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Abstract-Photoisomerization of the germacranolide dihydrocostunolide (2) proceeds with a high degree of regio- 
and stereoselectivity to give the guaianolide photunolide (16) as the only major product. The conversion of 
photunolide to two guaianolides of known structure (8 and 9) and synthesis from 0-acetylisophotosantonic lactone 
(11) provide unambiguous proof of both the structure and the stereochemistry of photunolide. The 
photoisomerization of 2 to 16 appears to involve an intramolecular hydrogen shift. 

lhTRODUCllOK 
Sesquiterpenes based on 1 ,S-dimethyl-&isopro- 
pylcyclodecane (germacranes) and the corresponding 
y-lactones (germacranolides) were once thought to be 
rare but now are known to constitute a large class of 
naturally-occurring compounds, within which the 1,5- 
diene system or related epoxides and alcohols are 
common structural features.* Transannular cyclizations 
involving these moities typically take place with a high 
degree of stereospecificity under cationic or radical 
conditions to afford trans-fused eudesmanes as the major 
products. Sutherland has taken this as evidence of the 
importance of reactive conformations in which the double 
bonds are crossed.’ However, in an earlier and seminal 
speculation on the biogenesis of sesquiterpenes, Hen- 
drickson had pointed out that such regioselectivity was in 
accord with electronic effects.’ Concerted cyclization by 
truns-antiparallel addition to both double bonds of a 
1,5-cyclodecadiene in the Markownikoff sense would 
afford eudesmanes, but guaiane formation would necessi- 
tate an anti-Markownikoff addition to one double bond. 
Costunolide (I) and dihydrocostunolide (2) are typical 
rrans, frans-germacra-1,5-dienolides,’ and in solution the 
double bonds of both 1 and 2 adopt the “crossed” 
conformation.6 Not surprisingly, only eudesmanolides 
appear to be produced by electrophilic cyclization of 1,’ 
2,8.9 and their I,lO-monoepoxides”’ or by thermolysis of 
* II 

Costunolide has been isolated from sources as tax- 
onomicahy and geographically diverse as the American 
tulip tree (Litiodendron tulipijera L., family Mag- 
noliaceae)‘2 and the central Asian herb, lemon wormwood 

(Artemesia balchatwrum, family Compositae)$” dehyd- 
rocostus lactone (3) and costunolide together constitute 
5% of the root oil of the Indian costus plant (Suussurea 
lappa C., family Compositae).” Because of its ubiquitous 
nature and structural simplicity costunolide is thought to 
be very closely related to the biogenetic precursor of 
many sesquiterpene groups.” 

As part of a continuing study of natural and synthetic 
guaianolides, we decided to investigate the photochemis- 
try of dihydrocostunolide (2) under conditions thought to 
generate the olefin triplet state.“’ It was anticipated that 
this might significantly alter the electronic and conforma- 
tional effects which control the ground state chemistry of 
diene 2 and thereby facilitate guaianolide formation. 
Sometime after this work was initiated photolysis of the 
germacra-I ,5-diene dilactone dihydroisabelin (4) in ben- 
zene was reported to give a guaianolide as the major 
product.” The observation that diene 4 in solution also 
has the “crossed-olefin” conformation augured well for an 
analogous reaction with diene 2. 

PRFSE~ATION AND DIXXJSSION OF RSULTS 

Photolysis of dihydrocostunolide (2) in 10% xylene- 
isopropanol at 254nm resulted in smooth disappearance 
of starting material and formation of several products 
detectable by thin-layer and gas chromatography. Pre- 
parative chromatography gave homogenous samples of 
the major photoproduct, photunolide. 

The mass spectrum of photunolide exhibited a parent 
ion at m/e 234.1617, indicating a molecular formula 
isomeric with that of 2 (Calc. for C,,Hn02; 234.1620). The 
IR spectrum suggested the presence of a y-lactone 

955 



956 R. E. K. WIN~EK and R. F. LINDAUF.R 

(1780 cm-‘) and a terminal methylene (1632 and 892 cm ‘), 
and the only olefinic protons evident in the PMR spectrum 
appeared as slightly broadened IH singlets at 5.12 and 
5.157. The PMR spectrum of photunolide also showed a 
Me doublet at 8.857 (J = 9Hz), a doublet at 8.79~ 
(J = 6.6 Hz) for the a-Me on the lactone ring, and a triplet 
at 6.167 (J = 9.7 Hz) for the methine proton at C-6.” 
These data strongly suggest a guaianolide skeketon and 
cannot be accomodated within a typical eudesmane 
structure. Two reasonable partial structures for 
photunolide are shown in formulas 5 and 6. 

5 6 

Two guaianolides known to be epimeric at C-10 were 
available to us from previous studies on the 
stereochemistries of achillin’9 and 3.*0,2’ The major 
hydrogenation product of olefin 7 had been stereospecific- 
ally deoxygenated to lactone 8 by reduction of the 
corresponding ethylene thioketal, and the minor hydroge- 
nation product had been converted to lactone 9 in similar 
fashion. Catalytic hydrogenation of photunohde pro- 
ceeded very rapidly to give two dihydro derivatives 
readily separable by preparative GLC. Careful compari- 
son of the physical data showed that the major and minor 

dihydrophotunolides were identical to guaianolides 8 and 
9, respectively. Thus, photunolide may confidently be 
assigned partial structure 5 with the stereochemistry at 
the asymmetric centers C-4. C-5, C-6, C-7 and C-l I being 
identical to that of lactones 8 and 9. 

However, since allylic migration of the exocyclic 
double bonds to endocyclic positions including C-I( 10) 
has been observed’* during the hydrogenation of costus 
lactone (lo), a similar and concomitant loss of C-l 
stereochemistry during hydrogenation of photunolide 
could not be ruled out a priori. Clarification of this final 
structural ambiguity was accomplished synthetically via 
intermediates (11-15) of known stereochemistry. 

Catalytic hydrogenation of 0-acetylisophotosantonic 
lactone (11) followed by reduction with a mixture of 
pinanylboranes and quantitative dehydration with mesyl 
chloride afforded acetoxy oletin 14 with a yield considera- 
bly higher (58%) than that of the reported sequence 
(~25%)” Basic hydrolysis of 14 to hydroxy olefin 15? 
catalytic hydrogenation, and dehydration with thionyl 
chloride gave a mixture of three major products, one of 
which was purified by GLC and shown to be identical to 
photunolide. Since conversion of 15 to 16 should not 
affect the configuration at C-l, the stereostructure of 
photunolide must be that shown in formula 16. 

Transformation of dihydrocostunolide to photunolide 
must involve (in a formal sense, at least) a transfer of 
hydrogen from C-14 to C-4. Since it was of some interest 
to determine whether this was an inter- or intra-molecular 
process, irradiation of 2 was carried out in deuterated 
solvents. Mass-spectral analysis of photunolide recovered 
from the reaction mixture showed no evidence of 
deuterium incorporation. Photoisomerization of 2 thus 
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appears to involve an intramolecular hydrogen shift. In its 
simplest form, the photoisomerization could be either 
concerted or two-step. The concerted process would be 
an example of a photo-ene reaction and would require 
a specific “crossed-olefin” conformation in order to suc- 
cessfully account for the observed stereospecificity (Fig. 
I). This would be in accord with previously noted findings 
on the ground-state conformations of 2.6 However, 
examination of molecular models suggests that a 1,4- 
biradical intermediate could also effect a stereospecific 
intramolecular hydrogen transfer (Fig. 2). The isolation of 
at least one other photodihydrocostunolide (cf. Experi- 
mental) is perhaps more easily accommodated by the 
intermediacy of a biradical. Formation of endo,endo -2,6- 
divinyl-cis-bicyclo(3.3.0loctane by photolysis of isomeric 
I ,S,9-cyclodcdecatrienes in benzene-acetone has been 
explained in terms of reversible cyclization of an initial 
olefin triplet, forming a biradical which reacts further.‘” 
Alternatively, the photochemical behavior of dihydrocos- 
tunolide might best be considered a reaction more typical 
of a monoene than a 1,Sdiene; sensitized intramolecular 
hydrogen transfers by oletins are precedented.‘” We are 
continuing our investigation of the photochemical be- 
havior of the costunolides in an effort to define further 
mechanistic details. 

Fig. I Fig. 2. 

EXPFBLMENTAL 

Unless otherwise noted, the following general information 
applies. 

IR spectra were recorded on Perkin-Elmer Spectrophotometers 
(Models 521, 21 or 137). PMR were recorded with a Varian AdO 
Spectrometer; chemical shifts are reported’as ppm relative to 
TMS internal standard at 10.00~. Mass spectral fragmentation 
patterns were obtained by electron impact at 80eV. using a 
Hitachi/Perkin-Elmer RMUdE Mass Spectrometer. Rotations 
were measured at the sodium D line in a Rudolph Model 63 or 
Perkin-Elmer model 141 Polarimeter. 

Gas chromatographic separations, both analytical and prepara- 
tive, were performed on a Varian-Aerograph Model 1520 CC, 
equipped with 6’ x l/8” (O.D.) stainless steel columns packed with 
5% Carbowax 2OM on Gaschrom Q @O/100 mesh) and operated at 
180-200”; glass-lined injector ports were used. TLC were carried 
out on plates of Brinkmann alumina (ALOX N-HR/UV-254) or 
silica gel (SIL N-HR/UV-254) with the solvents indicated; 
visualization was achieved with iodine vapor, phosphomolybdic 
acid soln (3% in isopropanol), alkaline potassium permanganate or 
alkaline mdinitrobenzene. Dry column chromatographic separa- 
tions were achieved with neutral alumina or silica gel (Woelm, 
activity grades II-III) with the indicated solvents. Characteristic 
GLC retention times (nt) and TLC mobilities CR,,) are reported 
relative to the starting material for the reaction under investiga- 
tion. 

M.p. determinations were made on a Thomas-Hoover capillary 
m.p. apparatus and are uncorrected. All solvents used were 
Reagent grade and, if required, were further purified by standard 
techniques prior to use. 

Photolyses were carried out with a Rayonet Photochemical 

Reactor (Southern New England Ultraviolet Co.) equipped with 
RPR-2537 lamps. 

Dihydrocosfunolide (2). Selective reduction of costunolide was 
achieved using aluminum amalgam, prepared by dipping 
aluminum foil pieces (l-2 cm’) in 3% aqueous mercuric chloride 
soln until the dull side of the foil was more than half-covered with 
mercury. Each piece was rinsed in EtOH and added without delay 
to a rapidly stirred soln of I.478 costunolide in 75 ml ether 
containing several g of granular anhyd. Na,SO.. During several hr 
a total of 6Ocm’ of freshly amalgamated foil was added in this 
fashion. The mixture was maintained at 0” (ice-water) throughout 
the course of addition and then refrigerated overnight. The 
mixture was filtered, concentrated in t’acuo and allowed to 
solidify; the PMR spectrum of the product was identical to that of 
authentic 2, no unreacted costunolide being detected (estimated 
limit < 1%). The white solid (I .54 g) was twice recrystallized at low 
temp. from ether-hexane mixtures to give pure 2, m.p. 75-77” (lit.‘ 
m.p. 77-78”); IR (Ccl,) 1775, 1665, %5 and 888cm ’ (lit.’ 1779, 
1667, %8 and 884cm ‘); mass spectrum [m/e (rel. int.)] 234 (13). 
I52 (IS) and 81 (100); PMR (CDCI,) 5.0-5.5 (3H, multiplet), 8.31 
(3H, s), 8.57 (3H, s) and 8.75~ (3H; d, .I = 6.6 Hz). 

Phorolysis ofdihydrocostunolide in xylene-isopropanol. A soln 
of 23 mg (0.1 mmol) of 2 in I.0 ml xylene-isopropanol (l/9, v/v) 
was perfused with argon for l5min in a quartz tube and then 
irradiated (10 lamps). The reaction was followed by GLC, starting 
material disappearing smoothly with time. After 2.8 hr irradiation 
no further changes were observed, and the composition of the 
product appeared to be constant during the entire reaction period. 
irradiation was stopped after 3.6 hr and the soln was concentrated 
in cacuo. TLC analysis (silica gel, ether) of the resulting oil 
indicated two components, R,, 1.36 (major) and R,, 146, no 
unreacted 2 being detected. GLC analysis indicated one major 
component (rrt 0.88, area 0.5 of total) and at least seven minor 
components (rrt 0.68, 1.00, 1.32, 146, 164, I.76 and 2.4). 

In a typical preparative run a soln of 107 mg (0.46 mmol) of 2 in 
5.0ml 10% xylene-isopropanol was degassed in the quartz 
irradiation tube by four successive freeze-thaw cycles (liquid N,, 
0”. 0.1 Torr). After the last cycle argon was admitted to the tube, 
and the contents were allowed to equilibrate at room temp. The 
soln was irradiated for 2.8 hr (I6 lamps), concentrated in u4cuo 

and analyzed by TLC (alumina, benzene): major component, R,, 
1.8; minor components, R,, I.2 and O-0.3. The straw-yellow oil 
was subjected to dry column chromatography over 84 g of alumina 
using benzene, and the fractions containing material were 
identified by TLC and concentrated in CUCI~. The fractions 
containing the major component (uide supra) comprised 22 mg of 
colorless oil which was nearly homogenous by TLC and which 
exhibited the same TLC and GLC retention characteristics as the 
major component observed in the preliminary runs. A portion of 
this oil was purified by GLC to give homogenous 16 as a colorless 
oil: IR (Ccl,) 1780, 1632 and 892 cm- ‘; mass spectrum [m/e (rel. 
int.)] 234 (8). 219 (7), I52 (100). 124 (34) and m* 101.3 (m/e 
I52-+m/e 124); PMR (CDCI, at 220 MHz) 5.12 (IH; sbs, width at 
half-height -4Hz), 5.15 (IH; sbs, width at half-height -4Hz). 
6.16 (IH; 1, J =9.7Hz), 7.21 (IH; q, J-9Hz), 744 (1H; d- 
J = 12.7 Hz-oft, J = 4.0 Hz), 8.79 (3H; d, J = 6 Hz) and 8.85: (3H; 
d, J = 5.9 Hz); at 60 MHz addition of benzene shifted the triplet at 
6.16-664~. the doublet at 8.85-8.827, and the doublet at 
8.79-9.01~. 

An exact mass determination for the apparent molecular ion 
from a sample of 16 obtained in a manner similar to that described 
above gave 234.1617 (Calc. for C,‘HIZOZ. 234.1619).” 

In a similar experiment one of the minor components was 
isolated by preparative GLC: an exact mass determination” for 
the apparent molecular ion of this substance gave 234.1631. 

Hydrogeriation of photunolide. A soln of GLC-purified 16 
(-4 mg) in 1.5 ml MeOH was stirred under HI in the presence of 
18 mg 5% PtlC and the reaction was monitored by GLC. No 16 
was detected in the lirst aliquot (t - I3 min), and the product 
composition remained constant during the next hr. After this time 
the mixture was filtered through Celite and the solvent was 
removed in LYICUO, affording a colorless oil which crystallized on 
standing. GLC analysis showed only two significant 
components-rrt I.04 (relative area 62%) and rrt 0.86 (relative 
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area 35%)-which were then purified by GLC and identified by 
comparison to authentic samples. Guaianolide 8, the major 
component, was obtained as colorless needles: m.p. w 
(authentic sample, m.p. 87-89”);” IR (KBr) 1762,1244, 1102,1007, 
985,977 and 676cm I; mass spectrum [m/e (rel. int.)] 236 (I), I92 
(14). 177 (9). I50 (27). 149 (36). I35 (38) and 81 (100). The IR and 
mass spectra were identical with those of authentic 8.‘9.‘” An exact 
mass determination of the apparent molecular ion shown by 8 
gave 236.1775 (UC. for CIqHUOZr 236.1776).” Guaianolide 9, the 
minor component, was obtained as a colorless oil: (authentic 9, 
oil);” IR (KBr) 1774, 1220, I I I5 and 985 cm-’ (authentic 9, 1780, 
1230, II23 and 992 cm I);” mass spectrum [m/e (rel. int.)] 236 (I), 
I92 (II), I77 (IO). I50 (Sl), 149 (31), I35 (54) and 81 (100). identical 
with that of authentic 9.n’ An exact mass determination of the 
apparent molecular ion gave 236.1769.*’ 

4R-Dihydro-0-ncetvlisophotosontonic loc~one (12). Compound 
11, prepared from a-santonin by a procedure similar to that 
described previously:’ was obtained as rhombic prisms, m.p. 
l82.s183.5”. la]:: +46.4” (c, 2.1 in CHCI,) (lit.2’ m.p. 180-181”; 
[a]? t 47.2”, c, 0.8 in CHCI,); IR (KBr) I775,1730 and 17OOcm ‘; 
PMR (CDCI,) 5.15 (IH: bd. J - 9 Hz). 5.83 (IH. m). 8.00 (3H. s). 
8~lO(~H:t,~~2Hzj,8~72(~H;d,J=6~lHzjand8~~~(3~,s). ‘. 

Enone 11 (6.63 g, 21.6 mmol) in 50 ml glacial AcOH was 
catalytically hydrogenated over IO% Pd/C (I.33 g) at room temp. 
and atmospheric pressure; H2 uptake was smooth and rapid. 
Filtration, removal of the solvent in I;OCUO, and recrystallization 
from MeOH afforded a 75% yield of the crude dihydro product, 
m.p. 168-173’ (lit.2’ 5%, m.p. 168-171’). Another recrystallization 
from MeOH and a final recrystallization from benzene-hexane 
afforded 3.91 g (5%) of colorless prisms of 12: m.p. 174-175”; 
[a]: -66” (c, I.9 in CHCI,) (lit.” m.p. 171-172~5”. [a]‘: - 61.7”); 
IR (KBr) 1770, 1730. 1210,911 and 751 cm-‘; PMR (CDCI,) 6.03 
(IH; t, J -9 Hz), 7.94 (3H, s), 8.45 (3H, s), 8.76 (3H; d, J = 6.8 Hz) 
and 8.787 (3H; d, J - 6 Hz); mass spectrum [m/e (rel. int.)] 248 
(84), 220 (23), 147 (48). 69 (60), 55 (86), 43 (91). 41 (100) and m* 
195.4 (m/e 248+m/e 220). 

Hydrogenation of 15 and dehydrabon lo 16. A soln of 32 mg 
(0.13 mmol) of 15 in 5 ml MeOH was hydrogenated over 32 mg of 
5% Pd/C and 5 mg NaHCOz at room temp. and slightly over 
atmospheric pressure. After I8 hr GLC analysis of the mixture 
showed only two major components, n-t 5.04 and 6.16 (relative 
areas - I : I). After an additional 2.4 hr the mixture was filtered 
through Celite and the solvent was removed in u4cuo. The 
resulting 32 mg pale yellow oil was taken up in 2 ml dry pyridine 
and treated with 3 drops thionyl chloride at room temp. After I5 
min the brownish soln was treated with I ml sat NaHCO,aq and 
extracted with ether three times. The combined extracts were 
concentrated in v4cu0, and the residual brown oil was taken up in 
chloroform, treated with Darko K-B and reconcentrated in v4cu0, 
affording 22 mg of a pale yellow oil. GLC analysis showed major 
components at rrt 1.30, I.00 and 092 (relative to photunolide). The 
second of these (relative area 22%) was purified by GLC, affording 
-4mg of a colorless oil (16) exhibiting IR and mass spectra 
identical with those of photunolide prepared by photolysis of 2. A 
PMR spectrum of 16, although weak, was also in excellent 
agreement with that of photunolide. 

Conversion of acetoxy ketone 12 10 hydroxy olefin 15. A soln of 
mixed 3-pinanylboranes was prepared under NI by addition of 
18.1 ml of I.1 M borane (20 mmol) in THF to 4,Oml of 
(+)-a-pinene (25 mmol; [a]:: + 46.1”, neat) and I ml of THF. After 
the exothermic reaction had subsided, the soln was added 
dropwise to an ice-cold stirred solution of 12 (4.62 g, I5 mmol) in 
20 ml THF; stirring was continued for -1.5 hr. Cautious addition 
of 20 ml of 3 M NaOH followed by addition of 20 ml 30% H,O, 
and removal of the THF in vacua afforded a soln which was 
then neutralized with HCI and extracted with three 60ml por- 
tions ether. The combined extracts were washed with water, 
NaHCO,aq and NaClaq (sat), dried over NaSOI and concentrated 
in II‘OCUO, the final distillate boiling at 70” at 0.015 Torr. The glassy 
residue was identified as 13: IR (CHCI,) 3600, 3500, 1770 and 
1730cm-‘; PMR (CDCI,) 54-6.1 (m), 8.03 (s), 8.53 (s) and 8.76, 
8.87 and 9.007 (overlapping d, J -7 Hz) (lit.*’ IR I770 and 
1730 cm-‘; PMR 5.65.9, 8.02. 8.52, 8.75, 8.85 and 8.977). 

Phorolysis of 2 in deuterored solvenrs. A soln of 8.6mg 
dihydrocostunolide (0.037 mmol) in 0.5 ml benzene-&- 
isopropanol-d, (I : 3, v/v) was irradiated in a manner similar to that 
described above for undeuterated solvents. The course of the 
reaction was followed by GLC; irradiation was interrupted after 
more than 50% of 2 had been converted. The major product, 16, 
and a minor component of the mixture (tide supra) were isolated 
by preparative GLC and their mass spectra were measured and 
compared with those of samples previously obtained. The relative 
intensities of M’ (m/e 234) and (M + l)- (m/e 235) for the 
products isolated from deuterated and undeuterated runs were the 
same. Also, each product had the same fragmentation regardless 
of which photolysis produced it. 
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