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Abstract - A route comprising (i) a cycloaddition reaction of citraconic anhydride with the Winterfeldt auxili-
ary, (ii) hydride reduction of the cycloadduct, (iii) a (formal) ether formation, and (iv) a cycloreversion

reaction allows efficient stereocontrol at C-2" in the synthesis of strigol and its structural analogues.
© 1998 Elsevier Science Ltd. All rights reserved.

Introduction
As discussed in preceding publications control of the C-2° configuration is one of the important problems in
the synthesis of <trool-tvne comnounds! In the classical anproac the ecanfiocuratinnally  lahile
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Michael reaction sequence). However, this approach turned out to be synthetically unsatisfying.

Subsequently, another method was used as indicated in Scheme 2. Cyclopentadiene on reaction with 6
~ = s . e - . . 1 i« s 4 . e g 1 e A
turnished rac-7. Atter reduction rac-s was resolved by several methods.  In prninciple, one could also resoive

* Dedicated with respect and admiration to Professor Sir Derek Barton in honour of his 80™ birthday
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the dienophile first and then perform the cycioaddition (5 + 9 — 10).° 8 has been coupled stereoselectively to
a hydroxymethylene lactone (of type 1), and in the final step the desired compound was liberated by a retro-
Diels-Alder reaction.* Although this process provides the desired stereocontrol it suffers from the fact that it
involves a resolution step.
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Scheme 2

We describe here a new synthetic scheme in which an optically active butenolide equivalent is prepared by
enantioselective synthesis. In particular, we made use of Winterfeldt's auxiliary.®’

Synthetic planning

We envisaged stereoselective formation of cycloadduct 13 from Winterfeldt’'s diene and a substituted
butenolide of type 12. Coupling of a hydroxymethylene lactone (cf. 1) was hoped to give 14 in a
stereoselective fashion since the backside of the lactone ring is shielded by the etheno bndge Finally, a retro-
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8 is easily available from the Hajos-Wiechert ketone (17).% The proline-catalyzed cyclization of 15 to give 16

o
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is a highly appreciated example of an enantioselective reaction with a chiral nonracemic catalyst which has
9

2

1

we had some problems in getting opticaily pure 1i6.

.__

been studied and used in many laboratories.” Stil
Determination of enantiomeric purity of both 16 and 17 was performed by GLC using a p-cyclodextrin-based
stationary phase. For both compounds the enantiomers were baseline-separated. It was found that even under
the best conditions the ee of 16 was in the range of 93 %. After elimination 17 could be enantiomerically

enriched by crystallization from diethyl ether. After two crystallizations from the 93 % ee sample optically
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pure 17 was obtained (in the limits of the GLC method). From a 83 % ee sample of 17 first the racemate
crystaliized. The further steps on the way to 18 proceeded uneventfully.?
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Cycloaddition reactions

Initially, it was planned to use the bromo- and chlorobutenolide 2 and 24, respectively, as dienophiles. It
could be expected that only one of the enantiomers would react and we thought that added tetra-n-
butylammonium bromide or chloride would equilibrate the remaining enantiomer by in-situ anomerization."
Thus, we hoped to convert all the racemic halobutenolide into a single cycloaddition product.'’ In the event,
18 and 2 in CH,Cl; solution under high-pressure conditions did not vield the desired cycloadduct. From the
reaction mixture the bromobutenolide was almost entirely reisolated whereas the diene was completely
consumed. One product was isolated that according to the spectral data was a dimer of 18. The FAB mass
spectrum displayed a peak at m/z = 480.3 corresponding to [M+H-H]". The '"H NMR spectrum showed
signals of two CH3 and two OCHj; groups, two doublets of doublets each corresponding to one H, and one
olefinic singlet. In the >C NMR spectrum also two sets of signals appeared with the exception of one
aliphatic CH,, one aliphatic CH, a quaternary C and an olefinic CH. The data would be accommodated by
either of the structures 291 or 29II. The way how this dimer is formed remains unclear. On attempted
cycloaddition of 18 and the chlorabutenolide 24 the same dimer was isolated. Obviously the desired

cvcloaddition did not take nlace even under h]Qh pressure conditions. This asst mption is in agreement with
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the fact that hydroxybutenolide 25 did not react. The unsubstituted butenalide 26 did react but very slowly.
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maleic acid anhydride (19) reacted cleanly at 20°C as described by Winterfeldt® to provide endo cycloadduct

S B

20. For the cycmaualuon reaciion between 18 and 23 high-pressure conditions were required as already found
by Winterfeidt.'> Here again the endo product 27 was obtained. The configuration of 27 was determined by a

careful NMR analysis at a later stage (vide infra).

Reduction of 20 and 27, and configurational assignment of the cycloadducts

Reduction of 20 with Li(OtBu); AIH provided 21 and 22a in a 1:10 ratio. The "H NMR spectrum of 22a
displayed the signals of the etheno bridge at 6 = 6.07 and 6.14. The & = 6.07 proton showed a NOED with the
ortho protons of the aromatic ring and could thus be identified as 10-H. There was another informative
NOED between 10-H and the proton at the hemiacetal position (1-H). This NOE proves (i) the endo mode of
the cycloaddition reaction (vide supra), (ii) which of the CO groups had been reduced, and (iii) the
configuration at C-1, i.e. that this hydrogen is cis to the etheno bridge. In agreement with the configurational
assignment at C-1 the coupling constant J; g,) was very small (1.5 Hz).
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From the "H NMR spectrum of the second reduction product J33a = 1.5 Hz was obtained and thus 3-H also

is trans to the neighbouring proton. This is in agreement with structure 21.
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When 27 was reduced under identical conditions, the extra methyl group directed the hydride addition to the
distant CO group and only one product (28a) was formed. Again a NOED of one proton of the etheno bridge
with the aromatic ring ortho protons permitted to assign the 9-H and 10-H resonances. The hemiacetal
hydrogen (3-H) showed a NOED with 9-H. It follows (i) the endo mode of the cycloaddition reaction, (ii)
which of the CO groups had been reduced, (iii) that the hemiacetal hydrogen points to the etheno bridge. In
CDCl; solution the methyl groups had almost identical chemical shifts whereas in C¢Ds solution their chemical
shifts differed considerably (A8 = 0.4 ppm). Highly informative NOEDs were observed involving the methyl
groups (see Table 1) and the aromatic hydrogens. These NOEs clearly demonstrate the endo structure and
that the methyl group is at C-8a rather than at C-3a. The NOE between 3a-H and 8a-CH; was much stronger
than that between 3a-H and 7a-CHj. This observation was used to assign the two methyl group signals.

In all reaction products the OH group was B, i.e. trans to the etheno bridge. The compounds are obviously
not the primary reduction products and are formed via the ring-opened aldehyde-carboxylate-intermediate. In

neither case we have been able to detect the original reduction products.

Table 1. NOED-experiments for 28a (200 MHz, C4¢Dy¢)

saturated signal observed NOED

{ 9-H 10-H, 3-H
L 10-H 2%_H, 9-H, cyclohexane Hs
§ Sl 2MH 3*-H, 10-H, 7a-CH;, 8a-CH,
L) \a [ 37H 2%_H, OCH;
|74 A W
s Hoy 3-H 9-H, 3a-H
28a 3a-H 3-H, 7a-CHs, 8a-CH;
OCH3 3“’1;
7a-CH; 2%H, 3a-H, 8a-CH;
8a-CH, 2*"H, 3a-H, 7a-CH,

Formation of the coupling products 34b or 37

Recently, Helmchen and coworkers have developed a very elegant Pd-mediated asymmetric synthesis of
2-cyclopenten-1-ylacetic acid."* Depending on which enantiomer of the Pd-catalyst is used both enantiomers
of cyclopentenylacetic acid are available. For enantiomeric enrichment by crystallization the iodo lactone 30
and its enantiomer, respectively, were formed. These compounds are convenient starting materials for the
strigol analogue GR28 and its enantiomer, respectively. Since Prof. Helmchen provided us with a generous
gift of 30 we decided to use this compound for testing the efficiency of our new approach of configuration
control at C-2". The final product would then be ent-2"-epi-GR28 (38).

For the coupling of the hydroxy methylene compound 32 to 22a and 28a, respectively, two modes could be
1ld be coupled with an alkylation reagent derived from 22a and 28a, respectively, or

AU 1 A Yid

n addition/elimination process.

=y
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First we studied the conversion of 22a and 28a into the corresponding halo lactones. When 22a was treated
with thionyl chloride in pyridine solution a 5:1 mixture of 22b and 22¢ was obtained whereas in CH,Cl,
solution practically solely 22b was formed. Similarly, treatment of 28a with thionyl chloride in pyridine let to
the formation of 28b and 28¢ (2:1 mixture) whereas in CH,Cl,; solution the reaction
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THF solution with NaH as base a 1:1 mixture of 34a,b was isolated in 47 % yield. In addition 12 % of the
dimers rac-35, rac-36"> were formed and 24 % of 22a were recovered. Fortunely, under these conditions also

l

28a and 33 did react to provide 37 in 54 % yield. Interestingly, a second coupling product was isolated (3 %
yield) which according to the spectral data (Ja3. = 7 Hz) was the C-3-epimer of 37. The structure of the
coupling product 34b was carefully analyzed by NMR spectra. The most important NOEDs are collected in
Table 2.
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Table 2. NOED-experiments for 34b (400 MHz, CDCl3)

saturated signal observed NOED
OCH, Ar
( 10-H 2%-H, 1-H, 9-H
Q />A 9-H 10-H, cyclohexane Hs
7a = - ’
H Q 1-H 10-H, 8a-H, 7-H
1 N
3a —_— Ar
o NS Y 8aH 3a-H, 1-H, 7a-CH;, 2*"-H
34b L7 o .
0/> 3a-H 8a-H, 7a-CH,
Formatien of 38 by pyrolysis of 37
. -6 .
On flash vacuum pyrolysis (500°C, 10™ bar) the retro-Diels-Alder cleavage occurred and provided the desired
] y \ > J VP
strigol and sorgolactone analogue 38 (ent-2'-epi-GR28) in 59 % yield. Winterfeldt's template 18 was
. is t

negative. We have previously shown that the sign of the CD around 270 nm can

directly be correlated with the configuration at C-2° and that a negative sign corresponds to the
(R)-configuration at C-2".'¢

Conclusion

We have performed a concise synthesis of the strigol and sorgolactone analogue 38 with efficient control of
the C-2" configuration using a Diels-Alder/ retro-Diels-Alder approach.

In contrast to previous work no resolution step was required neither was it necessary to separate
diastereoisomers. The important chiral materials used in the synthesis, Winterfeldt's template and Helmchen's
iodo lactone, are available by enantioselective reaction under the control of chiral catalysts.

EXPERIMENTAL

General:

Enantiomeric excess determinations by GLC: HP 5890 Series II (Fa. Hewlett Packard), carrier gas: H,, FID,
column: WCOT fused Silica (Fa. Chrompack), stationary phase: CP-Chirasil-Dex CB, column length: 25 m,
ID: 0.25 mm, film thickness: 0.25 mm.- Usual workup means partitioning the reaction mixture between an
aqueous and an organic solvent (given in parentheses) for five times, drying the combined organic layers over
MgSO, and filtering, and subsequent removal of the solvent by distillation under reduced pressure.- For
instrumentation and abbreviations see ref.'” - High pressure experiments were carried out in a 14 kbar system
containing a 100 ml vessel manufactured by A. Hofer Hochdrucktechnik GmbH.
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(+)-(3a8,7a8)-3a-Hydroxy-7a-methyi-hexahydro-indeno-1,5-dione (

Jual,
=)
A

a. Reaction in acetonitriie.

A suspension of (5)-(-)-proline (7.4 mg, 0.064 mmol) in acetonitrile (60 uL) was stirred under argon at 23°C
for 30 min and then 15" (11.6 mg, 0.064 mmol) in acetonitrile (90 pL) was added. The reaction mixture was
protected from light and stirred for 6 d at 20°C. Subsequently, (S)-(-)-proline was removed by filtration and
the solvent was evaporated. FC (petrol-chloroform-methanol 8:4:0.1) furnished 16 (9.7 mg, 83 %) as a light-
yellow, crystalline solid. Determination of ee: GLC (150°C): ent-16: (tr = 28.3 min, 34 %), 16: (tr =
31.0 min, 66 %).

b. Reaction in dimethylformamide.

A suspension of (5)-(-)-proline (359.5 mg, 3.12 mmol) in dimethylformamide (10 mL) was stirred under
argon at 14°C for 10 min and then 15 (18.70 g, 102.65 mmol) in dimethylformamide (90 mL) was added. The
reaction mixture was protected from light and stirred for 3 d at 14°C. Subsequently, (S)-(-)-proline was
removed by filtration and the solvent was evaporated. FC (petrol-ethyl acetate 1:1) furnished 16 (16.27 g,
87 %) as a light-yellow, crystalline solid.- R¢ (petrol-chloroform-methanol 8:8:1) = 0.14.- Determination of
ee: GLC (150°C): ent-16: (i = 28.3 min, 14 %), 16: (tg = 31.0 min, 86 %).-"H NMR (200 MHz, CDCls): 8 =
1.24 (s, 3H, 7a-CHs), 1.60 - 1.86 (m, 2H), 1.94 - 2.04 (m, 2H), 2.22 - 2.60 (m, 4H), 2.12 (broad s, 1H, OH),
2.60 (s, 2H, CH,-4).

{+)-(Ta\-Ma 6.7 Ta-tatra
{+)-{7ad)-Meth 0,7, /a-tetrah 1-ind ’ n )
le enliitinn nf 16 (S164 mo 2 22 mmnl) and anhudrane notnhisneonlfanies arid 407 mo 020 mmnl) in
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toluene (4.6 mL) was stirred in a Soxhlet apparatus containing molecular sieves (4A, 2 g) for 5h under
raflisey AR Ar mnnlins ¢ha ecanatimn mivbizeas 44 ammhinnt $anmnacndizen tha anlirnmt s37a08 arvramaentad B fontenl
ICLIUA, AL VOULLILE Uie 1 CUOLL HUALULG W alliVICIL WCIHPCLalUle UG SLIVELIL wad vapulaild. ruv (petioi-
bt O a1, 1 Q. ANAY Lol 1AM LAO 1 o n OA O/N
cnlorotorm-methanol 8:4:0.2) furnisned 17 \4.m.1 ng, 94 %).

11 o - L 1 ~a . Lol _al . 1008y, T oo - -V at tal

r_',nanuornencauy pure 1/ was omalneu Dy CI'YSI lzauon ln le[ﬂyl etner at -15"LU. r'rom a soiuuon or 17 win

an ee of 83 % first the racemate crystallized at -18°C and the mother liquid contained enriched 17. After two
crystaliizations from the combined mother liquids enantiomericaily pure 17 couid be obtained. From a solution
of 17 with an ee of 93 % enantiomerically pure 17 could be obtained by two crystallizations at -18°C.-
R¢ (petrol-chloroform-methanol 8:8:1) = 0.33.- Determination of ee: GLC (150°C): ent-17 (tg = 6.6 min) was
not detected, 17: (tg = 7.0 min, 100 %).- 'H NMR (200 MHz, CDClL): § = 1.30 (s, 3H, 7a-CHs), 1.73 - 3.06
(m, 8H, 4s«CHy), 5.95 (d, 1H, 4-H).- >C NMR (50 MHz, CDCL): § = 21.04 (7a-CHz), 27.29, 29.68, 33.37,
36.34, 49.16 (C-7a), 12436 (C-4), 170.18 (C-3a), 198.57 (C-5), 216.94 (C-1).- [a]p™ = +369 (c 1.00,
CsHy), ref” : [a]p = +367 (c 1.00, CsHs).

Reaction of diene 18 with S5-bromo-3-methyl-2(5H)-furanone (rac-2)

a. Reaction in the presence of tetra-n-butylammonium bromide.

18 (50.3 mg, 0.209 mmol), rac-2 (37.5 mg, 0.212 mmol) and tetra-n-butylammonium bromide (39.0 mg,
0.117 mmol) were dissolved in dichloromethane (1 mL) under argon at 23°C. The reaction mixture was
placed into a Teflon hose and submitted to 10.8 kbar in a high pressure autoclave at 22°C for 23 h. In the
course of reaction the initially colourless solution turned blue. Subsequently, the solvent was evaporated.
FC (petrol-toluene 1:1) furnished recovered 18 (1.7 mg, 3 %), 29 (14 mg, 28 %) as a light-blue oil,

i) L~
1

-
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submitted to 9 kbar in a high pressure autoclave under argon at 21°C for 4 d. In the course of reaction the
initiaily colouriess solution turned biue-green. Subsequently, the soivent was evaporated. FC (petroi-toiuene
1.5:1) furnished 29 (5.4 mg, 11 %) as a iight-biue oii, and 77.7 mg of slightly impure rac-2 were recovered.

Dimer 29

R¢ (petrol-toluene 1:3) =0.31.- 'H NMR (200 MHz, CDCL): § = 1.05 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.25 -
1.75 (m), 1.94 - 2.09 (m, 1H), 2.17 - 2.28 (dm, 1H, J = 12.1 Hz), 2.40 (dd, 1H, J = 15.7 Hz, 7.0 Hz; m, 1H),
2.66 (dd, 1H, J = 15.7 Hz, 7.0 Hz), 3.76 (s, 3H, OCH), 3.81 (s, 3H, OCH,), 6.47 (s, 1H), 6.74 (m, 2H, J, =
8.8 Hz, arom.-H"), 6.84 (m, 2H, J, = 8.8 Hz, arom.-H"), 7.03 (m, 2H, J, = 8.8 Hz, arom.-H*), 7.37 (m, 2H,
J, = 8.8 Hz, arom.-H").- ®C NMR (50 MHz, APT, DEPT, CDCl;): & = 20.05 (q), 22.09 (1), 22.61 (1), 23.42
(t), 25.28 (1), 25.58 (q), 27.73 (1), 28.42 (t), 35.32 (1), 37.76 (1), 40.24 (1), 45.76 (d), 49.44 (s), 54.13 (),
55.58 (q), 55.68 (q), 113.47 (d), 114.17 (d), 127.49 (d), 127.69 (d), 129.70 (s), 130.74 (d), 131.04 (s),
131.59 (s), 133.30 (s), 148.94 (s), 151.07 (s), 153.60 (s), 158.39 (5), 158.41 (s).- C3eHiO, (480.69),
FAB MS: m/z = 480.3 [M+H-HY’, also a peak at m/z = 497.3 was detected.

Reaction of diene 18 with S-chloro-3-methyl-2(SH)-furanone (rac-24)
18 (46.1 mg, 0.192 mmol) and rac- 24202 {41.7 mg, 0.315 mmol) were dissolved in dichloromethane

(500 uL) under argon. The reaction mixture was submitted to 11 kbar at 21°C for 3 d. In the course of

reaction the initially colourless solution turned greenish black, anqemxenﬂv the mixture was concentrated

under reduced pressure. FC (petrol-ethyl acetate 10:1 — 2:1) furnished 29 (4.3 mg, 9 %) and recovered
raec-24 (39 1 mo 04 94)

T\ T4 Ak, 75y,
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18 (50.0 mg, 0.208 mmol) and rac-25 (55.6 mg, 0.487 mmol) were dissolved in dichloromethane (300 pL)
under argon at 23°C. The reaction mixiure was submiited to i1 kbar ai 22°C for 3 d. Subsequenily, ihe
soivent was evaporated. FC (petroi-toiuene 3:1) furnished recovered diene 18 (41.3 mg, 83 %) and rac-25

(55.2 mg, 100 %).

Reaction of diene 18 with 3-methyl-2(5H)-furanone (26)
To a vigorously stirred solution of 2-methyl-3-butenoic acid (1.5 mL, 1.45 g, 14.5 mmol) in dichloromethane
(6 mL) a solution of bromine (745 pL, 2.32 g, 14.5 mmol) in dichloromethane (6 mL) was added dropwise
within 1 h. When the bromine colour had faded, the solvent was removed under reduced pressure. The
remaining residue was dissolved in dichloromethane (5 mL) and added dropwise to a solution of triethylamine
(4.00 mL, 2.93 g, 29.00 mmol) in chloroform (5 mL). The reaction mixture was stirred under reflux for 4 h.
On cooling to ambient temperature the mixture formed a precipitate which was removed by filtration.
3-Methyl-2(5H)-furanone (26) (1.27 g, 89 %) was obtained from the filtrate by solvent evaporation and high-
vacuum distillation (43°C, 0.68 mbar).
18 (11.3 mg, 0.047 mmol) and 26 (8.1 mg, 0.083 mmol) were dissolved in dichloromethane (70 pL) under
argon at 23°C. The reaction mixture was submitted to 10 kbar at 21°C for 72 h. In the course of reaction the
initially vellow solution became colourless. Subsequently, the solvent was evaporated. FC (petrol-ethyl

acetate 1()-1) urnished recovered 18 (10,1 mg, 90 %) and a (‘vrln dduct (0 8mg 5 °Aﬂ as a colourless solid .-

v . a 18!



3448 S. Rohrig et al. / Tetrahedron 54 (1998) 3439-3456

Py ey ~a1l _ amandad o — 1 n . 1 AN ATYT ~y YT
R¢ (petrol-ethyl acetate 1:1) = 0.57.- H NMR (200 MHz, CDCh): 8 = 1.40 (broad d, 3H, 7a-CH; or
8a-CHs), 1.43 (s, 3H, 8a-CHj; or 7a-CHs), 3.15 (s, 1H), 3.81 - 3.84 (m, 5H, therein: s, 3H, OCH;), 6.04 (d,
iH, Jo,100 = 5.9 Hz, 9-H or 10-H), 6.51 (d, 1H, Je,100 = 5.9 Hz, 10-H or 9-H), 6.87 (d, iH, J= 8.8 Hz, this

signal could not be assigned), 6.93 (m, 2H, J3~ 2% ) 8.8 Hz,

CoHis0; (338.45), MS: mvz (%) = 338 (9) [M'], 266 (15), 2

A_H), 7.58 (m, 2H, J@*3*) = 8.8 Hz, 2*-H).-
1 (16), 240 (100) [RDA], 197 (12).

Mlu

Cycloaddition of maleic anhydride (19) and diene 18

18 (200.7 mg, 0.835 mmol) and 19 (106.3 mg, 1.084 mmol) were dissolved in dichloromethane (1.3 mL)
under argon at 23°C, and left at 23°C for 1h. In the course of reaction the initially orange colour of the
solution faded. The mixture was concentrated under reduced pressure. FC (toluene) yielded 20 (275.6 mg,
97 %) as a colourless, crystalline solid.

(3b.S)-8-(4-Methoxyphenyl)-7a-methyl-3at,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-3bH-indeno
[1,2-c]furan-1,3-dione (20)

Re (petrol-ethyl acetate 1:1) = 0.47.- M.p.: 182 - 183°C (petrol-dichloromethane).- '"H NMR (200 MHz,
CDCl;): 6 = 0.71 - 0.84 (dm, 1H), 0.79 (s, 3H, 7a-CH3), 1.16 - 1.63 (m), 1.68 - 1.81 (m, 1H), 1.95 - 2.04
(tm, 1H), 2.26 - 2.38 (dm, 1H), 3.41 (d, 1H, Ja3s) = 7.7 Hz, 8a-H or 3a-H), 3.83 (s, 3H, OCH3), 4.27 (d,
1H, 3a-H or 8a-H), 6.23 (d, 1H, Ji,100 = 5.9 Hz, 9-H or 10-H), 6.28 (d, 1H, 10-H or 9-H), 6.94 (m, 2H,
Jo* 2™ = 8.8 Hz, 3*-H), 7.29 (m, 2H, Ja*3*) = 8-9 Hz, 2*-H).- ®C NMR (50 MHz, CDCl;): § = 15.51
2631, 29.34, 50.07, 52,13, 55.75 (()(‘ , 6225, 6773, 69.18, 11438 (C- ?A"\
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Cycloaddition of citraconic anhydride (23) and diene 18

18 (52.6 mg, 0.219 mmol) and 23 (30.1 mg, 0.269 mmol) were dissolved in dichloromethane (500 pL) under
argon at 23°C. The reaction mixture was submitted to 10 kbar at 21°C for 72 h. In the course of reaction the
initially orange colour of the solution faded. The solvent was evaporated. FC (petrol — petrol-ethyl acetate
6:1) furnished 27 (57.8 mg, 75 %) as a colourless, crystalline solid and recovered starting material 18
(10.7 mg, 20 %).

(3bS)-8-(4-Methoxyphenyl)-7a,8a-dimethyl-3az,4,5,6,7,7at,8,8at-octahydro-3br,8¢c-etheno-3bH-
indeno[1,2-c]furan-1,3-dione (27)
R¢ (petrol-ethyl acetate 1:1) = 0.49.- M.p.: 111 - 113°C (decomp., petrol-dichloromethane).- 'H NMR
(200 MHz, CDCL): & = 1.40 (d, 3H, J = 1 Hz, 8a-CH; or 7a-CH3), 1.43 (s, 3H, 7a-CH; or 8a-CH;), 1.23 -
1.78 (m), 1.83 - 2.05 (m, 1H), 2.13 - 2.25 (dm, 1H), 3.15 (s, 1H, 3a-H), 3.82 (s, 3H, OCHs), 6.04 (d, 1H,
Jeo.100= 5.9 Hz, 9-H or 10-H), 6.51 (d, 1H, 10-H or 9-H), 6.92 (m, 2H, J3*2*) = 9.2 Hz, 3*_H), 7.58 (m, 2H,
2A"-H) Bc NMR (50 MHz, APT, CDCL): 5 = 18.08 (), 19.81 (-), 20.78 (+), 22.93 (+), 24.82 (+), 31.24
(+), 55.68 (-), 57.26 (), 61.16 (+), 61.99 (+), 65.72 (+), 68.79 (+), 114.27 (-) (C-3"), 128.74 (+) (C-1*),
0.41 () (C-2*), 136.53 (-) (C-10 or C-9), 142.93 (=) (C-9 or C-10), 159.08 (+) ((“-4"'\ 171.87 (+) (C-3

LIV.TL \TJ\WTh  J) 1IV.I0 TV T D Ty AT M RTaV ), A2V
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-1), 176.05 (+) (C-1 or C-3).- MS: mv/z (%) = 352 (0.43) [M"], 240 (100) [RDA], 225 (14), 212 (9),
(9), 160 (8).- IR (KBr):v = 1848, 1771, 1614, 1519, 1451, 1252, 1189, 1043, 1013, 917 cm™ -

UV (MeOH): Amux (& [10° cm® mol™]) = 204 (end absorption, 14703), 229 (13349), 275 (1410), 282 nm
(1200).- CD (c 28.37 pumol L acetonitrile): Amx (Ag) = 202 (-14.1), 214 (+9.0), 242 nm (-19.9).-

HRMS: calcd for Cp,H,5s04 [M+H]': 353.1753, found: 353.1753.

O
~ O

9

[

Reduction of cycloadduct 20

a. with L-selectride.

To a solution of 20 (14.9 mg, 0.044 mmol) in tetrahydrofuran (500 uL) at -78°C under argon a solution of
L-selectride in tetrahydrofuran (1 M, 45 pL, 0.045 mmol) was added. After stirring for 45 min the reaction
mixture was quenched with sat. ag. ammonium chloride solution (500 pL) and diluted with dichloromethane.
Usual workup (CH;Cl,) and FC (petrol-ethyl acetate 5:1) yielded 22a (10.5 mg, 70 %) and 21 (3.4 mg, 23 %)
as colourless, crystalline solids.

b. with lithium tri-ferf-butoxyaluminium hydride.

To a suspension of lithium tri-tert-butoxyaluminium hydride (91.9 mg, 0.375 mmol) in tetrahydrofuran
(1.0 mL) a solution of 20 (101.0 mg, 0.298 mmol) in tetrahydrofuran (5 mL) was added under argon at
-40°C. The reaction mixture was allowed to warm slowly to ambient temperature, After qﬂmna for 2.5 h the
mixture was quenched with sat. ag. ammonium chloride solution. Usual workup (CH;Cl;) and FC (petrol-
ethyl acetate 5:1 — 3:1) furnished 22a (76.7 mg, 76 %) and 21 (7.9 mg, 8 %) as colourless, crystalline solids

[V v KR N 4 LR Y urmisheg L2 Aigmyy 115, Ty @S VULV WLIVGD, Wi youdal neg sGilgs.

\Jbu}-,u-u_ylu ux_y-o-\v-'lucthﬁrjﬁueﬂy )—

indeno[1,2-c]furan-3(1H)-one (222a)

______ I R e [T DL R 1
R¢ (petroi-ethyl acetate 1:1) = 0.36.- M.p.: 175 - 181°C (decomp., peiroi-dichioromethane).- H NMR
(200 MHz, homodecoupiing, NOED, CDCls): 6 = 0.68 - 0.9 (am, iH), 0.76 (s, 3H, 7a-CHj), 1.2i - 1.54

(m, 4H), 1.62 - 1.74 (m, 1H), 1.86 - 2.08 (im, 1H), 2.20 - 2.31 (dm, 1H), 3.22 (d, 1H, 3a-H), 3.70 (dd, 1H,
J@sa32) = 8.4 Hz, J = 1.5 Hz, 8a-H), 3.82 (s, 3H, OCHy), 4.17 (m, 1H, OH), 5.20 (m, 1H, 1-H), 6.07 (d, 1H,
Jaosy = 5.9 Hz, 10-H), 6.14 (d, 1H, 9-H), 6.91 (m, 2H, Jo*2™ = 8.8 Hz, 3*-H), 7.26 (m, 2H, 2*-H).-
BC NMR (50 MHz, APT, CDClL): 8 = 15.21 (=) (7a-CHj), 21.34 (), 23.76 (+), 26.16 (+), 29.21 (+), 52.40
(-) (C-3a or C-8a), 53.46 (-) (C-8a or C-3a), 55.75 (-) (OCHa), 62.01 (+), 66.56 (+), 66.74 (+), 100.08 (-)
(C-1), 114.35 (-) (C-3™), 129.27 (-) (C-2*), 129.67 (+) (C-1*), 137.05 (-) (C-10 or C-9), 140.16 (-) (C-9 or
C-10), 159.20 (+) (C-4*), 178.33 (+) (C-3).- MS: m/z (%) = 340 (51) [M"], 266 (21), 251 (22), 240 (100)
[RDA], 225 (19), 212 (15), 188 (30).- IR (KBr): ¥ = 1745, 1616, 1516, 1461, 1251, 1182, 1127 cm’ -
UV (MeOH): Amax (€ [10° cm? mol™]) = 203 (end absorption, 11828), 227 (10959), 277 (1168), 283 nm
(986).- CD (c 14.69 umol L™, acetonitrile): Amx (A€) = 206 (+19.7), 225 nm (-25.8).- C;1H,:04 (340.42):
caled: C 74.09, H 7.11, found: C 73.62, H 6.92.

(3bS)-3c-Hydroxy-8-(4-methoxyphenyl)-7a-methyl-3az,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-3bH-

indeno[1,2-clfuran-1(3H)-one (21)

R, (netml-ethvl acetate 1:1) = 0.33.- Mn.: 179 - 181°C (d comp | p ml-dichlommethane\- 'H NMR
20 - 1.55 (m), 1.62 - 1.77 (m, 2H),

.81

1 (s, 3H, OCH3), 4.11 (d, 1H, 8a-H,
1
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(41), 251 (43), 240 (100) [RDA], 225( 0), 211 (20), 197 (28), 188 (51) u{(mar) V=17

1316, 1284, 1243, 1180, 1114, 944 cm - UV (EtOH): Amux (€ [10° cm® mol™]) = 206 (16826), 228 (12915),
275 nm (1632).- CD (c 14.69 pmol L™ acetomtnle) Amax (AE) =205 (-2.9), 217 (+0.9), 234 nm (-
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Reduction of cycloadduct 27 with lithium tri-ferf-butoxyaluminium hydride
To a suspension of lithium tri-fert-butoxyaluminium hydride (16.9 mg, 0.069 mmol) in tetrahydrofuran
(200 uL) a solution of 27 (20.2 mg, 0.057 mmol) in tetrahydrofuran (400 pL) was added under argon at
-40°C. The reaction mixture was allowed to warm slowly to ambient temperature. After stirring for 6 h the
mixture was quenched with sat. aq. ammonium chloride solution. Usual workup (CH:Cl;) and FC (petrol-
ethyl acetate 5:1) furnished 28a (19.4 mg, 96 %) as a colourless, crystalline solid.

(3bS)-3t-Hydroxy-8-(4-methoxyphenyl)-7a,8a-dimethyl-3az,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-
3bH-indeno[1,2-c]furan-1(3H)-one (28a)

R¢ (petrol-ethyl acetate 1:1) = 0.42.- M.p.: 136 - 138°C (petrol-dichloromethane).- 'H NMR (200 Miiz, D,0-
exchange, NOED, CDCL): § = 0.82 - 0.97 (m, 2H), 1.22 - 1.73 (m), 1.40 (d, 3H, 8a-CH; or 7a-CH3), 1.41

(s, 3H, 7a-CH; or 8a-CH;), 1.85 - 1.97 (dm, 2H), 2.61 (s, 1H, 3a-H), 3.68 - 3.78 (m, 1H, OH), 3.82 (s, 3H

OCH;), 5.29 (d, 1H, J =3.3 Hz, 3-H), 5.92 (d, 1H, Jeo,100 = 5.9 Hz, 9-H), 6.37 (d, 1H, 10-H), 6.90 (m, 2n,
JaM2*y = 8.8 Hz 3%-H), 7.61 (m, 2H, 2“2}1).! 1H NMR (200 MHz, HH COSY, NOED, CsDs): 6 = 1.04 (s,
3H, 8a-CHs), 1.48 (s, 3H, 7a-CHz), 1.76 - 1.96 (m, 1H), 2.47 (m, 1H, 3a-H), 3.37 (s, 3H, OCHj), 4.98 (m,
1H, 3-H), 5.60 (d, 1H, Je.i0) = 5.9 Hz, 9-H), 6.45 (d, 1H, 10-H), 6.88 (m, 2H, Jo*2*) = 8.8 Hz, 3*-H), 7.77
(m, 2H, Jo*3*) = 8.8 Hz, 2*-H).- "C NMR (50 MHz, CDCL): § = 18.17, 21.14, 21.36, 22.91, 25.09, 31.21,
55.64 (OCHs), 58.39, 58.92, 64.26, 68.88, 97.37 (C-3), 113.96 (C-3*), 130.12 (C-1*), 130.65 (C-2™),
135.53 (C-10 or C-9), 142.04 (C-9 or C-10), 158.69 (C-4*), 181.27 (C-1).- MS: m/z (%) = 354 (0.9) [M"],
240 (100) [RDA], 225 (14), 212 (9), 197 (10)-m("'“r‘ V= 1747, 1614, 1517, 1444, 1292, 1252, 1185,
1109, 963 cm™.- UV (EtOH): Amax (€ [10° cm® mol ]) 203 (13301) 229 (11553), 274 nm (1106).-

e
[\ ]
w
[P%])
s
1

CD (c 14.11 pmol L, acetonitrile): Amax (A€) = 204 (-17.7), 216 (+0.4), 2
CH204 [M+H]": 355.1909, found: 355.1889.

OH—Cl exchange of 22a

a. Reaction with thionyl chloride in pyridine.

To a solution of 22a (25.0 mg, 0.073 mmol) in pyridine (60 pL, 58.8 mg, 0.743 mmol) thionyl chloride
(107 pL, 175 mg, 1.47 mmol) was added under argon at 0°C. After stirring for 7 h the mixture was allowed
to warm to ambient temperature and stirred for another 2 h. Then excess thionyl chloride was removed under
reduced pressure and, subsequently, the precipitated pyridine<HCI salt was removed by filtration through
silica gel. FC (petrol-ethyl acetate 8:1) furnished 22b (16.9 mg, 64 %) and 22¢ (3.5 mg, 13 %) as colourless,
crystalline solids.

b. Reaction with thionyl chloride in dichloromethane.

To a solution of 22a (25.0 mg, 0.073 mmol) in dichloromethane (500 thionyl chloride (53 pL, 17 mg,
0.73 mmol) was added under argon at 23°C. After stirring the reaction mixture for 1 d excess thionyl chloride
and the solvent were removed under re\.uced pressure. FC (petrol — petrol-ethyl acetate 9:1) furnished 22b
(25.6 mg, 98 %) and 22¢ (0.4 mg, ! %) as colourless, crystalline solids



S. Rihrig et al. / Tetrahedron 54 (1998

(3b8)-1£-Chioro-8-(4-methoxyphenyi)-7a-methyi-3az,4,5,6,7,7at,8,8ar-octahydro-3br,8c-etheno-3bH-
indeno[1,2-cjfuran-3(1H)-one (22b)

R¢ (petrol-ethyl acetate 1:1) = 0.61.- M.p.: 154 - 156°C (petrol-dichloromethane).- '"H NMR (200 MHz,
CDCl;): §=10.71 - 0.83 (m, 1H), 0.78 (s, 3H, 7a-CHs), 1.08 - 1.55 (m, 4H), 1.66 - 1.77 (m, 1H), 1.86 - 2.06
(tm, 1H), 2.24 - 2.35 (dm, 1H), 3.29 (d, 1H, 3a-H), 3.83 (s, 3H, OCHs), 4.16 (dd, 1H, Jsa3s) = 8.4 Hz,
Jga1) = 1.5 Hz, 8a-H), 5.68 (d, 1H, 1-H), 6.12 (d, 1H, Jao,9) = 5.9 Hz, 10-H), 6.21 (d, 1H, 9-H), 6.94 (m, 2H,
Jo*2™) = 8.8 Hz, 3*-H), 7.24 (m, 2H, 2*-H).- >C NMR (50 MHz, APT, CDCL):6 = 15.21 (-) (7a-CH),
21.26 (+), 23.69 (1), 26.05 (+), 29.12 (+), 51.69 (-), 55.77 (-) (OCHs3), 56.39 (-), 62.62 (+), 66.77 (+), 68.15
(#), 90.42 (-) (C-1), 114.56 (-) (C-3*), 128.71 (C-1*), 129.20 (-) (C-2*), 136.30 (-) (C-10), 140.89 (-)
(C-9), 159.47 (+) (C-4™), 175.93 (+) (C-3).- MS: m/z (%) = 360 (32) / 358 (93) [M"], 345 (10) / 343 (29),
277 (14), 251 (16), 240 (100) [RDA], 197 (26), 165 (18), 121 (18).- IR (KBr): ¥ = 1793, 1614, 1515, 1463,
1252, 1184, 1151, 1029, 986, 720 cm™ .- UV (MeOH): Amux (& [10° cm? mol™]) = 203 (6298), 227 (6180),
276 nm (661).- CD (c 27.87 umol L", acetonitrile): Amax (A€) = 208 (+21.4), 227 nm (-21.9).- C3;H»05Cl
(358.86): calcd: C 70.29, H 6.46, Ci 9.88, found: C 70.33, H 6.58, C1 9.95.

(3bS)-1¢c-Chloro-8-(4-methoxyphen

R, (netrol-ethvl acetate 1°1) = 050- Mn - 183 - 186°C (decomn netrol-dichloromethane) . 'H NMR
Ny (petrol-etnyl acetate 1:1) = V0L, M.p.. le 1807C (gecomp., petroi-aichioromethane) n NMR
MO MH> CTYWILN 8 =082 _0AA (dm 1 ORND e TH TalHNY 1TIR_TAN{I(MmY 184 _. 176 (m 1THEN
\hv\l J.'LILL’ \Ju\/lj, v Y o o/ e VoW \\-‘l‘l, ‘.AA}, V.UV \ﬂ’ J‘.L, 1 \IALS), 1.49 PN SAYS \llll, 4.WT i i\ \lll’ ‘l.l”
1Q7_7206 (tsm 1IN 7726 _ 227 fdm 1IN 22074 1 Tm. o= 2 & 1I> 2+ LN 282 fa 2 NCLLY A N4
1.0/ = L. VU \Llll’ lll}, e . T o y \Ulll’ lll}’ J.JIAYV \u’ l..l.I’ J\Ja,u) 0.J J._I.L’ JATL L > 0.04 \D’ JLJ’ \J\_/]..lB}, T.LTY
(dd, 1H, 8a-H), 6.17 (d, 1H, Js.100 = 5.9 Hz, 10-H or 9-H), 6.32 (d, 1H, Ju.8) = 7.6 Hz, 1-H), 6.54 (d, 1H,
AIT A~z INTN £01 fos ALIT T A AL — 00 TTo 2AT I 7 An 7 AT AAM I M~ IT N M1 /1520 94y A AQ.
-1 Or lU-ﬂ), 0.71 \m, 41, J 2 ) — 0.0 s, 2 =I1), .4V \m, 41, 4 =I1).~ L2113zl {(390.00), IVID.
i F{ 1 VA ~TN T r\r"’ I AN ALY L4 ox LY 444 Y4 Y& i n] T A3 ~ 11 10N 1
m/z (%) =360 (3 (7)/ 343 (18), 265 (15), 251 (21 ], 211 (15), 1

._
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B

o0

(29), 185 (20), 1 ).- IR (KBr): v = 1789, 1612, 1515, 1463, I
UV (MeOH): Ama (g [10° cm® mol™]) = 203 (end absorption, 10359), 227 (8943
CD (c 13.93 pmol L", acetonitrile): Amax (A€) = 197 (-11.7), 207 (+7.7), 228 nm (-18.0).

N

,277 nm (1276).-

(3a8,6aR)-3,3a,4,6a-Tetrahydro-cyclopenta[b}furan-2-one (31)

To a solution of 30 (837.4 mg, 3.32 mmol) in tetrahydrofuran (5 mL) DBU (600 pL, 612 mg, 4.02 mmol)
was added under argon. The reaction mixture was stirred for 2 h at 50°C and then for 90 min at 70°C. On
cooling to ambient temperature the mixture formed a colourless precipitate which was dissolved by addition
of water. Dichloromethane was added and the aqueous layer was extracted with dichloromethane for six
times. The combined organic layers were washed with sodium chloride solution and again the aqueous layer
was extracted with dichloromethane. The combined organic layers were dried (NaSQ,), filtered and
concentrated under reduced pressure. FC (petrol-ethyl acetate-i-propanol 6:1:1) furnished 31 (359.0 mg,
87 %) as a colourless oil.- R¢ (petrol-ethyl acetate-i-propanol 2:1:1) = 0.46.- Determination of ee: GLC
(120°C): ent-31: (tz = 14.3 min, 0.3 %), 31: (tg = 15.5 min, 99.7 %).- [a]p”" = +134 (c 1.00, CH,CL), ref."*:
[a]p? = +132.6 (c 0.97, CH,CL).
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1A rfall P N

5 per cent HCIL. uncmoromemanc was auuea anu me aqueous layer was extracrea w1m mcmoromemane IOI'
five times. The combined organic layers were washed with water, with sat. aq. sodium chioride solution and
with water, dried (NaSO,), filtered and concentrated under reduced pressure. FC (petrol-ethyl acetate 3:2)
furnished 32 (342.0 mg, 78 %) as a colourless, crystalline solid.- R¢ (petrol-ethyl acetate 1:2) = 0.27.-
[a]o™€ = -100 (c 0.40, CHCl).- CD (c 32.86 pmol L™, acetonitrile): Amx (A€) = 195 (+14.4), 237 (-6.5),
271 nm (-2.4).

(3bS)-8-(4-Methoxyphenyl)-7a-methyl-1¢-((3E,3a5-cis)-2-0x0-4,6a-dihydro-2H-cyclopenta[b]furan-
3(3aH)-ylidenemethoxy)-3at,4,5,6,7,7at,8,8ar-octahydro-3br,8c-etheno-3bH-indeno[1,2-c]furan-3(1H)-
one (34b)

32 (17.1 mg, 0.112 mmol) and potassium fert-butoxide (10.3 mg, 0.092 mmol) were dissolved in
tetrahydrofuran (500 pL) under argon at 20°C. The mixture was stirred for 15 min. After about 5 min a
colourless precipitate formed. Then a solution of 22b (28.9 mg, 0.080 mmol) in tetrahydrofuran (1.1 mL) was
added. After stirring for 28 h at 20°C the reaction mixture was quenched with water. Usual workup (CH,Cl,)
and FC (petrol-ethyl acetate 5:1) furnished 22b (0.7 mg, 3 %) and 34b (36.8 mg, 96 %) as colourless solids.-
R¢ (petrol-ethyl acetate 1:1) = 0.43.- M.p.: 95 - 99°C (petrol-dichloromethane).- 'H NMR (200 MHz,
H,H COSY, NOED, CDCL): 8 = 0.70 - 0.82 (m, 1H), 0.81 (s, 3H, 7a-CH3), 1.11 - 1.57 (m), 1.65 - 1.77 (m,

1H), 1.88 - 2.06 (m, 1H), 2.23 - 2.35 (dm, 1H), 2.43 - 2.60 (dddd, 1H, J4'4*y=17.6 Hz, J(4'32)=2.6 Hz, ] =
5.1 Hz, 2.6 Hz, 4'-H), 2.88 - 3.07 (ddddd, 1H, Js+32» = 8.8 Hz, J = 1 Hz, 4*-H), 3.26 (d, 1F 33.—-) 3.67 -
> > A3 AN -3 =7 Ty Ladaitd ——y v /> \ rd vl

3 80 (dddd 1H 3a'-H) 382 (¢ OCH)Y 387 (dd TH Tee2ax=R4Hz ey =185 Hz Ra-H) 5§19 (d
3,80 {4qaad, 10, sa-), 3.82 (5, 25, QUH3), 3.87 (44, 11, J(832a) = 8.4 IZ, M8 1) = 1.0 HzZ, da-11), 0.1 (G,
1H, 1-H), 5.49 - 5.59 (dm, 1H, Je'3a) = 7.3 Hz, 6a’-H), 5.84 - 5.92 (ddd, 1H, Y57 = 5.5 Hz, J = 4.4 Hz,
2.2 Hz, 6"-H), 6.04 - 6.11 (m, 1H, 5"-H), 6.15 (d, 1H, Jaos) = 5.8 Hz, 10-H), 6.22 (d, 1H, 9-H), 6.91 (m, 2H,
T ACAL — © 0 IT, AT ITN 7AN0 fas AT AATIN 790 fAd 16T Voo n = 3 £ 1T 7.IN _ 3~ A\ 720 ALY,
J@T2T) = 6.6 NZ, 3 -K1), 1.2V N, 411, & 1), /.25 (Q, 101, J(7'3a) T 2.0 NZ, / -r1).- U NIVIN (OU MIriZ,
T\TTNYT AL MNEIY NANAOWY AWM. € 18 AN LN M MNITY N A1 AL (4N A L0 f4\ AL NO 4\ NONL f\ D77 OL FAN
DEPT 45, C,H COSY, CDClhj: 0 = 15.30 {g) (7a-Chs), 21.25 (i), 23.65 (t), 26.Us (1), 29.06 (1), 37.86 (q)
(C-32"), 39.14 (t) (C-4"), 51.10 (d) (C-8a), 52.58 (d) (C-3a), 55.79 (q) (OCHs), 62.47 (s) (C-3b or C-7a or
C-8), 66.82 (5) (C-3b or C-7a or C-3), 87.94 (d) (C-62), 10487 (&) (c-s), 113.36 (s) (c-s ), 114.61 (d)

A An - ~o AA 7N e AR A A 77 PPN o

3 S 'y ~d
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~
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(C-3*), 128.73 (s) (C-1Y), 128.9: 129.45 (d) (C-6"), 13 (d) (C-10), 137.40
140.62 (d) (C-9), 151.99 (d) (C-7"), 159.51 (s) (C-4™), 171.74 (s) (C-2' ), 176.07 (s) (C-1).- FAB MS: m/z =
497.2 [M+Na]*, 475.2 [M+H]*, 460.1, 323.1 [M+H-CsHz0s]", 240.1 [RDA].- IR (KBr): v = 1782, 1748,
1679, 1616, 1515, 1349, 1250, 1186, 1154, 1075, 1016, 972 cm’.- UV (EtOH): Amux (€ [10° cm? mol™]) =
228 (21520), 276 (2127), 283 nm (1881).- CD (c 10.54 pmol L, acetonitrile): Amax (Ag) = 194 (-19.0), 205

(+15.8), 224 (-12.7), 238 nm (+9.3).- HRMS: calcd for CpsH3; 05 [M+H]": 475.2120, found: 475.2119.

U

2-Oxo-(3aS)-(3ar,6ac)-3a,6a-dihydro-4H-cyclo-penta[b]furan-3-(E)-ylidene-methyl-toluene 4-sulfonate
(33

To a solution of hydroxymethylene lactone 32 (24.8 mg, 0.163 mmol) in tetrahydrofuran (1.25 mL)
triethylamine (91 pL, 66 mg, 0.651 mmol) was added under argon at -30°C and subsequently a solution of
p-toluenesulfonyl chloride (39.6 mg, 0.208 mmol) in tetrahydrofuran (250 pL). After stirring for 1h the
mixture was quenched with sat. aq. sodium hydrogen carbonate solution. Usual workup (CH,Cly) and FC
(petrol-ethyl acetate 6:1) furnished 33 (47.7 mg, 96 %) as a colourless, crystalline solid.- R¢ (petrol-ethyl

AV b ad SEIETEETE

cetate 1:'1) = 0.42 .- 'H NMR (200 MHz, homodecoupling, CDCL): 8 = 2.18 - 2.31 (dddd, 1H, J@4n =

. REVY LY s

=26Hz J=5.1Hz 2.6 Hz 4-H), 2.47 (s, 3H. 1*-CH,), 2.78 - 2.95 (ddddd, 1H, J*3a) =

3 =26Hz J=51Hz 26 Hz 4-H), (s, 3H, 1”-CHy), 2, 95 (ddddd, 1H,

9.2Hz, J = 2.2 Hz, 2.2 Hz, 1.1 Hz, 4*-H), 3.57 - 3.71 (dddd, 1H, 3a-H), 5.46 - 5.55 (dm, 1H, J(ma =
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7.7 Hz, 6a-H), 5.78 - 5.86 (ddd, 1H, J.5) = 5.5 Hz, J = 2.2 Hz, 6-H), 5.95 - 6.03 (m, 1H, 5-H), 7.40 (m, 2H,
arom.-H), 7.59 (d, 1H, Jo.30 = 2.9 Hz, 7-H), 7.82 (m, 2H, arom.-H).- *C NMR (50 MHz, APT, CDCL): & =
22.25 (-) (1*-CHs), 37.81 (-) (C-3a), 39.18 (+) (C-4), 88.44 (-) (C-6a), 119.85 (+) (C-3), 128.56 (-) (C-2™),
128.83 (-) (C-6), 130.91 (-) (C-3%), 132.23 (+) (C-1*), 137.94 (-) (C-5), 144.41 (-) (C-7), 147.07 (+)
(C-4%7), 170.37 (+) (C-2).- C1sH1405S (306.33), MS: m/z (%) = 306 (3) [M"], 242 (6), 240 (7), 155 (66),
134 (79), 91 (100).- CD (c 16.32 pmol L™, acetonitrile): Amax (A€) = 207 (+4.4), 227 (-3.3), 268 (-1.3),
275 nm (-1.5).

Reaction of 22a with rac-33 in the presence of sodium hydride

To a suspension of sodium hydride (55-60 per cent dispersion in mineral oil, 2.8 mg, 0.064 mmol) in
tetrahydrofuran (100 pL) a solution of 22a (15.2 mg, 0.045 mmol) in tetrahydrofuran (500 uL) was added
dropwise under argon at 23°C. After stirring for 15 min the reaction suspension was cooled down to 0°C and
a solution of rac-33 (13.7 mg, 0.045 mmol) in tetrahydrofuran (500 uL) was added. After stirring for 24 h at

0°C and 4 d at 23°C the suspension (colour change to pale-yellow) was quenched with 5 per cent aqueous
p and FC (petrol-ethyl acetate 6:1) furnished 34a,b (5.9 mg, 28 %), 6.4 mg of

1
al WOrsKup an yi accrate o: nea 34a
r

10 %) rac-35 (0.6 rqo) n

Jy TRLTII (V.U I

0
rac-36 (1.1 mo). Rac-35 and

SV 42 aigg. LSOO Al

: and

. ng) and

rac-36 were identified by TLC-comparision (petrol-ethyl acetate 1:1) with authentic samples.”> HPLC
3 "~ 20 1

(Y s henanerh Q1 AN 1N T = 940N mm TN = mm nmatral_athul anatnata 21 _ 3y athol anatata 1) mT mn-"l
\LAA\JIUUDULU 1 UU, iv Plll’ Ay e TS llull’ AL llu‘l’ PVLIUI CLIIYL avvialy &. 1 7 Chilyl aublal@, AWV Rk, L
TN hae TTUV datantinm: 1 = IEL nen) gamarntad tha 240 h 2%a cmnivtizea 44 griald 2Ada h fA N o 10 0/ and 9%
10 var, UV aetection: A = 226 nm) separatea tne S4a,0-22a mixture 1o yieid 54a,0 (4.U mg, 19 V) ana 22a
£ 1 e 1A QN
2.1 mg, 14 %).

OH—Cl exchange with 28a

a. Reaction with thionyi chioride in pyridine.

A solution of 28a (10.0 mg, 0.028 mmol) in pyridine (23 pL, 22.5 mg, 0.285 mmol) was cooled to 0°C under
argon and thionyl chloride (31 pL, 51 mg, 0.43 mmol) was added. After 25 h excess thionyl chloride was
removed under reduced pressure and the precipitated pyridinesHCI salt was removed by filtration through
silica gel. FC (petrol-ethyl acetate 10:1) furnished 28b (5.2 mg, 50 %) as a colourless oil and 28¢ (2.5 mg,
25 %) as a colourless, crystalline solid.

b. Reaction with thionyl chloride in dichloromethane.

To a solution of 28a (10.0 mg, 0.0282 mmol) in dichloromethane (200 pL) thionyl chloride (20 pL, 34 mg,
0.28 mmol) was added under argon at 23°C. After stirring the reaction mixture for 9 h excess thionyl chloride
and the solvent were removed under reduced pressure. FC (petrol — petrol-ethyl acetate 9:1) furnished 28b
(10.1 mg, 96 %) as a colourless oil and 28¢ (0.3 mg, 3 %) as a colourless, crystalline solid.

(3bS)-37-Chloro-8-(4-methoxyphenyl)-7a,8a-dimethyl-3a¢,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-
-indeno[1,2-clfuran-1(3H)-one (28b)
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3) b

m/z = 373 [M+H]', 371.2, 337.2 [M+ "H Cif’, 327.0, 240.1 [RDA].- IR (KBr): v = 1786, 1616, 1516, 1254,
1034, 1006 cm™ .- CD (c 26.82 pmol L™, acetonitrile): Amx (Ag) = 205 (-3.0), 217 (+1.2), 234 nm (-13.0).-
HRMS: calcd for Cy,H,405Cl [M+H-H. ] 371.1414, found: 371.1421.

(3bS)-3c-Chloro-8-(4-methoxyphenyl)-7a,8a-dimethyl-3az,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-
3bH-indeno[1,2-c]furan-1(3H)-one (28¢)

R (petrol-ethyl acetate 1:1) = 0.63.- "H NMR (200 MHz, CDCly): 6 = 1.15 - 1.75 (m), 1.35 (s, 3H, 8a-CH;
or 7a-CHs), 1.41 (d, 3H, J = 1 Hz, 7a-CH; or 8a-CHj), 1.85 - 2.05 (m, 1H), 2.45 - 2.55 (m, 1H), 3.04 (d, 1H,
Jea3 = 7.0 Hz, 3a-H), 3.80 (s, 3H, OCHs), 6.25 (d, 1H, 3-H), 6.31 (d, 1H, Je.10) = 5.9 Hz, 9-H or 10-H),
6.44 (d, 1H, 10-H or 9-H), 6.90 (m, 2H, Ja*2* = 9.0 Hz, 3"-H), 7.61 (m, 2H, 2*-H).- CxHa0;Cl
(372.89), MS: m/z (%) = 372 (< 0.1) [M"], 240 (100), 225 (9), 212 (7), 197 (7).- IR (KBr): v = 1774, 1612,
1517, 1253, 1117, 987 cm™.- UV (MeOH): Amax (e [10° cm? mol™]) = 229 (6913), 275 (667), 282 nm (573).-
CD (c 13.41 pumol L™, acetonitrile): Amax (Ag) = 205 (-32.3), 219 (-5.0), 234 nm (-42.9).

Reaction of 28a with 33 in the presence of sodium hydride
To a suspension of sodium hydride (55-60 per cent dispersion in mineral oil, 4.4 mg, 0.101 mmol) in
a)

tetrahydrofuran ( 150 ;ﬂ__) a solution of 28a (13.3 mg, 0.038 mmol) in tetrahydrofuran (250 uL) was added
under aroon at 22°C Subseauentlv a solution of 33 (16.1 mo. 0.053 mmol) in tetrahvdrofuran (100 ul)) was
under argon at 22°C. Subsequently, a solution of 33 (16.1 mg, 0.053 mmol) n tetrahydrofuran (100 pl.) was
added dropwise. After stirring for 16 h at 22°C (colour change to orange) the reaction suspension was
mianrhad anat & nar rant aananne HOCL 2 mT ) Tenial wnrlhmn (CH.CLY and 0 fnmfrnl=nf vl acatate A1)
\iuullbllbu vviiil v y\ll WAL QY UWUWAILED A AN \J lllul. W/ Ol “Ull\uy \\IL‘. \/l‘] Qdivd A v \l.l\dl-l\}l wiilyl dwwiGiw vV ll
remiohad 1 Q mg of an neidantifad eida neadunt 27 76 1 ma 24 04) 8 7 ma of a miviura of 27/98a and tha
AULIUDIICU 1.7 llls U all ULHMUCIHILLLIUA iU lJlUUuUt, o/ \U.l 11k > P e IU}’ L lllé Vil G HUALWULU Ul J// 44048 Aliu wuiv
‘! v ne A 2T AN mer 2 O/ na malasirlase anlids ITDT O (T i henans l C: &N 1N .oemar = VLN tara Y =
-cpuucl Ul J97 (V. 0) ad LUIUULITYY SULUS. i WALUSULU O1 UV, 1V L, LIV 1ML, 11S

20 mm, petrol-eth ac
Vo B + QPPN ¥ o\ N\ nend ™
mixture furnished 37 (3.8 mg, 20 %) and 2

(3b3)-8-(4-Methoxyphenyl)-7a,8a-dimethyi-3/((3E,3a5-cis)-2-0x0-4,6a-dihydro-2H-cycio-
penta[b}furan-3(3aH)-ylidenemethoxy)-3at,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-3bH-indeno[1,2-
c]furan-1(3H)-one (37)

R¢ (petrol-ethyl acetate 1:1) = 0.43.- M.p.: 158 - 162°C (decomp., petrol-dichloromethane).- 'H NMR
(200 MHz, homodecoupling, CDCI;): 6 = 0.76 - 0.98 (m, 1H), 1.40 (s, 3H, 8a-CH; or 7a-CHs), 1.43 (d, 3H,
7a-CH; or 8a-CHz), 1.22 - 1.54 (m), 1.67 - 1.77 (m, 1H), 1.87 - 2.02 (m, 2H), 2.39 - 2.54 (dddd, 1H,
Jawavy=17.6 Hz, J¢32a)=2.6 Hz, T =52 Hz 2.6 Hz, 4"-H), 2.72 - 2.89 (m, 1H, J@4+3.)=8.8 Hz, J = 2.6 Hz,
2.6 Hz, ~ 1 Hz, 4*'-H), 2.79 (s, 1H, 3a-H), 3.63 - 3.75 (dddd, 1H, 3a’-H), 3.82 (s, 3H, OCHj3), 5.28 (s, 1H,
3-H), 5.50 - 5.58 (dm, 1H, J»'3s) = 7.7 Hz, 6a’-H), 5.81 - 5.89 (ddd, 1H, J¢57)=5.5Hz, J=4.4 Hz, 2.2 Hz,
6°-H), 5.96 (d, 1H, Jaos = 5.9 Hz, 10-H), 5.99 - 6.05 (dddd, 1H, J = 2.2 Hz, 2.2 Hz, = 1 Hz, 5"-H), 6.41 (d,
1H, 9-H), 6.92 (m, 2H, Jo*2™) = 8.8 Hz, 3*-H), 7.39 (d, 1H, Jr'3») = 2.9 Hz, 7"-H), 7.60 (m, 2H, 2*"-H).-
C NMR (50 MHz, APT, C,H COSY, CDCl;): § = 18.21 (-), 20.83 (-) (8a-CH; and 7a-CHs), 21.05 (+),
22.79 (+), 25.13 (+), 31.14 (+), 37.84 (-) (C-3a"), 38.88 (+) (C-4"), 55.66 (-) (OCHy), 57.77 (-) (C-3a),
58.51 (+), 59.96 (+), 64.54 (+), 69.07 (+), 88.04 (-) (C-6a"), 103.01 (-) (C-3), 113.36 (+) (C-3"), 114.09 (-)

———— 72 N2

(c-3Af), 129.17 () (C-6"), 129.46 (+) (C-1*), 130.58 (-) (C-2*), 135.17 (-) (C-10 or C-9), 137.62 (-) (C-5),
142.53 (-) (C-9 or C-lO) 15212 () (C-7), 15888 (+) (C-4™), 171.90 (+) (C-1), 179.67 (+) (C-2").-

w

+H] 460.1, 240.2 [RDA].- IR (KBr): v = 1775, 1751, 1618,
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12843), 233 (15096), 275 (949), 282 nm (816).- CD (c 10.23 pmol L™, acetonitrile): Amx (Ag) = 194
(+54.9), 209 (Schulter, +0.7), 233 nm (-39.2).- HRMS: calcd for C30H330¢: 489.2277, found: 489.2273.

(3bS)-8-(4-Methoxyphenyl)-7a,8a-dimethyl-3c-((3E,3aS-cis)-2-0x0-4,6a-dihydro-2H-cyclo-
penta[b]furan-3(3aH)-ylidenemethoxy)-3at,4,5,6,7,7at,8,8at-octahydro-3br,8c-etheno-3bH-indeno[1,2-
clfuran-1(3H)-one (3-epimer of 37)

R (petrol-ethyl acetate 1:1) = 0.39.- 'H NMR (200 MHz, CDCls): § = 1.26, 1.38, 1.44 (broad s, s, broad s,
3#3H, 8a-CH;, 7a-CHj, and the signal of an impurity (5 = 1.26)), 1.22 - 1.54 (m), 1.93 - 2.09 (m, 1H), 2.11 -

221 (m ”—T\ 244 - 260(dm 1H, I 4»y=17.6 Hz, 4.m 2.83-13.01 (m 1H 4*J—T\ 3.03 (d 1H Jz.n =
6.6 Hz, za-m 3.72 - 3.85 (m, 1H, 3a’-H), 3.82 lq 3H, nmm 5§53 -

2i) P&

5.
6a’-H), 5.85 (d, 1H, J3,34) = 7.0 Hz, 3-H), 5.89 - 5.98 (m, 1H, J's7y = 5.5 Hz

ANS _ A11 (mvn T R'_IN & 1’2 {A 11—1 Tnnn\ =£Q > 1NN 20 /(4 1T Q_ L Q1 fm OTT TAr AL —
L, A" O \IIH Ard, Lj./, AT e \ ALy JLIU,Z) R g _lJ.L, LV—.IL,’ Vot S \\J’ l].l, ~ LL,’ V. 4 \lll, LLL’ S Y4 )
QOIT, 2AIN TAN (A 1T Tman = 2 & 10> T_IN T AT fen LT AT TN IT N - {400 N2 TAD MC
T e LLL, e -ll-’l’ 7.tV \U, 111’ J{7 28 ) e T .l».l.Ls 7 "LL}’ Ir.vJ \lll’ Lll’ et -llj - \4301L33U6. \‘?07."..}}, LNl 1vio
S = €11 D PAINTZTY 40O 2 MUALITIY AN 1 AAN A TDTYATL

WL ™ 1.4 llVl 1 lﬂa_l 2 “07.J llVL‘l.]._l ? 'TUU.L, P2 AV VA ll\u[\]

Pyrolysis of coupiing produci 37

37 (16.7 mg, 0.034 mmoi) was piaced into a flash vacuum pyroiysis apparatus preheated to 230°C at 10 bar.
The sample was pyrolized in a pyrolysis tube (30 cm x 1 cm quartz glas) heated to 500°C. The pyrolysis
products were allowed to condense at a cold finger cooled with liquid nitrogen. After 15 min the starting
material was gone. After 45 min the pyrolysis reaction was stopped and a yellow oil was obtained as raw
material. FC (petrol-ethyl acetate 10:1 — 2:1) yielded 18 (6.6 mg, 81 %) and 38 (5.0 mg, 59 %) as colourless
solids. 38 was compared with GR28, its enantiomer and the corresponding 2"-epimers'’ by TLC-comparision

(petrol-ethyl acetate 1:2) and CD.

3-[(2R)-4-Methyl-5-o0x0-2,5-dihydro-furan-2-yloxymethylene]-(3aS)-(3ar,6ac)-3,3a,4,6a-tetrahydro-
cyclopenta[b]furan-2-one (38)

R¢ (petrol-ethyl acetate 1:2) = 0.31.- M.p.: 141 - 143°C (petrol-dichloromethane).- "H NMR (200 MHz,
homodecoupling, CDCl): 6 = 2.04 (dd, 3H, Ju-ch,3) = 1.5 Hz, Jucn,2y) = 1.5 Hz, 4°-CHa), 2.41 - 2.56
(dddd, 1H, J@a4v = 17.6 Hz, J@43a) = 2.6 Hz, J = 5.1 Hz, 2.6 Hz, 4-H), 2.74 - 2.92 (ddddd, 1H, J@4) =
18.0Hz, J=2.2 Hz, 2.2 Hz, 1.1 Hz, 4*-H), 3.63 - 3.75 (dddd, 1H, J3a4% = 8.8 Hz, 3a-H), 5.51 - 5.59 (dm,
1H, J6a32) = 7.7 Hz, 6a-H), 5.83 - 5.90 (ddd, 1H, Je.5)= 5.9 Hz, ] = 4.4 Hz, 2.2 Hz, 6-H), 6.02 - 6.09 (dddd,
1H T=22Hz 22Hz ~1Hz 5-H), 6.13 -6.17 (dg, 1H, J2 37 =15 Hz, 2-H), 6.92 - 6.97 (dq, 1H, 3"-H),

45 (d, 1H, Jo39 = 2.6 Hz, 7-H).- 3G NMR (50 MHz, APT, CDCl;): & = 11.14 (4'-CHs), 37.76 (-) (C-3a),
98 (+) (C-4), 88.22 () (C-62), 101,08 () (C-27), 11428 (+) (C-3), 129.10 {-) (C-6), 136.47 (+) (C4"),
25 I o R\ 141 45 (Y (.Y 181 14 (O 17072 (CLD) 17 9(\ (_ (’\_ FAR MG m/» = 2710

) A\ ) 1.11 LT \WT7jy RIV.IU (T, VoA WY AL L2RF AVANI. Aru

[M+NaJ", 2490 +H]'.- IR (KBr): ¥ = 1785, 1740, 1677, 1348, 1185, 1092 1019 957c .- UV (BtOH):
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