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TOTAL SYNT HESIS OF VARIOUS ELEHANOLIDES 

Institute far Organic Chemfstry, Technical University of Berlin 

D-1000 Berlin 12, West Germany 

Abstract - Starting with a suitable substituted divinyl cgclohexaaone, eleven 
naturallyoccurring 22.8-elemanolides bearing exo-methylene or methyl groups 
at C-11 and differing fn substitution as well. 8s in relative configuration, 
have been synthesized in race&c form. An approach to elenmolides with 
additional oxygen functionalities fa principally possible by modification 
of the basic concept, Methods for the oxidative generation of terpenoid 
exo-methylene lactone and furan units are exemplified by synthesis of 
menthofuran and the p_menthenolides from fsopulegols, 

The plant family Compositae is rich in sesquiterpene lactones. Among other classes,also the elman- 

elides have now raised to a considerable number of representatives, 

related cytotoxfc lactones 1) 
In addition to vernolepin and 

*several 
2 - 91 

12-g-cis-elemmolides were reported mainly in the last ten 

years l As shown in Scheme A,these cornpounds differ in the configuration at C-10 101 and C-11 

as well as in the oxygenation pattern at C-6, C-9, C-14 and C-15, As in some cases the assignment 

of their relative stereochemistry caused difficulties, a total synthetic approach to these lactones 

was desirable. Previous synthetfc work was mainly focused on the synthesis of vernolepin 111 and 

related 12,6-tram-lactones 12) . 

: Retrosynthetfc considerations for the synthesfs of eleman-B,12-olides 
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Retrosynthetic considerations led to the proposal, that for the simpler members of this class lack- 

ing additional oxygen functions the known d&vinyl cyclohexanone _l_ should be a suitable precursor, 

as it allows introduction of the essential C-7-substituent as an electrophile, Ketone J_ itself can 

be referred to a corresponding 3.4-disubstituted 2-cyclohexenane vi8 conjugate addition of a vinyl 

unit. In course of this addition it also should be possible to introduce 8n additional C-!&function 

by enolate oxygenation. On the other hand, 8~ additional C-14-function had to be present already in 

the enone precursor , which in either case could be obtained via a cycloaddition route. Generation 

of an addition81 C-6-function should be possible using 8 6,7-epoxide derived from A* the C-?-sub- 

stituent having to be introduced as a nucleophile now. Finally, a regioselective allylic oxidation 

could serve for the fun~tionali~tion of C-15, These considerations are briefly outlfned in 

Scheme A. Of course in all cases the stereochemistry, particularly of C-7 relative to that at C-10, 

had to be controlled, 

As 8 precursor for elemenone, 

routes 13) 
ketone _l_ has been prepared prevfously by dffferent 

, the most convenient of these 13b) 
starting with the well known Hagemann ester 14) . A slight 

modification of the latter procedure raised the overall yield of _l_ to 59%. For the transformation 

of _l_ to the corresponding sesquiterpene lactones an additional C3-unit is required. Since initial 

attempts to direct introduction (by alkylation of _l_ or the related p-ketoester _Z_ with 2-bromo- 

or 2-oxo-propionete) were not very promising, a stepwise mode was chosen, which consists in methy- 

lation or methylenation respectively of preformed 13-E-lactones obtained by coupling of _l_ with 

a C2-unit. Moreover, control of the final substitution and stereochemistry at C-11 respectively, 

seemed to be easier in this way, 

Thus,I was transfotmed to the ketoester G by treatment with lithium diisopropylamide 

(LDA) in the presence of h8x~ethylphosphor~de (HMPA) at -78’C followed by addition of methyl 

bromoecetate (Scheme,B), As could be deduced from the lH-RMR-spectrum,only one product was obtained. 

The observed couplings (see Table 1) clearly indicated the presence of the kinetically controlled 

product A, resulting from quasi-axial alkylation,but preferring a final conformation with axial 

H-7 and equatorial W-5. Complete conversion to the the~yn~cally more stable epimer 3 occurred 

on treatment of 4 with methoxide in methanol, the observed couplings now being in agreement with 

an axial orientation of both H-5 and H-7. Reduction of J& with lithium tri-tert-butoxyaluminum 

hydride (LATBH) gave 8 single hydroxyester fra,which on heating with p=toluenesulfonic acid (p-T&H) 

in benzene afforded nor-lactone _9_ in 53% overall yield related to l_, This compound was also obtai- 

ned by saponification of & and lactonisation of the resulting hydroxyacfd $& by heating in benzene 

without acid catalysis. Three small couplings of H-B in compounds 6alb and 9_ verified that hydri- -- 
de had attacked specifically from the W-face. 

Transformation of I into the bis-epimeric nor-lactone E proved to be more difficult. 

Initial attempts to reduce the keto group in b chemoselectivaly (N8BH4 or XXI'BH at O"c> afforded 

mixtures, obviously due to partial fsomerisation st C-7. This isomerisation Was completely suppres- 

sed by using diisobutylal~inum hydride (DIBAH) at low temperature, but these conditfons led to a 

mixture of dials & and 8b (g* 60:40 ratio),still epimeric at C-8, as could be deduced from their 
1 H-R!+spoctra (see Table 1). Only slight different ratSos of C-8-epimers were obtained by use of 

LiAlH4, L,&TBH or even L-selectrlide at low tern ratures. Vhile diol & is smoothly converted to the 

desired cis-lactone E by A~2CU3-oxidation 15 Y t in the case of 8b only minor amounts of the corre- 

sponding trans-lactone 82’8 produced besides a mixture of more polar products result2ng from a 

fast initial C-%oxfdation, Thus,after Ag2~3-oxid8t~on of the dial mixture 08/b ready purifieatim 

of lactone 10 vas possible, the overall yield of 29X from J_ being unsatisfactory, however, 

An improved yield of 10 was obtained in a different approach starting from ketoacid 2, 

obtftinable by saponification of .&or simply by performing the C-7-fsomerisation of 4 with aqueous 

base. Alternatively, condensation of _l_ with dimethyl carbonate 16) and subsequent alkylation of the 

obtained d-ketoester _2_ with methyl brumcuscetate gave ketodiester J_ 8s 8 single diastere-r, tk 

configuration at C-7 following from the observed nOe between H-S ant$ on&,af the side chain methylene 

protons, Sa~nifi~tion-decarboxyl8tio~ of _3_ then 8180 led to ketF,&d fib by me8ns of the already 

mentioned C-7-isomerisation, Heating of !& with sodium acetate in ace& anhydride 17) sfforded the 
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Synthesis of nor-lactones _9_ and 10 

1 8a 
8b @-vi) Cl 

\ 

* Usual sesquiterpene numbering is used throughout this paper (cf. Scheme A) 

8) NaH/Me2C03 1) NaHIBrCH2CO2Me 5) LDAfBrCH2C02Me A) NaOMe orKOH 2) Ea(OH)2 r) DIBAH 

a) Ag2C03 h) NaOAc/Ac20 iJ DIBAH/[MeCu] k) LATBH l_> [I H+ or AT 

thermodynamically more stable butenolide & in 50% overall yield related to _l_ after separa,tion 

from a -11 amount of epimer 7b formed as a byproduct. Assignment of stere-hemistry was confirmed 

by the fact that 2 could be also obtained from the selenides 14alb (vide infra) by oxidative -- -- 
elimination. Finally, conjugate reduction of 7a with DIBAH in the presence of methylcopper and 

HMPA 18) 
- 

took place specifically from the less hindered W-side giving a virtually quantitati 
r 
e 

yield of the desired bis-epinteric nor-lactone lo. Thus,the precursors for several natural compounds 

of both diastereomeric series were obtained in good yields, 

Methylation of the lithium enolates of 9 and 10 at low temperatures occurred stereoselec- - - 
tively from the a-side, affording the a-methyl lactones 11 and 2, respectively (Scheme C). The 

latter ws identical with the natural lactone callitrin 4,6) . 
C-ll-epimer 15 had been %solated recently 8) 

while in the case of 11 only the - 
- . However, epimerisation of 11 could be achieved effec- - 

tively. Thus,deprotonation of 11 followed by quenching with tert-butanol at -1lO'C afforded essen- - 
tially pure epimer 15 which was identical with the natural lactone 8) . Similarly, factone 22 could - 
be epimerised to 26, although in this case even under opttiized conditions only a partial conver- 

sion was achieved; the separation of 26 from recovered _22_ being easy, - however. The spectral data of 

_2& were superimposable with those of a third natural dihydrolactone 8) . 
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Sv: Synthesis of eleman-8b.l2-olides 

14 W-epi) 7b 

18 - 

d 

a_) LDA/MeI 1) l)LDA 2)t3uOH/-l100C 

20 (R - k2W 
n (R=CHO) 

23 WCH,OH) 

%R-C=O) 

5) LDA/PhSeCl 4) H202&02 2) tDuOOH/Se02 

The transformation of 11 and 22 to the corresponding exolnethylene derivatives 19 and 28 should be - 

the phenylseleno derivatives lQ! However , in both cases the latter group had to be 

fi-orientated to achieve the required regiospecific selenoxide E-elimination. Reaction of the 

lithium enolate of 11 with phenylaelenyl chloride afforded the undesired epimer 37 (vide infra) -- - 

with an #-orientated phenylseleno group, as expected from the mathylation results. Consequently, 

the desired isomer 18 was obtained by Changing the order of the methylation and selenylation - 
20) steps , Oxidative elimination was performed with hydrogen peroxide in the presence of selenium 

dioxide, adapting conditions reported for the very fast oxidation of thioethers 
21) . In this way a 

very smooth, high yield conversion to the exo-methylene lactone 19 was achieved, which was identi- 
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: Co~fo~t~u~~ behaviour of eleman-8/*12--elides 

cal with the natural compound s , a) By 
5,i> 

an analogous sequence lactone g was transformed to the 

naturally occurring compound 28 Havfng sufficient amounts of 28 in hand, its identity with 
l 22) 

the previously isolated lactone igalan of undefined stereochemistry could be estabfished,though 
t 

only a 60 ~~~~~-~us~~tr~ was reported* It should be noted that g was recently identified as 

the most active component of a sesquiterpene lactone mixture 
23) 

isolated from a South American tree, 

and showing significant leaf cutter ant-repellent activity . 

The stereochemical course of the various substitution processes agrees well tith the pre- 

ferred conformations of the parent compounds, which follow from the fH-M3R data, if ona assumes 

similar conformational behaviour of the corresponding enolates (see Tables 3/s and Scheme D). As 

followed from the observed couplings, all compounds derived from 9, are present in a chair confor- 

mation represented by A,with axial H-5, H-7 and 8_ItR, an fnformative W-~ou~~i~g always being ob- 

served between the axial Wmethyl and H-%X. The compounds related to 10 in most cases adopt the 

chair conformation represented by B,w-ith axfaf. H-5 and H-8, H-? and H-90( being equatorial and the 

axial IQ-methyl now showing a W-coupling to H-9&#. However, with a large llfi-substituent present, 

a different ~onfu~t~on _C_ fs preferred with axial 8-OR and a U-coupling uccuring between H-5 and 

H-96, being both equatorial now, Inspection of models showed that these conclusions also explain 

the observed preference for W-attack on the derived enalates,as shown fn _D_ and E -* However, in the 

case of derivatives of 10 bearing a large C-11-substituan~~-attain can compete, as the tetragona- 

lisstion at C-11 becomes sterically hindered presumably by influence of the axial H-5, This view 

can explain the formation of some in the methylation of 25,as well as the finding that 22 

could be only partially epllmerised to 2fi. 

Allylic oxidation of I& l!Zj, 19, 22 and 28 was achieved under the mild conditions developed 

by Umbreit: and Sharpless 241 , which recently have also been used in a partial synthesis of meliten- 

sin 12d) . Even in the presence of the exo-methplene double bonds,high yield regiospecific oxidation 

at C-15 was observed, The resulting alcahols f2, l6, 3, 2 and 29 were accampanied by varying 

amounts of the corresponding aldehydes, which could easily be separated from the alcohols. Complete 

conversion to these aldehydes occurs smoothly on treatment with active manganese dioxide. So far 

only two of the carbinols have been isolated from nature, the spectral data of synthetic 23 and 2 

being fdentical with those of the natural compounds 71 . 

As compounds related to the lactones already synthesized, the butenulides B, 34 and 36~1 

as well as the furan 35 are known as natural products. Also these elemane derivatives could be z- 

pared (Schame E) starting from ketoester Sa_, which first was ketalised to 3, After methplatiun of 

the corresponding lithium eno~a~,su~equent hydrolysfs and ~~~~fi~at~on afforded katoacid 32 as - 
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Table 1: 1 H-NMR itata of compounds 2 -10 (400 MHz, CDCf,), 6 -- -values and coupling-constants J (Hz) 
-- 

H-l 
H-2 E 
H-2 z 
H-3 E 
H-3 Z 

H-5 
H-6* 
H-613 
H-7 

H-8 
H-9o( 
H-9/3 
H-11 

H-11’ 

H-14 
H-15 

C02& 

5,6# 
5,6fi 
7,6ac 
7,6/3 
798 
7,ll 
?,ll’ 
8,9& 
8,9@ 
6%6/g 
9%9A 
11,ll’ 

-- 

-- 4 

2 3 4 J&m j&p* & 7b - 5 8b 9 

4*79 5.84 5.72 5,85 S.76 5.73 5.88 5.82 5.78 5.75 5.78 5.77 
4.98 5.00 5.00 4.98 4.91 5.02 5.19 4.92 4,99 4.97 4.96 5.08 
4.97 4.94 -4.96 4.91 4.89 4.98 5.22 4.91 5.01 4.95 4.93 5.09 
4.88 4.97 5.03 4.92 4.83 4.99 4.85 4,84 4.88 4,86 4.90 15.m 
4.76 4.76 4.91 4,66 4.61 b-72 4.73 4,60 4.83 4.61 4.67 4.84 

2.17 2.43 2.31 2.55 2.04 2.12 2.6Od 2.08 2.16 1.98 2.11 2.36 
2.37dd2.06dd2.04 2.00 1.33 2.73dd2.78dd 1.95 Il.66 1*77 
2.31dd2.80dd1.82 1.81 1.83 2.66dd2.76d 1.50 1,X 

1 l,j(jm%2.02 
1.69 1.71 

-- c_- 3.07 2,95 1,99 -- - 2,16 1.75 2.44 2.86 2.38 
dddd dddd dddd 

&;t - 2.67 _- 

2.4Sd 2,22d I 

--- 3.98 4,93dd4,95dd 4.04 3.55 4.58 4.71 4,04 

2.52s” ;*;;d]l.64m to’;: ;*;; ;*d’: ;*;!j ;*;; ;*; ;*;; 

- 3,09d-2.73 2:79 2,SO 5:76s S:78s 2:03 I:65 2:72 2:SS 2:46 
dddd dddd 

_)- 2.83d 2.24 2.21 2.35 -- - 1.52 1.54 2.3Od 2,41 2.17 
dddd dddd 

1.03 l.O$ 1.06 0.96 1.17 1,18 1.02 1.03 1.00 1.07 1.02 1.08 
l.fS 1.73 1.89 . 1.77 1.71 1.75 ‘1.77 1.70 1.82 1.71 1,73 1.84 

3.76s 3.69s 3.68s 3.68~3.68s H-12 3.80 3.76 --- -- - 
3.78,s H-12’ 3.82 3.62 -- - - 

6,5 3.5 5.5 3.5 3 4.S 6,s 13.5 4.5 3 13.5 2 
9 13 s 12,s 13 12,s 2 3 s 13 3.5 5.5 
- -- 6 6 3.5 -- - 4 4 6-3 S*S 3.5 
_.m -_ x2.5 12.5 12 -- - 10.5 12.5 I*5 12 
*_ - NW- 
- -- 7 6,s ; 

; 
9 7 11 

- -- 7s : 12.5 6 
W We 7 6 6,s - - 

: 
4’s 41 8.5 12.5 

- - - 3 11.5 6,S 4 iii 4 6 12 
-c. - - - 3 6.5 12 12 4,s 2.5 11 4 
16 14.5 14 13 13 14 1s 13.5 13.5 14 14 13.5 
18 13 14,s 13 14,s 12,s 13 13 13.5 35.5 13.5 12.5 
- 16 16 16.5 15 - - 14.5 14.5 16.5 I7 15.5 

CT . 

Yiizr- 
plfci ty 

dd 
d 
d 
br s 
br § 

dd 
ddd 
ddd 
ddddd 

ddd 
dd 
dd 
dd 

dd 

S 

br S 

ddd 
ddd 
-m 

further couplings: al1 cwapounds: 1,2E-X0,5-11; 1,22-17-27.5; 3E13Z-lS,3E=l.S; 15,32=5,32<1; 

11,12’*9.5; 11’,12-55; 

11’,12’-4: 12,12’=IO.S; S,9fiel; co~pouud 2: 
-----------_ 

2 in C6D6: H-9 2.31 d, H-9 2.42d; & in c6D6: H-6 1.12 ddd, H-6 1.35 ddd; 

** the corresponding acids 5b and 6b show essentially identical spectra, differing only by some 
- insignificant shifts andTf cauze lacking the C02Me-singlets. 

Table 2: ‘3C-?W? data of compounds 1 - 

I I 2 3 
--Fi- 546.8 146.4 146.2 

c-2 110.0 112.8” 111.6 
C-3 113.3 113.3* 114.3 
c-4 X45.6 146.3 144.0 
C-S 51,6 48.7 47.3 
C-6 27.9 25.9 3?*W 
e-7 41.2 t 96.3 s 59.8 s 
C-8 210.7 s 172.6 s 206.2 s 
c-9 53.6 41.5 SO.4 
C-10 44.1 38-f 44.6 
C-11 _- - 33.9% 
C-12 _T.w -_ 171,4*s 
C-14 17.6 q 19*1 q 18.0 q 23.Pq 17.2 q 
c-15 25.0 24,6 24,8 

51.8q Sl.7q 51.Sq UMe -- - 

/_ 

52.otq 
C02Me - 170.4s 17u.*s 

51.4 q _ * 

42 
143.3 
113.W 
114.W 
145.1 
SO.7 
28,2 
40.4 t 

210.2 s 
48.2 
47.0 
_- 
- 

71.0 t 
2s. 1 

96.7 t 
55.5 q 

m 

ii- 
t 

t 

i 
t 

t 

s 

Q 

aEm= 

* these assignments a*& &WJWRS by pairs ** the corresponding acid 5b showsessentially ideuti- _ - 
- cal shifts @XC&@ C-12 (a78.2~1, but is of course lacking the C&-quartet:. 
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Table 3 : l?i-lWR-data of elersan-8,6,12-elides (400 NHx, CM&), d -values and coupling constants J 

iKiElF= 
plicity 

H-l 
H-2 E 
H-Z Z 
H-3 E 
H-3 2, 

dd 
br d 
br d 
br s 
br s 

H-5 
H-dot 
H-6/3 
H-7 

::d 
ddd 
dddd 

H-8 

:I$ 

H-11 
H-13 
H-13’ 
H-14 
H-15 

ddd 
dd 
dd 

15m - 17 2** 24 26 19m 30 - - 21 x** - 

5.77 5.57 5.73 5.56 5.75 5.56 5.97 5.80 5.58 5.71 5.51 
4.97 4.86 4,% 4,86 4.95 4.85 4.95 4.99 4.88 4.94 4.85 
4.95 4.80 4.94 4.97 5.05 4.77 4.99 4.97 4.82 4.89 4.77 
4.85 6.16s 4.87 6.18s 4.95 6.22 s 4.90 4.85 6.14s 4.91 6.23 s 
4.58 6.08s 4.61 6.099 4,67 6.12 s 4.69 4.50 6.08s 4.68 6.12 s 

1.96 2.86 1.95 2.86 2.18 2.04 2.90 1.97m;; 2.52 
1.67 1.54 1.60 1.76 1.60 2.22 
1.57 1.64 

1.67 1.57 1.75 2.17mbR 

2.11 2.17 -2.38 2.47 2.35 2.36 2.72 3.03 3.05 :*;;; . ## ;*;; 
ddd br ddd br ddd ddddd ddddd ddddd 

4.69 4.74 4.48 4.52 4.65 4.67 4.66 4.48 4.57 4.80 4.82 
1.68 1.75 1.69 1.77 1.90 1.94 1.86 1.77 1.82 1.93 1.97 
1.97 2.12 2.05 2.11 1.41 1.51 1.98 1.89 2.10 1.30 1.36 

2.41 2.43q 2.81 2.84 2.56 2.66 2.78 A-_ --_ -__ w-w_ 

1.09 1.31 1.22 1.20 1.22 1.21 1.20 5.58 5.59 5.56 5.56 
--. - _- -_ --- -- -- 6.17 6.16 6.34 6.38 
1.05 1.01 1.07 1.00 I.03 0.98 1.00 1.03 1.00 1.05 0.99 
1.69 9.38s 1.72 9.38s 1.73 9.39s 1.76 1.69 9.38s 1.72 9.40 s 

-~-~__,._-L~ 

3.5 3 2.5 3 14 14 5 3 3 12.5 14 
13 13 13 13 4 4 7.5 13 13.5 4.5 
6.5 7 6 6 6 6 7.5 7.5 7 6 2 
12 12 12 12 1 1 6.5 11.5 11.5 2 1.5 
5 5 4 75 
2 41 6.5 2.5 1; 12.5 

Ir’ __ 5 I:’ __I 75 

7.5 7.5 7 7 7 7 7 __ _)_ -II -- 

14 14 13.5 14 15 15 14.5 14 14 15 15 
15 15.5 15.5 15.5 13 13.5 15 15 15.5 13 13.5 

in C6D6: H-6oY l.lSddd, H-64 1.33ddd; i in C6D6: H-6* 1.5Oddd,H-6b 1.25ddd,H-5 1.72dd; 

in C6D6: H-6&‘1.55ddd,H-64 ]..48ddd,H-5 1.77dd,H-7 2.56ddddd; 

dq 
d 
d 
S 

br s 
mr 

5,6* 
5,6&j 

5$z 
7:8 
7,ll 
11‘13 
6w, 6P 
9or,sp 

.4 
* 

tR 
$1. 
- the corresponding 15-hydroxy compounds 12, l6, 23, 20 and 29 are characterised by a pair of 

broadened doublets (614.04 and 3.95 ppm, J=14Hz for allcompounds) reulacing the H-15 methyl 
signals. The remaining signals appear essentially unchanged compared wi;h the-parent compounds, 
being only somewhat shifted in the following cases: H-3E (+0.25-0.35 ppm), H-32 (+0.20-0.30 
ppm), H-5 (ca. +O,OS ppm), H-l’ (ca. -0.05 ppm; in 29; -0.15 ppm), H-13 (+0.20 ppm in X?,-0*07 
ppm in l6) and H-9& (+0.06 ppm G 12 and 20). All?!&plings are unchanged except: 3E,3Z=lHz. - --- -. .Y- - --.P. . _PW --_-em .- p 

further couplings: all compounds: 1,2E=10.5-11; 1,22=17- 17.5; 2E,22&1; compounds 2, 15, l9, 
22, 26 and 28: 3E,32=15,3E=1.5; 15,32=5,3241; compound 19: 7,13=7,13’=1.5; compound 21: 7,13= 
7,13-l; c=pound 28: 7,13=3; 7,13’=3.5; compound 30: 7,157,13’=3.5; co 
_l9_ and 2: 14,9~~<? compounds 22, 24, 28 and 30: lr9/41; compound 
7,9,,@<1; compound 28: 7,9~-8,13’<1; 

- 
- 

Table 4: l3 C-NIB-data of eleman-8fi.l2-elides and of nor-lactones 2, 10 and lot - 

C-l 
c-2 
c-3 
c-4 
c-5 
C-6 
c-7 
C-8 

Is, 20 28 29 

148.0 147.6 147.3 146.7 
111.2 
112.8 
145.9 
48.9 
30.1 
40.1 
76.1 
40.0 
38.3 

141.0 
170.5 
120.8 

19.2 
24.4 

112.0 111.0 111.8 
111.9 113.0 111.6 
149.8 145.7 149.3 
43.9 46.0 41.2 
30.5 26.5 27.1 
40.2 39.1 39.2 
76.0 75.8 75.6 
39.8 42.0 42.5 
38.2 39.6 39.6 

141.0 137.3 137.0 
170,s 170.5 170.4 
120.9 120.3 120.5 

18.3 16.4 15.9 
67.2 24.8 67.4 

* all assignments in this table have been proved intiiwcases by selective decoupling or 
GATED-, INEPF- and heteronuclear 2D-shift correlation experiments. 
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Table 5: lH-MB-data of phenylseleno lactones (400 MHz, C#6>, 6 -values and coupling-constants J 
-- 

H-l 
H-Z E 
H-2 Z 
H-3 E 
H-3 Z 
H-5 
H-6M 
H-6 p 
H-7 
H-8 
H-9~’ 
H-96 
H-11 
H-13 
H-14 
H-15 

PhSe-o 
-m/P 

ICII- 

5,6c~ 
5,6fi 
7.6~ 
7,6/j 
7,ll 
7,8 
8,9W 
8,9/3 
6%61 
9%9/3 

I-- 

-- 
14a 14b 18 37 - 

5.50 5.55 5.63 5.56 
4.89 4.90 4.93 4.92 
4.81 4.84 4.87 4.85 
4.83 4.85 4.88 4.83 
4.49 4.55 4.63 4.50 
1.47 1.57 1.65 1.55 
1.12 1.70 1.81 1.25 
1.35 1.64 1.99 1.43 
1.91brddd 1.88dddd 1.70 1.85 
4.42 3.81 4.07 4.87 
1.10 1.18 1.29 1.62 
1.78 1.83 1.88 1.91 
3.55 brs 3.96 --- -- 
____ ---- 1.37 1.55 
1.05 1.07 1.04 1.08 
1.56 1.60 1.64 1.60 

7.67 7.67 7.94 7.74 
7.05 7.05 7.08 7.09 
-rtl2f==c 
2.5 3 2.5 2.5 
13 12 13 13 
6.5 6 6.5 6 
12 11 13 12 
tl 6 - - 
4.5 4 4.5 4*5 
4 4 4.5 2 
2*5 2 4.5 4.5 
14 13 13.5 13 
15 15.5 15 15.5 

25 - 

iz 

4:75 

4.93 5.78 4.95 6.06 

4.92 4.91 
4.89 4.97 4.81 
4.56 4.72 4.52 
1.66 2.57 2.03 
1.41 I.62 1.49 
1.73 1.87brdd 1.31 
2.16 dddd 2.14 br dd 2.38 
3.90 4.29 4.69 
1.54 1.89 1.37 
1.03 2.28 1.81 
3.29 -- --- 
-- 1.37 1.50 
0.57 0.77 0.78 
1.59 1.74 1.55 

7.79 7.80 7.75 
7.01 7.08 7.06 

13.5 14 .4 
3.5 4*5 8.5 
6 8 7 

:3 -- 41 6.5 - 

8 8.5 6 
6 6.5 4.5 
11 12 5 
14.5 15.5 15 
13.5 13 15 

multi- 
plici ty 
dd 

:: 
br s 
br s 
dd 
ddd 
ddd 
ddd 
ddd 
dd 
dd 
d 
9 

S 

br s 

m CW* 
IS (3H)** 

* width ca. 
20 Hz - 

E width ca. 
40 Hz 

further couplings: all compounds: 1,2E-10.5-11; 1,22=17-17.5; 2E,2Z-1; 3E,3Z-15,X=1.5; 
15,32=5,32<1; compound 14a: 14,9al= 11,6cX= 11,9fi”l; compounds H, 18 and 37: 14,94udl; 
compounds 25 and e: 14,-&l; compound E: 5,9#(=1; 
5s 

Table 6: 
1 
H-NMR-data of compounds 33-2 (400 MHz, CDCl,), d -values and coupling-constants .I 

H-l 
H-2 E 
H-2 2 
H-3 E 
H-3 Z 
H-S 
H-6@ 
H-6/3 
H-8 
H-9W 
H-9fi 
H-12 
H-13 
H-14 
H-15 

5,641 
5,68 
8,9c\’ 
8,9B 
6% 61j 
9W9/3 

I- 

33b * 34 - 35 

5.73 
5.00 
4.97 
4.99 
4-73 
2.04 
2.67 
2.55 
4.83 
1.33 
2.20 
-_ 

1.83 
1.17 
1.76 

5.43 
4.84 
4.75 
4.89 
4.53 
1.59 
2.15 

:=z 
0:98 
1.86 

5.41 
4.88 
4.80 
4.64 
4.53 
2.15d 
2.04 d 
2.20 
4.45 
1.97 
1.48 

1.67 
0.72 
1.55 

1.68 
0.74 
1.42 

5.63 
4.92 
4.89 
6.32 s 
5.53 s 
2.68 
2.95 
2.57 
4.84 
1.41 
2.23 
-_ 

1.83 
1.09 
-_ 

5.88 
4.97 
5.00 
4.87 
4.76 

5.70 
5.00 
4.97 
4.98 
4.74 

2.3Ot 2.05 

2.42 d 
2.56 
2.72 

_- _- 
2.37 d 1.76d 
2.68 d 2.14 d 
7.06 - 
1.93 1.83 
1.07 1.27 
1.75 1.77 

5.69 
5.00 
4.97 
4.99 
4.74 
2.07 
2.58 
2.68 
-- 

1.75d 
2.24 d 

1.87 
1.22 
1.77 

3.01 UH 8.42 OOH 

4 7.5 4 3 
7 3.5 3.5 

13.5 *=l ::A 13 13 
11.5 6 -- _- 
6 11.5 6 __ - -- 
14 14‘5 13.5 -- 13.5 13.5 
12 12.5 12.5 16 14 14.5 

II: 

multi- 
plicity 

dd 
d 
d 
br s 
br s 
dd 
dd 
dd 
br dd 
dd 
dd 
br s 
br s 

Ls 

br s 

* in C6D6 
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&&me E: Synthesis of butenolide- and furan-type compounds 

h 
m 33b+19 -- 

a> 2-methoxy-1.3-dioxolano/[@] 1) l)LDA/MeI 2)H30’ 3)HO’- 

3)&03/ Kc‘ 4)cH2N2 2) l)DIBAH 2)H30+ 

s) NaOAc/Ac20 c$ l)tBu00HfSe02 2)MnO2 

r> 02/[PtO2] 8) LDA/PhSeCl &I H202/seQ, 

a mixture of C-11-epimers, A temporary loss of stereochemical integrity at C-7 observed in the 

ketalisation step was compensated by the equilibrating conditions of the saponification. By heating 

with sodium acetate in acetic anhydride,ketoacid 32 was transformed to an unexpectedly unfavorable - 
mixture of butenolides 33a and 33b (ca. 60:40 ratio). After separation of this mixture,it could be -- 

shown that the spectroscopic data of 
251 

were identical with those of natural isogermfuren- 

olide . Confirmation of the stereochemistry assigned to 33a and 33b was gained from the identity 

of $& with a butenolide obtained by selenoxfde elimination from the already mentioned selenylation 

product 37 of lactone 11. By allylic oxidation of B, subsequent Jones oxidation and esterification - 

with diazo~t~ne,compound 34 was obtained, its spectral data being identical with those of natural 
26) - 

desoxysericealactone l Reduction of the butenolide mixture g/b with DIBAH followed by acid 

treatment 27) afforded 
28) 

furan 35, its spectral data being identical with those of isofurano- 

germacrene , 
26) 

Finally, by stirring a solution of 35 under oxygen in the presence of platinum 

dioxide , low yields of B and the corresponding hydroperoxide 36b were obtained, the spectral 
25) data of 36a being identical with those of hydroxyisogermafurenolide . Assignment of stereochemis- 

try was confirmed by the observed nOe between 10-methyl and OH in a,and the fact that 36b was 

immediately transformed to 36a by reduction with triphenylphosphine. 

With regard to the introduction of further oxygen functions into the elemane skeleton, a 

number of model reactions were undertaken following the considerations mentioned in the beginning. 

At first, a C-14-function can be established in the course of an alternative approach to the re- 

quired divinyl cyclohexanone precursor (Schema F). Thus,cyclohexenone 39 was prepared by cycloaddi- 

tion of diene 38 29) 

30) - 
and methyl vinyl ketone (lOO°C, neat),followed by Wittig olefination and Jones 

oxidation . It should be mentioned that an analogous sequence allows the convenient preparation 

of isopiperitenones, which are valuable synthetic intermediates 33) . Thus isopiperitenone 47 32) and 
33) 

- 
its derivative 48 were obtained, starting with diene 46 

34.Y- 
- and methyl vinyl ketone or methoxymethyl 

vinyl ketone , in 51% (47) and 40% (48) overall yield from diene 46, respectively. Reaction of 

enone 39 with the lithio derivative 40 37) followed - by Jones oxidation afforded enone 4l, which by 
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Table 7: 
1 
t-NM&data of compounds 1, 42-g and s-52 (400 MHz, CDC13), 

d-values and coupling constants J 
ill- -m-m- 

1* 42 I* 45b - - 44 
H-l 5.61 5.63 5.90 5.81 5.84 5.86 5.85 5.81 
H-2 E 4.84 4.94 5.06 5.18 4.98 5.00 5.00 4.93 
H-2 Z 4.75 4.82 5.08 5.13 4.92 4.98 4.94 4.91 
H-3 E 4.88 4.96 ## 4.94 4.94 5.08 5.09 5.03 
H-3 Z 4.54 4.75 4.70 4.67 4.79 4.71 4.78 
H-S 1.97 2.06 1.89 2.12 2.68 3.03 2.82 s 2.45 br s 
H-6& 1.48 1.56 1.55 dd 1.68m# 

1.97 ddd --_ -- 
H-6fi 1.66 2.14 1.42 dd 

2.47 ddd 6*70dd 3.55d 3.27 br d 
H-7* 1.89ddd 1.97ddd 2.37 -2.50 -c _I-_ -a 

H-7/3 2.25 2.38 W-B -_ 3.22 ddd 6*05dd 3.30 br d 3.19d 
H-8 --- --_ 4.68 4.65 -_ -- -_ 4.28 dd 
H-9& 2.07 d 2.13d 2.33 1.62 3.32 d 

2.45 s 
2.87 d 1.78 

H-91j 2.11 2.56 1.67 2.52 1.89 1.86brd 1.45 
H-11 m-w --_ 2.82 2.75 
H-11’ -_ I-_ 2.24 2.31 
H-14 0.87 s 3.66 3.75 3.80 0.99 s 1.05s 0.96 s 1.04s 
H-14’ w-e 3.41 3.57 3.65 
H-15 1.62 1.69 %# 1.76 1.76 1.85 1.84 1.83 

Il- -li =lllll---- ---_----_ 
5,6w 3.5 3 5.5 3 3.5 -_ --- 

5,6/5 13 12 13 13 13.5 

1 

4 41 1 
bar, 7~s 7 6.5 4 6 -__ 7 --_ _I-_ 

6~,7/3 2.5 3 w-w --- 2 
6LWo; 13.5 11 13 3.2 10 -_ --- --’ -_- 

6/3,7/?1 4.5 5 w-s _)-_ 5.5 i 4 3.5 
8,9w W-V B-c 7 4 -- w-m 6 
8,9P B-w _)-- 10.5 4 -- w-m e-e 6 
6w@ 14 13 13.5 14 14.5 -__ --_ *-- 

9%98 13.5 14 13.5 15 14 w-w m-w 14 
14,14’ I- 9.5 9 11 -_ --- _I-_ --_ 

II-I ---w* =P------ 

I in C6D6; E in C6D6; ocH20Me: 4.42 AB-m(2H) and 3.24 s (3H); E We: 2.05 s (3H); 

& in C6D6: H-6w l.OSddd, H-64 1.35ddd; e H-3/H-15: 1.28s and 1.18s; 
-ill- ----P m--n 

-ICI 

mu1 ti- 
plici ty 

dd 
d 
d 
br s 
br s 
dd 
dddd 
dddd 
ddddd 
dddd 
ddd 
dd 
dd 
dd 
dd 
d 
d 
br s 

--13cI 

-ill-1311 

further couplings: all compounds: 1,2E=lO,S-11; 1,2Z=17- 17.5; 2E,2Zgl; 
all compounds except j&: 3E,3Z= 1,5- 2; 15,3E= 1.5; 15,3Z- 5,3Zel; compound _I_: fcu,71”J- 14;7A9,&2; 
7ar,9oc= 14,9cU(=l; compound 42: 7&,7,&m 14.5; 7/3,9b=2; compound 44: 7.8~ 7.5; 7,11-9.5; 
7,11’=2.5; ll,ll’-18: compound 45b: 7,8-4.5; 7,11=7; 7.11 -1; ll,llt-17; 14’,9~-dl; 
compound 49: 7,9,&-1.5; 14,9e<Tcompound 2: 5,792; compound 2: 7,9,&x1; 5,7=14,9mCrl; 
compound 52: 6,8- 7,8- 14,9w< 1; 

~-a¶a-*lrl-n~~--===G~--~ 

Table 8: 13C-NKR-data of compounds 33-36, 44, 45b and E-52 (67.5 or 100 MHz, CDCl,, &-values) - 
--lLlcP 

33a 33b 

C-l 
c-2 
c-3 
c-4 
c-5 
C-6 
c-7 
C-8 
c-9 
c-10 
c-11 
c-12 
c-13 
c-14 
C-15 

146‘5 146.2 
111.8 113.1 
113.9 113.9 
144.8 147.1 
52.9 49.4 
28.3t 28.6t 

161.9s 161.9s 
77.9d 78.1 d 
45.7 39.2 
40.8 40.7 

120.1s 120.7s 
174.7s 174.7s 

8.2 8.3 
17.oq 27.9q 
24.7q 25.3q 

OMe 

144.9 147.0 147.4 147.1 
112.5 110.9 122.0 112.3 
125.4 112.7 114.2 114.4 
140.8 147.1 144.7 144.5 
44.8 49.9 54.2 54.0 
27.7t 24.lt 27.lt 27.2t 

160.9s 116.4s 160.1s 157.1s 
77.5d 149.49 102.8s 108.5s 
45.3 36.1 49.3 45.7 
40.8 40.1 40.6 40.4 

120.7s 119.3s 122.09 124.2s 
174.5s 137.ld 171.99 171.7s 

8.3 8.1 8.2 8.3 
15,Oq 19.4q 17.7q t7.8q 

167.9s 25,4q 24,4q 24.4q 
52.1 q 

144.5 144.5 
112.1 123.9* 
SrL 114.0 * 
83.1 145.6 
51.5 49.1 
26.8t 29.4t 
32.0 d 35.0 d 
77.2 d 78.8 d 
34.8* 37.5 
48.1 42.9 
33,5t* 32.5t 

176.6s 176.6s 
- -_ 

76.9 t 63.5 t 
+* 24.6 q 

SMe 
-rr. 

-- 
-- 50 

dim --a 

49 s1 52 

146.5 146.1 146.0 148.2 
fll.2 132.5 112.1 110.8 
113.5 116.4 115.8 114.9 
145.1 142.4 143.1 144.5 
46.6 52.7 51.1 50.4 
33.3t 150.6d 61.3d 56.9d 
52,4d 128.6d 54.9d 55.3d 

207.2s 199.2s 206.2s 64.2d 
48.0 47.5 47.1 38.7 
44.3 42.4 45.3 36.7 
- - -- 
- -- WV - 
- *_ - - 

17.lq 22sq* 20.3q 24.29 
25.lq 24,5q* 25.2q 25.7q 
15.2 q 

-ql 

* these assignments are&i- by pairs ** C-3/6-15: 28.2q and 22.99 - 



Total synthesis of various elemanolicks 1379 

: Apprada to 14-oxygenated ele~n-~~l2-olidaa 

treatmant with vinyl ~g~es~~br~ide in the presence of G~I~~~~~~~~ ~~a~~~ded the desired 

functionalised divinpl ketone t2 with virtually complete stereoselectivity . Transformation of #?_ 

to the corresponding nor-lactone was now tried,in analogy to the preparatfon of 2 from 1, 

However, application of the acid catalysed conditions for lactonisatfon of hydroxyester 43, 

which was obtained from 42 by alkylation - f epimerisatian and reduction, led to the exclusive forms- 

tion of compound 44 (42% yield from 42) by simultaneous deprotection and cycliaation. Hence, lactone 

+!& was prepared via saponification of 43 and lactonisation of the resulting hydroxyacid in reflux- 

ing benzene. Whfle no formation of cyclisation product $_ was observed under these conditions, at- 

tempts at subsequent removal of the protecting group from $& (pyridiniurn p_toluenesulfonate 401) 

methanol, thiophenolf BF -etherate 41 
3 3 led again to substantial formation of 44. Best results were - 

finally obtained by refluxing & in methanol containing a trace of aqueous HCl, giving hgdroxylac- 

tone 45b in only 27X; yield from ketone 42, however, An improve~nt of this approach to C-14-oxygen- 

ated elemane derivatives should be possible by choice of a more suitable protection group. In con- 

nection with an allylic oxidation at C-15 followed by lactonisation,also compounds of the 14.15-6- 

lactone type should be atlcessible avoiding the usual exo-methylenation step of a preformed lE_nor- 

6-lactone unit l 
56) 

As a precursor for b&-oxygenated eleman-8.1%elides, epoxy alcohol 

ketone 1 (Scheme G). Transformation of l_ to the o(‘-methylthfo derivative 49 

tion 21J- - and efimination afforded enone 50, which by alkaline epoxidatfon gave 

JZ_ was prepared from 
42) ? subsequent oxida- 

epoxy ketone 51 by ex- - 
elusive attack from the less hindered W-side. Reduction of sf. with sodium borohpdride in the pres- 

once of cerium trichloride 43) afforded 52 with almost complete stereoselectivity. The further trans- 

formation of 52 to the naturally occurling lactones zempoalin A/B f3a/& 3)_ via nucleophilic epoxide 

openfng has been realised meanvhila 44) . 
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Table 9: lH-NMR-data of rmenthane derivatives (400 MHz, CIXX,), 6 -values and coupling constants J 
=n-m 

58a 58b - - 

-- 
multi- 
plicity 

ddd 

m- II-II- -ax-131 --- 
5Sa 55b 56a 56b 57a 57b -- -- m- 60 61 62 

H-l 1.87 ## 2.09 1.96 1.90 2.18 2.45 2.68 2.36 2.83 2.95 ## - 
ddddd dddda dd 

H-2 3.45 3.98 4.79 5.25 3.49 3.96 3.56 3.96 3.73 4.51 --- 4.32 dd - ddd 
H-3u 0.94 1.11 1.02 1.16 0.99 1.18 1.05 1.29 1.34 1.29 2.04 1.05 2.16 ddd 

dddd 
H-3/3 2.03 1.97 1.99 1.91 1.98 I.80 2-05 ## 2.26 2.18 2.41 1.87 2.65 dddd 

ddd ddd dd 
H-4 1.47 #dr 1.55 IX 1.50 ## 1.55 R# 1.54 1.63 1.92 ddddq 
H-50( 0.90 0.92 0.95 0.99 0.91 0.97 0.99 1.05 1.12 0.97 1.35 dddd 
H-56 X# ## R# 1.79 1.65 ## ## ## 1.84 1.65 1.83 ddddd 

dddd dddd 
H-60( #f 1.44 ## I.57 1.69 1.44 #IT 1.41 2.11 1.84 2.04 tf 2.39 dddd 

ddddd ddddd ddddd ddddd 
H-6/3 1.30 ## 1.38 xx 1.32 It I.37 ## 1.36 1.35 1.78 ## 2.31 dddd 
H-8 1.69 1.78 1.76 1.74 4.07 4.11 9.58s 9.53s -- __I 1.74 2.80 d 7.04 br s 

br d br d 
H-8’ W-W _I- --_ --_ 4.01 4.05 W-M B-m -- --- 2.49d --- br d 
H-9 E 4.88 4.95 4.73 4.77 5.05 5.17 6.36s 6.38s 5.38d 5.52 4.93 1.40s 1.93 br s 
H-9 2 4.84 4.78 4.72 4.67 4.90 4.99 6.12s 6.14s 6.06d 6.09 4.71 -- -- br s 
H-10 0.91 0.86 0.93 0.89 0.93 0.89 0.97 0.92 1.04 0.94 1.01 0.87 1.08 d 
AC -__ --_) 1.98 1.99 --_ _I- M_ - __I_ _)e S 

#IT 1.61 1.64 1.65 1.62 --- 1.73 1.65 1.75 1.84 1.37 - 
-1.72 -1.86 -1.75 -1.77 -1.86 -1.75 -1.92 -1.98 -1.57 

m 

JP ---II- lllll-- --- cI------- 
z;: corn ounds S5a 56a 57a S8a: 3~C,3,&-1,6414,30(-12-12.5; 1,2=2,3~~=10.5; 4,10=6,5; 
2,3,&4,5; 4,3 --e-p--‘---‘--~ -1.6~~3.5; 3b-m2; compounds 55b, 56b, 57b, m, 6l_: 4,39”=1,6/-12-12.5; 
3cy,3&+14; 4,10=6.5; 2,3&=44,3/+ 1,6W-3.5; 1,2-2,3w-2.5;3,&5,&2; 2,6*-l; 
corn ounds 57a, 57b: 8,8’=12,5; corn ound 61: 8,8’=4.5; 9,8<1; compound 59a: 3#,3,&-15; 4,3~-12; 
~&b;;Tz;3Fll: 4,10= 6.5- - =4,3/3=3.5; lt6~~1,9E-1,9Zf3;~,5~-1; compound 59b: 
3~,3,& 15; 4.3~~ 1,6,+ 12; 4,1016.5; 1,6rx-6; 1,2- 5; 2,3a-4; 4,3/3- 3.5; 2,3/3- 3; 3,$5;8;:2; 
1,9E-1,92-l; compound 60: 3~+,3,&= 13.5; l,bfl=4,5~-13; 4,3&=12.S; 4,10=6,5; 1,bt~~S.S; 
4,3414; 4,5fi= 3.5; 3#,5p=2; 1,3#= 1; compound 62: 3&,34- 6~X,6/- 16; 5Ix,5b- 13; 
4,5w- Sior,6,5- 10; 4,3~= 9.5; 4,103 6.5; 5a;6cr- 6; 4,3/- 5.5; 4,5/Z?- 5; !$$bK- S/,6/& 3; 
3ff,6cx- 3&,6,& 2; 6cu,3,+ 3,&S/-9,8- 1; 

Table 10: 13C-MlR-data of p-menthane derivatives (67.5 or 100 MHz, CDCl,, d-values) 
---- 

57a 57b 

49.8 d 46.2 d 
73.1 d 68.3 d 
43.4 41.3 
31.4 25.6 
34.4 34.7 
31.2 24.0 

150.7 150.5 
65.3 t 64.7 t 

112.3 t 113.3 t 
22.0 22.2 

131-m- 

59a 

48.6 d 39.4 d 
82.6 d 77.1 d 
38.5 35.6 
31.4 25.5 
33.8 31.2 
25.0 28.3 

139.5 141.2 
170.8 s 170.9 s 
117.1 t 119.5 t 
22 .o 21,7 

J 
.-M-w- 

60 - 61 z 

57.6 d 44.2 d 117.3 s 
210.1 s 67.8 d WI.6 s 

z:z 41.9 2544 31.4 29.6 
33.8 34.4 31.3 
31.1 22.1 19.8 

143.4 60.2 119.6 
21.3 q 51.3 t 136.7 d 

112.7 t 21.7 q 8.1 q 
22.3 22.1 21.5 

____ ~‘9 

Finally, a study aimed at the oxidative transformation of an M-isopropenylcarbinol moiety into 

exo-methylene lactone and furan units under mild conditions was undertaken 
45) . Such a process may 

be a useful tool for terpene synthesis,in cases where the appropriate precursor is readily avail- 

able. The objective chosen for this study is the transformation of isopulegols to menthofuran and 

the rmenthenolides, which already has been achieved by others 
46.47) , but in a somewhat different 

manner. The required isopulegol-epimers were obtained (Scheme H) by SnC14-induced ene-cyclisation 

of citronella1 54 48) , affording in good yield a mixture of isopulegol and neoisopulegol s 

(ca 75:25 ratlo) conveniently isolated by steam distillation. Treatment of this mixture with less -* 

than one equivalent of acetic anhydridelpyridine cleanly effected selective acetylatfon of the 

more reactive equatorial alcohol to its acetate a, which could easily be isolated by flash 

chromatography. On the other hand, pure neoisopulegol acetate 55b was obtained by Jones oxfdation 

of 55a/b to isopulegone 60, stereoselective reduction with L-selectride to axial alcohol z,and -- 

acetylation assisted by 4-dimethylaminopyridine (MAP). 



Total synthesis of various elemanolides 1331 

-.G: Approach to 6N-oxygenated elem-8,&. 12-olides 

e o 53s (R = Q12W 
53b (R=CW 

(iBu = cocHMe2) 

ZXXEW$J: Synthesis of menthofuran and p-menthenolides 

f J/ 
!z!a 
m (2-epi) 

s 
s Pepi) 

E 

k - I 55b 

g) [SnC14] I$ CrO5/Hc 5) L-selectride 4) 0.6eq Ac2OJPy (for 5f>a) or Ac20/Py/[IXIUP] (for 56b) 

2) l)t~u00H/~2 2)LiAIHt iJ MnO2 8) Ag2CO3 (for 59a) h) MWBA &I KOH k) tBuooti/Cv~2~ T LDA -_ 

While regioselective allylfc oxidation of tram-acetate 56a with tert-butylhydroperoxide/Se02 24) 

occurred smoothly, giving a 68% yield of diol after subsequent LiAu4-t-eatmnt, in the we of 

cis_acetate E only a 16% yield of diol was obtained as a consequence of competing oxidation 

at the tertiary allylic position. Icohol. S5b suffers fast vanadium-catalysed 

eporidation 49) to a single epoxy alcohol 6J, which is smoothly transformed to diol 

with LDA in diethylether, while trans-alcohol 55a is only slowly epoxidised and also partially 

oxidised to isopulegone under these conditions. 

Oxidation of &-diol 3/b with active Mn02 afforded cis_rmenthenolide m in 65X overall 

yield from neoisopulegol, the intermediate hydroxy aldehyde.58b being isolable only by using less 

Pfn02 for a short reaction time, Tram-diol z was only tranxrmed to hydroxy aldehyde a by 

active MnO 2, just traces of trans-pmenthenolide z being produced even with excess Mn02 and after 

prolonged time. Hence, transformation to 59a was completed by Ag2C03-oxidation 15) in 48% overall 

yield from isopulegol acetate. 
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Finally, transformation of isopulegone $&) to menthofuran 62 was achieved in‘52% yield by epoxida- - 
tion with schloroperbenzoic acid followed by treatment with a methanolic KOH-solution, avofding 

the acidic conditions usually employed 22 for this kind of transformation. 

In sumnrarp,we described the first total synthetical access to several eleman-*-8.12- 

olides and related compounds of both diastereomeric series, which also offers possibilities for 

elaboration into more highly oxygenated members of this claas,as shown by some model reactions. 

Methods for the generation of terpenoid exe-methylene lactone and fur-an units using regioselective 

oxidation reactions were exemplified by syntheses of menthofuran and the p-menthenolides 22 . 

EXPERIMENTAL SECTION 

General remarks - Solvents were distilled prior to use (ether from KOHISnCl2; petrol, bp 30-7C°C, 
from KOH). Bry solvents were obtained by distillation from Na-wire (ether, THF, benzene, toluene), 
K2CO3 (CH2C12), P4010 (CCl4, acetone), CaH2 (HMPA), Mg (M&H) or KOH (pyridine, diisopropylamine). 
Small amounts of THF were distilled from LiAlH4 immadiately prior to use. Reactions requiring ex- 
clusion of air and moisture were run under dry N2. For small scale reactions the flasks wse flu- 
shed with N2, sealed with serum capa and rinsed with dry solvent prior to use, employing syringes 
for addition of reagents and withdrawing of samples. Solutions of LBA were prepared at OOC by ad- 
ding commercial n=BuLi/hexane soln to dfisopropylamine in dry ‘lHF and stirring for 30 min. All reac- 
tions were monitored by thinlayer chromatography (TLC) on silica gel 60 (Merck F254 aluminum foils, 
development by KMnO4 soln or 12 vapours). Workup was usually performed by partitioning between the 
specified organic solvents and aqueous solutions, several reextractions of the latter, washing of 
the combined organic phases with brine, drying over anhydrous MgSO4, evaporation of solvents in va_ 
cue and removal of last traces of volatile material by short application of high vacuum, Flash 
chromatography (SO) was performed on silica gel (Woelm 32-63,um), which was reused several times 
after flushing with acetone and ether. Preparative thinlayer chromatography @TLC) was performed on 
silica gel 60 (Merck PF254), Boiling points (bp) are uncorrected, for bulb-to-bulb distillations 
only bath temperatures are given. Melting points (mp) were determtned on a Mettler FP-1 microscope- 
desk. Microanalyses were obtained with a Hewlett-Packard CHN-analyser. 
IR-spectra (Beckman IR9 or Beckman IR4320):fmax in cm-l, solvent CC14 unless otherwise specified. 
W-spectra (Gary l18):;Rmax in run, solvent MeOH. Low resolution MS-spectra (Varian MAT44S. EI 70eV; 
isobutane used for CI): signals given in m/z with relative intensity (X) in brackets, fragments 
marked with an asterisk are main peaks of a characteristic isotopic pattern. High resolutions 
(Varian MAT711 were obtained with perfluorokerosene as standard. lH-NMR-spectra (Bruker WM400, 
400 MHz) and 1 3’ C-NMR-spectra (Bruker WM400, 1OOMHz or Bruker AM270, 67.SMHz): chamieal shifts in 
ppm (&-scale) relative to tetramethylsilane as internal standard, lH-coupling constants in- Hz, 
solvents CIlC13 or C6Qj as specified. Nontrivial lH-assi nmenta were confirmed by extensive spin- 
decoupling and by use of nOe-difference spectroscopy. &-multiplicities were determined under BB- 
decoupling using DEPT-pulse sequences. 

Ketone 1 from Hagemann ester -- 13b) (improved preparation) 

To a soln of vinylmagnesium bromide - prepared from Mg (7.0 g, 2.4 eq) and vinyl bromide (33.0 g, 
2.6 eq) in dry THF (650 ml) - is added a soln of Cul (2.0 g, 0.09 eq) and P(NEt2)3 (52) (5.0 g, 
0.17 eq) in THF (20 ml) at -78oC. After 15 min Hagemann ester (14) (25.0 g, 1.0 eq) in THF (50 ml) 
is slowly added to the vigorously stirred mixture (to suppress any 1.2-addition, the solution is 
precooled by rinsing down the flask wanding). As soon as all starting material is consumed (30 min- 
1 h) the reaction is quenched with sat NH4Cl soln at -78oC. Evaporation of THF and workup of the 
residue (etherldil HCl) leaves crude 1,4-adduct as an oil (27.5 g; Rp0.25, ether/petrol 1:2), which 
after dissolution in dry CH2C12 (140 ml) is treated with 2-methoxy-1.3-dioxolane (53) (17.0 g, 1.2 
eq) and p_TsOH (0.75 g) at -tOOC, After stirring at RT overnight the reaction is quenched with sat 
NaHC03 soln and worked up (CH2Cl2/H20). Th e resulting crude ketal (32.4 g; Rf0.31, ether/petrol 
1:2) in ether (SO ml) is slowly added at RT to a sofn of methylmagnesium iodide (g. 6.5 eq), prepa- 
red from Mg (20 g) and Me (118 g) in dry ether (600 ml). After stirring until complete consumption 
of starting material (24-48 h) careful hydrolysis (H20/O°C) and workup (etherfdil HCl) leaves crude 
tertiary alcohol as a colourless oil (28.7 g), which after dissolution in dry CH2C12 (250 ml) and 
pyridine (160 ml) is treated with POC13 (43 ml, 3.9 eq) at -78oC. The mixture is slowly warmed to 
RT overnight and then carefully hydrolysed (H20fOOC). After evaporation of CH2C12,workup (ether/ 
dil HCl) leaves an oil (22.5 g), which is stirred at RT with p-T&H (3.0 g) and H20 (40 ml) in 
acetone (300 ml) until complete deprotection (ca. 48 h), After quenching with sat NaHCO 
evaporation of acetone,workup (etherlH20) leav= crude ketone 1, which is purified by i: 

soln tid 
ulb-to-bulb 

distillation (ea. 90°ClSuxx). 
Yield: 14.5 g 1 (59% from Hagemann ester) as a pale yellow oil; Rf-0.42 (ether/patrol 1:l); - 

An analytically pure sample was obtained as a colourless oil by flash chromatography and subsequent 
redistillation; found: C 80.55 H LO.45 (talc. C 80.85 H 10.18); _U_: 1720 (satd ketone); E (RT): 
~78(1/M)~)163(2)160(0.5)150(6)136(2.5)110(10)68(1~)67(76); H-NMR: table 7; C-NMR: table 2. 
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To a soln of 2BA - prepared from IilS(i_-I+)2 (3,O ml, 2.91 eq) and 2.~BuLi/hexane soln (3.0 ml, 
1.6 eq) in dry THF (40 ml) - ketone _2_ (2.0 g, 1,O eq) in some THF is slowly added during 20 tin 
at -78oC. After 30 min a soln of 3rCH2cO2Me (1.8 ml, 2.70 eq) and HMPA (3.0 ml) in sane THJ? is ad- 
ded during 10 min at -78oc. After stirring for 3 h the soln is warmed to Ooc during 30 min and then 
quenched w$th sat WC1 aoln, Workup ( ther/dil IiCl) leaves crude ketoester 4 as an oil, containing 
only traces of epimer sft as judged by f H-RMR. A spectr~acopicalfy pure sample of .4 was obtained by 
PTIX (ether/petrol 2~2, R 
MS CRT): 2~~4~“~Z18~26 

(satd ester), 27287satd ketone); 

- Ii-RMR: table 2; C-NMR: table 2. 

The crude A obtained above is stirred at RT with NaOMe (0.6 g, 2-O eq) in dry MeUH (30 ml) for 
24 h. Workup (etherldil Xl) leaves crude epimeric ketoester Sa as an oil, containing only traces 
of starting material as judged by 2H-RMR, A spectroscopically-&re sample was obtained by PT2.E 
(ether/petrol 2:2, R 10.33) as a colourless oil: IR: 1742 (satd ester), 2720 (satd ketone): 
MS (6OoC): 2M~3~~~f228(26)282(6)252f25)250(29)2~~~4)124~34)2~9fLDO)208(85); H-NMR: table 2; 
FRMR: table 2, 

The crude 2 obtained above is slowly added at OOC to a suspension of LATBR (22.0 g, 3,56 eq) in 
dry THF (200 ml). After stirring at RT for 3 h, caraful hydrofysis ~~2~~~~) and evaporation of TRF, 
workup (etherldil El) leaves crude hydroxpester 6s as an oi2, yet containing varying amounts of 
lactone _Q_, A spectroscopically pure sample of &Gs obtafned by PTLC (ether/petrol f:l, Rf4.30) 
as a colourless oil; H-RMR: table 1; C-RMR: table 2, 

Lactonisation is completed by refluxing the crude reduction product obtained above for 2 h in dry 
benzene (60 ml) containing e--TsoH (4U mg>. After washing with sat ffaHCU3 soln and evaporation of 
benzene,the residue is purified by flash chromatography (ether/petrol 2:l). 
Yield: 1.22 g 9 (53% from r) as a colourless syrup; Rf-Q.29 (ether/petrol 2~2). 

_Q_ crystallised only slowly on prolonged standing. An analytically pure sample was obtained by sub- 
limation (60°C/0.05pm) as colourless crystals, mp 47-48%; found: C 76.36 H 9.40 (talc. C 76.33 
fi 9,15); IR: 2787 ()r-lactone); MS (RT): 22~*2463~6~~~~ talc, ~2~.2463~2U~(22~1~2~2~292~3~187~~~ 
179(10~17~10)261(24)2fiO(16)145(~)122(34)229(36)94(Hf)79(50)68(78)62(100); H-NMR: table 1; C-RMR: 
table 4. 

2 is also obtained in comparable yield by ~~nificat~on of the crude reduction product (excess 
KOR in !f&RfR;IO lO:2 at RT’ overnight}, workup by acidification and exhaustive ether extraction, com- 
pfete lactonisetion of the obtained mixture of hydroxyecid 6b (Rf”0.2~0.30, ether/petral 3:l) and 
factone 9 by refluxing in dry benzene overnight,and purifiztion by flash chromatography. 

23-Nor-elemasteiractfnolide (lo) ( reduction of ketoester 4) - 

The crude alkylation product 4 obtained (vide supra) from ketone 1 (4.0 8) is dissolved in dry 
to2uene (200 ml) and treated with 2,2m+Th~exane soln (85 ml, 13 eq) during 25 min at -78OC. 
The soln is slowly warmed to RT overnight, then carefully hydrolysad (sat RH4Cl soln), acidified 
(5% H2SO4) and worked up by thorough ether extraction. The crude diol mixture &i/b obtained (vide 
infra) is refluxed with 10X; Ag2CO3fcelite (25) (40 g) in dry benzene (140 ml) until complete con- 
sumption of starting material. After filtration through a MgS04 layer and evaporation,lactone E is 
isolated by flash chro~to~raphy (ether/petrol 2~1, Rf=O,30). 
Yield: 2.42 g 10 (29% from l_) as a colourless crystal mass* 

Recrystallisation (twice from pentane) gave colourless crystals, mp 76-76.5oC; found: C 76.51 
H 8.71 (talc, C 76,33 Ii 9.25); IR: 2790 ($‘-lactone); MS (RT): 220,2463(3/M+*; talc, 220.2463) 
205(12)292(4)191(6)287(2)279(20~78(26)162(27)260(20)2~~32)121(26)129(42)94(44)79(51)68(100~62(26); 
H-+2@: table 1; C-RMR: table 4. 

IsoXation of diols & , 8b and of trans-lactone 1Ot - 

Ketone _l_ (347 mg) was transformed to diol mixture 8a/b (417 mg of colourless syrup) as described 
above. Separation by flash chromatography ~ether~~~~l~ afforded the following fractions: 

A) 37 mg 8b as a colourless syrup; Rfl.20 (ether); IR: 3600 and 3100-3500 (OH); MS (QO°C): 
224.27~@L5/nt~ ; cafe, 224.2776)206(23)191f20)28~6)261(35)119(45)97(2~); H-m: table 2; 
C-WMR: table 2, 

g) 156 mg 8af8b (63:37 as judged by 22i-RMR) as a co2ourless semicrystalline mass. 

2) 33 mg &1. as colourless crystals; Rf”0.17 (ether); recrystallisation (ether, some pentane added) 
gave mp 212,5-123.5°C; IR: 3620 and 3200-3500 (UH); MS (2OOoC): 224,1776(2/M’+*; talc, 224.1776) 
209(5)206(9)193~20)192(9)161(24)155(20)249(20)229(24~7(100); g (CIf23OoC): 225(30/NI+) 
207~2UO)l8~~23~~ H-HMR: table 2; _c--N)if: table 2, 

Yield: 226 mg &fe (E. 38~42; 52% from I), distributed into ca 30% & and ca. 22% E. -* 
Fractions 8) and C) were then separately oxidised with Ag$Ogfcelite as descrfbed above. Fraction 
C) afforded crystalline lactone XQ (31 mg, 96%) after purification by flash chromatography, 
Fraction 8) afforded a mixture, which in addition to fO and more polar materia2,cuntained only 
small amounts of epimoric lactone lot -’ Separation by flash chromatography (ether/petrol 1~1) gave: 

2) 10 mg 20t (x* 18% based on 8b contained in starting material) as a colourless oil; Rf-O.40 
(etherGtro1 2:2); JR_: 28mT’-lactone); MS (7O’C): 220.2460(2/~~; talc, 220.1463~205~3~ 
122(20)68(100); H-NMR: table 2; C-NMR: tablr4. 

21 92. mgfO (ca. 94% based on &I contained in starting material). 
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The polar fractions contained a mixture of C-8-oxidised products (as indicated by the absence of 
low field H-8 resonances fa the lH-NMR), which obviously are for-mad from 8b,and were not further 
investigated. 

13-Nor-elemasteiractinolide (10) (via conjugate reduction of butenolide 3) -- 

To s suspension of NaH (700 w of 80% dispersion, 2.08 eq; washed with petrol) in dinmethyl carbo- 
nate (25 ml) ketone _l_ (2,O 8, 1.0 eq) is added and the mixture refluxed for 5 h, during which time 
it solidifies to an off-white mass. Workup (etherfdil HC1) affords ketoester 2 (2.67 g) as a pale 
yellow oil, being almost completely enolised in solution, A spectroscopically pure sample was ob- 
tained by PTI.Z (ether/petrol 1:4) as a colourless oil; IR: 1670 and 1622 (enolised&-ketoester), 
1752 and 1720 (weak; satd ester and ketone of ketoform);E (RT): 236(15fM”~)2~(23)1~~22~1~(65) 
61(100); H-NMR: table 1; C-NMR: table 2. 

The crude _2_ obtained above is dissolved in dry THF (2U ml) and slowly added at RT tr, a suspension 
of RaH (860 mg of 80% dispersion, 2.S4 eq; washed w2th petrol) in T’HF (60 ml_). After 30 tin methyl 
bromoacetate (3.80 8, 2.20 eq) is added and the mixture reffuxed for 12 h. Workup (ether/&U. HCI) 
leaves crude ketodiester 3 as an oil. A spectroscopically pure sample was obtained by PTLC (ether/ 
petrol 1~1) as a colourle= oil; IR: 1750 (setd esters), 1720 (satd ketone); E (SSoG): ~~2~0~ 
276~17~245~27~20~~66~61~1~0): H-m: table 1; C-?@¶R: table 2. 

The crude 3 obtained above is refluxed with a soln of Ba(OH)2*8H20 (15.6 8, 4.4 eq) in Hfl (100 ml.) 
and EtOii (275 ml) for 24 h, Workup (etherldil HCl) affords crude ketoacid J&as an oil. A spectros- 
copicafly pure sample was obtained by PTIE (ether/ etrol 

g 
3:l) as a colourless oil; IR: 28OCP3200 

(acid), 1711 (broad; acid and satd ketone); z (70 C>: 2~(1~~)1~~2)73~29)61~1~~ H-NMR: 
table 1; C-NMR: table 2, 

The crude 5b obtained above is heated with NaOAc (5.0 g, 5.4 eq) in Ac2O (25 ml) at 120°C for 4 h. 
Evaporatiorof Ac20 and workup (etherfdil NalKO3 soln) affords a mixture of butenolides 7alb. Sepa- 
ration by flash chromatography (ether/petrol 3;2) yields: 

-- 

1) 202 pilg 7b (8% from 1) as a pale yellow sirup; Rfe,27 (ether/petrol 1:l); IR: 1788, 1772 and 
1760 (bxenolide); m (70%): 218.1~5(lQ~z ; 
table 1; C-RMR: tabG 2. 

talc. 218.1~7)2~3(14)189(16~21(1~): H-RMR: 

2) 1,21 g fa (50% from l_) as a pale yellow crystal mass: Rf”0,22 (etherfpetral 1:l); recrystallisa- 
tion (twice from ether/pentane) gave colourless crystals, mp 91-91,SOC; found: C: 77.12 H 8.31 
(talc, C 77.03 H 8.31); IR: 1795 and 1765 (butenolide); E (KY%): 218(lslM+*)2o3(19)189(17) 
121(100); H-RMR: table lrC-NMR: table 2. 

Ta a suspension of GUI (35 mg) in dry THF (15 ml) 1,6m+feti/ether soln (0.1 ml) is added at -!5OoC, 
followed after 10 min by HMPA (2.5 ml) and l,~DI8~/toluene soln (3.0 ml, 1,57 eq). After 30 min 
butenolide 7a (500 mg, 1.0 eq) in some THF is slowly added. The mixture is slowly warmed to -3% 
during 4 h,then quenched with sat Nli4Cl soln and worked up (ether/dir HCl). Filtration through a 
celite layer and evaporation of solvents leaves spectroscopically pure lactone lo. 
Yield: 502 mg 10 (quantitative fromfa) as a colourless crystal mass. - 

ll/J,13-Dihydroelemssteiractinolide (2) (callitrin) 

To a soln of LDA -- prepared from HR(i-Pr) (1.U ml, 1.57 eq) and 2.5~~~~~hexane soln (2.55 ml, 
1.40 eq) in dry THF (20 ml) - laoton; 10 1.0 8, 1,O eq) in some THF is slowly added at -7E%, f 
After 30 min a soln of MeI (O-42 ml, 1.m eq) and HMPA (1.0 ml) in some THF is slowly added. After 
1 h the reaction is quenched with sat RH4Cl soln and worked up (etherldil El). The main portion of 
the product is isolated by crpstallisation (petrol, some ether added), giving 22 (792 ~3) as white 
crystals. The residue is flash chromatographed (ether/petrol 2:3), giving a fuzher crop of 22 (135 
mg) besides some recovered +lJ (56 mg), 
Yield: 927 mg JZ?_ (921x, based on unrecovered 10); Rfw0.43 (ether/petrol l:l)+ 

Recrystallisation (twice from pentane) gave colourfess crystals , mp l16-116,5°C; found: C 77.29 
H 9.42 (oalc. C 76.88 H 9.46); IR: 1790 ( -1actone); MS (RT): 220.1463(3@*; talc. 220.1463) 
205(12)192(4~191(6~187(2)179(19~78(16)16 (17)16U(2~f1~(32)121(26)119(42~94(44~79(51)68(1~)61(26~~ Y 
H-NMR: table 3; C-RMR: table 4. 

ll~,l3-Dihydroeleman-8~~l2~olide (ll_) 

Analogous to the preparation of 22, methyfation of _9_ (300 mg) gave raw _ll_ as an oil. Purification 
by flash ~hr~tography (ether/petrol 5~6) afforded: 

1) 258 mg _lJ_ as a colourless crystal mass; Rf0.39 (ether/patrol 1:l). 

2) 26 mg recovered _9_ as a colourfess oil. 

Yield: 258 mg 11 (88% based on unrecovered 0). - 

Recrystallfsation (twice from 

H-NMR: table 3; C-W: table 4, 

ffcx, l~Dihydroele~n-8~* 12-olide @) 

To a soln of LDA -- prepared from HN(i-Pr)2 (1.0 ml, 15.0 eq) and 2.!%-BuLilhexane soln (1.3 ml, 
6.8 eq) in dry THF (15 ml) -- lactone-11 (112 mg, 1,O eq) in some TffF is slowly added at -78OC, 
After 30 min the soln is cooled to -115d: (ether/liquid N2), a soln of tert-BuOli (800 mg, 22.6 eq) 
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in sose THF is added during 1 min,and after a further 5 min the reaction is quenched by addition 
of sat NH4Cl soln. Workup (ether/d0 HCl) affords crude lactone l5, which is purified by flash 
chr~tography (ether/petrol 2:3). 
Yield: 100 mg 15 (89X from2) as a colourless crystal mass; Rf-0.31 (ether/petrol 1:l). 

Recrystallisation (twice fram pentane) gave colourless crystals, mp 92,5-93.5%; found: C 77.19 
H 9.13 (talc, C 76.88 H 9.46); fR: 1780 ()T-Xactone); MS (70%): 234,1620(91@*: talc, X34,1620) 
219(12>206(2)2U5(2)2U1~2~193~14~92(13~173~~~161(~~16~27~145(4~~1~(63~121~53~119(5~~1~(53~ 
93~1~)6~(~~: H-NMR: table 3: C-NMR: table 4. 

Under the conditions described for the preparation of l5, lactone 22 (250 mg) was epimerised to a 
mixture of zand 26 (g, 75325 as judged by lH-NMR), which on separation by flash chromatography 
(ether/petrol l:l)Tfforded: 

1) 177 mg recovered _22_ (71%) as colourless crystals, 

61 mg 26 (24%; 83% based on unrecovered 22) as a colourless syrup, which could not be induced 
to crystallize; Rf”0.30 (ether/petrol 1:l); found: C 77.34 H 9.71 (talc, C 76.88 H 9.46); 
IR: 1783 ($‘-lactone); MS (9OoC): 234,1620(3/M+*; talc, 234.162~~219~~~2~6(5~2~5(5~2~1~2~193(6~ 
~2(~)173(?)161(29)1cj0(23)145(24)134(15~93(67~68~7~)~ H-NMR: table 3: 
C-NMR: table 4. 

Eleman-8 & 12-olide (E) 

To a sofn of DA - prepared from HN(&-Pr)2 (0.65 ml, 2.9 eq) and 2.5m-BuLiJhexane soln (1,5 ml, 
2.4 eq) in dry THP (15 ml) -- lactone _9_ (350 mg, 1.0 eq) in some THF is slowly added at -78%. fol- 
lowed after 40 min by a soln of PhSeCl (490 mg+ 1.6 eq) in some ‘DE’. After 2 h at -78oC the cooling 
bath is removed and stirring continued for 30 min after RT has been reached. Workup (etherldif HC1) 
and separation by flash chromatography (ether/petrol 2~5, then ether) affords after a yellow fore- 
run (Ph2Se2): 

1) 248 mg 14a as a cofourfess crystal mass; 
tane garcolourless crystals, 

Rff0.44 (ether/petrol 1~2); recrystallisation from pen- 

105(lOO); H-NMR: table 5, 
mp 11%116OC; 2: 1777 ()r-lactone); E (125oC): 376~(33~219(94~ 

210 mg 14b as a colourless crystal mass; Rf”0,25 
tane garcolourless crystals, mp lOO-1OloC; IR: 
2~(6~219(24)1~5~76)77~1~~~ H-NMR: table 5.- 

(ether/petrol 1: 2) 
1785 o)“-laetone); 

; recrystallisation from 
MS (1MOC): 376*(15/M+*) - 

pen- 

3) 45 mg unreacted 2 as a colourless oil, 

Yield: 458 mg 14afb (88X based on unrecovered T), which were combined for subsequent methylation. 

To a soln of LDA - prepared from HN(&-Pr)2 (0.52 ml, 3.25 eq) and 2.5~RuLi/hexane soln (1,lS ml, 
2.50 eq) in dry THP (20 ml) -- selenide mixture 14ac’b (430 mg, 1.0 eq) in some THP is slowly added 
at -78oC, After 3U min a soln of MeI (0.38 ml, 5.3 eq) and HMPA (0.6 ml) in some THF is slowly ad- 
ded at -78oC. After 1 h the cooling bath is removed and stirring continued for 30 min after RT has 
been reached. Workup (etherldil HCl) affords selenide 18 as the single product, which is purified 
by flash chromatography (ether/petrol 1:2), 
Yield: 376 mg 18 (84% from 14afb) as a pale yellow crystal mass; Rfl.35 (ether/petrol 1~2). - -- 

Recrysta~lisation from pentane gave colourless crystals, mp 107.5-108.5063; 2: 1782 and 1770 @‘- 
lactone) E (17OoC): 390*(17~o)3l3+(~)233(38)161(53)9f(8~~77(8~~55~l~~~ H-NMR: table 5, 

The solution of selenide 18 (375 mg, 1.0 eq) in THE’ (20 ml) is treated during 5 min with the sofn 
of 30% H202 (0,80 ml, 8.1 eq), Se02 (100 mg, 0.94 eq) and HOAc (a,15 ml) in H20 (3 ml). After com- 
plete consumption of starting material (41 h~OoC),workup (ether/sat NaHC03 soln) affords lactone 
l.9, which is purified by flash chro~tography (ether/petrol 1~1, Ry0,39). 
Yield: 199 mg 19 (89% froms) as a colourless crystal_ mass. 

Recrystallisation (twice from pentane) gave colourless crystals, mp 59-59,5*C* found: C 77,77 
H 8.79 (talc. C 77-55 H 8,68); IR: 1778 (r-lactone); MS (7OoC): 232.1463(2/M?*; talc. 232.1463) 
217(6)2~(2>203(3)199(4)191(12)I9o(1o)1(27)121~4~~119(29)93(58) 
68(100); H-NMR: table 3; C-NMR: table 4. 

Elemasteiractinolide (28) (igalan) 

Lactone 10 (5UO rag) was selenylated ~ualugous to the preparation of 14afb (vide supra), affording 
selenide 25 as the single product,besides some unreacted starting material,. Separation by flash 
chromatography (ether/petrol 2:5, then 1:1) afforded: 

1) 604 mg 2J as a colourless crystal mass: Rf-0.37 (ether/petrol 1:2); recrystallisation from pen- 
tane gave colourless crystals, mp Ill-112%; J&t 1785 (broad: r-lactone); MS_ (15OoC): 
376~~19~~~219~~~1~5(74~77(9~~55(1~~~ H-NMR: table 5. 

2) 120 mg unreacted 10 as a colourless crystal mass, 

Yield; 604 mg 25 (93% based on unrecovered 10). 

Selenide $?_ (600 mg) was methylated analogous to the preparation of _lfJ (vide supra), sffording a 
mixture of selenides 27a and 27b,besfdes some unreacted starting materiane main portion of 27a 
was isolated by crystaisatir(pentane, some ether added) to give 335 mg of colourless crystaT 
Fiash chromatography (ether/petrol 2~3) of the residue afforded: 



1) 113 mg 27b (18% fromz) as a colourless syrup; Rf”0,41 (ether/petrol 1:2); IR: 1775 ($-lac- 
tone); EmoC): 3~(16~~)233(57)18?~2U)91~~)77(8O)S5~1~); H-MiR: table 5. 

2) 35 mg unreacted 23 as a colourless syrup. 

3) 98 Tag 27a as a cofourless crystal mass; RfN.20 (ether/petrol 1:2). 

Yield: 433 mg 27a (74% based on unrecovered 2); recrpstallisatfon from pentaae afforded colour- 
less crystals,T 13%137oC; 3: 1769 ()r-lactone); E (13U*C): 3~~18~~*)233(51)187~21)91(72) 
7?~84)SS~l~); H-PIKR: table 5. 

Selenoxide elimination from 27a (433 1118) as described for the preparation af 19 (vide su ra) af- 
forded lactone 28, which wasyrified by flash chromatography (ether/petrol 13, Rfa.3 . -+ 
Yield: 246 mg g (9S% from 27a) 8s 8 colourfess crystal mass; recrystallfsation fttice from pentane) 
gave colourless crystals, m-3.4-94.5W; found: C 77.22 H 8.85 (talc. C 77.55 H 8.68); IR: 1775 
()r-lactone); E (SOOC): 232.1463(6/M ‘; talc. 232,1463)217~20)204~3)2U?~6)199(8)191(26)~U(22) 
187(13)171(12)159(36)145~~)134(22)121~48~119~28)93(93)68(1~)~ H-M: table 3; C-M: table 4, 

Formation of butenulide 2 via selenoxide elimination 

A sample of selenide mixture 14a/b (40 mg) wss oxfdised with H2U2fSeU2 as described for the prepa- 
ration of 2, Butenolide 2 was produced as the single product, which was identical (lH-MMR- and 
TLC-comparison) with the minor epimer produced in the enollactonisation of ketoacid 2 (wide supra), 
Purification by PTLC (etherlpetrot 1:S.) gave 16 mg 2 (E. fU%_) as a colourless oil. - 

Format&n of butenolide 33b via selenoxfde elimination 

Lactone 11 (231 mg, 1.0 eq) was selenylated following the procedure described for the preparation 
of 14afbTvide supra), but using a soln of PhSeCl (280 mg, 1,49 eq) and HMPA (0.5 ml) in THP. Sele- 
nide 37 waxmined as the single product (raw yield 367 mg of a yellowish crystal mass). A pure 
sample was obtained by crystallisation (pentane , some ether added) as colourless crystals, mp 156,!+ 
158.SoC; H-HMR: table S. 

The crude 37 (367 mg) obtained above was oxidised with H2021SeU2 as described for the preparation 
of 19, affording an inseparable mixture of methylene lactone 19 and butenolide 33&, which was puri- 
fied by flash chro~tography (etherfpetrol 2~3)~ 
Yield: 116 mg 39/33b (51% from E; ~8~ _- 70~30 as judged by 1H-NMR) aa a colourless syrup. 

The butenofide produced in the above elimination is identical (1H-RMR- and TLC-comparison) with the 
minor dfastereomer produced in the enollactonisation of ketoacid 32 (vide infra), -- 

C-1S-alfylic oxidation of el~n-8~*12-ol~des~ general procedure 

A soln of commercial tert-3uUUH (80% soln in tert-Bu202; 2.0 eq) in CH2Cl2 (20 ml/mmol of substrate) 
is dried by addition clfenough M&U4 to obtairclear solution, After adtitian of finely powdered 
S&2 (0.5 eq) and a soln of the elemane derivative (1.0 eq) in some CH$12 the mixture is stirred 
at RT until complete co~s~ptiun of starting material (2-6 h; prolonged reaction times or greater 
amounts of tert-3uUUH cause increased aldehyde formation), Workup by addition of .ether and washing 
with H20, axaHCU3 soln and brine affords a mixture of C-E-alcohol and -aldehyde, which is sepa- 
rated by flash chromatography (ether/petrol 4:1 for aldehyde elution, then ether/petrol IS:1 for 
alcohol elution). The results obtained in the oxidation of factones 11, l5, l9, 22 and 28 are sumna- 
rized as follows (Rf in ether/petrol 1:s; mp after recrystallisation from 
etherlpentane (alcohols), cofourless crystals; for 1MWR-date see table 3 r 

ntane (aldehydes) or 
: 

educt 1 product alcohol 1 product aldehyde 

_ll_ (124 mg) J.2_ ( 96 mg, 72%); Rf-O,16; mp 72.5-73.5°C: 
15 ( 90 lag) 16 ( 6S mg, 68%); Rf-0.16; mp 80-S-81%; 

13 (18 mg, 14%); Rf”0.36; mp 12~128oC; 

t9 (138 mg) 20 ( 97 mg, 66%); Rf-U.17; mp 87-87.50(=; 
17 (23 mg, 24%); Rf-U,39; mp 161-163%; 
Jl_ (33 mg, 23%); Rf10,43; mp llS-117°C; 

22 (260 mg) s(222 mg, 80%); Rf-0.19; mp 6U.S-61.SoC: 24 (25 mg, 9%): Rfe.38; mp 115-E116%; 
28 (120 mg) 29 f 91 mg, 71%); Rf-O.22; mp 98-99oC; 30 (20 mg, 16%); Rf-0.32; mp 124-125oC; 

11~~1~~~hydr~lS-hydroxy~ele~n-8~*12-olide~l2~ found C 71.74 H 8-88 (talc. C 71.97 H 8.86); 
IR (CHC13): 3620 (OH), 276S (b_-lactone); Ns moC): 2~.1S69~3~~+: talc, 2~.1569)23~~4)232~~) 
~9(14)217(4)204(8)177(2U)159(29)1M(56)14‘j_T34)124(27)119(43)93(68)S5(10Q); C-NMR: table 4. 

11~,13-Dihydro-15-oxo-eleman-8,&,12-olide(i3~ IR: 1777 (f-lactone), 1696 (unsatd aldehyde); 
MSl1UWC): 248,1411(9/W*; talc. 248.141~23’3T3)230(2)219(9)202(10)175(38)98(100)97(79). 

~l~~13-~ihydro-1~-hydroxy-ele~n-8~.12-ol~de(~ found C 72.31 H 8.86 (talc. C 71.97 H 8.86); 
7 (cHC13): 3590 (OH), 1765 (r-lactone); MS (12SOC): 25U,lS60(3/Mf*; talc, 250.1569)235(4)232(4) 

~9(12>217(3)2eC(7)177(20)159(33)1~U~79)14~44)124~~)1l9~42)93~94)S5~1U0); C-NMR: table 4. 

11~,1~~~hydro-1~oxa-ele~~-8~~12-olide~17~ IR: 1788 and 1778 (r-lactone), 1698 (unsatd aldeh.); 
MS (1looC): 248.1414(38/W*; talc. 248.14~)2~(9)230(6)219(22)202~24)175(82)98(95)97~1UO)~ - 

E-Hydroxy-eleman-8,&~2-olide(2UJz found C 72.61 Ii 7.93 (talc. C 72.55 H 8.12); IR (CHCl3): 36OU 
(OH] f 1765 (f-lactone); M8 (SOOC): 248~1412~3/~*; talc. 248.1412)233(S)230(7TZ17(20)215(8) 
176(2S)148(38)91(1~)53(~~~ C-NMR: table 4. 

lS-Uxo-eleman-8,&.12-olide(2L): IR: 1773 ()r-lactone), 1696 (unsatd aldehyde); MS (12Uw): 246.1251 
(lo/@*; talc. 246.1256)231(2~28(8)217(22)200(14)122(39)121~38)96(1~)91(54~8(~)S3~47)~ 
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11/Q,13-Mhydro-l5-hydroxy-elemasteiractinolide(22): found C 71.83 H 8.46 (talc. C 71.97 H 8.86); 
IR (CHC13): 3610 and 335+3600 (OH), 1776 (y -1actone); MS (6OoC): 250,1569(1/@*; talc. 250,1!%9) 
~5~3~232~3~219~20~217(6)2~~6~177(16)159~3 ~1~~30~14s(~)124(22~229(32)93~74)55(2~~. 

11~,13-Dihydro-15-oxo-el~teiractinoIide(24):IR: 1790 (r-lactone), 1710 (unaatd aldehyde); 
E (QOaC): 248.1411(7/MC l ; ca 1 248.1412)233(~230(2)219(10)202(10)175(42)98(1~)97(71). c. 

15-Hydrory-elemasteiractinolide(29): found C 72.48 H 7.85 (talc. C 72.55 H 8.12); IR (CHC13): 3590 
and 3300-3600 (OH), 1760 (f-lactone); @ (1lOoC): 248.1410(1/!@*; talc. 248.1412)233(4)230(S) 
217(~)2lS(l4)91~1~)53(91). 

Isogermafurenolide (33a) and 8-epi-isogermafurenolide (B) 

Ketone _l_ (1.30 g) is transformed to crude ketoester Sa (vide su ra), which is ketalised by stirring 
with 2-methoxy-1.3-dioxolane (53) (1.0 g, 1.32 eq) anrE-= 50 mg) in dry CH2Cl2 (20 ml) over- ?-- 
night (cf. preparation of 1). Purification by flash chromatography (ether/petrol 2:3) affords ketal 
ester 31 as a mixture of C?Gpimers. 
Yield: 1.10 g 2 (51% from 1) as a pale yellow oil; found: C 69-13 H 8,60 (talc. C 69.36 H 8.90); 
IR: 1742 (satd ester): MS (RI‘): 294(2/~~)171(22>158(14)139(76)99(40)73(24)61(1~); selected 1%NMR 
data (400 MHz, CDCl 

3 
) aZ: 1.71 brs(H-15), l.OQs(H-141, 2.65dd(J-15+7;H-ll), 2.29dd(J-15+7.5iH_lt?, 

1.79 brd(J=l4;H-Qcr , 1.34dd(J-14+2;H-Q&), 2.44ddddd(J=7.5,7,4.Sr2+2;H-7), 3.7Q-4.02m(4H;ketal), 
3.67s(CO2Me) for main diastereomer; 1,70brs(H-15). l.OSs(H-14). 2.57dd(J-15+5.5;H-ll), 2.12dd 
(5-15+8;H-11'),1.53brd(J~13.5:H-9~),1.57d(5-13.5;H-9~), 2.28ddddd(J=13,8,5.5+4;H-7). 3.89-4.04 
m(bH;ketal), 3.66s(CO2Me) for minor diastereomer; a W-coupling (J-2) between H-7 and H-9cX shows 
the ester residue to be axially orientated in the main diastereomer. 

To a soln of LDA - prepared from RN(L-Pr)2 (0.35 ml, 1.75 eq) and 2.5m-BuLifhexane soln (0.88 ml, 
1.54 eq) in dry THP (12 ml) - ester 31 (420 mg, 1.0 eq) in some THF is slowly added at -78oC, fol- 
lowed after 60 min by a soln of Me1 (320 mg, 1.58 eq) and HMPA (1 ml) in some THF. After 2.5 h the 
reaction is quenched with sat NH4Cl soln at -78% and worked up (etherldil HCl . The resulting oil 
(a mixture of four methylation products epimeric at C-7 and C-11 as judged by 1 H-RI%) is deketalised 
by refluxing for 12 h with pyridinium-E-toluenesulfonate (40) (100 mg) and H20 (1 ml) in acetone 
(30 ml). After evaporation of acetone saponification and C-7-equilibration are effected by stirring 
with KOH (400 mg, 5 eq) in &OH/H20 (3:1, 40 ml) at RT for 12 h. After evaporation of MeOH and 
workup of the residue (etherldil HCl) crude ketoacid 32 is obtained as a mixture of C-11-epimers, 
Selected lH-RMR-data (400 MHz, CDCl3) of 32 are: 1.77 brs and 1.76 brs (H-15), 0.95s and 0.99s 
(H-14), 1,26d(J=7) and 1.20d(J-7) (H-13x 2.69-2.90m(2x2H, H-7/H-11), 

The crude 32 obtained above is heated with RaOAc (550 mg, 4.7 eq) in Ac20 (10 ml) at 12ooC for 4 h. 
After evap=ation of Ac20 and workup (etherfdil NaHC03 soln) the obtained mixture of butenolides 
33a and 33b is purified by flash chromatograph 
Yield: 2rmg 33a/33b (ea. 61:39 as judged by 'f 

(ether/petrol 1~1). 
--- H-NMR; 

ca. 25% 33b) 
65% from=, distributed into ca. 40% 33a and 

-- - as a pale yellow syrup; found: C 77.39 H 8.63 (talc. C 77.55 H 8.68). - 

Spectroscopically pure samples of both epimers were obtained by PTLC (ether/petrol 1:2; 33a: Rf- 
0.21, 33b: Rfz0.24) as colourless oils; minor epimer 33b was identical (lH-NMR- and TLC-zparison) 
with tFbutenolide obtained by oxidation of selenide3 (vide supra). 

33a: IR: 1770 (butenolide); KS (RT): 232.1463(10/@*; talc. 232.1463)217(13>176(13)121(100); -- 
H-NMR: table 6; C-NMR: table 8. 

33b: IR: 1770 (butenolide); H-NMR: table 6; C-NMR: table 8. -- 

Isofuranogermacrene 05) 

A soln of butenolides 33afb (66 mg, 1.0 eq) in dry THF (3 ml) is treated with 1.2~DIBAHltoluene 
soln (0.40 ml, 1.69 eqxt--3OoC during 10 min and the mixture slowly warmed to -1OoC during 4 h. 
After addition of THF (2 ml) and 10% H2SO4 (2 ml) the mixture is vigorously stirred at OOC for 
30 min and then worked up (ether/brine, then set NaHC03 soln). Removal of polar impurities by ffl- 
tration over a pad of silica gel ((216Ox5mm; ether/petrol 1~4) and evaporation of solvents leaves 
pure furan 35, which is very sensitive to autoxidation. 
Yield: 45 mg 35 (73% from 33a/b) as a colourless oil; Rf-0.67 (ether/petrol 1:4). 

IR: 1648, 1454, 1427, 1389, 1129, 935, 915; MS (RT): 216.1510(13/MC‘*; talc. 216.1514)201(6)148(26) 
~8(lOO); H-NMR: table 6; C-NMR; table 8. - 

8/3-Hydroxy-isogermafurenolide (36a) and 8b-hydroperoxy-isogermafurenolide (36b) 

A soln of furan 35 (22 mg) in dry benzene (2 ml) containing PtO2 (10 mg) is stirred under 02 (1 atm) 
at RI’ for 10 h. After filtration and evaporation of solvents the obtained mixture is separated by 
PTLC (ether/petrol 1~1) affording: 

1) 4 mg 36a (ca. 16% from 35) as a white solid; Rf-O.09 (ether/petrol 1~2); recrystallisation 
(ether, so&'pentane adzd) gave colourless crystals mp 15E157°C; IR: 3580 and 3300-3600 (OH), 
1780 and 17H) (butenolide); MS (1100C): 248.3412(2&.; 
123(32)107(100); H-RMR: tablr6; C-NMR: table 8, 

talc, 248.14~)230(14)215(10)135(28) 

2) 2 m 
Hs 

36b (ca. 8% from 35) as a white solid; Rf-O.24 (ether/petrol 1:2): 5 (CI/130°C): 265(1OO/ 
M+ )~(~~24?(33)233~6)231(58); H-NMR: table 6; C-NMR: table 8, 

36b was inmediately reduced to 36a (identical by lH-HMR- and TLC-comparison) by treatment of Its 
m13-soln with some drops of axlute triphenylphosphine/CDC13-soln. 
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Methylester 3t of desoxpsericealactone 

A pure sample of butenolide 33a was obtained by combining the more polar fractions of a chromato- 
graphic separation of the ep=ric mixture 33a/b (vide supra). 
(20 mg, 0.70 eq) 

33a (60 mg) is reacted with Se02 
and 80% tert-BuOOH (50 mg,~7eq>~llowing &-general procedure for C-lS-allylic 

oxidation (vide supra). A= 6 h a further portion of tart-B&OH (ZOO mg, 6.9 eq) is added and 
stirring cosued overnight. The crude allylic alcohol obtained after workup is oxidised by stir- 
ring with active MnO2 (1.0 g) in ether for 3 h at RT, The crude aldehyde (50 mg of yellow oil) ob- 
tained after filtration and evaporation of ether is dissolved in acetone (10 ml) and treated with 
2.5nrJones reagent (2 ml, 20 eq) at O(1c. After stirring at RT for 18 h,workup (ether/brine; celite 
filtration ) affords the carboxylic acid (40 mg of colourless oil), which is methylated by an excess 
of diazomethane in ether at RT. The residue obtained after evaporation of ether is purified by flash 
chromatography (ether/petrol f:l). 
Yield: 36 mg 34 (SO% from - as a colourless crystal mass; Rf-0.40 (ether/petrol 2:l). 

Recrystallisation from etherlpentane gave colourless crystals, mp 134-134,SOC; found: C 69.81 
H 7.78 (talc. C 69.55 H 7.30); IR: 1773 (f-lactone), 1733 (unsatd ester); MS (7ooC): 276.1360 
(34/M+*; talc, 276.1362)244(32)~6(80)149(55)148(57)121(64)91(1~); H-NMR: table 6; C-NMR: table 8. 

lO-Nor-isopipecitenone (39) (6-(l-methylethenyl)-2-cyclohexenone) - 

A mixture of diene 38 (29) (90.0 g, 1.0 eq) and methyl vinyl ketone (50.0 g, 1.1 eq* freshly dried 
and distilled) is hzted at 1OOoC until complete consumption of 38 is indicated by IH-HMR (2-4 h), 
Distillation through a fScm-Vigreux column affords pure (2-trime~ylsilyloxy-3-cyclohexen-l-yl)- 
ethanone as an epimeric mixture (cisltrans ratio ~8. 75:25). 
Yield: 97.2 g (72% from 38) as a ao=s liquid; bp 70-73°C/5~; E: 1715 (satd ketone);E(RT): 
212(1.5~~)197(68)142(4~127(81)75(100)73(90); C-RMR (67.5 MHz, CDCl3): 210,09,130.8d,128.0d, 
65.4d. 53.6d. 28.44, 25,Ot, 18.2t, 0,4q(main epimer); 211.7s,l30.8d, 127,8d,69.0d, 55,0d, 31.Oq, 
24.5 t, 23.9 t, 0.1 q (minor epimer). 

To a soln of methylenetriphenylphosphorane -- prepared from Ph3PCH3I (105 g, 1.20 eq) and 2.Sm-BuLi/ 
hexane soln (100 ml, 1,15 eq) in dry THF (500 ml) -- the above ketone (46.0 g, 1.0 eq) in THF (50 
ml) is added at -lOoC during 15 min. After warming to RT overnight the solvents are largely evapo- 
rated at RT and the residue is worked up (etherlH20; precipitated Ph3Pe is removed by decantation) 
to leave an oil, which is dissolved in acetone (250 ml) and treated with 2.5m-Jones reagent (90 m.l, 
1.05 eq) at O°C during 30 min. After stirring for 1 h and partial evaporation of acetone,workup 
(ether/H20, then 5% ROH soln and brine) leaves crude ketone 39, which after filtration through a 
pad of celite is purified by bulb-to-bulbdistillation (ca. 60°C/5mm). 
Yield: 16.3 g 39 (55%) as a pale yellow liquid; found: C 79.09 H 8.83 (talc. C 79.37 H 8.88); 
IR: 1685 (enon7; UV: 224 (enone); MS (50°C): 136(9/~~)121~8)~(100); H-NMR (CDCl3): 3,04dd(H-l), 
6.03ddd(H-3), 6.9Sxd(H-4), 2.37-2.44&H-5/H-5’), 2.13dddd(H-6), 2,03ddm-6’), 4.95brs(H-9E), 
4.76brs(H-9Z), 1.75brs(H-8); J(Hz): 6,6 ‘-13; 1,6=11; 3,4=10; 1,6’-5; 3,5/5’-2+2; 4,5/S’-4.W3.5; 
6,5/5’~8+6;6’,5/5’-5+5;9E,92~8,9E~1.5;8,92~1,92~1; C-NMR (CDC13): 199.3s(C-2),149.7d(C-41, 
142.9s(C-7), 129.7d(C-3), 113,3t(C-9), 54.7d(C-11, 27.7t and 25,1t(C-5/C-6), 20.4q(C-8). 

Isopiperitenone (47) and 8-methoxy-isopiperitenone (48) - 

Folloting the procedure described for the preparation of 39, cycloaddition of diene 46 (33) (105 g, 
1.0 eq) and methyl vinyl ketone (SO g, 1.05 eq) afforded n-methyl-2-trimethylsilyloxy-3-cyclohexen- 
1-yl)-ethanone as an epimeric mixture (cisltrans ratio ca. 75:2S). 
Yield: 116.9 g (77% from 46) as a colourless liquid; bp 8>9ooC/Smm; IR: 1720 (satd ketone); 
MS (6WC): 226(2/Mt~)211(~)183(10)167(10)1S3(10)141(23)136(17)121(18~17(14)93(28)81(23)75(60)73 
(100); C-NMR (CDCl3): 210.2s, 138.8s, 122,8d, 66.ld. 53.4d, 29,9t, 28.Sq, 23.4q, 18.7t, 0.4q (main 
epimer); 211.9s, 135.9s, 125.3d, 69.Sd, SS.ld, 31.19, 29.4t, 24,1t, 23,Oq,O.lq (minor epimer). 

This ketone (40.0 g) by methylenation and oxidation afforded pure isopiperitenone 47 after purifi- 
cation by bulb-to-bulb distillation (<lOOoG’5 mm). 
Yield: 17.5 g 47 (66%) as a colourless liquid; found: C 79.80 H 9.65 (talc. C 79.96 H 9.39); 
IR: 1675 (enona; MS (6OoC): 150(6/~*)135(8~82(1~)54(26); H-NMR (CLX13): 2.94ddd(H-1),5.89ddq 
7&3), 2.36ddddq(Hq), 2.30ddddq(B-S’), 2,09dddd(H-6), 2,OOdm-6’), 1.73dd(3H; H-81, 4.94dq 
(H-9E), 4.7Sddq(H-9Z), 1.94ddd(3H; H-10); J(Hz): S,5’=18.5; 6,6’=13,5; 1,6= 11; 1,6’~6’,5=6’,5’-5; 
6,5118.5; 6,!+5,5; 9E,92-2; 3,5-8,9E=l.S; 3,5’=3,10=1; 10,5=10,S’X8t9Z-1r9Z~l; C-NMR (CDCl 
199.2s(C-2), 161.8s(C-4), 143,2s(C-7), 126,6d(C-3), 113,4t(C-9), 53.7d(C-1), 30.2t anmSt(C- 3 

): 
/ 

C-6), 24.1 q(C-lo), 20,5q(C-8). 

Analogously, reaction of diene 46 (62.5 g, 1.03 eq) and mathoxymethyl vinyl ketone (34) (38.9 g, 
1.0 eq) afforded 2lnethoxy-l-(4~ethyl-2-trimethylsilyloxy-~cyclohexen-l-yl)-ethanone as an epima- 
ric mixture (cisltrans ratio ca. 75:25). 
Yield: 71.9 gT2% from 46) ara colourless oil: bp 106-lll°CfSmm; IR: 1718 (satd ketone); 
MS (CI/12OoC): 257(11/~~)239(50)167(1~); C-NMR (CDC13): 208.ls,i&Ss, 122,Sd, 76.8t,65.6d, 
s,Od,50.2q, 29.4t, 23.2q, 17.7t,0.3q (main epimer); 210.49, 135.7s, 12S.ld. 78.lt, 69.4d, S9.0d, 
5U.4q, 29,2t, 24.0t, 22.8q,-0.1 q (minor epimer). 

This ketone (19.0 g) after methylenation and oxidation, in this case using pyridinium chlorochromate 
(51) (50 g, 3.1 eq) in dry CH2Cl2 (200 ml) at OOC, afforded enone 48 after bulb-to-bulb distillation 
(4 120oc/1mm) l 

Yield; 8-82 g 48 (66%) as a pale yellow oil; found: C 73.26 H 9.01 (talc. C 73.30 H 8.95); 
IR: 1685 (enon3; UV: 234 (enone); MS (5@X): 18O(l~/Mf*)165(36)98(68~82(71); H-NMR (CDC13): 3.04 
brdd(H-1), 3.9Sbrsm-8), S,21brs(H-m), 4.94brs(H-921, 3.30s(OMe); residual spectrum essentially 
identical corn ared with that of 470 C-NMR (CDCl ): 198.4s(C-2),161,5~(C-4), 143*7s(C-71, 126*ld(C-3), 
113.St(C-9),74.6t(C-8), 57.4q(@$)~ d(C-13, 3O.Ot and 27,3t(C-S/C-6), 23.7q(C-8). 
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Alkoxyenone g (3-(methoxyarethoxy)~thyl-4-(l-ntethylethenyl~-Z-cy~l~hexeu~ne~ 

Acccrrding to Still ( 3?), but using chloromethyl methylether for protection, a-@utyltin hydride 
was transformed into (meth~x~th~xy~mathyl-tributylst~~n~~ Bu~~~~, in 56% yield. To a 
soln of this stannane (18.3 gt 1.39 eq) in dry lXF (lx) ml) was added 2.~~~i~hex~~ soln (19.3 
ml, 1,34 eq) during 10 min at -7WC, followed after 15 min by a soln of enone 39 (4.90 g, 1.0 eq) 
in SCNW THF, After 3 h the! mixture WBS quenched (H~/-~~~) and worked up (~ther~~~. The crude 
adduct obtained WBS purified by flash ~hr~~t~gr~phy (ether/petrol 1:4 for elution of nonpolar tin 
c~mp~unda, then 1:l for elutian of product) to afford 8 cofourless oil (6.33 g)* A portion (5.84 g) 
of this oil was oxidised with Z,Sm-.Jones relrgent (le.5 ml, 1.5 eq) in acetone (5U ml) at 0% fur 
4 h (cf. preparation of 39). Workup and purification by flash chromatography (ether/petrol 3:f) af- 
fordarpure enone 41. 
Yield: 3-82 8 41 (3% from 39) as a pale yellow oil; Rf-G.26 (etherfpetrol 2:l); found: C 68.86 
H 8.73 (talc, r68.55 H 8,63; IR: 1685 (enone); W: 2x) (enone); E (?UW): 2~U(23~~~)~95(6~ 
178(19)165(66)?9(loo); H-NMR (ml3): 6.24brs(H-2), 2,95dd(H-l), 2,12dddd(H-5), 2.U3dddd{H-~~)~ 
2,4~ddd(H~~~ 2.3lddd(H~, 1.82brsfH-8),4,97brs(H-QE),4.73brs(H-9~),4.1Ua(W;H-lQ), 4,64s(W) 
and 3.36s(3H); .$Hz): 6,6 ‘=16.5; 5,5’~l4;5,6~12;4r5~5’,6=4f,6~~5;5r61~4.5;4r5t~4;9E,9Z~2; 
8,9E=2,10-2,lU -1-1.5; 8,92=2,4~1; C-NMR (CDCl3): 199.4a(C-1). 161.2s(C-3), 142.4s(C-7), 125.4 
d(C-2), 113~5t(C-9~,96,lt(~H2U)~ 67.6-O), 55.4q(~3~* 43,fd(C-4), 34.Ut(C-S), 26,3t(C-6), 
22.0 q(C-8). 

14-Alk~xyket~na 42 ( (3~,4~)-3-ethenyl-3-(methoxplaetb~xy)methyl-4~(l~athylethenyl)-~y~l~hexan~ne) - 

F~ll~win$ the procedure described for preparation of ketone _l_ (vide au ra), enone $l_ (1.50 g, 1.0 
eq) is reacted with a soln of vin~l~~neai~ bromide -- prepared%m Mg + 460 mg, 2.65 eq) and 
vinyl bromide (2.13 g, 2.79 eq) in dry TB’ (M ml> - in the presence of CuI (0.27 g, 0.20 eq) and 
P(NEt2)3 (0,44 8, 0.25 eq) for 2 h at -78*C, Workup and purification by flash ~hr~~t~8raphy (ether/ 
petrol 1~1) affords pure ketone 42, 
Yield: 1.01 g 42 (61% from 41) as a colourless oil; found C 70.12 H 9.22 (talc. C 70.56 H 9.30); 
IR: 1718 (satdTetone); MS moC): 23~(~~*)2~(t>193(9)r76(16)163(21~135(1~~6?(1~~: 
FNMR: table 7; C-NMR: tzle 2. 

Following essentially the procedure described far the preparation of lactone _9_ (vide supra), alky- 
lation, epimerisation and reduction af ketone g (420 mg) afforded crude hydroxyezs as an oil, 
which was lactanised by ~p~nifi~8ti~n (40% EUH soln (I ml) in MeUH (1U ml) at RT for 8 h) and sub- 
sequent refluxfng fn dry benzene (20 ml) for 12 h,to afford crude lactune 45a as an ail (480 mg). 
A portion (432 mg) of this product was refluxed for 2 h under careful TLC-Gtral in M&H (20 ml) 
containing 37% HCl (a.1 ml). After neutralisati~u with sat N~~3 suln and evaporation of MeUH~w~rk- 
up (ether/dil HCl) afforded an oil, from which hydroxy lactone was isolated as the majar con- 
stituent by flash chromatography (ether/petrol X0:1). 
Yield: 102 mg 45b (27% from 42) as a pale yellow syrup; RfmU.13 (ether/petrol 3~1); found: C 70.98 
H 8.72 (talc, ml.16 H 8,53x IR: 3550 and 335U-365U (OH), 1778 (\ifr-lactone); MS(9UoC): 236(3/M+*) 
221(5)218(6)2U6(19)191(13)159(2~147(96)131(~)119(5~)1U5(93~91(98)~9(1~~; H-m; table 7; C-NMR: 
table 8. 

Formation of cyclisation product 44 

As described above, ketone 42 (191 mg) was transformed to hydroxyester 43, which on refluxing for 
1 h in dry benzene (15 ml) ~ntaining ~-T&Xi (15 mg) was smoothly transformed to a single product, 
Workup (etherldil HCI) and purification by flash chr~t~graph~ (ether/petrol 5~1) afforded pure fi, 
Yield: 80 mg 44 (42% from 42) as a colourless oil; Rf"U.17 (ether/ 
H 8.39 (ca1c.C 71.16 H 8.53); IR: 1782 ($'-lactone); MS (70%): z 

trol 2:l); found: C 71.46 
*missing; 221(2~~2~(42~19l(i3) 

178(47)147(79)131(86)114(89)118~~)105(46)91(63)79(~~ H-NMR: table 3; C-NMR: table 8, 

Compound J&_ was unaffected by acetylation (A~2U/~~ and oxidation (~/CH2Cl2) conditions, 
which confirms the presence of a tetrahydrafuran moiety. 

Preparation of ep~xyal~~h~I 52 from ketone f 

To a soln of LDA -- prepared from HN(A-Pr)2 (5.9 ml, 1,s eq) and 2*5~BuLi~hexane soln (15,U ml, 
1.35 eq) in dry THF (100 ml) - ketone 1 (5.0 g, 1,U eq) in some THF is slowly added at -78*C, 
followed after 30 min by a soln of MeSW2Me (42) (4-25 g, 1.2 eq) in same THF. After 6 h the reac- 
tion is quenched (H2U/-~8~) and wurked up (etherfdil HCl>, Purification by flash ~hr~~t~graphy 
(etherlpetrol 1:6) affords: 

1) 4.3U g 49 aa 8 pale yellow crystal mass; Rf10,41 (ether/petr~l 1:4); ~ubli~ti~n ~5U~C~U.US mm) 
afforded colourless crystals, mp 4~-4Q~C: found: C 69.89 H 9.15 (talc, C 69.59 H 8.98); 
IR: 1705 (ketone); E (RT): 224(27fMf*)209(rU)l77(33)176(23~156(30)8): H-NMR: table 7; 
FMMR: table 8. 

2) 698 mg unreacted J_ as a colaurless oil. 

Yield: 4.30 g 49 (81% based on unrecovered 11, - 
A soln af sulfide 49 (4.11 g, 1,U eq) in M&i (75 ml) is treated with a saln of 3U% H2U2 (2.18 gr 
1.05 eq) and Se02 n.13 g, 1.05 eq) in H U (15 ml) at WC during 15 min. After complete consumption 
crf starting material (~lh/~~~ workup ( h Cl fH2U) affords crude sulfoxidc, which is refluxed tith 
&SO3 (4.0 g, 2.X eq) in dry benzene (120 ml 3 for 24 h, Filtration and evaporation of solvents af- 
fords crude enene 50, which is purified by flash ~hr~tugraphy (ether/petrol 1:2). 



D. FRIEDRICH and F. BCIHLMANN 

Yiefd: 2.36 s 50 (73% from 49) as a pale yellow oil; an analytically pure sample was obtained by 
bulb-to-bulb dztillation (ca. lOWCf3 mm> as a colourfess oil; found: C 81.53 H 9,08 (talc. 

C 81.71f H 9,151; 2: 1690 (Gatd ketone); MS (9WC): 177(1/~~)176(0.5~~)161(1)1~(1)133(1.S) 
1~~4U)8~~1~~~~ H-NMR: table 7; C-NKR: tablF8. 

To a soln of enone 50 (2.02 8, 1.0 eq) and 30% H202 (3.25 g, 2.50 eq) in M&H (30 ml) a soln of 
6m-N&H (0.4 ml, 0,2 eq) in MeOH (4 ml) is added very slowly at XPC, After complete consumption of 
starting material (E. 6 h/RT),workup ~ether/H~~ affords crude 5l, which is purified by flash 
chromatography (ether/petrol X:5), 
Yield: 1.59 g 5l_ (72% from H3) as a cofourless oil: Rfl.53 (ether/petrol 1~2); 51 afforded collour- 
less crystals after some t=, which after washing with pentane and drying gave G 39-4WC; found: 
C 74.72 H 8.14 (talc. C 74.97 H 8.39); IR: 1735 (satd ketone); E {Cl/RT): 19~(1~(~~)175(42)165 
~25~147~4U~l21~3~~~ H-NMR: table 7; C-m: table 8. 

To a soln of2 (1.09 8, 1.0 eq) and C&l3*6H2O (1.8 g, O,9 eq) in MeOH (35 ml),Na3H4 (2x1 mg, 1.15 
eq) is slowly added at O°C, After stirring at RT for lh, careful hydrolysis (H~~~~~ and workup 
(ether/dil HCl) the residual oil is purified by flash chromatography (etherfpetrol 1:2, Rf=O.35). 
Yield: 960 mg 52 (87% from 51) as a colourless oil: IR: 3620 and 3350-3550 (OH), 1640 (Clc); 
MS (RT): 194.1~~1~~~; caE, 
FNMR: table 7; C-NMR: table 8, 

194,13a7>179(2)176(2~~1($~13S(17~133(14~121(2~~119(22~97~1~~69~92); 

Preparation of trans-p-menthenofide (59a) and cfs-p-menthenolide (59b) via allylic oxidation 

To a so111 of citronella1 54 (25.0 g> in dry ClQCl.2 (500 ml) is added a soln of SnCl4 (0.6 ml, 0.03 
eq) in a2Cl2 (25 ml) at -10% during 10 min. After 30 min at -lO”C sat N~~O3 soln (100 ml) is ad- 
ded, cH2C12 evaporated and the residue exhaustively steam distilled. The organic portion of the dis- 
tillate is isolated by saturation with NaCl and ether extraction, giving a mixture of isopulegol 
55a and epiisopulegol 55b, which is finally bulb-to-bulb distilled (~100oCfSmm). 
Yield: 19.3 g 55af55b (77% from 54: ca, 75:25 as judged by lH-NMR) as a colourleas liquid; spectros- 
copically pures=s of both eq&eG were obtained by F’l’LC (ether/petrol 1:2), 

55a: Rf”o.40; IR: 3580 (OH); MS (RT): 154(12~~)139(27)136(25)121(54)111(56)95(76)84(48)81(53) 
- 69(1~~~~5~5): H-NMR: tame 9; C-NMR: table IQ. 

55b: Rf0.26; IR: 3580 (OH); MS (RT): 154(12/Mf*>139(15)136(18~121(36)111(32)95(46)82(7~~69(92) 
- 55( 100); FIJMR: table 9;?!!-NMR: table 10, 

Isopulegol acetate 56a was obtained by reaction of the above 55alb mixture (10.0 g, 1.0 eq) with 
Ac$ (4,O g, U,6 eqcnd pyridine (5.2 gr 1.0 eq) in dry benzzr50 ml) at RT for 36 h, workup 
(ether/dill H(X) and separation of the nonpolar 56a by flash ~hro~tograph~ (ether/petrol 1: 10) q 
Yield: 6.31 g 56a (50% from 55a/b; ~a. 65% base=n S5a contained in starting material) as a colour- 
less liquid; R-.30 (etharl~r~l 1:fO); CR: 1740 (acetate); E (8OoC): 1~(2~~)136(46~121(28~ 
1~7(23)93(27)81(33)73~31~61~1~~; H-NMR: txle 9, 
The alcohol fraction obtained by fxr elution with ether can be utilized for the preparation of 
isopulegone g (vide infra). -- 

Epiisopulegol acetate 56b was obtained by L-selectride reduction of isopulegone 60 (2.80 g) (vide 
infra) and reaction of-e crude epiisopulegol 55b obtained with Ac2U (2.5 gr 1.3 eqjs pyrfdine 
~(2,2g, 1.5 eq) and W (0.2 g, O,2 eq) in dry=nzene (30 ml) at RT for 48 h, followed by workup 
(ether/dil HCl) and purification by bulb-to-bulb distillation (: 80°Cf5mm) w 
Yield: 2,71 g 56b (75% from 6Uf as a coluurfess liquid: Rf-U.30 (ether/petrol 1:lO); E: 17GO (ace- 
tate); g (RT)~96(2~*)13~1~~~121(87~1~7~69)93(9~)~ H-NMR: table 9. 

To a saln of tert-Hugh (80% soln in tert-Bu202; 2,2 g, 3.42 eq) in CH2C12 (20 ml.) are added Mg%k, 
(s, 1 g) andxely powdered Se02 (UTg, 0.24 eq) followed after 30 min by acetate 5f>a (1.12 g1 
1.0 eq). After stirring at RT for 36 h,workup (ether/brine, then sat NaHC03 soln) affords an oil, 
which is added at UoC to a suspension of LiAlH4 (300 mg, ~8~ 2.7 eq] in dry ether (25 ml>. After 
warming to RT overnight,workup (CHC13fdil HCl) affords crude diol , which is purified by crys- 
talfisation (ether, some pentane added). 
Yield: 660 mg 57a (68% from S6a) as a white solid; Rf-0.15 (ether/petrol S:l); recrystallisation 
from ether sav=p 97-97,5oCxR (CHCl3): 3600 and 3200-3600 (OH); MS (SWC): 170.1309(1/@*; cafe. 
170*1307)152(39)137(19)123(40~~~(74)93(100~81~100)55(79);~(CI/1~~: 171(4lfM+H+~l53~~~151~13~ 
135(100); H-NMR: table 9; C-NMR: table 10. 

I)iol 57a (490 mg) was stirred with active MnO2 (6.0 g) in ether (50 ml) at RT fur 2 h. Filtration 
over 8gSQ4 layer and evaporation of ether afforded hydroxy aldehyde 588 as a cofourless oil (4oti 
mg; Rf-0.23, ether/petrol 3:l) containing only traces of lactone 598 axudged by TLC and NMR (see 
tables 9110). Further oxidation by refluxing with lU% Ag2C03/celi~(lS) (8.0 g> in dry benzene (40 
ml) for 8 h,afforded pure trans-k-menthenolide 59a after filtration, 
by bulb-to-bulb distillati=a, 1lOoCfSmm). 

evaporation and purification 

Yield: 334 mg 598 (48% from 563 as a colourless oil; 
H 8.05 (talc. c2.20 H 8.49rIR: 1787 ( 

R 10.32 (etherfpetrof 1:2); found C 72.45 

1~9~4~~94~1~~~~ H-NMR: table 9;c-NMR: r 
-1actone); _ Pi& (RT): l~(16fMt4)lXr(B~)123C22)1200 

le 10. ta 

fn a completely analogous manner,acetate 56b (1.12 g) was transformed to a mixture of products, from 
which only a small amount of dial 57b wasxtained by flash chromatography (ether). 
Yield: 186 mg 57b (16% from 56b) a= white solid; Rf-0.23 (ether/petrol 5~1); recrystallisation 
from ether gav=p 115-116WxR (CHCI.3): 3600 and 3200-3550 (OH); MS (W): 170,13W(Xn3+*; cafe* 
17cr.13u7)1s2(47)137(25)123(44)108(89)93(1~)81(93~55(78)~ g (CI113rij15c): 171(34f~H+>l53(20)lsl(~) 
135~1~); H-NMR: table 9; C-NMR: table 10, 

Hi01 57b (420 mg) was stirred with active MnO2 (7,O g) in ether (50 ml) at RT for 4h. Filtration 
over a MgS04 layer and evaporation of ether afforded cis-~-~ntheno~ide z, which was hmogeaeous 
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by TLC and lH-NMR. 
Yield: 341 mg 59b (83% from 57b) as a colourless oil; Rp0.27 (ether/petrol 1:2); an analytically 
pure sample uazbtained by bulkto-bulbdistillation (ca. loO°C/5mm); found C 72.23 H 8.87 (talc. 
C 72.20 H 8.49); IR: 1780 ()r-lactone); E (RT): 166(4~~)138(~)123(3S)120(~)1~(51)~(1~); 
H-NMR: table 9; Ca: table 10. 

Hydroxyaldehpde 58b.could be obtained as a colourless oil by PTLZ (ether/petrol 3:1, Rf-0.20) of a 
sample withdrawuT&n the oxidation reaction shortly after addition of MnO2; H-BMR: table 9; 
C-NMR: table 10. 

Preparation of cis-p-menthenolide (59b) via vanadium catalysed epoxidation 

Isopulegol mixture 55afb (25.5 g> is oxidised with 1,OS eq of Jones reagent at O°C (cf. preparation -- 
of 39) to give pure isopulegone 60 after bulb-to-bulb distillation (7=:80°C/5mm). 
Yien: 20.8 g 60 (82% from 55a/bras a colourless liquid; R -0.54 (ether/petrol 1:2); IR: 1717(satd 
ketone); MS (m7: ~52(23/~~3~(15)~23(72)1~(~~)93(74)81 43)67(90); f H-N?+@: table 9;- 
C+MR: tame 10. 

To a soln of isopulegone 60 (3,81 g, 1.0 eq) in dry THF (80 ml),lm-L-selectride/'I'BF soln (36 ml, 
1.44 eq) is added at -78o?!?during 15 min. After warming to RT overnight,organoboranes are destroyed 
(54) by treatment with H202/NaOH. Partial evaporation of THF, workup (etherldil HCL) and purifica- 
tion by bulb-to-bulb distillation (C=1OOoC~5xrm) affords pure epiisopulegol m, which is completely 
free of isopulegol S5a. 
Yield: 3.40 g 55b (m from 60) as a colourless liquid. - 

To a soln of epiisopulegol 55b (3.40 g, 1.0 eq) and VO(acac)2 (100 mg) in benzene (40 ml),is added 
80% tert-BuOOB (3.50 g, 1.4~q) and the mixture stirred at RT for 4 h, Workup (ether/sat NaHC03 
solnmfords crude epoxy alcohol 61 (Rf-0.22, ether/petrol 1:2; essentially a single diastereomer 
as judged by NMR, see tables 9/10),which with some ether is added to the soln of LDA - prepared 
from HN(&-Pr)2 (10.8 ml) and Z.SIP-BuLi/hexane soln (27.0 ml, 3.05 eq) in dry ether (120 ml). After 
stirring for 60 h at RT,H20 is added, ether is evaporated and the residue worked up (CBC13/dil HCl) 
to afford crude diol 57b (3.02 g raw yield) as a pale yellow syrup, which is stirred with active 

er (150 ml) at RT for 4 h. Filtration, evaporation and bulb-to-bulb distillation 
menthenolide 59b. 
a pale yelloniquid. 

Preparation of menthofuran (62) 

To a soln of isopulegone 60 (2.7 g, 1.0 eq) in dry benzene (120 ml.) is added 85% _m-chloroperbenzoic 
acid (4.8 g, 1.47 eq), AfKr stirring at RT for 20 h the main portion of precipitated m_chlorobenzo- 
ic acid is separated by evaporation of benzene, taking up in petrol and filtration. Evaporation of 
solvents leaves crude epoxyketone as an oil, which after dissolution in MeOH (60 ml) is treated 
with 40% KOH soln (30 ml), After stirring at RT for 4 h,evaporation of MeOH and workup (ether/brine) 
leaves crude menthofuran 62, which is purified by bulb-to-bulb distillation (E, 8ooC/2mm). 
Yield: 1.40 g 62 (52% from 60) as a colourless liquid, which is very susceptible to autoxidation; 
Rf-O.60 (etherxetrol 1:lO);found: C 79.92 H 8.95 (talc. C 79.96 H 9.39); H-NMR: table 9; 
C-NMR: table 10. 
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