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TOTAL SYNTHESIS OF PSEUDOGUAIANOLIDES-II 

() )-AROMATICIN? 

PETER T. LANSBURY* and D. G. HANGAUER, JR. 
Department of Chemistry, State University of New York at Buffalo, BulTalo, NY 14214, U.S.A. 

Abatrati-( f )-Aromaticin (5). a helenanolide with five chiral centers, has been assembled from 2-methyl- 
1.3-cyclopentanedione in a linear synthesis characterized by high regio- and stereochemistry at all stages. 

We have recently embarked upon an extended 
research program which focuses on the total synthesis 
of hydroazulenic sesquiterpene lactones characterized 
by the pseudoguaiane skeletal framework. Two major 
varieties of pseudoguaianolides’ exist: umbrosanolides, 
which are characterized by a B-oriented C-10 methyl 
group and exemplified by damsin (I); and 
helonanolides, which have the opposite C-10 
configuration and are usually more heavily 
functionalized (and hence more biologically active), as 
shown in fastigilin C (II). In order to synthesize the 
structurally challenging helenanolides,3 we feel it 
essential to have rapid access to an appropriate 
bicyclo[5.3.0]decane template, upon which stereo- 
controlled introduction of functionality could proceed 
in a rational sequence of operations. Otherwise+ such a 
linear strategy would become intolerably long and 
impractical. 

Scheme 1 summarizes the status of our investi- 
gation? when the present helenanolide synthesis 
began: solid arrows (+) designate previously 
completed steps’ (44) while double arrows (a) 
denote retrosynthetically the chosen route to be 
followed enroute to aromaticin (5). 

The requirement for an abundant and versatile 
pseudoguaiane template had been met in selectively- 
protected diketone 1 (Scheme I), preparable in only 
three steps from 2-methyl-1,3-cyclopentanedione.3 

Subsequent functional group manipulations of I 
afforded 2, whose configuration at carbons 1,s and 10 
correspond to the natural product damsinic acid (3), 
thus providing the impetus for total synthesis of the 
latter. 

After the necessary correlation of 2 with 3 had been 
successfully carried out,3“ epimerization of the 
unactivated chiral center at C-10 was required. That 
task was accomplished by temporarily introducing 
into 2 a “bridging” vinyl group at C-8,9. *This specific 
perturbation activated the C-10 hydrogen for 
reversible dienolate formation and eventually afforded 
the less-strained ketone 4, without the Me-Me 
interactions present in 2, (once the activating LY- 
(phenylthio) vinyl group had been removed by 
hydrogenation). We were now poised to undertake the 
present total synthesis of ( f )-aromaticin” (5). our 
initial target among the helenanolides. 

Aromaticin was first isolated by Romo et a1.4 from 
the Chilean plant Helenium aromaticum (Hook) Bailey. 
Structure S was correctly deduced from spectroscopic 
data and correlation with dihydroisotenuhn, which 
permitted rigorous assignment of configuration at all 
chiral centers except C-7 (tentatively assigned on 
biogenetic grounds). Subsequently, aromaticin was 
found to be active in tltro against cells derived from 
human carcinoma of the nasophamyx (KS) in cell 
culture (ED,, 0.34mg/ml),s a consequence of the 
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tLMicated to the memory of Prof. R. B. Woodward, whose 
artistic creativity and painstaking utilization of strategic 
planning has inspired and guided our endeavors in the 
organosynthetic domain. 
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Scheme I. 

presence of two electrophilic x,/I-unsaturated carbonyl 
functions that irreversibly deactivate sullhydryl 
enzymes by Michael addttion of the latter. The 
sensitivity of aromaticin and other pseudo- 
guaianolides to mdriple nudeophilic udditioc~ (three 
sites in fastigilin C) rnusr he kepr fkwost in rnit~d ~.htw 
&r&ping (I s_)~ket~c smtegy. Accordingly, our 
retrosynthetic analysis of the aromaticin problem 
(Scheme 1, a) called for unveiling the A-ring 
cyclopentenone functionality in the final step. Such a 
structure tends to deconjugate and/or epimerize at C- 
l, under both acidic and basic conditions.“’ as well as 
to undergo nuclcophilic addition. The appearance of 
even the saturated cyclopentanone ring (pK, _ IX) 
was to be delayed until r-methylenation of the less 
acidic ;-lactone (pK, 5 25) had been completed.” The 
remaining links in the synthetic plan, using 4 as our 
starting point, were structurally obvious (see below) 
but their ultimate success hinged on solving the crucial 
stereochemical questions at C-7 and C-X as they arose. 
Numerous rapidly-exchangablc conformations are 
possible for 7-membered rings.’ assuring that this task 
would by no means be a trivial one. The successful 
experiments that culminated in a regio- and 

stereocontrolled aromaticin synthesis’” are outlined in 
Scheme 2. 

The reagent of choice for lactone annelation onto 4 
was methyl r-(trimcthylsilyl)acetatc.x whtch afforded 
the acrylate 6, m.p. 69 71 . in quantitative yield. 
DeconJugation’ of 6 wtth LDA-HM PA was expected 
to occur by regiospecilic proton abstraction at the less- 
hindered y-site. i.e. C-X, followed by quenching into 
dilute acetic acid. The /I.;- unsaturated ester 7 isolable 
from 4 in X0”,, overall yield after chromatography. 
showed the anticipated vmyl proton tripler at ci 5.56, 
with J = 5.6Hz. At this stage, cis-hydroboration 
followed by peroxide oxtdation was planned for the 
introduction of the needed C-X OH function. and also 
for establishing the remaining two chiral centers of 
aromaticin. This desirable outcome would result only 
if elcctrophilic attack by a boranc occurred from the Z- 
face of the molecule, which seemed to require a chair 
conformation (based on models). Several reports in the 
literature- supported our expectation that the chair 
conformation would be the more stable one Should 7 
react via thealternative twist-boat conformer, in which 
/I-face is more accessible, both C-7 and C-X would have 
the wrong configuration. 
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a) LOA. (CH3)3 SiCH2C02CH3, THF. -78" * 25'; b) LDA-WPA. THF. -78". then CH3C02H; 

c) 8H 
3 
-THF, -78" . 25'. H202, OH-; d) Pt. 02, H20-acetone; 

e) LDA-HMPA. BrCH2OCH3. -78' + -5'; f) 3 eq. KOt-8u. 1 eq. H20, THF; 

9) TFA. 0'/3 h. then NaOH/i-PrOH-H20. 25' 2h; h) PCC. CH2C12; 

i) C6H5SeCl. EtAc. HCl. then )LaIOq. THF-H20, 25"/7 h. 

Scheme II 

Before addressing this intriguing stereochemical 
question, we note that 9-borabicyclononane and 
related dialkylboranes, which exhibit high regio- 
selectivities in many hydroborations of unsymmetrical 
alkenes’” and have no “excess” hydrides for 
intramolecular ester reduction, were virtually useless 
for the task at hand. Essentially no hydroboration of 
the hindered n-bond occurred. After much experi- 
mentation, we reverted to borane (BH,.THF) to 
achieve efficient. low temperature hydroboration 
(-78 -+ 0 ): this in turn, meant that unavoidable 
ester reduction’ ’ to the diol (after peroxide oxidation) 
would also take place and a “back oxidation” would 
subsequently be needed. Once the conversion of 7 to 8 
was achieved in virtually quantitative yield, the first 
concern was to establish its steric course (Scheme 3). A 
portion ofcrude diol8, provisionally formulated as the 
desired stereoisomer, was cyclized via the primary 
monotosylate lo the tetrahydrofuran derivative 9, in 
order to facilitate analysis, as well as further 
transformations (see below). Gas chromatography of 
the cyclic ethers revealed a -4: 1 mixture of isomers 
but the identity of the major isomer was still 

tin his philosoptucal discussion of the paramount 
Importance of careful and rigorous planning in multi-step 
synthesis, Woodward did not disregard the importance of 
serendipity, statmg ‘-The routine (IR) examination of 
virtually every reaction mixture, however crude, or lacking in 
tangible prospect ofyielding a desired product, often provides 
a clue to important developments which could not otherwise 
bc made”. R. B. Woodward, Perspecriws w Orgun~c 
Chemisfry (Edited by A. Todd), pp. 155-184. Interscience, 
New York ( 1956). 

unresolved. We had also planned to utilize ruthenium 
tetroxide oxidation” of9 to generate the lactone ring 
in 10. However, a fortuitous observation,t namely 
strong infrared carbonyl absorption at cu 171Scn-’ 
in the IR spectrum ofthe crude product (in addition to 
the y-lactone CO stretch at 1780cm- ‘) proved to be 
ultimately much more significant and led to 
unambiguous proof of the relative configuration of 8! 
According to literature precedent.12 ruthenium 
tetroxide oxidation of tetrahydrofurans such as 9 
should occur mainly at the less-substituted carbon, 
producing the expected lactone 10. but we obtained a 
c 1: 1 mixture of 10 and keto-acid 11. Since 10 is itself 
oxidized to 11 under our conditions (catalytic RuO, in 
acqueous acetone), it is not clear to what extent 9 is the 
source of 11, but that question does not affect the role 
of this keto-acid in elucidating stereochemistry, as we 
shall now see. It is known that when RuO, oxidations 
generate ketonic groups adjacent to a chiral center, 
epimerization does not occur.13 Ketoacid 11, while not 
of apparent value as an intermediate for aromaticin, 
contains two sterically compressed alkyl groups (at C- 
5 and C-7) if the C-7 acetic acid side chain is /?-oriented 
and should therefore, be prone to epimerization cia 
reversible formation of the C-7 enolate. Apparently 
such “1,3-diaxial” strain is somewhat alleviated in 11 
by a conformational adjustment (Scheme 3) in which 
the C-5 methyl group (6 0.53) is placed in the C-8 
carbonyl shielding cone. Nevertheless, intentional 
equilibration of 11 was readily achieved 
(DBN,‘CH,CI,/ZY) and produced an isomeric 
ketoacid (12). m.p. 85-87 , in ca 8Oy/, yield. In 12 the 
resultant cc-oriented side chain allows a confor- 
mational change in the 7-membered ring (compared 
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with It) which removes she C-5 Me group (now 
observed at d 0.80) from the C-8 CO shielding cone 
(Scheme 3). These results fully establish the fi- 
o~entat~on of C-7 substituents in ~rn~unds S-11, 
and the C-8 oxygen substituent in g-if, originating 
from cjs-hydroboratiou of 7, must accordingly be 
alpha. For synthetic purposes, pure 10, m.p. 88589”, 
which possesses all the chirality in aromaticin, was 
prepared by catalytic oxidation” (Pt/O,) ofthemajor 
isomer of& in this reaction 11 was not an observed by- 
product. It was found that improve yields can be 
achieved when the heterogeneous reaction is 
conducted in an ultrasonic bath. 

We were now ready to introduce the cr-methylene 
group into the y-Iactone ring of 10 and certainly aware 
of the plethora ofmethods available.r5 However, much 
of this methodology has been developed only with 
simple model compounds, notable exceptions being 
the work of Danishefsky,‘* Grieco2“.15 and 
Johnson.“*‘” It was soon apparent that enolate 
alkylations of 10 with alkyl halides containing 
potential leaving groups (e.g. C,H,S-CH,I) 
proceeded in only modest yields as did the 
Parker-Johnson procedure;” moreover the known 

tendency of ~-methylen~-~-~actones to undergo 
destruction by nucl~phile~ if generated in their 
presence concerned us from the beginning. These two 
problems were solved ~n~urrently by aIkylat~ng with 
methoxymethyl bromide, an excellent S,2 substrate, 
which gave 13 (along with some dialkylation product), 
whose side chain resembles that encountered, via base- 
catalyzed methanol addition, in earfier structural 
inv~ti~tions of sesquiterpene lactones. * Such a side 
chain is, in fact, a sturdily-protected, latent c1- 
methylene group, capable of withs~ding a variety of 
neutral or acidic transformations elsewhere in the 
molecule, but presumably susceptible to deblocking by 
appropriate basic reagents when desired. It was 
originally intended to remove the poor leaving group 
(-QMe) in 13 by employing excess “unsolvated” 
KOt-Bu/KOH in tetrahydrofuran,” under which 
conditions the more protected acrylate union (from 
concomitant saponification) would be formed in one 
operation (Scheme 4). Quenching the above mixture 
into dilute acid led to isolation of 14 in satisfactory 
yield (co 30% from 10). as judged by IR and NMR. 

Aiternativeiy, the two steps could be experimentally 
separated. Methanolic potassium hydroxide effected 
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a) KOH/CH30H b) KOt-WTHF, then H30+ c) Scheme II, steps e, f. then ti30+. 

Scheme IV 

only saponification lo give the potassium ;‘- 
hydroxycarboxylate (IR) from which solvent was 
removed in ~wuo: subsequently. KOt--Bu in 
anhydrous THF transformed the above salt into the 
acrylate, followed by acid quench and work-up. This 
slightly longer procedure raised the yield for the 10 
+ 14 conversion lo ca 60 “,A. The crude non-crystalline 
z-methylene-y-lactone 14 was directly subjected to 
dealkylation and oxidation at C-4, using Marshall’s 
sequence, “) and there was subsequently isolated pure, 
crystalline 2,3_dihydroaromaticin (15), m.p. l23- I24 . 
At the time we were completing this research, 
Bohlmann” reported the isolation of (+)-15, m.p. 
I51 , as a constituent of Telekia sprciosu and provided 
detailed 270 MHz NMR and MS Data for this natural 
product. Our synthetic ( f )-15 had identical speztral 
properties with those reported for the natural product 
and its successful conversion to (+ )-aromaticin (set 
below) further confirmed its structure and relative 
configuration. 

In order to complete the total synthesis of 
aromaticin from 15. we needed only to insert a 2,3- 
double bond under essentially neutral conditions. 
Following Grieco’s procedure, 15 was treated with 
phenylselenenyl chloride in ethyl acetate containing 
some hydrogen chloride (to initiate enolization). The 
crude selenylated 15 was oxidized with sodium 
metaperiodate in THF-water, heating briefly to 
complete selenoxide elimination. (& )-Aromaticin (5), 
prepared in _ 75’i;, crude yield from 14, was 
recrystallized several times to give pure product, m.p. 
178-181 , which was identical in all respects. except 

for optical rotation, with authentic (+ )-5 by tic, ‘H 
NMR, IR and MS. 

With the completion of this total synthesis. in 
twenty-two steps from 2-methyl-I,3-cyclopentandinc, 
the remaining uncertainty in the configurational 
assignment of aromaticin, namely C-7 chirality, had 
been resolved. Moreover, concurrent investigations in 
our group have established the feasibility of inverting 
tro,z.s-fused lactones”“ such as 10 at the carbinol 
position. This methodology has provided an entry to 
aromatIn,‘” a cogencr and C-8 cpimer of5. and should 
have useful ramifications in our continuing efforts to 
prepared c%fuscd lactones such as fastigilin C. 

Gewrtrl cor~sidera~ior~s. All ofthe reactions described herein 
were run under a blanket of dry argon. The phase “was 

concentrated” or “concentration gave” refers to removal of 
the solvent on a rotary evaporator under reduced pressure. 
M.ps were determined with a “Mel-Temp.’ capillary tube 
apparatus and are uncorrected. B.ps refer to the oven temps 
during Kugelrohr distillations and to the vapor temps during 

fractIonal distdlatlons. 
Glc was performed on either a F and M Scirntitic 720 dual- 

column gas chromatograph or a Hewlett-Packard 573A 
instrument. The packings used were: IO”,, Apiezon L. IO”,, 
and 5 “,i Carbowak 20 M. and 3 “;, OV-I on Chromosorb W 

(meshsize30:60). AIIofthecolumnswere0.125in. innerdiam 
and 6 ft long, except for the 3”,, OV-I column which was 4 ft 
long. The carrier gas (He) llow rate was 6Ocm’.:min. Peak 
areas were. used to estimate the relative proportions of 
compounds in mixtures. 
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Adsorption chromatography HBS performed with silica gel purification. If desired. the ester 7 can be purified by 
GF-254 (type 60) for tic. silica gel 60 PF254 (containing chromatography on silica gel (4”,, ethyl acetate:methylene 
gypsum) for preparative layer chromatography, and silica gel chloride, R, _ 0.7) resulting in an bO”,,overall isolatediield 
60 (particle size 0.063 -O.?Wmm) or lo0 200 mesh Florlsll from4. ‘H NMR:J5.56il H.br1.J = 5.6Hz).3.56(3H.s). 
for column chromatography. The tic slides and preparative 3.2X (I H, t. J = 6 Hr), 2.90 (2 H, s). 2.3 I.2 (comple;). 1.10 
layer plates were generally visualired with UV light. Iodine (9 H. s). 0.77 (3 H. d. J = 6 HII. 0.61 (3 H. s). IR (neat) I’,,,,,: 
staining, and charring (30”,, sulfuric acid. then heat on a hot 1740. 12OOcm~‘. (I-ound: C. 74.02; H. 10.46. Calc. fbr 
plate). were also used cm occasion. C,,HjLO,: C, 73.98: H. lO46”,,). 

All solvents were dried and distilled prior to use. IR spctra 
were run on a Perkin Elmer 467 grating spectrophotometer 
and calibrated with the 1602cm ..’ band of polystyrene. 

NMR spcclra were run on a Jeol JNH-MH-I00 
spectrometer at 100 megahertz (MHz). With samples less 
than 5 mg, spectra were taken on a Varian Assoclales XL-100 
(100 MHz) spectrometer using the Fourier Transform (I-T) 
mode. Unless noted otherwise. the spectra were taken into 

CDCI, soln utilizing TMS as the internal standard. The 
spectra are reported m ppm as ,i values. The coupling 
constants (J) arc reported in hertz (Hz). Multiplicities of the 

peaks are abbreviated as s. singlet: d. doublet: t. triplet. q 
quartcc; m. multiplet: and br. broad. 

UV spectra were run on a Perkin Elmer 202 UV-visible 
spectrometer and the absorptions arc reported m nanometers 

(nm). 
Mass spectra were run on a Perkin Elmer RMU-6E 

instrument operating at an Ionization potential of 70eV. A 
reservoir Inlet technique was used unless the direct probe 
technique IS specified. Relative peak intensities were obtained 
using a Gerber variable scale. 

Microanalysis were performed by: Atlantic Microlab. Inc., 

P.O. Box 80569, Atlanta. GA. 30366. U.S.A. 
Mrrl1.rl 2-[c-2.1-7-diff~rrh?1-1_8-(1-h~rt~/o.u~)-r-IH- 

hicJc/o [5.3.0] t/e(.-4.5-(,,1-5-!/] u~~(lrt’ (86). In a name dried 
IOml Bask, fitted with a side arm and rubber septum. was 
placed 0.261 ml (I .X6 mmol) dry dlisopropylamine and 2.9 ml 
dry THF. The agitaling soln was cooled to -7X . then 

0.692ml (1.4Ymmol) of n-BuLi in pentanc (2.15 M) was 
added drop~ise. After 30 m. a soln of 0.2903 g (1.984 mmol) 
methyl trimethylsilylacetate in 0.93 ml dry THF was added 

dropwise. Aner 30 m. a soln of 0.25(X) g (0.992 I mmol) of 4 in 
3.50 ml dry TH F was added dropwlsc. The reaction was kept 
a1 -7X for I hr. then allowed IO warm IO 25 After 2 hr at 

25 , the reaction was poured into 4Oml IO”,, HCI. The 
resulting mixture was extracted with ether (3 x 40ml). The 
combined cxtracls were washed with water (2 x IWml), sat 
NaHCO,aq (I x lOOmI), brine (I x IWml), dried over 
MgSO, and concentrated to give 0.3361 g ( > 100 “,,) of a light 
yellow solid. A glc analysis (3 ‘I,, OV-I column. 230 oven 
temp) indicated that 6 had been obtained as two isomers in a 
ratio of _ l9:l. An analytical sample, m.p. 69 -71 . was 
obtained by recrystallization from MeOH. Generally. the 

crude product was carried on further without purification. ‘H 
NMR: w 5.57 (1 H. broad s), 3.63 (3H, s). 3.50 I.20 

(complex). l.l4(Y H.s),O.XS (3H,d.J = 6Hz).O.66(3H.s). 
IR (neat) I’,,,,,: 1715, 1620cm-‘. UV ;.i):j, C2H,0H (I:): 232 
(13,800) nm. (Found: C, 74.02; H. 10.44. Calc. for C,,H,,O.,: 

C. 73.98: H. 10.46”,,). 

2-[c-2,t-7-Dirnrfh~/-c-4-~~~/r~~r~~-1-8-(r-h~rr~/n.~r)-r-l H- 
h~~c~/o[5.3.0] t/~-r-5-),/] rrhu~l (8). In a Ilame dried IO ml 
llask was placed O.IXXOg (0.6104mmol) ofcrude 7 and l.Oml 
dry THF. The stirring soln was cooled to -7X . then I.83 ml 
(I.X3mmol) of BH;THF complex (IM) was added 
dropwise. The resulting mixture was held at 17X for 4 hr. 
then allowed to slowly warm to - 50 over a 2 hr period. The 
reaction was further warmed gradually to 0 over a 2 hr 
period and finally held at 0 to + 5 for 4 hr. A small amount 
of MeOH was added (until H, evolution ceased) IO quench 
excess BH,.THF. A 3N NaOH was added (1.22ml. 
3.66mmol) followed by 0.81 ml (7.29mmol) of a 30”,, H,O, 
soln. The resulting mixture was stirred at 45 for 2 hr then 
cooled. The reaction was diluted with 40ml ether and washed 
with 5 “<, HCI (I x 40ml). water (2 x 40ml). brine 
(I x 40ml) and dried over M&SO,. Concentration gave 
0.1823g (> IOO”,,) of a white solid, mp 74-96 
Recrystallization from hexane-CH,Cl, gave 0.118 g (65”,,) 
pure 8. m.p. I I3 I IS”. as 1hc lirst crop. Further crops raised 
the isolated yield to the 70 75”,, range overall from 4. ‘H 
NMR ii 4.0-3.3 (-5H. m), 3.23 (I H, 1, J = XHz). 1.90-1.2 

(complex). I.12 (9H, sj.O.90 (3H. d, J = 5Hz),0.82 (3H, s). 
IR (neat 1 v,,,,,, : 3325. I2oOcm ‘. (Found: c. 72.59: H. 11.22. 
Calc. for C,,H,,O,. C. 72.6X. H. I I.1 8 “,,) 

2- ~c-2,t-7-Dff~~erh~/-c-4-h~~/ro.u~~-t-X-( r-h~tf!,/o.~~)-r-IIf- 
/WI,& ~5.?.01-~/r~~-r-5-rI] &tr~~l rc,r,crl~~.t/~c,/~,ru,~ 19). In a 
Hamc-dried IO ml tlask was placed 0.0741 g (0.2487 mmol) of 
the crude 8 and I.3 ml dry pyrldlne. The stirring soln was 
cooled IO 0 . then a mixture of 0.0522g (0.2735mmol) p 
toluene sulfonyl chloride in 0.9 ml dry pyrldme was added. 
The reaction &as stirred at 0 for 8 hr. then allowed 10 warm 
to 25 over a 14 hr period. The temp was held at 25 for 25 hr. 
then raised to 60 for 5 hr. After cooling, the reaction was 
diluted with 40 ml ether and washed with sat CuSO,aq 
(3 x 4Oml). water (I x 4Oml). sat NaHCO,aq (I x 4Oml). 
brine (I x 40mI) and drlcd over MgSO,. After concentra- 
tion. 0.056Y g (X2”,,) of a light yellow oil was obtained. A glc 
analysis of the crude 9 (IO”,, Aplcazon L column, 250 oven 
tcmp) indicated that this material consisted ofan X:2 ratio of 
two isomeric tetrahydrofurans. These isomers reflect an X:2 
preference for hydriboratlon ol’7 from the x-face versus the /I- 
face. ‘H NMR ,i 3.9-3.1 (4 H, complex). 2.5-0.75 (complex). 
1.13 (9 H. s). 0.X7 (3 H. d. J = 7 HII. 0.81 (3 H. s). 1R (neat) 
r,“_: 1200. IlOO. IOYQ 1050cm ‘. no OH band. (Found: C. 
76.87: H. 11.49. Calc. for C,.H,,O,: C. 77.09; H. 11.50”,.). 

Rurherlium rrrro.yitle o\-rtlur~n o/ 2- [c-2.1-7-di,n~rh,/-c-3- 
h~t/,o.~~-t-X-(f-hur~~los~)-r-IH-hic~r~/o[5.3.0~]tlr~- 
r-5-1/] erl~anol rrrrtrh~tlrojurut~ (9). In a 25 ml llask was placed 
0.0126g (0.05l6mmol) RuOz (54.5 ‘IL,. Engelhard Ind. Inc.) 
and 3.2 ml acetone. .A soln of 0. I739 g (0.X I2X mmol) sodium 
periodate in l.Xml water was added to the stirrmg RuO, 
dispersion at 25 Alicr about IO min the reaction had 
changed from a black dispersion to a bright yellow color. 
indicatmg RuO, was present. A soln of9 In 3.6 ml acetone was 
added IO the reaction. After 8 hr. 1.0 ml i-PrOH was added to 
the grey dispersion. After IS min. the reaction was filtered 
through Celitc which was subsequcnlly rinsed with IO0 ml hot 
acetone. The filtrate was concentrated then diluted with 40 ml 
pentane-CH?CI, (2: I ). This soln was washed with water 
(3 x 4Oml). brine (I x 4Oml) and dried over Na,SO,. 
Concentration gave 0.0501 g (X4”,,) dark brown oil 
(contaminated with RuO,?). The ‘H NMR and IR of the 
crude product indicated that 11 conslsted largely of a 1: 1 
mixture of IO and I I with a small amount of keto-lactone also 
being present. The mixture was separated by preparative 
layer chromatography (silica gel. 4”,, EtOAc,YS”,, CH2CI,). 
The lactone IO (R, _ 0.6. IOmg) was Isolated and 

The crude 6 was deconJugated as described below.’ In a 
flame dried 50ml flask, fitted with a side arm and rubber 
septum, was placed 0.135 ml (0.965mmol) dry dilsopropyl 
amine and I.3 ml dry THF. The agitating soln was cooled to 
-7X , then 0.365 ml (0.804 mmol) n-Buti in pcntane (2.20 M ) 
was added dropwise. After 30m. the soln was warmed to 
- 40 and 0.032 ml (1.85 mmol) dry hcxamethylphosphora- 
mide (HMPA) was added. The reaction was held at -40 for 
20 min then -78 for I5 mins. A soln of 6 (0.16SOg. 

0.5357 mmol) m I .8 ml dry THF was added gradually (over a 
10 mm period) at -7X After I hr at -7X , the reaction was 
inversely quenched into vigorously stIrring 20”,, AcOH (20 
ml) at 25 The aqueous mixture was extraaed with ether 
(3 x 2Oml) and the combined extracts were washed with 
water (I x 6Oml), sat CuSO,aq (2 x 50ml). sat NaHCO,aq 
(2 x SOml), brine (I x 5Oml) and dried over MgSO,. 
Concentration gave 0.1491 g (9X ‘I,,) of a hght yellow oil. The 
crude product was suitable for subsequent steps wIthout 
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recrystallized from hexane (25 to - 20 ) to g~vc an analytical 

sample with m.p. 88.5-8Y.0 A small amount of keto-lactonc 

(Rf 4 0.2. 5mg) was also isolated. The keto-acid I I 
(5 - 0.1, 20mg) was recrystalhzcd from hexane (25 to 

-20 ) to give white cubes, m.p. II9 120 
Locrow 10. ‘H NMR ,j 4.4-4.1 (I H. m), 3.45 (I H. 1. 

J = 7H.z). 2.7.-0.7 (complex, 1.12 (Y H. s). 0.89 (3H. d. 
J = 6Hz), 0.84 (3H. s). Ir (neat) vnltiX: 1780. IZOOcm-‘. 
(Found: C, 73.38: H. 10.26. Calc. for C,,H.,,,O,: C. 73.43: H. 
10.27 “,,I. 

k’rro-wid II. ‘H NMR J 9.7 Y.I (I H, br. s). 3.4 0.7 
(complex). 1.12 (9 H. s). 0.94 (3 H. d. J = 6 Hz), 0.53 (3 H. s). 
IR (neat) v,,,: 2YOO (broad). 1715, 16Y0, I IYOcm-‘. 

Eyuilihrafion 0/ 2- [c-Lt-7-l)i,nc~rh?/-l-8-(f-~ut~/f~.~~,)-r- I H- 

bigdo [5.3.0] decu~1-4-of1e-r-5-)I] o~frc’ tr&/ (I 1 1. In a IO ml 
flask was placed 12.4 mg (0 0400 mmol) of cryhtulllnc I I and 
I.Oml CH,CI,. To thts stIrring soln was added Y.Y 111 
(0.0800 mmol) 1,5-dlazabicyclo [4.3.0]non-5-ene (DBI\; L 
After stirring for I week at 25 . the reaction was diluted with 
4Oml pentane CH,CI, mixture (2:l). This soln was washed 
with 25”” AcOH (2 x 40ml). water (3 x 40ml). dried over 
Na$O, and concentrated to glvc 0.01 IZg (YO",,) of a clear 
colorless oil. The ‘H NMR of the crude product indicated 
that II had now epimerizcd so that I2 is the major 
constituent. The ratio of II to I2 was l:4, respectively. as 
determined by comparing the intensities of the C-5 MC 
groups. A sample of purified epimerized I2 was obtamed b) 
fractional crystallization from hexane (25 to -20 1. 
whereupon 4.5mg white crystals kith m.p. 85 X7 wcrc 
collected: ’ H NM R: I) 8.4 7.9 (I H. br. s). 3.4 0.7 (complex I. 
1.12 (YH. s), O.Y3 (3H. d, J = 6Hz). 0.80 (311. s). IR (neat) 
v_._: 3000 (broad), 1740 1700 (broad C=O stretch. . ..__ 
12OOcm-‘. Mass spectrum (direct probe): mie 310 (I ), 2YL 
1101.254 IIXI.236 (33). 218 125). I68 130). 124 (X51. 57 (1001. 

P/ormu;n c&idariott koure ;0 [c-2.t-7-di~fiefh~~I-c-4-h~tl~or~- 
t-8-(t-hut!/os?)-r-l H-hrc~~clo [5.3.0; de‘,-r-S-y/] crcrric, ccc,it/ ;‘- 
Iurrone (IO). In a 250 ml 3-necked flask fitted ticlth two fretted 
disc gas bubblers. a dry ice reflux condenser (with a bubbler 
attached to monitor the 0, flow rate), and an ultrasonic bath 
(filled with water. in which the !lask was immersed) was 
placed 0.497 g PtO, (Adams’ catalyst. Aldrich Chemical Co.1 
and l3ml water. The 1’10, was reduced to PI metal b> 
bubbling H, through the disprslon while agitating with the 
ultrasonic bath for I hr. N, was then flushed through the 
reaction vessel to remove the H,. Acetone (rrug~f grut/~. 
30ml) was added to the reaction, followed by a soln ofO.25Og 
(0.839 mmol) of 8 in 35 ml acetone. 0, was then hubblcd 
vigorously through the agitating dispersion u hich had been 
heated to 50 After IO hr, the reaction was filtered through 
Celite which was subsequently rinsed with copious amounts 
of hot acetone. The combined filtrates were concentrated. 
then diluted with 5Oml ether. The orgamc layer uas uashed 
with 50ml water, then drlcd with MgSO,and concentrated to 
give0.266g ofa VISCOUS oil. A ‘H NMR, IR and tic analysisof 
this 011 Indicated that II consisted of the desired IO (IR; 
178Ocm ‘. R; - 0.7),alactol(IR:3375cm~ I, Rf - 0.31and 
starting material X (IR: 3375cm.I. RF - 0.1) The 011 was 
dissolved in hexane and cooled to - 20 whereupon 0.093 g of 

starting 8 crystallized out cleanly, and the mother liquor 
(0.173 g) was free of 8. Th$ mother liquor was concentrated 
then placed in a IOml flask littcd with a magnetic stirrer. 
CH,CI, (3 ml) was added followed by 0.258g (excess) 
pyridinium chlorochromate. After stirring for 2 hr. the 
rcactlon was filtered through Florisil. After rinsmg the 
Florisil with copious amounts of CH,C12. the comblncd 
filtrates were conmntrated to give 0.147 g (95 “<, yield. 63 “<, 
converslon) of pure IO. The lactone was recrystallized from 
hexane (25 to -20 ) to give crystals with m.p. 88.5 X9.0 
The spectral properties were Identical with those obtamcd 
from IO in the ruthenium tetroxide oxidation of 9 described 
earllcr. 

The overall yield of IO from 4 (five steps) is about 45 50”,, 
when purltication IS postponed until diol 8. 

2-[c-2,t-?-Dirneth~/-c-4-~~~~/r~~.~~-t-~-(r-hul~/o~~)-r-l H- 

bic.rclo [5.3.0]drc~-f-5-~/]-3-merho-)propion~~~ trcid ;.-brow 

(13). In a flame dried 5 ml flask fitted with a side arm, and 
rubber septum. was placed 0.062 ml (0442mmol) dry 
diisopropylamine and 0.61 ml dry THF. The starting soln was 

cooled to -78”. then 0.2lOmI (0.408mmol) on n-BuLi 
( I .Y4 M ) was added dropwise. After stirring for 40 min. a soln 
ofO.lOOOg(0.34Ommol)of7in0.74mlofdryTHFwasadded 
dropwise. After 2.2 hr.0.128 ml dry HMPA wasaddedand the 
reaction was allowed to warm to -40” gradually over SOmin. 
thencooledback to -78”.After30min.asolnofbromomethyl 
methyl ether (0.037 mK0.4421 mmol) m 0.62 ml dry THF was 
added. The temp was slowly allowed to rlsc to - 20” during 
2.5 hr. then to - 5” In 2 hr more. The reaction was then poured 
mto 40ml 10rc, HCI and 40ml ether. After mixing and 
separation. the organic layer was washed with water 
(I x 4ml),CuSO,aq(2 x 4Oml),water(l x 4Oml),brine(I 
x 4oml)anddriedoverMgSO,.Concentrationgave0.1l23g 

(Y8”,,) light yellow oil. A spctral analysis of the crude 
indicated that it was essentially pure alkylated lactone (one 
cptmcr:‘) 13. The material was suitable for subsequent 
reactions without purification. ‘H NMR J4.54.0 (I H, m), 
3.9 3.4(3 H. m). 3.32 (3H.s). 2X4.7 (complex). 1.16 (9 H, s), 
0.93 (3H. d, J = 6Hz). 0.84 (3H. s). IR (neat) v,,,_: 1780, 
IZOOcm ‘. 

( + )-2,3-f)lh~cl~ourof~[~~/~;r1 (IS). In a flame dried IO ml 
flask was placed 0.0872g (0.713 mmol) of BuOK, 1.50mI dry 
THFand 5.4~11 (0.3Wmmol)water. To thisagitatingmixture 

was added a soln of OOYYX g of 13 (contammated with 
about lS”,,~~or~-alkylatedlactonclO)~nO.Y7m1dryTHF.After 

I9 hr ;II 25’. the reaction \vas poured Into 40ml IO”,, HCI and 
4oml ether. After mixing, the layers were separated and the 
organic layer has washed with IO”, HCI (3 x 40ml). brine 
(I-X 4Omi). and dried ober MgSG,. Concentration gave 
0.0X54 r (93 “,.1 light vellow solid. This material was estimated 
to conlain abo;t jO”<, of 6 based upon the ‘H NMR 
intcgratlon ofthc vinyl protons [,i 6.00 (I H. d. J = 3 Hz), 5.26 
(I H. d. J = 3 Hz)] versus the C-8 lactonc proton [;i 4.3. 3.9 
(I H, m)]. The reaction was judged complete by the total 
disappearance of the OMe adsorption at CT 3.32. The IR (neat) 
shows an absorption at 1760cm- ’ for the z-methylcnc 
lactone. This material was carried on to I9 as described below 
without purification. 

In a flame dried IO ml llask was placed 0.0718 g of the crude 
I4 above and I .3 ml dry trilluoroacetlc acid (distilled from 
P,O,). The resulting soln was immediately cooled to 0 After 
3 hr. the trifluoroacetic acid was removed at 0 under vacuum. 

The residue was dissolved in 5.2 ml i-PrOH and then 1.3 ml 
I5 ‘I,, NaOHaq *as added. The resulting mixture was warmed 
IO 2.S After 2 hr. the i-PrOH was removed on a rotary 
evaporator and the residue was diluted with 40 ml ether. This 
uas followed by washing with IO”,, HCI (I x 4Oml). water 
(2 x 4Oml). brine (I x 4Oml) and drying over .MgSO,. 
Concentration gave 0.0411 g (70”,,) of a glassy solid. The IR 
(neat) showed a large OH absorption (345Ocm I) and the 
absence of a I-hutyloxy absorption (12WIcm- ‘). The ‘H 
NMR indicated that the vinyl protons were still prcscnt [ci 
6.13(1 H.d,J = 3Hz),5.46(lH.d.J = 3Hz)]andthatthet- 
butyloxy peak [<i I.14 (9 H, s)] had disappeared. A strong, 
broad. CO absorption in the IR ( I780- I760 cm ’ ) indicated 

that the Iactonels) was still present. The crude product 
containing hydroxylactone was carried on as described below 
wlthout purification. 

In a 5 ml flask was placed 0.0371 g of the crude hydroxy- 
lactone above and 1.2 ml CH,CI,. To this stirring soln was 
added 0.0633 g (excess) of pyrldmium chlorochromate. After 
3 hr at 25 , the reaction was filtered through a 17 x 23mm 
Florisil plug, which was subsequently rinsed with 250ml of 
CH,CI,. Concentration of the filtrate gave 0.0079g of 
crystalline 15. The Florisd was then rinsed with 75 ml EtOAC 
and this filtrate was concentrated to give 0.0237 g of a yellow 
glassy solid. A spectral analysis of this solid revealed the 
presence of a small amount of IS, but the majority of the 
material was unidentifiable. Chromatography of this fraction 
(silica gel. Xl’<, EIOA~,CH.CI~) on a preparative layer plate 
ytelded 0.0022 g more I5 [R, - 0.41. The overall yield of ( f ) 
I5 from IO was I7 I’,, Recrystallization from hcxane ‘CH,CI, 
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at 25’ gave white nmdles with m.p. 123-124 .‘H NMR: 
Found, 0 2.50 (Hh,, dd. J = 15, 6)? 1.52 (HhP, dd, J = 15. 
11 Hz), 4.28 (H,,, ddd, J - 10, 9, 31, 6.19 (H ,1, d, J = 3S), 
5.51 (H13,. d, J = 3). 1.10 (C-10 methyl. d. J = 61, 1.03 (C-5 
methyl, s}. Reported data, which agrr=cs with that above, is in 
Ref. 20. Mass spectrum (direct probe): m,‘c#24# ( l(K)), 233 (161, 
204 (45)+ Rcportcd dat& which agreed with that above, ts in 
ref. 20. 

( k )-Arornarrcirr IS)+ In a flame dried 5 ml flask was placed 
5.4 mg (0.02 18 mmol) of { k )- 15 and 0,18 ml. dry EtOAc. 
“spiked” with HCl gas. To this stirring soln was added 4.6 mg 
phenylselenenyl chloride. After 8 hr at 25 , the reaction was 
poured into 20 ml of an ether pcntane mixture (l/l) and 
20ml NaHCO,;rq. The organic layer was washed with more 
NaHCO,aq ( 1 x 20 ml). water (1 x 20 ml), brine ( I x 20 ml) 
and dried over MgSO,+ Conccntrat ton gave 8.9 mg (9 I “,I of 
a yellow oil. This material was carried on to the next step 
crude. ‘H NMR (crude): (5 7+X-7.5 (5 H, complex), 6.18 {l H, 
d, J = 3 Hz). 5.47 ( 1 H, d, J = 3 HL), 4.4 3+X ( - 2 H, ml, 
3.0- 1.1 (complex}, 0.98 (C-5 methyl group and the downfield 
pak of the C-10 methyl doublet), O.Y4 (upfield peak of the C- 
IO methyl doublet). 

In a $ml flask was placed the crude selcnylatcd ketone 
above and 0.40 ml of a tetrahydrofuran-water mixture (6.,‘1). 
To this stirring suln was added 50 mg (0.0597 mmol 1 
NaHCO, then 12.8 mg (0.0597 mmol) sodium periodatc. 
After 15 min a large amount of ppt appeared. After 2 hr. the 
reaction was poured into 20ml of an ether pcntanc mixture 
4 l/l ) and washed with NaHCO,aq (2 x 20 ml ), water 
{ 1 x 20 ml), brine ( I x 20 ml) and dried over MgSO,. 
Concentration gave 6.1 mg (> 100’1,) of a yellow oii. An IR 
analysis of the crude product indicated that it consisted of 
about a 1 : 1 mixture UC starting material (I 730cm - ’ 1 and 
( f 1-5 (1710cm- ’ ). Consequcntl~, the crude product was 
resublected to the oxidation condltlons above except that the 
NaHCO, was reduced to 3.3mg [O.O39#mmol) and the 
reaction was run for 5 hr. Workup. as above, gave 4.0mg 
(75”;, overall crude)of a yellow oil. The IR now indicated that 
the reaction had proceeded essentially to completion. 

The crude product was uhramatographed (silica gel 4:‘,, 
EtOAc:’ -CH,Cl,) on two tic slides using natural ( k )- 
aromaticin as a control. The spot with an identical R, {(I+21 ) 
to the natural material was isolated as OS mg of a light yellow 
oil. The synthetic ( + j-5 was crystallized from acetone to give 
needles with m.p. 178. 181 (taken on a Fisher-Johns 
apparatus). .A ’ H NM R comparison (100 MHz, FT) of the 
synthetic and natural aramaticin showed the samples to bc 
Identical. A ET-IR of the naturirl aromatwin. as ;I KBr 
pellet. gave ti shift in the cyclopentenonc CO band from 
the reported3 I7 IO cm - ’ (CHCI, suln) to I701 cm ‘. The r- 
mcthylene lactone CO absorbed at 1762 cm - ’ as a KBr 
pellet, The remaining sPectraI data were in good agreement 
with that reported and found for our sample of natural I + )- 
aromaticm. ‘H NMR (Found, 100 MHz, FT); (5 7.64 (1 H,dd. 
J = 6.0, 1.8 Hz), 6.14 (1 H, dd. J = 6. I. 3.0 Hr), 6+20 (1 H, d, 

J = 3.4Hz),5.53(1H.d.J = 3.2Hz),4.51 (lH,ddd,J = 11.3, 
9.4, 3.2 Hz), 1.24 (3 H, J, J = 6.4Hz). 1.10 13 H, s), 3.0 1.2 
(complex). ‘H NM R (rcpmted,J 60 MHZ}: cj 7.70 (1 H ). 6+20 
(1 HI&15 11 H). 5.55 11 H).4S3 (I H}. 1.25 (3H). 1.19 13HI 
IR (CHCl, soln, FT) I*,.,,~~: 1763, 1710 (Reported’ 1760. 
1710cm ’ ). Mass spectrum (direct probe): for ( z J-5, rrl;r 
246 (la,), 231 (23),21X 115,). 204(21)+ I75 (23). 159 126). I36 
(40). For ( + 1-5 ~~~,~r246(1~K)).231 {24).21X ~19~.204{19~. 175 
1X), 159 (24). 136 (35). 

Ac~no&d@!mPnrs WC arc grateful to the hallonal Science 
Foundation (Grant CH E-77208 15 } for financial support and 
to the Alkd Chemical Corporation for a 1979--80 fellowship 
to D. G_ H., Jr, Kevan Thompson and Thomas Nicksan 
rendered valuable assistance in made1 studies and 
preparation of inlermed~ates. respectively. We arc most 
grateful to Professor P. Joseph-Nathan for providing an 
aurhcntic sample of ( + )-aromatlcm and also thank DrA 
George Lee for aid in securing mass spectra and Dr. Stanley 
Sojka for FT infrared and NMR spectra_ 

RWERENCES 

“.I. Rome and A+ Rome, de Vlvar, E’arrsc)rrirre her Chvrnir 
Or~uni.s~+~ur ~%‘&ursru@, 25, 90--l 30; ‘H. Yoshloka. T. J. 
Mabry and B. N. Timmerman. S~sytri~c~r*p~rr~~ La~*ror~~s. 
Unlverslty of Tokyo Press, Tokyo { 1973). 

2For recent accomplishments in hclenanalide synthesis, see 
“Y. Ohfune. P. A. Grieco, C.-L. J, Wang and G. Majetich, J. 
Ajn+ Chern. Sot. 100, 5946-5948 (1978); P. A. Grieco, Y+ 
Ohfune and G. Majetich, Tetrahedron Lerr~.s 3265-3268 
(1979): P, A. Grieco, Y+ Ohfune and G. Majetich, J. Org. 
CIrrn~. 44, 3092-3093 (1979); “M, R. Roberts and R. H. 
Schlessinger, j. Am. them. Sot-. 101, X26-7627 (1979); ‘P. 
Kok, R. 1. de Cterq and M. E. Vandenualle, J. Org. Chrm. 
44,4$$3-4557 ( 1979); dP. T. Lansbury, D. G. Hangauer Jr. 
and J_ P. Vacua. 1, Am. Orurn. SOE. 102,3964-3965 (1980). 

“P. T. Lansbury and A. K. Serelis, Tefr&rJron Letters 
1909 1912 (1978); *P, T. Lansbury and D. G. HangauetJr., 
I&Z/. 3623-3626 ( 1979); ‘Experimental details for refs 3~ 
and 31, may be found in the full paper: P. T. Lansbury, A. K. 
Scrclis, J. E. Hcngeveld and D. G. Hangauer Jr.. 
Trrrh3hm 36! m press (1980). 

“J. Rumo. P. Joseph-Nathan and F. Disc I&f. 20, 79 85 
(1964). 

% M Kupchan, M, A. Eakin and A. M. Thomas, J. itird_ 
Chum. Id, 1147-I 152 (1971). 

‘Similar strategies have been used in other pseudoguaian- 
dides syntheses, cJ Ref. 2. 

‘E, S, Glazoer, R. Knorr, C. Ganter and J. D. Roberts, J. Am. 
C/lem. Sot. 94, {6026-6032 ( 1972). 

% L, HartzelI, D, F. Sullivan and M. W. Rathke, 
7tirr&wIrun LcfUxs I403- 1406 (I 974). 

‘J. L. Herrmann. G. R. Kicczykowski and R. H. Schlessinger, 
Ibrd+ 2433-2436 (1973); M. W. Rathke and D. Sullivan, 
I!Gd. 4249 4252 ( 1972). 

“‘G. M. L, Cragg, Or~ar~ub~~ru~~s 19 Organic S~&u.sr’.s. 
Marcel Dekkcr. New York I: 1973). 

I’D. Varech and J. Jacques, 3~11. SW. C’hitrt. Fr. 3505-3515 
(1969). 

’ ‘W. G. Lee and M. van den Engh, Oxirlatr’an irr Orgunic 
Cbemisrr~~, Part B pp. l77--227 (Edited by W. S. 
Trahanovsky) Academic Press, New York (1973); bA, B. 
Smith III and R. M. Scarborough Jr,, SJ*~. Cotrznt,. in press 
(19X0)* 

‘ebR F. Butterworth. W. G. Overend and N. R+ WiIliams. 
Tu;rah~drnn Lrr rrrs, 3239.. 3242 ( 1963);*J. W. Wheeler, S. K. 
Oh. E. F. Benfield and S. E, Neff, .!. Am, Chem. Sot. 9Q, 
7589 7590 (1972);‘S J. Branca and A. B. Smith,lII.J. Org. 
Cjtrm. 42. 1024 1030 (1977). 

‘*K. Heyns and H. Paulsen, Nes\*er M&o& c$ Prcparalit*e 
Organrc* 0t~ntl.w~~ (Edited by W. Forest ), Vol. II, pp. 
303.-335 (1963); R. A. Kretchmer and W. J. Thompson, J. 
Am. Chrm. SW. 98, 3379 3380 ( 1976); 1. Fried and J, C. Sih, 
‘I~rru~w~r~~~ Ltwcrs. 3899 ‘3902 ( 1973 ). 

“P. A. Grieco, S_rrlrhi>sl.r, 67 82 { 1975). 
“S. Danishefsky, T. Kitahara, R. McKee and P. F. Schuda.3. 

Am+ Cjtrm. Sac*. 98. 6715 6717 (1976). 
’ ’ W. H. Parker and F. Johnson, J. Org. Chum. 38.2489 -2496 

(1973). 
lnP+G.Gassmanand W_N.Schenk,J.0~~.Ch~~.4L,91~. 920 

(1977). 
“J. A. Marshall and R. H. Ellison. J. Ant. C/rem. Sues. 98, 

4312.-4313 (1976). 
“-‘F. Bohlmann and P. K. Mahanta, PIr~~r~ckrni.sv~ I& 

887-888 (19791, 
” P. A. Grieco. Y. Ohfunc and G. Majctich, J. Ant. Chrm. Sot. 

99, 7393.-7395 ( 1977 ). 
“Complete details of this research may be found in 1 he Ph+D. 

dissertation of D. G. Hangauer, Jr., SUNY,:Buffalo (Sept. 
1980)_ 


