), H-C(l1)); 2.09-2.18 (m,  

2 H-C(7)); 3.01 (t, J(H-C(14),H-C(15)) = 5.7, H-C(14)); 3.67 (s, MeO); 3.78 (s, MeO); 3.944.18 (m, CH20); 

J(H-C(l),H-C(2)) = 8.3, H-C(2)); 7.10 (d, J(H-C(l),H-C(2)) = 8.3, H-C(1)). Signals were assigned using a 
'H,'H-COSY spectrum. Cross peaks between: 1.68-1.88/3.01; 1.68-1,8812.20-2.42; 2.20-2.42/2.60-2.77; 2.50/ 

26.76(C(15)); 28.67 (C(11)); 29.03 (C(7)); 30.01 (C(6)); 33.67 (C(16));42.98 (C(14));48.25 (C(13)); 51.51 (C0,Me); 
55.18 (ArOMe); 45.28 (CH2N); 62.31 (CH20); 110.84 (C(2)); 113.26 (C(4)); 123.20 (C(1)); 126.34 (C(8)); 128.67 
(C(9)); 134.44 (C(10)); 137.32 ( ' 4 5 ) ) ;  158.48 (C(3)); 152.82, 173.91, 177.46 (3 C=O). Signals were assigned using a 
'H,I3C-COSY spectrum. Cross peaks between: 1.46120.63; 2.09-2.18/23.20; 1.68-1.88/26.76; 1.68-1.88/28.67; 

3.94-4.18/62.31; 6.691110.84; 6.66/113.26; 7.10/123.20. Anal. calc. for C,,HZ9NO, (427.49): C 67.43, H 6.84, 
N 3.28; found: C 67.44, H. 6.70; N 3.12. 

( +)-3-[3-Metho.xy-15- (n?ethoxycurbonyl) -14,lS-seco- D-nor-l3,I4-methylgonu-I .3.5 (10) ,8-tetruen-14-curbo- 
n.vlJoxazolidin-2-one (ruc-30). TLC: (hexane/AcOEt 1 : I ) :  R,0.46. UV (MeOH + 1 %CH2C12): A,,, 273.5 (12256). 
1R (KBr): 3 0 0 7 ~  (arom. CH); 2923m (aliph. CH); 1784s, 1734s, 1676s(C=O); 1608m,1570w (arom. C=C); 1195s; 
1039s. 'H-NMR: 1.35 (s, Me-C(14)); 1.42-1.72 (m, 2 H-C(16), H-C(l1)); 1.89-2.01 (m, 2 H-C(12), H'-C(I 1)); 
2.31-2.40 (m,  2 H-C(15)); 2.40-2.49 (m, H-C(13)); 2.50-2.69 (m, 2 H-C(6), 2 H-C(7)); 3.63 (s, MeO); 3.77 (s, 
MeO); 4.04-4.16 (m. CH,O); 4.244.43 (m.  CH2N); 6.63 (d, J(H-C(2),H-C(4)) = 2.8, H-C(4)): 6.69 (dd, 
J(H-C(2),H-C(4)) = 2.8, J(H-C(l),H-C(2)) = 8.3, H-C(2)); 7.13 (d, J(H-C(I),H-C(2)) = 8.3, H-C(1)). The 
signals were assigned using a 'H,'H-COSY spectrum. Cross peaks between: 1.42-1.7211.89-2.01; 1.42-1.72/2.31- 
2.40; 1.89-2.0112.40-2.49; 4.044.16/4.244.43; 6.69/6.63; 6.6917.13. I3C-NMR: 19.76 (Me-C(14)); 23.59 (C(11)); 

(C0,Me);  54.81 (C(14)); 55.18 (ArOMe); 62.07 (CH2N); 110.97 (C(2)); 113.09 (C(4)); 123.42 (C(1)); 127.25 
((39)); 130.7(C(5)); 137.01 (C(10)); 157.99 (C(3)); 151.64, 174.08 and 176.38(3 C=O). Signals wereassigned using 
a 'H,"C-COSY spectrum. Cross peaks between: 1.35/19.76; 1.42-1.72/23.59; 1.89-2.01/23.59; 2.50-2.69/25.53; 

4.04-4.16162.07; 6.69/110.97; 6.631113.09; 7.13/123.42. Anal. calc. for C2,H2,N0, (427.49): C 67.43, H 6.84, N 
3.28; found: C 67.23, H 6.87, N 3.31. 

1.5.4.2. Preparation ofrac-31. In a three-necked, 25-ml flask, Et3SiH (2.00 ml, 12.60 mmol, 20 equiv.) and 
CFJOOH (2.17 ml, 28 mmol, 45 equiv.) were added to a s o h  of ruc-29 (269 mg, 0.629 mmol) in dry CH2CI, (8 ml) 
at 0". After stirring for 20 h and the usual workup, the obtained residue was filtered through flash silica gel 
(hexane1AcOEt 2.1; 150 x 25 mm column) and purified by semiprep. HPLC (at first: hexane/AcOMe/CH,CI, 
54: 16:30; MN Nucleosil50-10, refractom, and then: hexane1dioxane 10:3; MN Nucleosil50-10, refractom.) to give 
ruc-31 (154.3 mg, 57%) and rue-32 (29.4 mg, 11 %). 

(=k) - 3 - [3-Methoxy-16- (methoxycarbonylj -13.16-seco- D-norestra-I,S,S( I0j-triene-13-carbonylJoxuzolidin- 
2-one (ruc-31): TLC (hexane1AcOEt 1 :l): Rf0.52. UV (MeOH + I %CH,C12): I,,, 278.3 (2052); 287.0. IR (KBr): 
3012w (arom. CH); 2949m (aliph. CH); 1764.7, 1731s, 1684s (C=O); 1609~1, 1576w (arom. C=C); 1254s, 1045s. 
'H-NMR: 1.32 (s, H-C(18)); 1.36-1.46 (m,  H-C(8)); 1.47-1.56 (m,  H-C(l1)); 1.58-1.61 (m, 2 H-C(15)); 

2 H-C(16)); 2.84-2.86 (m, 2 H-C(6)); 3.66 (s, MeO); 3.77 (s, ArOMe); 3.994.22 (m. CH,O); 4.334.47 (m, 

H-C(2)) = 8.6, H-C(2)); 7.19 (d, J(H-C(l),H-C(Z)) = 8.5, H-C(1)). The signals were assigned using a 'H,'H- 
COSY spectrum. Cross peaks between: 1.36-1.4612.01-2.10,2.25-2.37,2.39-2.54; 1.47-1.56/2.25-2.37,2.12-2.16; 
1.58-1.61/2.25-2.37, 2.39-2.54; 2.01-2.10/1.3t4.46, 2.84-2.86; 3.994.22/4.334.47; 6.71/7.19, 6.61. I3C-NMR: 
15.99 (C(18)); 26.40 (C(11)); 26.93 (C(15)); 27.02 (C(7)); 30.34 (C(6)); 32.15 (C(12)); 34.94 (C(16)); 41.79 (C(9)); 
42.06 (C(8)); 43.41 (C(14)); 45.72 (CH,N); 50.78 (C(13)); 51.41 (MeO); 55.14 (ArOMe); 62.27 (CH20); 111.79 
(C(2)); 113.33 (C(4)); 126.73 (C(1)); 131.99 (C(10)); 137.53 ((5)); 157.45 (C(3)); 152.61, 174.16, 179.07 (3 C=O). 
Signals were assigned using a 'H,13C-COSY spectrum. Cross peaks between: 15.99j1.32; 26.40/1.47-1.56, 2.25- 
2.37; 26.9311.58-1.51; 27.02/2.01-2.10; 30.34/2.84 2.86; 32.1 512.12-2.16; 41.79,34.94/2.39-2.54; 42.06/1.361.46; 
43.4112.25-2.37; 45.72/4.334.47; 51.4113.66; 55.1413.71; 62.2713.99-4.22; 11 1.79/6.71; 113.33/6.61; 126.7316.61. 
Anal. calc. for C14H3,N06 (429.50): C 67.11, H 7.27, N 3.26; found: C 67.05, H 7.31, N 3.01. 

2 H-C(l2)); 2.20-2.42 (m,  2 H-C(6), H'-C(ll)); 2.50 (t, J(H-C(15),H-C(16)) = 8, 2 H-C(l6)); 2.60-2.77 (m, 

4.244.39 (m, CH2N); 6.66 (d, J(H-C(2),H-C(4))= 2.8, H-C(4)); 6.69 (dd, J(H-C(2),H-C(4))= 2.8, 

1.68-1.88; 3.01/2.20-2.42; 3.944.18/4.244.39; 6.66/6.69; 7.10/6.69. I3C-NMR: 20.63 (C(18)); 23.20 (C(12)); 

2.20-2.42/28.67; 2.60-2.77129.03; 2.20-2.42/30.01; 2.50133.67; 3.01/42.98,4.24-4.39/48.2; 3,67151.51 ; 3.78/55.18; 

25.53 (C(7)); 25.70 (C(12)); 26.37 (C(16)); 29.27 (C(6)); 31.34 (C(15)); 35.42 (C(13)); 44.91 (CH2O); 51.42 

1.89-2.01/25.70: 1.42-1.72126.37; 2.50-2.69129.27; 2.3 1-2.40/31.34; 2.40-2.49/35.4; 4,244.43144.91; 3.6151.42; 

2.01-2.10 (m,  2 H-C(7)); 2.12-2.16 (m, 2 H-C(12)); 2.25-2.37 (m, H-C(14), H'-C(l1)); 2.39-2.54 (m,  H-C(9), 

CH,N); 6.61 (d, J(H-C(2),H-C(4)) = 2.8, H-C(4)); 6.71 (dd, J(H-C(2),H-C(4)) = 2.8, J(H-C(I), 
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(i) -3-[3-Methoxy-16-(methoxycurbonylj-l3,l6-se~o- D-nor-9~-estru-1,3,5( lO)-triene-13-carbonyl]oxuzoli- 
din-2-one (rac-32): TLC (hexane/AcOEt 1 :I) :  R, 0.52. UV (MeOH + 1 %'CH,CI,): A,,, 278.2 (2132); 287.0. IR 
(KBr): 302311 (arom. CH); 2930m (aliph. CH); 1778.7, 1733s, 1683s (C=O); 1609m, 1578w (arom. C=C); 1198w, 
1041s. 'H-NMR: 1.39 (s, H-C(18)); 1.47-1.88 (m, 2 H-C(7), 2 H-C(12), H-C(l1)); 1.93-2.08 (m, H-C(8), 2 
H-C(15)); 2.41-2.47 (m. 2 H-C(16)); 2.68-2.86 (m. H-C(9), 2 H-C(6), H'-C(l I), H-C( 14)); 3.65 (s, MeO); 3.75 
(s, ArOMe); 3.904.19 (m. CH,O); 4.35-4.44 (m, CH,N); 6.55 (d, J(H-C(2),H-C(4)) = 2.8, H-C(4)); 6.68 (dd, 
J(H-C(2),H-C(4)) = 2.8, J(H-C(l),H-C(2)) = 8.6, H-C(2)); 7.00 (d, J(H-C(l),H-C(2)) = 8.5, H-C(1)). Sig- 
nals were assigned using a 'H,'H-COSY spectrum. Cross peaks between: 1.47-1.81/2.68-2.86, 1.93-2.08; 1.93- 
2.08/2.41-2.47, 2.68-2.86; 3.90-4.19j4.354.44; 6.61j6.55, 7.00. I3C-NMR: 22.05 (C(18)); 24.49 (C(11)); 24.87 
(C(7)); 28.79 (C(15)); 30.02 (C(6)); 33.15 (C(12)); 34.39 (C(14)); 38.06 (C(8)); 40.94 (C(9)); 45.35 (CH,N); 45.79 
(C(13)); 51.44 (MeO); 55.10 (ArOMe); 62.00 (CH,O); 112.05 (C(2)); 123.23 (C(4)); 129.71 (C(1)); 133.30 (C(10)); 
136.59 ((5)); 157.40 (C(3)); 152.32, 174.08, 178.30 (3 C=O). The signals were assigned using a 1H,13C-COSY 
spectrum. Cross peaks between: 24.87/1.47-1.88; 28.79/1.93-2.08; 30.02j2.68-2.86; 33.15jl.47-1.88; 34.39/2.68- 
2.86; 38.06/1.93-2.08; 40.94/2.68-2.86; 45.3514.35S4.44; 51.4413.65; 55.10j3.75; 62.00j3.90-4.19; 112.05j6.68; 
123.23/123.23; 129.71/7.00. Anal. calc. for C,,H,,NO, (429.50): C 67.1 I. H 7.27, N 3.26; found: C 67.03, H 7.32, 
N 3.08. 

The relative configuration of H-C(9) was assigned by NOE measurements (irradiated signaljNOE [%I): 

1.5.4.3. Pvepuration ofrac-33a. In a three-necked, 50-ml flask, H,O, (0.82 ml of a 30% aq. s o h )  was added to 
a stirred soln. of (rue-31 (286 nig, 0.660 mmol) and LiOH(H,O) (124.4 mg, 2.96 mmol, 4.5 equiv.) in THF (stab. 
with 0.025% BHT (10.5 ml)/H,O (3.33 ml) at 0"). Stirring at 0" was continued for 30 min, then the temp. was 
allowed to rise. After 4.5 h at r.t. (TLC control), NaHSO, (1.2 ml of a 38 % aq. soln.) was added slowly at 0". After 
stirring for 1 h at O", Et,O (20 ml) was added and the mixture worked up in the usual way. Crystallization of the 
residue from AcOEt gave 194.3 mg (85 %) of (&)-3-methoxy-l7,17u-se~o-D-homoestru-1.3.5(lOj-triene-17,17u- 
dioie acid ( = I&)-Homomurriunolic ucid methyl ether ; rac-33a): M.p. 228 229O (AcOEt) ([9]: 226-228O (AcOEt); 
[43]: 225-227" (Aceton)). UV (MeOH): A,,, 278.2 (2194); 287.0. IR (KBr): 3080s (br.), 2627m (br., COOH); 1702s 
(br., C=O): 16103, 1576w, 1500s(arom. C=C); 1253s. 'H-NMR (CDCI, $- 10% (D6)DMSO): 1.14 (s, H-C(18)); 
1.19 -1.49 (m,  2 H-C(7), 2 H-C(12), H-C(l1)); 1.51-1.88 (m, H-C(8), 2 H-C(15)); 1.92-2.20 (m, 2 H-C(16)); 
2.28-2.51 (m. H-C(9), 2 H-C(6), H'-C(ll), H-C(14)); 3.77 (s, ArOMe); 6.61 (d, J(H-C(2),H-C(4)) = 2.7, 

H-C(2)) = 8.6, H-C( 1)); I I .69 (br. s, C02H, D,O exchange. Anal. calc. for C,,,H,,O, (346.42): C 69.34, H 7.56, 
found: C 69.36, H 7.62. 

I .5.4.4. Preparation ofrac-33b. In a 50-ml flask, CH,N, ( s o h  in Et,O) was added dropwise to a stirred soh .  of 
ruc-33a (235 mg, 0.67 mmol) in MeOH (9 ml)/H,O (1 ml), until a light yellow color appeared. After stirring for 1 h 
at r.t., a stream of N, was bubbled through the soh .  The mixture was extracted with CH,Cl,, the combined org. 
layers were dried (MgSOJ and evaporated to give 242 ing (96%) of dimethyl (~)-3-mrtho,~~l7,17a-seco- D-ho- 
nzoestru-1.3,5/10)-tviene-l7,17u-dioc1tr ( = (+)-0-mrthylhomomarriunulic aciddimethylester; ruc-33b): M.p. 86". 
TLC: (hexanejAcOEt I : ] ) :  Rf0.76. UV (MeOH): A,,, 278.3 (2018); 287.0. IR (KBr): 3010w (arom. CH); 2948m 
(aliph. CH); 1732s(C=O); 1610m, 1579w, 1502s(arom. C=C); 1237s. 'H-NMR(CDC1, + 10% (D,)DMSO): 1.16 
(s, H-C(18)); 1.34 1.56 (m. H-C(8), H-C(ll), 2 H-C(15)); 1.58-1.92 (m, 2 H-C(7), 2 H-C(12)); 2.05-2.11 (m. 
H-C(14)); 2.28-2.41 (m, H'-C(ll), H-C(9), 2 H-C(16)); 2.86 (m, 2H-C(6)); 3.66 (s, MeO); 3.71 (s, MeO); 3.77 
(s, ArOMe); 6.62 (d, J(H-C(2),H-C(4)) = 2.8, H-C(4)); 6.71 (dd, J(H-C(2),H-C(4)) = 2.8, J(H-C(I), 

26.58 (C(15)); 27.05 (C(7)); 30.25 (C(6)); 34.79 (C(12)); 37.14 (C(16)); 41.1 1 (C(9)); 42.97 (C(8)); 45.64 (C(14)); 
47.66 (C(13)); 51.48 (MeO); 51.85 (MeO); 55.18 (ArOMr); 111.82 (C(2)); 113.41 (C(4)); 26.42 (C(1)); 131.90 
(C(10)); 137.64 ((5)); 157.59 (C(3)); 173.82, 178.84 (2 C=O). Anal. calc. for C,,H,,O, (374.47): C 70.56, H 8.07; 
found: C 70.61, H 8.06. 

1.5.4.5. Prepararion ofrac-3c. In a three-necked, 25-mi flask, equipped with a reflux condenser, a soln. of 
t-BuOK (48 mg, 0.427 mmol, 1.5 equiv.) in dry C6H, (0.4 ml) was added to a stirred soh .  of (rar-33b (107 mg, 0.285 
mmol, 1 equiv. in dry C&6 (6 ml) at r.t. The mixture was heated under reflux for 5 h, cooled to 0", and worked up 
in the usual way. The residue was subjected to FC (hexane/AcOEt 2:l; 100 x 25 mm column) to give 82.7 mg 
(84 %) methyl ( i)-3-methoxyy-17-oxoestru- 1,3,5(10)-triene-16-curboxylate (ruc-34alruc-34b) as amorphous solid. 
TLC (hexanejAcOEt 4:l): R(0.23. FT-IR (CHC13): 3020w (arom. CH); 2933n2 (aliph. CH); 1754.7, 1727s (C=O); 
1609m. 1 5 7 6 ~ .  1504m (arom. C=C). 

In a three-necked, 25-ml flask, equipped with a reflux condenser, a suspension of rae-34alrac-34b (82.7 mg, 
0.240 mol) in triethyleneglycol(4 ml) and H,O (0.2 ml) was left in an ultrasonic bath for 15 min. Then, the heavily 

H-C(18)/H-C(9) (0.7%), H-C(IS)/H-C(S) (1.3%); H-C(8)/H-C(9) (1.6%); H-C@)/H-C(18) (1.6%). 

H-C(4)); 6.69 (dd, J(H-C(2),H-C(4)) = 2.7, J(H-C(I),H-C(2)) = 8.6, H-C(2)); 7.20 (d, J(H-C(1), 

H-C(2)) = 8.6, H-C(2)); 7.18 (d, J(H-C(l),H-C(2)) = 8.5, H-C(1)). I3C-NMR: 15.08 (C(18)); 25.91 (C(1 1)); 
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stirred mixture was heated to 180' for 30 min. After cooling to r.t., the mixture was worked up in the usual way. 
Crystallization of the residue from MeOH afforded 63 mg (78%) of rue-3c. Anal. calc. for C19H2402 (284.40): 
C 80.324, H 8.51; found: C 80.33, H 8.44. Physical data identical with those ones under Exper. 1.1.5.4. 

1.5.4.6. Preparation ofrac-3a. In a three-necked, 25-mi flask, BBr3 (8.85 ml, I M  soln. in CH2C12, 8.85 mmol, 
18 equiv.) was added to a stirred soln. of ruc-3c (140 mg, 0.49 mmol, I equiv.) in dry CH2CI2 (1.5 ml) at -30". The 
mixture was stirred for 2 h at 0". Then, MeOH (3 ml) was added dropwise at -3OO. The mixture was worked up in 
the usual way. The residue was dissolved in DMSO (1 ml) and subjected to chromatography (hexane/AcOEt 4:l) 
with flash silica gel (130 x 25 mm column). Crystallization from EtOH afforded 99 mg (75%) ofrac3a.  Anal. calc. 
for CI,H2,O2 (270.37): C 79.96, H 8.20; found: C 79.79, H 8.22. Physical data identical with those under Exper. 
1.1.5.5. 

2. Preparation of Reference Compounds. - 2.1. By Resolution. 2.1.1. Preparation of 8a. In a 250-ml, three- 
necked, round-bottomed flask, a 2 . 5 ~  BuLi soh.  in hexane (15.8 ml, 39.5 mmol, 1.80 equiv.) was added at -30" to 
a soln. of (S)-N,S-dimethyl-S-phenylsu1foximine28) (6.69 g, 39.5 mmol, 1.80 equiv.) in dry THF (100 ml). The 
mixture was stirred for 1 h a t  r.t. After cooling to -80°, a soln. of rue-8a (6.20 g, 39.5 mmol) in dry THF (50 ml) was 
added dropwise. The mixture was stirred at -80" for 1 h and warmed up to r.t. during 1 h. After usual workup, the 
diastereoisomers were separated by FC (2 x ; hexane/AcOEt 2:l) on silica gel (250 g) to give 37a (4.46 g, 45 %)and 
38a (4.26 g, 43 %). 

3-Methoxy-l7,9-[ ( S)-(pl1enylsu~inimido~~l)methyl]-l4,9-estru-l,3,5( 10) .9(1 I)-tetruen-1 7~-ol(37a). TLC (he- 
xane/AcOEt 2:l): R, 0.6. [a]::9 = +72.1 (c = 1.1 17, CHCI,); [a]$, = f75.8; = f86.7; [ O L ] ; ~ ~  = +152.9; 
[a]:& = +245.4.UV(MeOH): 1,,,264(20870);271.5 (17665);299(3260);310(2460).IR(KBr): 3255m(br.,OH); 
3059w (=C-H); 1644w (C=C, olef.); 1607m, 1569w, 1497s (C=C, arom.); 1236s, 1152s (O=S=N). 'H-NMR: 0.83 
(s, Me); 1.49-2.11 (m, 7 cycloaliph. H); 2.32-2.37 (m. I cycloaliph. H); 2.50-3.02 (m. 4 cycloaliph. H); 2.62 (s, 
MeN); 3.07 (d, J(H-C(l'),H'-C(1')) = 13.5, H-C(1')); 3.37 (dd, J(H'-C(l'),H-C(1')) = 13.5, J % 1.0, 
H'-C(1')); 3.77 (s, MeO); 6.16-6.20 (m, H-C(l1)); 6.58 (d, J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.71 (dd, 
J(H-C(2),H-C(4)) = 2.8, J(H-C(2),H-C(1)) = 8.8, H-C(2)); 7.1 1 (br. s, OH, D,O exchange); 7.56-7.68 (m. 4 
arom. H); 7.88-7.93 (m, 2arom. H). I3C-NMR: 19.1 (C(18)); 22.7, 27.3, 30.2, 30.7, 33.1 (C(6), C(7), C(12), C(15), 
C(16)); 28.9 (MeN); 34.7 (C(14)); 46.1 (C(8)); 46.2 (C(13)); 55.2 (MeO); 62.7 (C(1')); 83.0 (C(17)); 112.6, 113.283, 
116.0 (C(2), C(4), C(11)); 124.4 (C(1)); 129.0, 129.7 (C(2) (Ph), C(3) (Ph), C(5) (Ph), C(6) (Ph)); 127.3, 130.6, 137.7, 
139.3 (C(5), C(9), C(lO), C(1) (Ph)); 133.1 (C(4), (Ph)); 158.2 (C(3)). The relativeconfiguration at C(17) and C(13) 
was determined by NOE (irradiated signal/NOE [%.I): Me/CH2S (0.8%); Me/CH,S (2.1 %); CH,S/Me (1.3%); 
CH,S/Me (3.7%). Anal. calc. for C,,H,,SO,N (451.63): C 71.81, H 7.37,N 3.10, S 7.10; found: C 71.93, H 7.41, 
N 3.04, S 7.21. 

In a 250-ml, round-bottomed flask equipped with a condenser, a soln. of 37 (4.36 g, 9.65 mmol) in i-BuOH 
(150 ml) was heated under reflux for 5 h. After basic workup and FC (hexane/AcOEt 4:l) on silica gel (150 g), the 
crude product was crystallized from Et,O/hexane to give 1.91 g (70%) of 8a. M.p. 144-145" (Et,O/hexane) ( [68] :  
143 -144" (EtOH)). UV (MeOH): a,,, 263.5 (19621), 297 (sh, 3708), 308 (sh, 1850). [a]::9 = +265.2 (c = 1.096, 
CHCI,); [ a ] ~ $  = +278.9; [a]::6 = +325.5; [a]:$ = +662.1; [a]:& = +1451.0. CD (c = 0.01297, MeOH): +30689 
(285); -23506 (263). IR, 'H- and I3C-NMR data are identical with data of ruc-8a (Exper. 1.1.1). Anal. calc. for 
C,,H,,O, (282.38): C 80.82, H 7.85; found: C 80.90, H 7.75. 

The e x .  of 8a was determined to be > 98% ('H-NMR analysis with (+)-[Pr(hfc),] as a chiral, non-racemic 
shift reagent). 

3-Methoxy-1 ?a f ( S)-(phenylsulfinimido~vI)methyl]-8~,13a-estra-1,3,5( 10) ,9(l I)-tetraen-1 7b-ol(38a). M.p. 
155-156". TLC (hexane/AcOEt 2:l): R, 0.4. UV (MeOH): A,,, 264 (21950); 271.2 (18620); 298.5 (3330); 308.5 
(2605). [a]:& = -57.9 (C = 1.093, CHCI,); [a]:$ = -60.8; [a ]&  = -70.2; [a]:$ = -134.2; [a]:& = -255.7. IR 

37a R = M e  
37b R = Et 

'*) Prepared according to [69] 

36a R = M e  
38b R = E t  
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(KBr): 3463m (br. OH); 3053w (=C-H); 1642w (C=C, olef.); 1606m, 1576~.  1498s (C=C, arom.); 12373, 1150s 
(O=S=N). ’H-NMR: 0.93 (s, Me); 1.37-1.56 (m, 3 cycloaliph. H); 1.65--1.89 (m, 4 cycloaliph. H); 2.02-2.14 
(m, 1 cycloaliph. H); 2.33-2.54 (m, 2 cycloaliph. H); 2.72 (s, MeN); 2.75-2.84 (m, 2 cycloaliph. H); 3.35 (d, 
J(H-C(I’), H’-C(1’)) = 14.1, H-C(1’)); 3.48 (d, J(H’-C(l’),H-C(l’)) = 13.6, H’-C(1’)); 3.77(s, MeO);6.03 (br. 
s ,  OH, D,O exchange); 6.15-6.19 (m, H-C(l1)); 6.57 (4 J(H-C(4),H-C(2)) = 2.8, H-C(4)); 6.71 (dd, 
J(H-C(2),H-C(4)) = 2.8, J(H-C(2),H-C(I)) = 8.8, H-C(2)); 7.55-7.67 (m, 4 arom. H); 7.87-7.92 (m. 2 arom. 
H). I3C-NMR: 19.9 (C(18)); 22.7,27.1, 30.6,30.7,34.7 (C(6), C(7), C(12), C:(15), C(16)); 29.4 (MeN); 34.7 (C(14)); 
46.5 (C(13)); 46.6 (C(8)); 55.2 (MeO); 63.8 (C(1’)); 81.9 (C(17)); 112.6, 113.3, 116.2 (C(2), C(4), C(11)); 124.4 
(C(1)); 129.2, 129.2 (C(2) (Ph), C(3) (Ph), C(5) (Ph), C(6) (ph)); 127.3, 130.6, 137.7, 139.8 (C(5), C(9), C(10), 
C(1) (Ph)); 133.1 (C(4) (Ph)); 158.2 (C(3)). The relative configuration at C(17) and C(13) was determined by NOE 
(irradiated signal/NOE [%I): Me/CH,S (0.7%); Me/CH2S (1.7%); CH,S/Me (1.8%); CH2S/Me (6.5). 

2.1 2. Preparation of lob. Similar to Exper. 2.1.1, a resolution was executed. On reaction of (S)-N,S-dimethyl- 
S-pheny1sulfoximiiie2*) (2.018 g, 11.92 mmol), BuLi (4.17 ml of a 2 . 5 ~  hexane s o h ;  10.43 mmol), and rac-lob, a 
product was obtained, which, after chromatography, gave loblent- 10b # 1 (835 mg; 38%), 37b (1.371 g; 40%), 
and 38b (566 mg; 16%). 

13-Eth.vl-3-methoxy-17-[(S)-(phmnyl.sulfini1nidoyl)methyl]-l4~-gona-l.3.5(10),8-tetraen-17-ol (37b): TLC 
(hexane/AcOEt): R, 0.28. [a],,, = f46.5 (c = 1.05, CHCI,); [a]578 = +49.0; [a],,, = f56.9; [a]436 = f110.2. IR 
(KBr): 3265 (br., OH); 3060w (=C-H); 2962s, 2933s, 2875s, 2833s (C-H); 16078, 1572m, 1499s (C=C, arom.). 
‘H-NMR: 0.84-1.00 (m, MeCH2, 1 cycloaliph. H); 1.41-1.71 (m. 3 cycloaliph. H); 1.83 (wt ,  I cycloaliph. H); 
1.96-2.43 (m. 7 cycloaliph. H); 2.62 (s, MeN); 2.64-2.75 (m, 2 H-C(6)); 2.94-3.05 (m, H-C(14)); 3.12 (d, 
J(SCH,,SCH,) = 13.6, SCH,); 3.46 (dd, J(SCH,,SCH,) = 13.9, J’ = 2.2, CH,S); 3.78 (s, MeO); 6.66 (d, 

6.83 (s, exchangeable by D,O, OH); 7.12 (d, J(H-C(l),H-C(2)) = 8.4, H-C(1)); 7.57-7.68 (m, 3 arom. H); 
7.89-7.94 (m. 2 arom. H). Anal. calc. for C,8H,,N03S (465.66): C 72.22, H 7.58, N 3.01; found: C 72.10, H 7.85, 
N 2.98. 

Sulfoximine 37b (1.331 g, 2.86 mmol) was cleaved by refluxing for 3 h in i-BuOH (40 ml). The product (805 
mg; 95%) obtained was crystallized (MeOH) and gave 758 mg (89%) of lob: M.p. 102-103”. UV (MeOH): I.,,, 

CD (MeOH; c =0.018): +39615 (273). IR (KBr): 3019w (=C-H); 2966m, 2930m, 2884m, 2856m, 2829m 
(C-H); 1736s (C=O); 1646w (C=C, olef.); 1609m. 1573m. 1498s (C=C, arom.). ‘H-NMR: 0.86 ( t ,  
J(CH,Me,CH,Me) = 7.5, MeCH,); 1.47-1.65 (m, MeCH,, H-C(l2)); 1.70-1.87 (m, H’-C(12), H-C(I5)); 2.1 I- 
2.40 (m, 2 H-C(7), 2 H-C( 1 l), H’-C(15), 2 H-C(16)); 2.61--2.66 (m, H-C(14)); 2.72-2.79 (m, 2 H-C(6)); 3.79 (s, 
MeO); 6.69-6.74 (m, H-C(2), H-C(4)); 7.09 (mc, H-C(1)). I3C-NMR: 8.5 (C(19)); 22.1, 27.5 (C(7), C(l I)); 25.4 
(C(15)); 25.8 (C(12)); 26.3 (C(18)); 28.8 (C(6)); 37.8 (C(16)); 44.9 (C(14)); 51.0 (C(3)); 55.2 (MeO); 110.9, 113.4 
(C(2), C(4)); 123.0 (C(1)); 126.6, 129.1, 131.9, 137.0 (C(S), C(8), C(9), C(10)); 158.1 (C(3)); 222.9 (C(17)). Anal. 
calc. for CmH,,O, (296.41): C 81.05, H 8.16; found: C 81.12, H 8.20. 

By HPLC (Daicel Chiralcel; hexane/i-PrOH 5:2; 0.7 ml/min; 254 nm) the ex. was shown to be > 99.8 %. 
13a-Ethyl-3-methoxy-I 7-(( S ) -  (phenyl.sulfinimidoyl)methyl]gona-1,3,5 (10) ,8-tetraen-17-01 (38b): TLC (hex- 

ane/AcOEt 4:l): Rf 0.15. [a ]589 = f13.4 (c = 1.18, CHCI,); [ o L ] ~ , ~  = f13.9; = +15.6; = +17.9. 1R 
(KBr): 3488m, 3253m (br., OH); 3060~’ (=C-H); 2960s, 2932s, 28753, 2834s (C-H); 1647w (C=C, olef.); 1607s, 
1572m, 1499s (C=C, arom.). ’H-NMR: 0.48-1.1 1 (m. 4 aliph. H; underneath: 0.94 ( t ,  J(CH2Me,CH,Me) = 7.3, 
MeCH,); 1.43-2.35 (m, 12 cycloaliph. H); 2.65-2.71 (m. 2 H-C(6)); 2.76 (s, MeN); 3.42 (d, J(SCH,,SCH,) = 14.2, 
CH2S); 3.55 (dd, J(SCH,,SCH,) = 14.2, J’  = 1.6, CH2S); 3.78 (s, MeO); 5.63 (s, exchangeable by D,O, OH); 6.65 

7.1 1 (d, J(H-C(l),H-C(2)) = 8.4, H-C(1)); 7.55-7.67 (m, 3 arom. H); 7.88-7.92 (m, 2 arom. H). Anal. calc. for 
C,8H35N0,S (465.66): C 72.22, H 7.58, N 3.01; found: C 72.24, H 7.84, N 2.99. 

Sulfoximine 38b (534 mg, 1.15 mmol) was cleaved by refluxing for 3 h in i-BuOH (15 ml). The product (317 
mg; 93 %) was crystallized (MeOH) and gave 307 mg (90%) of m t -  lob: M.p. 102-103”. TLC (hexane/AcOEt 4:l): 
Rf 0.40. U V  (MeOH): A,,, 274 (17075). IR (KBr): 3019w (=C-H); 2966m, 2930m, 2884m, 2856m, 2829m 
(C-H); 1736s (C=O); 1 6 4 6 ~  (C=C, olef.); 1609m, 1573m, 1498s (C=C, arom.). ‘H-NMR: 0.86 ( I ,  
J(CH,Mc,CH,Me) = 7.5, Me,CH); 1.47-1.65 (m, MeCH,, H-C(12)); 1.70- 1.87 (m, H’-C(12), H-C(l5)); 2.11- 
2.40 (m, 2 H-C(7), 2 H-C(I I) ,  H’-C(I5), 2 H-C(16)); 2.61-2.66 (m, H-(~(14)); 2.72-2.79 (m, H-C(6)); 3.79 (s, 
MeO); 6.69-6.74 (m, H-C(2), H-C(4)); 7.09 (m,., H-C(I)). ”C-NMR: 8.5 (C(19)); 22.1, 27.5 (C(7), C(11)); 25.4 
(C(15)); 25.8 (C(12)); 26.3 (C(18)); 28.8 (C(6)); 37.8 (C(16)); 44.9 (C(14)); 51.0 (C(13)); 55.2 MeO); 110.9, 113.4 
(c(2), C(4)); 123.0 (C(1)); 126.6, 129.1, 131.9, 137.0 (C(5), C(8), C(9), C(10)); 158.1 (C(3)); 222.9 (C(17)). Anal. 
calc. for C20H2402 (296.41): C 81.05, H 8.16; found: C 80.83, H 7.99. 

J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.71 (dd, J(H-C(2),H-C(1)) = 8.4. J(H-C(2),H-C(4)) = 2.7, H-C(2)); 

273 (16960). [alss9 = +178.6(~ = 0.90, CHCI,); [a1578 = +187.2; [a1546 = f217.3; [a1436 = f415.2; [a1365 = +767.7. 

(d, J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.70 (dd, J(H-C(2),H-C(1)) = 8.4, J(H-C(2),H-C(4)) = 2.7, H-C(2)); 
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2.2. By Acid-Mediated Zsomerization. 2.2.1. Preparation of 10a. In a 250-ml, round-bottomed flask, aq. conc. 
HCl(4 ml) was added to a soln. of 8a (1.78 g ,  6.30 mmol) in CH,Cl, (1 5 ml) and MeOH (125 ml). After stirring for 
2 h at r.t., basic workup, FC (hexane/AcOEt 4:l) on silica gel (50 g), and crystallization from EtzO/hexane 1.64 g 
(92%) of 10a were obtained. M.p. 126-127" (Et20) ([62] [70]: 121-122O (MeOH); [45]: 107-109° (MeOH)). UV 
(MeOH): I,,, 272 (16984). [a]:& = +216.0 (c = 1.104, CHCI,); [a]:$ = +226.9; [a]::, = +262.8; [a]:!, = +502.6; 
[a]::, = +933.3. CD (c = 0.01313, MeOH); -5915 (224); +47637 (273); -8603 (300). IR, 'H-NMR and I3C-NMR 
data are identical with those of rac-l0a (Exper. 1.1.4).  Anal. calc. for C,,H,,O, (282.38): C 80.82, H 7.85; found: 
C 80.82, H 7.68. 

2.2.2. Preparation ofrac- l la .  Similar to Exper. 2.2, rac-Ya (1 13 mg, 0.40 mmol) was transformed to ( ruc- l la  
(82 mg, 73%) with aq. conc. HCI (0.3 ml) in MeOH (7.5 ml). 

( ~)-3-Methoxy-14~-methylgona-1.3,5(10).8-tetraen-1S-one ( rac - l la ) .  M.p. 69O (Et,O/pentane). TLC (hex- 
ane/AcOEt 4:l): R, 0.64. UV (MeOH): I,,, 280 (14170). IR (KBr): 2924s, 2834m (C-H); 1732s (C=O); 
1606s, 1560w, 1500s (C=C). 'H-NMR: 1.24 (s, Me); 1.78-2.04, 2.11-2.50 (2m, 2 H-C(7), 2 H-C(ll), 
2 H-C(12), H-C(13), 2 H-C(16), 2 H-C(17)); 2.61-2.67 (m, 2 H-C(6)); 3.79 (s, MeO); 6.68 (d, 
J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.72 (dd, J(H-C(2),H-C(4)) = 2.7, J(H-C(2),H-C(1)) = 8,5, H-C(2)); 
7.17 (d,  J(H-C(l),H-C(2)) = 8.4, H-C(1)). I3C-NMR: 21.7, 21.9, 23.3, 35.8 (C(7), C(11), C(16), C(17)); 22.0 
(Me); 29.0 (C(6)); 42.6 (C(13)); 52.7 (C(14)); 55.3 (MeO); 111.1 (C(2)); 113.1 (C(4)); 123.3 (C(1)); 128.6, 129.2, 
129.7, 137.8, 158.3 (C(3), C(5), C(8), C(9), C(10)); 220.2 (C(15)). Signals were assigned using a 'H,I3C-COSY 
spectrum. Cross peaks between: 1.78-2.04/21.69, 1.78-2.04/21.92, 1.24/22.01, 2.11-2.50/23.27, 2.61-2.67/29.04, 
2.11-2.50/35.81, 2.11-2.50/42.64, 3.79/55.25, 6.72/111.05, 6.68/113.07, 7.17/123.32. Anal. calc. for C19H2202 
(282.38): C 80.82, H 7.85; found: C 80.89, H 7.89. 

2.2.3. Preparation of rac-29. In a three-necked, 50-ml flask, roc-24 (1 10 mg, 0.257 mmol) was dissolved in dry 
CH,CI, (20 ml). CF3COOH (2 ml) was added at 0'. The mixture was stirred for 15 min at O", then for 15 min at r.t. 
CH2CI, (20 ml) was added to the mixture, and the org. layer was washed with sat. aq. NaHC03 ( 3 ~ ) .  The combined 
aq. layers were extracted with CH2C1,. The combined org. layers were dried (MgS04) and evaporated in vucuo. 
Chromatography of the residue (hexane/AcOEt 2:l) with flash silica gel (120 x 30 mm column) afforded rue-29 
(98.6 mg, 90%) as colorless solid. Anal. data of rue-29, see Exper. 1.5.4. 

2.3. By Dehydrogenation. 2.3.1. Preparation of 13a. In a 100-ml, three-necked. round-bottomed flask, a 1 . 6 ~  
soln. of BuLi in hexane (4.21 ml, 6.74 mmol, 1.2 equiv.) was added to a stirred soln. of (i-Pr),NH (1.1 1 ml, 7.83 
mmol, 1.4 equiv.) in dry THF (40 ml) at -20. The soh. was stirred for 45 min at -5" to Oo, cooled to -80", and 
treated with a soln. of 10a (1.586 g, 5.62 mmol) in dry THF (6 ml). After stirring for 1 h at -80", Me,SiCI (1.45 ml, 
11.44 mmol, 2.0 equiv.) was added. The mixture was warmed up to r.t. and stirred for 1 h. The soh.  was transferred 
to a 100-ml, round-bottomed flask with Et20 and evaporated. The resulting suspension was filtered through 50 g 
alumina B (act. 111; hexane/AcOEt 4:l). The crude product obtained after evaporation was dissolved in dry MeCN 
(30 ml). Pd(OAc), (1.26 g, 5.62 mmol, 1.0 equiv.) was added, and the mixture was stirred under Ar for 5 h at r.t. 
Filtration through Celite and evaporation of the solvent gave a residue, which was purified by (hexane/AcOEt 
1O:l)  on silica gel (200 g) and crystallization from MeOH: 1.327 g (84%) of 13a. M.p. 133-135O (MeOH). 
TLC (hexane/AcOEt 4:l): Rf 0.35. [a]:& = +668.7 (c = 1.005, CHCI,); [a]:$ = f704.2; [a]:!, = +824.7; 
[a]& = f1700.7; [a]::, = imperm. CD (c = 0.1558, MeOH): +63401 (223); +47498 (269). IR and 'H-NMR data 
are identical with those of (ruc-13a (Exper. 1.1.5.1). Anal. calc. for Cf9H,,O2 (280.37): C 81.40, H 7.19; found: C 
81.31, H 7.23. 

2.3.2. Preparation o f l 3 b .  Following essentially the procedure of Exper. 2.3.1, a 2 . 5 ~  soh.  of BuLi in hexane 
(475 pl; 1.18 mmol) was added to a soln. of (i-Pr),NH (180 pl, 1.27 mmol) in dry THF (10 ml). A soln. of 10b (250 
mg, 0.84 mmol) in THF (10 ml), and later on a soln. of Me,SiCI (21 5 ml) were added. The residue (3 10 mg) obtained 
after evaporation and filtration (hexane/AcOEt 4: 1) on alumina (30 g; basic, act. 111) was dissolved in dry MeCN 
(5  ml) and dropwise to a suspension of Pd(OAc), (19 1 mg, 0.84 mmol) in MeCN (5 ml). After stirring for 15 h at r.t. 
and workup as described before, 13b was obtained: M.p. 88-89" (MeOH). UV (MeOH): L,,, 270 (15375). IR: 
3064w (=C-H); 2956m, 2936m, 2914m, 2874m (C-H); 1701s (C=O); 1640w (C=C, olef.); 1602m, 1570m, 1500m 
(C=C, arom.). [a]5x9 = +695.7 (c = 0.96; CHCI,); [a]578 = +732.4; [a]546 = +857.6; [a]436 = +1772.2. 'H-NMR: 
0.83 (t,J(CH,Me,CH,Me) = 7.4, MeCH,); 1.51-1.77(m, MeCH2,H-C(12)); 1.98-2.08(m, H-C(l I) ,  H-C(l2)); 
2.20-2.52 (m,  2 H-C(7), H-C(l1)); 2.69-2.92 (m. 2 H-C(6)); 3.27 ((us, H-C(14); 3.79 (s, MeO); 6.12 (dd, 
J(H-C(16), H-C(15)) = 5.8, J(H-C(16),H-C(14)) = 2.1, H-C(16)); 6.69-6.73 (m, H-C(2), H-C(4)); 7.04-7.08 
(m, H-C(1)); 7.63 (dd, J(H-C(lS),H-C(16)) = 5.8, J(H-C(IS),H-C(14)) = 2.7, H-C(15)). I3C-NMR: 8.8 
(C(19)); 22.3, 27.8, 28.7, 29.6, 31.2 (C(6), C(7), C(8), C(l I ) ,  C(12)); 51.1 (C(13)); 52.7 (C(14)); 55.3 (MeO); 11 1.0, 
113.6, 123.4, 131.8 (C(I), C(2), C(4). C(16)); 128.4, 128.7, 130.1, 136.7 (C(5), C(8), C(9), C(10)); 158.3 (C(3)); 163.4 
(C(15)); 214.6 (C(17)). Anal. calc. for C2,HZ,O, (294.39): C 81.60, H 7.53; found: C 81.60, H 7.65. 
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By HPLC (Daicel Chiralcel O J ;  (hexane/PrOH 5:l; 1 ml/min; 254 nm), e.e. was found > 99.8%. 
2.4. By Hydrogenatioan. 2.4.1. Preparation of 15a. In a 25-ml, three-necked, rond-bottomed flask, 14a (215 

mg, 0.767 mmol) and 5 %  Pd/CaCO, (50 mg) were stirred under H, in C,,H6 (15 ml) for 15 h a t  r.t. After workup 
according to Exper. 1.1.5.3, the residue was purified by semi-prep. HPLC (hexane/dioxane 10:0.7; MN Nucleosil 
50-10, refractom.) and crystallization (MeOH) to give 145 mg (67%) of 3-methoxy-8a-estra-1,3,5(10/-trien-l7-one 
(15a). M.p. 95" (MeOH) [72]: 93-94' (MeOH); [59]: 96" (i-Pr20)). = 98.2 (c = 0.549, CHCI,); 

[a]: ly = +lo4 (c = 0.6, MeOH)). UV (MeOH): I,,, 278 (2053), 286.5 (1997). IR, 'H-NMR, and I3C-NMR data 
identical with those of rac-15a in Exper. 1.1.5.3. Anal. calc. for C19H2,02 (284.40): C 80.24, H 8.51 ; found: (3 80.20, 
H 8.61. 

2.4.2. Preparation ofrac-15a. Similar to Exper. 2.4.1, rac- 14a (300 mg, 1.07 mmol) was transformed to irac- 15a 
(194 mg, 64%) with 5% Pd on CaCO, (150 mg) and H2. 

Data ofrac-l5a: M.p. 154--155O (MeOH) ([48]: 151-153" (EtOH); [I91 [49]: 151-152" (MeOH); [73]: 152.5- 
154.Y). TLC (hexane/AcOEt 1:l): Rf0.58. UV (MeOH): 1,,, 277 (2089, 285.5 (2010). IR (KBr): 1731s (C=O); 
1607m, 1584m, 1500m (C=C). 'H-NMR: 1.00 (s, Me-C(13)); 1.38-2.24 (m. 2 H-C(7), H-C(8), H-C(9), 
H-C(ll), 2 H-C(12), H-C(14), 2 H-C(15)); 2.43-2.87 (m, 2 H-C(6)); 3.77 (s, MeO); 6.62 (d,  

[a ]&  = +102.8; [&I:$ = +120.5; [a]$$ = +251.1; [a]:& = +587.3; [72]: [a]:&, = +I00 (C = 1, CHCI,) ([59]: 

J(H-C(4),H-C(2)) = 2.6, H-C(4)); 6.72 (dd, J(H-C(Z),H-C(l)) = 8.4, J(H-C(2),H-C(4)) = 2.6, H-C(2)); 
7.06 (d, J(H-C(l),H-C(2)) = 8.5, H-C(1)). "C-NMR: 16.21 (q,  C(18)); 21.42, 21.61, 28.51, 31.36, 32.29, 35.72 
(64 C(6), C(7), C(11), C(12), C(15), C(16)); 38.71, 41.15, 18.73 ( 3 4  C(8). C(9), C(14)); 47.10 (s. C(13)); 112.16, 
113.32, 130.21 (3d, C(1), C(2), C(4)); 133.27,-137.52 (2s, C(5), C(I0)); 157.47 (s, C(3)); 220.60 (s, C(17)). Anal. calc. 
for C,,H,O, (284.40): C 80.24, H 8.51; found: C 80.10, H 8.50. 

2.5. Bv Oxidation. 2.5.1. Preparation of2lb. In a dry, three-necked, round-bottomed flask, equipped with a 
condenser, K (1.1 g, 28 mmol, 11 equiv.) was dissolved in dry t-BuOH (60 ml). Ketone 10a (0.70 g, 2.48 mrnol; see 
Exper. 2.2.1) was added, while the soh.  was warmed to 45O. The mixture was stirred at r.t. for 2.5 h and 
3-methylbutyl nitrite (0.81 ml, 6.1 mmol, 2.5 equiv.) was added. After stirring for 2 h at r.t., for 3 h at 50°, and for 
15 h at r.t,, usual workup gave a residue which was filtered (hexane/AcOEt 4:l) over silica gel (20 g). The crude 
product obtained after evaporation was dissolved in CH2CI, (70 ml) and stirred vigorously with aq. 37% HCHO 
soln. (40 ml) and aq. conc. HCl(l4 ml) for 1.5 d at r.t. After basic workup and FC (hexane/AcOEt 4:l) on silica gel 
(80 g), the resulting brown oil (0.78 g) was dissolved in DMF (10 ml) and silylated according to E-xper. 1.3.j.2 with 
(t-Bu)Ph,SiCI (0.87 ml, 3.39 mmol, 1.3 equiv.) and imidazole (0.44 g, 0.65 mmol, 2.5 equiv.) to give a product (472 
mg), which, after filtration (hexane/AcOEt 1O:l) over silica gel (25 g), FC (hexane/Et2O/CHzClZ 20:1:2) on silica 
gel (85 g), and crystallization from Et20/pentane, afforded 380 mg (29%) of 21b. M.p. 65-66" (Et20/pentane). 
TLC (hexane/AcOEt 4:l): R, 0.49. [a]:& = +201.5 (c = 1.060, CHCI,); [a]:$ = +213.0; [a]$& = -t252.3; 
[a]:'& = +561.8; [a]::, = imperm. UV (MeOH + 1 % CH2C1,): A,,,,, 270 (16840). CD (c = 0.0029, MeOH): +91950 
(271); -32900 (246). IR, 'H-NMR, and I3C-NMR data are identical with those of rac-2lb (Exper. 1.3.3). Anal. 
calc. for C,,H,,O,Si (534.77): C 78.61, H 7.16, Si 5.25; found: C 78.52, H 7.10, Si 5.07. 

The e.e. of 21b was determined to be > 97.6% by 'H-NMR using (+)-[Eu(hfc),] as chiral, non-racemic shift 
reagent. 

2.5.2. Preparation of2ld. Compound 10b (702 mg, 2.37 mmol; see Exper. 2.1.2) was added to a soln. of K 
(1.40 g, 35.8 mmol) in t-BuOH (40 ml). Then, isopentyl nitrite (800 ml, 5.92 mmol) was introduced. Usual workup 
furnished a residue which was chromatographed (hexane/AcOEt) on silica gel (60 g). The residue obtained was 
dissolved in CH,Cl, (50 ml) and treated with conc. aq. HCI (14 ml) and aq. soln. of HCOH (37%). To a soh. of the 
isolated product (656 mg) in dry DMF (6 ml), imidazole (350 mg, 5.15 mmol) and (t-Bu)Ph,SiCI (655 ml, 2.57 
mmol) were added. Final workup afforded 393 mg (30%) of 16- {/[ tert-butyl)diphenylsilyl]oxy}-13-ethyl-3- 
methoxy-l4~-gona-l,3,5 (10) ,8,15-pentaen-l7-one (21d) : M.p. 102- 103" (Et,O). UV: A,,, 27 1 ( 17 1 55). 
[aIsss = +222.4 (c = 1.12, CHC1,); [a]578 = f235.1; [a]ss6 = f278.4; [a]43h = +620.2. CD (MeOH; c = 0.039): 
+95856 (271). IR: 3072w, 3054w, 3 0 3 1 ~  (=C-H); 2931~1, 2903~1, 2857m, 2827m (C-H); 1716s (C=O); 1646s 
(C=C, olef.); 1610.9, 1572~1, 1498m (C=C, arom.). 'H-NMR: 0.74 (t, J(CH2Me,CHzMe) = 7.5, MeCH2); 1.08 (s, 
r-Bu);  1.41-1.65 (m. MeCH2, H-C(12)); 1.81-2.02 (m, 2 H-C(7), H-C(11). H'-C(12)); 2.25-2.31 (ydt, 
H'-C(l1)); 2.44-2.70 (mc, 2 H-C(6)); 2.84 (d,  J(H-C(14),H-C(15)) = 3.1, H-C(14)); 3.80 (s, MeO); 6.17 (d, 
J(H-C(15),H-C(14)) = 3.2, H-C(15)); 6.64 (d, J(H-C(4),H-C(2)) = 2.7, H-C(4)); 6.71 (dd, 
J(H-C(Z),H-C(l)) = 8.1, J(H-C(2),H-C(4)) = 2.7, H-C(2)); 7.01 (d, J(H-C(l),H-C(2)) = 8.4, H-C(1)). I3C- 
NMR: 8.6 (C(19)); 19.4; 22.2; 26.5; 27.5; 28.6; 30.7; 46.4; 49.5; 55.3; 110.7; 113.4; 123.3; 127.6; 127.7, 128.6; 
129.0; 130.0; 131.9; 132.3; 135.4; 136.7; 137.8; 151.6; 158.1; 208.0. AnaLcalc. forC3,H400,Si(548.80):C78.79,H 
7.35, Si 5.12; found: C 78.62, H 7.29, Si 4.94. 

The e.e. was determined by NMR spectroscopically ( > 97.2%) using [Eu(hfc),] as chiral-nonracemic shift 
reagent and using the twos of the Me3C signal as a molecular informant. 
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3. Preparation of Educt Components. ~ 3.1. Preparation of Diene 6. 3.1.1. Preparution of rac-39 (using the 
route by Nazarov, following a procedure described by Robins and Walker [74]). A soh.  of vinyl bromide (20 ml, 278 
mmol, 4.2 equiv.) in dry THF (50 ml) was added dropwise to a suspension of Mg (6 g, 247 mmol, 3.6 equiv.) in dry 
THF (50 ml) at max. 50". The mixture was stirred for 1 h at r.t., and a soln of 6-methoxytetralone (12 g, 68 mmol) 
in dry THF (70 ml) was added at max. 35". After stirring overnight at r.t., the mixture was refluxed for 30 min. and 
cooled to r.t. After usual workup, the residue was subjected to FC (hexane/AcOEt 8:l) on 200 g silica gel. 
( I  RS)-l-Hydroxy-6-methoxy-1-vi~iyl-1.2,3.4-tetruhydronaphthalene (rac-39; 12 g, 86%) was obtained as a yellow 
oil. TLC (hexane/AcOEt 4:l): R, 0.30. IR (film): 3448s (br., OH); 3058m, 3000m (=C-H); 1 6 4 0 ~  (C=C, olef.); 
1607m, 1574m, 1498m (C=C, arom.). 'H-NMR: 1.72-2.02 (m, 2H-C(2), 2H-C(3), OH); 2.65-2.82 (m, 2H-C(4)); 
3.75 (s, MeO); 5.18 (dd, J,,s = 10.5, J,,, = 1.5, H,, of CH2=CH); 5.26 (dd, JrNlnS = 16.8, Jgem = 1.5, H,,,,, of 
CH,=CH); 6.00 (dd, Jr,on, = 17.1, J,,, = 10.5, CH,=CH); 6.59 (d, J(H-C(S),H-C(7)) = 2.7, H-C(5)); 6.71 (dd, 
J(H-C(7),H-C(8)) = 8.6, J(H-C(7),H-C(5))= 2.7, HpC(7)); 7.27 (d, J(H-C(8),H-C(7))= 8.6, H-C(8)). 
Anal. calc. for C13H160, (204.27): C 76.44, H 7.89; found: C 76.47. H 7.85. 
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3.1.2. Preparation of 6 (essentially by the method of Robins and Walker [74]). Compound rac-39 (2.0 g, 9,8 
mmol) was heated under weak reflux in toluene (50 ml) in the presence of TsOH .H,O (trace) and p-hydroquinone 
(trace) for 30 min (TLC, hexane/AcOEt 2:l). After cooling and usual workup, the residue was subjected to FC 
(hexane/AcOEt 1OO:l) on silica gel (30 g). 6-Meihoxy-I-vinyl-3,4-dihydronuphthaZene (6; 1.6 g, 88 %) was obtained 
as a colorless oil. TLC (hexane/AcOEt 2:l): Rr 0.80. IR (film): 3082w, 3 0 2 7 ~  (=C-H); 2935~1, 2883~1, 2830m 
(-C-H); 163th (C=C, olef.); 1607m, 1567m, 1496m (C=C, arom.). 'H-NMR: 2.18-2.25 (m, 2 H-C(3)); 2.66 ( t ,  
J(H-C(4),H-C(3)) = 7.7,2 H-C(4)); 3.71 (s, MeO); 5.13 (dd, Jcis = 10.9, -Igem = 1.9, H, of CH,=CH); 5.48 (dd, 
J,,,, = 17.2, J,,, = 1.9, Hr,o,, Of CH,=CH); 6.00 (td, J(H-C(2),H-C(3)) = 4.8, J(H-C(2),CH,=CH) = 
0.8,H-C(2)); 6.56 (ddd, J(CH,=CH,H-C(2)) = 1.1, J,;, = 10.9, Jlra,, = 17.4, CH,=CH); 6.646.69 (m, H-C(5), 
H-C(7)); 7.23 (d ,  J(H-C(E),H-C(7)) = 8.1, H-C(8)). Anal. calc. for Cl3HI4O (186.35): C 83.83, H 7.58; found: 
C 83.84, H 7.59. 

For use in Diels-Alder reactions, 6 was prepared freshly and stored max. 2 d at -20". 
3.2. Preparation of the Dienophiles. 3.2.1. Preparation of 7a and 18a. Compound 7a was prepared essentially by 

the method described earlier ([75] : Exper. 7.2.2). Final purification was achieved by spinning band distillation. The 
distillate was stored at -30' unless used immediately. Compound 18a was prepared essentially by the method of 
Dane et al. [76]. 

3.2.2. Preparation qf7b and 18b. 3.2.2.1. Preparation of 41. In a 500-ml, round-bottomed flask, equipped with 
a Dean-Stark trap and a condenser, the soh.  of 2-ethylcyclopent-2-en-l-one (40, 30.0 g, 237 mmol) [77], 
i-BuOH (65 ml, 702 rnmol, 3 equiv.), and TsOH .H,O (trace) in toluene (160 ml) was refluxed overnight (16 h) with 
separation of H,O. The mixture was cooled to r.t. and poured into sat. aq. NaHCO, soln./Et,O. After separation of 
the org. phase, the aq. layer was extracted with Et,O (3 x ), and the combined org. phases were washed with brine 
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and dried (MgSO,). The solvent was evaporated in vuczio and the crude product was distilled under reduced 
pressure (Kugelrohr, bath temp. 130", 0.1 Torr). 2-Ethyl-3-(isohutylox~,)cyrlopent-2-en-I-one (41) (36.7 g, 85 YO) 
was obtained as a yellowish oil, which solidified at + 4'. M.p. 37-39", IK (film): 2965m, 2933m, 2876w (-C-H); 
1688s (C=O); 1630s (C=C, olef.). 'H-NMR: 0.99-1.03 (m, MeCH,, Me2CH); 2.05 (mc, Me,CH); 2.16 (q,  
J(MeCH2,CH2Me) = 7.6, MeCH2); 2.40-2.44 (m, 2 H-C(4)); 2.62--2.66 (m,  2 H-C(5)); 3.92 (d, J(OCH,,Me,CH) 
= 6.5, CH,O). Anal. calc. for C l l H l , 0 2  (182.3): C 72.47, H 9.95; found: C 72.56, H 9.98. 

3.2.2.2. Prepuration ofrac-42. A soln. of 41 (18.5 g, 0.1 mol) in dry Et20  (30 ml) was added dropwise to a 
stirred suspension of LiAIH, (4.6 g, 120 mmol, 1.2 equiv.) in dry EtzO (1 50 ml) during 1 h (ice-cooling). The mixture 
was stirred overnight at r.t., and AcOEt (15.7 ml) was added under ice-cooling. Then, H,O (4.2 ml), aq. 10% 
NaOH s o h  (4.2 ml), and, finally, H,O (6.7 rnl) were added during 20 min. The stirred suspension was heated under 
reflux for 30 min, filtered and the residue washed with EtzO several times. The solvent was evaporated in vacuo, and 
the crude product was subjected to FC (hexane/AcOEt 10: 1) on silica gel (1 50 g). After evaporation of the solvent 
and bulb-to-bulb distillation under reduced pressure (bath temp. l0O0/l 3 Torr), ( I  RS)-2-ethylcyclopent-2-en-l-ol 
(ruc-42; 8.2 g, 73%) was obtained as a colorless oil. TLC (hexane/AcOEt 4:l): Rf0.32. IR (film): 3334s (OH); 
3049n' (=C-H); 2963s, 2853s (C-H); 1459~1, 1045s. 'H-NMR: 1.09 ( r ,  J(CH,Me,,CH,Me) = 7.4, MeCH,); 
1.65-1.75 (m, H-C(5)); 2.03-2.45 (m. OH), 2 H-C(4), H'-C(5), MeCH,); 4.61-4.65 (m, H-C(1)); 5.50-5.52 (m. 
H-C(3)). Anal. calc. for C7Hl,0 (1  12.17): C 74.93, H 10.78; found: C 74.95, H 10.76. 

3.2.2.3. Preparation of 7b. A soh.  of rat-42 (4.0 g, 35.6 mmol) in dry CH2C12 (10 ml) was added dropwise to a 
stirred suspension of pyridinium dichromate (16.9 g, 45 mmol) at r.t. After stirring for 5 h (TLC, hexaneiAcOEt 
4:l), the dark mixture was filtered through Celite. and the solvent was evaporated in vacuo. The residue was 
subjected to chromatography (hexane/AcOEt 10: I )  on silica gel (80 g). After bulb-to-bulb distillation under 
reduced pressure (bath temp. 70"; 12 Torr), 2-t~hylrycloprnt-2-en-f-one (7b, 3.14 g, 80%) was obtained as a 
colorless oil. TLC (hexane/AcOEt 4:l): Rf0.38. 1R (film): 3 0 4 6 ~  (=C-H); 2955s, 2875s (C-H); 1702s (C=O); 
1 6 3 1 ~ ~  (C=C, olef.). 'H-NMR: 1.09 ( 1 ,  J(CH,Me,CH,Me) = 7.5, MeCH2); 2.14-2.23 (m, MeCH,); 2.37-2.40 (m. 
2H-C(4)); 2.51-2.60 (m,  2H-C(5)); 7.32-7.35 (m, H-C(3)). Anal. calc. for C7Hlo0 (110.16): C 76.32, H 9.01; 
found: C 76.08, H 9.15. 

3.2.2.4. Prepuration 0f18b*~). A soh.  of previously powdcrcd SeO, (8.26 g, 74.4 mmol) in dioxane/H,O 10:l 
(60 ml) was added dropwise to a s o h  of 7b (8.20 g, 74.4 mmol) in dioxanc (20 ml) at 10". The mixture was heated 
to 90" for 2.5 h. The black precipitate was separated by filtration through Celite. After washing with CH,Cl2 (3 x ), 
the combined filtrates were dried (MgSO,) and evaporated in vucuo. The crude product was dried in vucuo 
overnight over CaCI2 and further purified by fractional distillation under reduced pressure (96-100"; 1.3 Torr) to 
give 3-cl/?yl~~clopmf-3-ene-I,2-~iior?r (18b) (4.67 g, 50%) as an orange-colored oil, solidifying at low temp. (below 
0"). U V  (MeOH): L,,, 234.2 (6800). IR (film): 30631%' (=C-H); 1765s, 1712s (C=O); 1613s (C=C). 'H-NMR: 
1.17 ( t ,  J(CH,Me,CH,CH,) = 7.5, MeCH,); 2.33-2.43 (m, MeCH,); 3.04-3.06 (m, 2H-C(5)); 7.73 7.75 (m. 
H-C(4)). Anal. calc. for C,H,02 (124.14): C 67.73, H 6.50; found: C 67.46, H 6.72. Enedione 18b was stored 
at -20". 

3.2.3. Preparation of 23b. 3.2.3.1. Wittig Reaction of 43 with Methyl 3-Form~~lpropanoute 44. In a three- 
necked, 1000-ml flask, a soh .  of 44 (21.45 g, 185 mmol, 1 equiv.) [79] in dry T H F  (50 ml) was added slowly to a soln. 
of ylide 43 (72.13 g, 185 mmol, 1 equiv.) [RO] in dry THF (700 ml) at 0". After stirring for 12 h at r.t., the mixture was 
warmed to 55" for 1.5 h. Then, the solvent was evaporated in vacuo. The residue was subjected to a filtration with 
flash silica gel (hexane/AcOEt 2.1; 250 x 55 mm column). Bulb-to-bulb distillation of the crude product (120°/0.2 
Ton)  gave a mixture of45  and 46a as colorless liquid (35.39 g, 84%). 'H-NMR revealed the ratio 45/46a to 4:96 
(integr. ratio of the signals 1.81 ppm/1.83 ppm, and 6.58 ppm/5.81 ppm). Separation of45 and 46a by prep. HPLC 
(hexane/AcOMe 20:1, MN Nucleosil, Refractom.) afforded 46a (29.56 g, 70%) and 45 (1.28 g, 3 %) as colorless 
liquids. 

I - (  tert-Butyll 6-Methyl (E)-2-Methylhex-2-enedioate (46a): UV(TFE): A,,, 217.5 (12690). IR (NaCI): 
2977m, 2954m (CH); 1744s, 1708s (C=O); 1651m (C=C); 1256s (C-0). 'H-NMR (250 MHz): 1.48 (s, t-Bu); 1.81 
(s, Me); 2.42-2.49 (m, CH,CH,); 3.69 (s, MeO); 6.58 (m, H-C(3)). Anal. calc. for C,,H,,O, (228.29): C 63.14, H 
8.83; found: C 63.01, H 8.82. 

The configuration of the C=C bond was assigned by NOE (irradiated signal/NOE [%I): Me/CH2CH2 

I - (  tert-Bury/) 6-Methyl (Zj-Z-Methylhe.x-2-enedioatr (45): U V  (TFE): A,,, 217.5 (8825). IR (NaCI): 2978m, 
2954m (CH); 1742s, 1711s (C=O); 1648m (C=C); 1249s(C-O). 'H-NMK (250 MHz): 1.48 (s, t-Bu); 1.83 (s, Me); 
2.37-2.44 (m, 2H-C(4)); 2.67-2.71 (m, 2H-C(5)); 3.66 (s, MeO); 5.81 (m, H-C(3)). Anal. calc. for C12H2004 

(0.70%); H-C(3)/Me (-); H-C(3)/CH,CH2(5.9). 

") B. Stharf, diploma thesis, Universitat Frankfurt am Main, 1993 
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(228.29): C 63.14, H 8.83; found: C 62.91, H 8.71. The configuration of the C=C bond was assigned by NOE 
(irradiated signal/NOE [%I): Me/H-C(3) (2.0%); H-C(3)/Me (2.6%). 

3.2.3.2. Preparation of46b. In a three-necked, 250-ml flask, CF,COOH (22 ml, 286 mmol, 7 equiv.) was added 
to a stirred soln. of 46a (9.32 g, 40.83 mmol, 1 equiv.) in dry CH2CI, (100 ml) at r.t. After stirring for 5 h at r.t., 
toluene (80 ml) was added and the solvent evaporated in vacuo to leave a volume of ca. 30 ml. The procedure was 
repeated (3 x 50 ml toluene). The residual oil was crystallized in a cooling bath (liq. N2) and washed with pentane. 
Acid 46b (6.26 g, 89 %) was isolated as colorless crystalline solid. 

Hydrogen &Methyl (E)-2-Methyl-2-hexenedioate (46b): m.p. 62'. IR (KBr): 3300-2500m (br., COOH); 
1732s, 1692s (C=O); 1638rn (C=C); 1435s, 'H-NMR (250 MHz): 1.74 (s, Me); 2.34-2.51 (m, CH,CH,); 3.59 (s, 
MeO); 6.57-6.62 (m. H-C(3)); 12.16 (br., D,O exchange, COOH). Anal. calc. for CxHl,0,(172.i8): C 55.81,7.02; 
found: C 55.60, H 6.85. 

3.2.3.3. Preparation of46c. In a 100-ml flask, equipped with a reflux condenser, 46b (6.45 g, 37.5 mmol) and 
S0Cl2 (10 ml, 139 mmol, 3.7 equiv.) were dissolved in benzene (20 ml). The mixture was stirred for 4 h a t  70". The 
solvent and residual SOCI, was removed by distillation in vacuo (12 Torr). Bulb-to-bulb distillation (80"/0.15 Torr) 
of the residue gave 46c (6.72 g, 94%) as colorless liquid. 

Methyl (E)-5-(Chloroformyl)-5-methyl-4-penrenoate (46c): IR (NaCI): 2998w, 2954m (aliph. CH); 1741s (br., 
COCl and COOMe); 1642m (C=C); 1438m; 1365m; 1176w. 

3.2.3.4. Preparation of 23b. In a three-necked, 250-ml flask, BuLi (22.8 ml, 1 . 5 3 ~  s o h  in hexane (titr. 
according to [El]) 33.3 mmol, 1 equiv.) was added to a soh. of oxazolidin-2-one (3.07 g, 33.3 mmol, 1 equiv.) in dry 
CF,COOH (120 ml) at -60". After stirring for 20 min at -60", a soln. of46c (6.72 g, 35 mmol, 1.05 equiv.) in dry 
THF (10 ml) was added to the mixture. After 1 h at -60°, 30 min at O", and usual workup, a residue was obtained, 
which, on chromatography (hexane/AcOEt 4:l; 150 x 50 mm column; flash silica gel), gave 3-/(E)-Z-methyl-J- 
(methoxycarhonyljpent-2-enoyl]oxazolidin-2-one (23b) as a colorless oil (7.1 g, 88 %). TLC (hexane/AcOEt 1 : 1): 
Rf0.29. UV (TFE): A,,, 211.5 (9010). IR (KBr): 2957m; 2924m (C-H); 1786s, 1736.7, 1682s(C=O); 1384s; 1359s, 
1323s; 1197s; 1039s. 'H-NMR: 1.91 (s,Me);2.43-2.51 (rn,CH2CH2); 3.68(s,Me0);4.17(t,J=8,CH20);4.65(t, 
J = 8, CH2N); 5.95 (m, H-C(3)). 'IC-NMR: 13.15, 23.16, 32.17 (Me, C(4), C(5)); 42.88 (CH,N); 51.28 (MeO); 
61.95 (CH,O); 131.1 1 (C(3)); 135.74 (C(2)); 152.67, 171.10, 172.64 (3 C=O). Anal. calc. for Cl,HlsNO, (241.24): 
C 54.76, H 6.26, N 5.80; found: C 54,65, H 6.27, N 5.75. The configuration of the C=C bond was assigned by NOE 
(irradiated signal/NOE ["/.I): Me/CH2CH, (2.5 %); H-C(3)/CH,CH2 (2.5 YO); H-C(3)/CH,N (1 .O%); CH2N/ 
H-C(3) (0.2%). 

4. Preparation of Chiral, Non-racemic Ligands. - 4.1. Preparation of TA DDOLs. The procedure published by 
Seebach et al. [32] [34] [37] [38] was followed. Table 4 reveals the respective sources in the literature. 

4.1.1. (4S,5Sj-2,2-Diethyl-a,a,~',a~-tetrakis(2',5'-dimethylphenylj-l,3-dioxolane-4,5-dimethanol (Tg). Yield: 
42%. M.p. 194-196" (hexane). TLC (hexane/AcOEt 4:l): Rf0.55. [a]:& = +2.4 (c = 1.000, CHCI,); [a]:$ = +2.2; 
[&I:& = +1.2; [a]:& = -13.0; [a]:& = -56.3. IR (KBr): 3489s, 3219s (0-H); 3020m (=C-H); 2969s, 2922s, 2879s 
(C-H); 1 8 8 7 ~ ;  1 8 4 5 ~ ;  1 7 5 2 ~ ;  1612m; 1497s; 1462s; 1380m; 1343m; 1297m; 1253m; 1200s; 1077s; 1021s;944s; 
804s; 771m. 'H-NMR: 0.63 (br. s, 2 MeCH2); 1.16 (br. s, 2 MeCH,, 2 OH); 1.70, 1.76 (2s,4 Me,C,H,); 2.29,2.33 
(2s, 4 MezC6H3); 5.15 (br. s, H-C(4), H-C(5)); 6.85-6.99 (m. 8 arom. H); 7.57 (m, 4 arom. H). Anal. calc. for 
C4,Hs0O4 (606.84): C 81.15, H 8.30; found: C 81.13, H 8,50. 

4.1.2. (4 S,5 S j-2.2-Diethyl-a,~,~c',cc'-tetrakis(3'.I'-dimethoxyphenyl)-1,3-dioxolane-4.5-dimethanol (Th). 
Yield: 32%. TLC (CHC13/acetone 8:l): R,0.39. [a]:& = +49.4 (c = 0.927, CHCl,); [a]:qx = +51.6; [a]:!, = f 5 8 . 5 ;  

= f97.1; [a]:'& = imperm. IR (KBr): 3318m, 3086w (=C-H); 2935.7, 2834m (C-H); 1606 m; 1511s; 1257s; 
1141s; 1012s. 'H-NMR: 0.71 (t, J(MeCH2,CH2Me) = 7.3, 2 MeCH,); 1.34 (4. J(MeCH,,MeCH,) = 7.3, 
2 MeCH,); 3.72 (s, 2, MeO); 3.79 (s, 2 MeO); 3.85 (s, 2 MeO); 3.90 (s, 2 MeO; beneath, 2 OH); 4.39 (s, H-C(4), 
H-C(5)); 6.75-7.13 (m, 12 arom. H). Anal. calc. for C4,Hs0O,, (734.84): C 67.02, H 6.86; found: C 66.74, H 6,93. 

4.1.3. (4S,5S)-2,2-Die~hyl-a,u,a',cc'-tetra(naph~halene-l-yl)-l,3-dioxolane-4,5-~imethanol (Ti). Yield: 60%. 
TLC (hexane/AcOEt 4:l): Rf 0.37. [a]& = +237.4 (c = 1.00, CHCI,); [a]& = +248.9; [ o L ] : ~ ~  = +287.8; 
[a]& = +544.0; [a]:& = +997.4. IR (KBr): 3556s (OH); 3379s (br., OH); 3089iv, 3048m (=C-H); 2968m, 2938m, 
2880w (C-H); 1599s, 1509s (C=C, arom.). 'H-NMR (270 MHz, CDC12-CDC1,, 370 K): 0.38 (br. s, MeCH,); 
0.85-1.14 (br. m, MeCH2, OH); 5.66 (s, H-C(4), H-C(5)); 6.96-8.21 (br. m, 28 arom. H). Anal. calc. for C49H42O4 
(694.87): C 84.69, H 6.09; found: C 84.41, H 6,26. 

4.1.4. (4 S.5S)-2,2-Diethyl-a,a,a',a'-tetra(phenanthrene-9-yl)-1,3-dioxolane-4.5-dimethanol (Tk). (The Grig- 
nard reagent from 9-bromophenanthrene was prepared in refluxing THF.) Yield: 59%. TLC (hexane/AcOEt 1 :I): 
R, 0.61. [a]:& = -57.4 (c = 0.86, CHCI,); [a]:$ = -61.7; [a]& = -77.9; [a]:$ = -233.5; [a]:& = imperm. IR 
(KBr): 3556m, 3370s (br., OH); 3058w (=C-H); 2968s. 2936s, 2879m (C-H); 1597m, 1494s (C=C, arom.). 
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H-NMR: 0.014.56 (br. m, MeCH2, MeCH,, H-C(4), H-C(5)); 5.71 (br. s, OH); 6.07 (br. s, OH); 6.77-8.83 
(br. m, 36 arom. H). Anal. calc. for C65HS004 (895.1 1): C 87.22, H 5.63; found: C 87.30, H 5.83. 

4.1.5. (4 S.5 S)-2,2-Diethyl-a,a,a',a'-tetrukis[3',S-di( tert-butyl)phenyl]-l,3-dioxolune-4,5-dimethanol (Tl). 
Yield: 78%. TLC (hexane/AcOEt 20:l): Rf  0.53. = +1.5 (c = 1.06, CHCI,); [a]$s = +IS; [a]:!& = +1.1; 
[a]&, = -3.4; = -18.5. IR (KBr): 3553s (OH); 3428s, 3274s (br,, OH); 3075m (=C-H); 2963s, 2904.~,2867s 
(C-H); 1598s (C=C, arom.).'H-NMR: 0.54 (t. J(CH2Me, CH,Me) = 7.4, MeCH,); 1.04-1.28 (m, MeCH,); 1.21 
(s, 4 t-Bu); 1.28 (s, 4 t-Bu); 3.68 (s, OH); 4.65 (s, H-C(4), H-C(5)); 7.24(s, 6 arom. H); 7.29 (d,  J = 1.7, 2 arom. 
H); 7.35 (d, J = 1.8, 4 arom. H). Anal. calc. for C6,H9,04 (943.49): C 82.75, H 10.47; found: C 82.69, H 10,60. 

4.2. Preparation ofthe Bis-sulfonamides of Type B. The bis-sulfonamides B a d  were prepared according to [I 51. 
4.2.1. ( I  S,2S)-1,2-Diphenyl-N,N'-his(tri~uoromethanesu~onyljeth~ne-1,2-diumine (Ba). Yield: 88 %. M.p. 

216217" (toluene/hexane). TLC (hexane/AcOEt 1 :l): R, 0.46. [a]::y = -8.8 (c = 1.643, CHCI,); [a]:$ = -9.5; 
[a] :$ = -11.2; [a]$$ = -23.3; [a] ;& = -47.4 ([15]: ent-Ba: [a]::, = +8.35 (c = 1.5, CHCI,)). IR (KBr): 3328s, 
3280s (N-H); 3976w, 3039w (=C-H); 2895w (C-H); 1 9 4 6 ~ ;  1876w,; 1 8 0 4 ~ ;  1558s;  1439s; 1371s. 'H-NMR: 
1.61, 5.68 (2 br. s, 2 NH); 4.78 (s, H-C(1), H-C(2)); 6.94-7.00 (m, 4 arom. H); 7.23-7.33 (m, 6 arom. H). Anal. 
calc. for C16H14F6N2S204 (476.41): C 40.33, H 2.96, N 5.88; found: C 40.54, H 3.14, N 6.08. 

4.2.2. (1S,2Sj-N,N'-Bis(naphthalene-l-sulfonylj-l,2-d~henylethune-1,2-diumine (Bb). Yield: 60%. M.p. 
265O (acetone/hexane). TLC (hexane/AcOEt 1 : I ) :  R, 0.56. [a]::y = -319.6 (c = 0.747, acetone); [a]:$ = -336.3; 
[a]:& = -392.9; [a]:$ = -792.5; [a]:& = -1628.9. IR (KBr): 3456w, 3307w (N-H); 3059w, 3034w (=C-H); 
2950w, 2 9 2 7 ~  (C-H); 1709~1; 1 5 9 4 ~ ;  1507m; 1456m; 1438m; 1322s; 1160s; 1131s; 768s; 696s; 593s. 'H-NMR 
(270 MHz, (D,)DMSO): 4.504.54 (m, H-C(I), H-C(2)); 6.44-6.73 (m, 10 arom. H); 7.23-7.28 (m, 2 arom. H); 
7.54 7.71(m,6arom.H);7.86-7.91 (m,4arom.H);8.32-8.35(~1,2NH);8.46(d,J=8.5,2arom.H).Anal.calc. 
for C,,H2,N2S204 (592.73): C 68.90, H 4.76, N 4.73, S 10.82; found: C 68.76, H 4.87, N 4.65, S 10.86. 

4.2.3. (IS,2S)-l,2-Diphenyl-N,N'-bis[(2.4,6-triisopropylphenyl)sulfonyl]ethane-I.2-diamine (Be). Yield: 
93%. TLC (hexane/AcOEt 1:l): R, 0.74. [a]::y = -97.9 (c = 1.084, CHCl,); = -103.0; [a& = -119.6; 
[a]:&, = -231.3; [a]::, = -434.9. IR (KBr): 3300m (N-H); 3064w, 3033w (=C-H); 2960s, 2869m (C-H); 1 7 4 1 ~ ;  
1601s; 1458s; 1152s. 'H-NMR: 1.04 (d, J(Me,CH,Me,CH) = 6.8,2 Me2CH); 1.141.21 (m, 4 Me,CH); 2.77-2.85 
(m, 2 Me2CH); 3.954.11 (m, 4 Me,CH); 4.46-4.49 (m, H-C(I), H-C(2)); 5.68-5.70 (m. 2 NH); 6.56-6.60 (m. 
4 arom. H); 6.86-7.01 (m, 10 arom. H). Anal. calc. for C,4H60N2S204 (745.09): C 70.93, H 8.12, N 3.76, S 8.61; 
found: C 70.86, H 8.01, N 3.69, S 8.62. 

4.2.4. (1 S,2Sj-N,N'-Bis[(4-methy~heny[)sulfonyl]-l,2-diphenylethune-1.2-diamine (Bd). Yield: 77 %. M.p. 
210-21 1' (CHCl,/hexane) ([15]: ent-Bd: 202' (CHC13/hexane)). TLC (hexane/AcOEt 2:l): Rf0.42. [a]::, = -50.1 
(c = 1.821, CHCI,); [a]:$ = -52.7; [a]& = -61.6; [a]$$, = -123.0; [a]:& = -238.7 ([15]: ent-Bd: [a126 = +43.9 
(c = I .74, CHCI,)). IR (KBr): 334pw, 3316w (N-H); 3066~3,3031~ (=C--H); 1598m, 1496m ( C d ,  arom.); 1328s, 
1156s (SO-N); 813m, 699s, 670s. H-NMR: 2.30 (s, 2 Me); 4.684.71 (m, H-C(1), H-C(2)); 6.63-6.65 (m, 2 NH). 
Anal. calc. for C2xH2,N2S204 (520.67): C 64.59, H 5.42, N 5.38; found: C 64.51, H 5.53, N 5.59. 

5. Preparation of Complexes between Ketones and TiCI, or SnCI,. -- 5.1.  Preparation od Di-p-chlorohis[tri- 
chloro(2-methylcyclopent-2-en-1-one) titanium/ (17A). A lOO-ml, round-bottomed flask, equipped with a rubber 
septum, was charged with 7a (250 mg) in anh. CH2C12 (40 ml). At -40 to -50", a soln. of TiCI4 (285 ~ 1 )  in CH2C12 
(10 ml) was added dropwise via syringe over 5 min. After 15 h at -30", yellow crystals had precipitated. M.p. 
115-120" (dec.). IR: 1638 (C=C); 1590 (C=O). 'H-NMR: 1.98-2.00 (m, Me); 2.89-2.91 (m, 2 H-C(4)); 3.21-3.23 
(m, 2 H-C(5)); 8.00 (ws, H-C(3)). ',C-NMR: 10.34 (Me); 29.96 (C(4)); 36.04 (C(5)); 143.15 (C(2)); 172.94 (C(3)); 
222.86 (C(1)). Anal. calc. for Cl2HI6Cl8O2Ti2 (571.68): C 25.21, H 2.82; found: C 25.17, H 2.94. A crystal of 
suitable size (0.25 x 0.30 x 0.80 mm) was used for X-ray structure analysis (see Fig.2,a; depository number 
CSD-56301; CSD refcode: JOXWAU). 

5.2. Preparution of Tetruchloro(acenuphthene-I,2-dione- 0', O'jtitunium (17B). A 250-ml. two-necked, round- 
bottomed flask was equipped with a magnetic stirring bar, a rubber septum, and an Ar inlet adapter. The flask was 
charged with acenaphthenequinone (910 mg) in anh. CH2C12 (125 ml). At -20", a soln. of TiC1, (950 mg) in CH2C1, 
( S  ml) was added dropwise via syringe. The s o h ,  the color of which had turned from yellow to red, was replaced 
into one of the arms of a Schlenk flask. Crystals were grown by slow diffusion of hexane, which had been filled into 
the other arm of the Schlenk flask, into the CHpCI, soh.  M.p. (in glass capillary) 177-178O (dec.). IR: 1689s, 1644 
(C=O). I3C-NMR: 123.78; 128.99; 130.68; 131.72; 138.28; 155.42; 192.98 (C=O). An isolated crystal was mantled 
with perfluorated paraffin oil and mounted in a glass capillary under N, for X-ray structure determination (see 
Fig. 2, b ;  depository number: CSD-57702; CSD refcode: WECZOT). 

5.3. Preparation of Tetruchlorol ( I  Rj-l,7.7-trimethylbicyclo[2,2,l]heptane-2,3-dione- O'.Oz]ritanium (17C). 
Following essentially the procedure under Expor. 5.2, lemon-yellow crystals were obtained, after a soln. of 
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(*)- 1,7,7-trimethylbicyclo[2.2.l]heptane-2,3-dione ( = (&)-campherquinone) in CHCI, (5 ml) had been added 
dropwise via syringe at 0" into a soln. of TiC1, (379 mg) in CHCl, (50 ml) and kept for 7 d at -25". M.p. 63-64" 
(dec.). IR: 1755w, 1734s (C=O). ',C-NMR: 8.06 (Me); 17.43 (Me); 22.57 (Me); 23.85; 30.26; 47.88 (C(7)); 56.67 
(C(4)); 59.89 (C(1)); 209.13, 211.87 (C=O). An isolated crystal was mantled with perfluorated paraffin oil and 
mounted in a glass capillary under N, for X-ray structure determination. The crystal proved to be formed out of the 
(1R)-enantiomer (see Fig. 2, c; depository number: CSD-57702; CSD refcode: WEDBAI). 

5.4. Preparation of Tetrachloro(dipheny1ethandione-0',O2)tin (17D). A 100-ml, round-bottomed flask, 
equipped with a rubber septum, was charged with benzil(1.0 g) in anh. CH,Cl, (20 ml). A soh.  of SnCI, (0.56 ml) 
was slowly added via syringe. The yellow soln. was carefully overlaid by hexane and set aside for 15 h at -2Y. M.p. 
(in glass capillary) 92O. IR: 1683s, 1673s (C=O); 1596s, 1581m, 1450s (C=C, arom.). ',C-NMR: 129.04 (d, C(4), 
C(6)); 129.94 (d, C(3), C(7)); 132.97 (s, C(2)); 134.86 (d, C(5)); 194.63 (s, C(1)). For X-ray crystal-structure 
determination, see Fig.2,d (depository number: CSD-57702; CSD refcode: WECZUZ). 
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