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Abstract-The volatile 011 of Artemrsta arbuscula arbuscula contamed a new n-regular monoterpcne, 2,5-dlmethyl-4- 
vinyl-l,S-hexadtene-3-01 (tsolyratol), which was Isolated and ldentdied by spectral means The optically pure furanold 
(2S,5S)-trans-S-methyl-5-vmyltetrahydrofur-2-y1 methyl ketone (arbusculone), was also characterzed by transform- 
atlon to known (2S,SS’)-trans-hnalyl oxide The former component has never been isolated from natural sources prior to 
this study The neutral pentane extract also contamed several previously character non-head-to-tall monoterpenes 
including artemneole, artemlsm ketone, artemlsyl acetate, methyl santohnate, and santohna tnene, as well as the regular 
monoterpenes l&cmeole, camphor, p-cymene, camphene and the C6 fragment, terelactone 

INTRODUCTION 

The irregular, non-head-to-tall monoterpenes form a 
blosynthetlcally mterestmg class of natural products m 
that they disobey the biogenetic lsoprene rule [l, 23 The 
formation of these compounds IS not well understood at 
this time although several schemes have been proposed m 
the past One of these [3] suggests that u-regular 
monoterpene biogenesis m plants may be related to that 

proposed [4] for the formation of the important steroid 
precursor squalene (1) in mammals 

According to this theory, the biosynthesis of these 
terpenes involves lomzatlon of chrysanthemyl pyro- 
phosphate Za, the Cl,-, analog of presqualene pyro- 
phosphate 2b [5-71, with subsequent rearrangement 
to generate the various carbon skeletons 4-g shown m 
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This stereochemically consistent approach accounted 
for the known irregular monoterpenes possessing the 
chrysanthemyl (3), artemtsyl (4) and santohnyl (5) 
skeletons, and predicted the btologrcal occurrence of three 
addmonal Cl,, systems (6-g) as a result of the analogy 
with squalene btosynthests The tsolatron of monoter- 
penes wtth these carbon skeletons would provide support 
for both of these schemes 

The non-head-to-tail monoterpenes appear to be 
genetically related and of botanical interest [8] since they 
have been reported to occur only m the tribe Anthermdeae 
of the Asteraceae [3] We have been screenmg species of 
Artenusra (sagebrush), the largest group m thts tribe, for 
irregular monoterpenes and have charactertzed several 
new compounds during our mvesttgattons including the 
first example of the rothrockyl skeletal system (6) [9-141 
We now wish to report our results concermng the volattle 
011 constttuents of A nrbusculu arbuscula 

RESULTS AND DISCUSSION 

A arbuscula arbuscula 1s commonly known as dark, 
little, low and scabland sagebrush This grey-green plant 
has narrow trtdentate leaves and grows ca 50cm tall at 
elevations of 7000-9000 feet m dry zlkahne sods of the 
western Umted States [lS, 161 

The neutral pentane extract of a sample* of thts 
sagebrush collected near Paradise Valley, Nevada was 
mtttally analysed by GC/MS [ 151 The results indicated 
that the major constituents of the volatile 011 were, 
(artemiseole (9, 28 8 %), methyl santohnate (10, 15 4 %), 
santohna trtene (11, 14 7x), l,l-cmeole (12, 14 6x), 
camphor (13,7 3 %), pcymene (14,O 8 %) and camphene 
(15, trace) The GC/MS data also revealed the presence of 
an umdenttfied component (17 9 %) wtth a mass ton at m/z 
112, and a GC retention time shghtly longer than that of 
camphor on Carbowax 20 M For isolation purposes a 
second collection of plant material was made at the 

*A voucher specimen IS avadable at the Umverslty of Utah 
Herbanum 

original site Attempts to purify the unknown component 
via column chromatography failed, smce sthca gel was 
found to catalyse the decomposttton of the compound m 
question 

The isolation of this material was accomplished by 
preparative GC of the crude volatile mixture yteldmg a 
colorless 011 showing no optical activity Examination of 
the spectral data allowed the assignment of structure 16 to 
the umdenttfied component This compound, terelactone, 
was first isolated m 1881 [17] and is also present m the 
essential 011s of hop [18], lavender [19] and tobacco 
plants [20] In addition, Thomas and Dubmi [21] have 
reported terelactone to be a constttuent of the essential 
011s of A pallens, presumably ansmg from the au oxt- 
datron of davanone (17) The btosynthesis of this com- 
pound wtll be discussed later 

Several monoterpenes which had been prevtously tdent- 
tiled by GC/MS were isolated from the essenttal 011s and 
characterized by IR and ‘H NMR spectroscopy, as well as 
by GC comlectton studies with authentic samples The 
tdenttficatton of artennseole, methyl santolmate, 1,8- 
cmeole and camphor, vertfies the GC/MS evidence 
Artemisia ketone 19 was the major constituent of the oh, 
and artermsyl acetate 20 was also isolated although 
neither was detected m the former work These differences 
most hkely mvolve a seasonal vartatron m the essential 011 
composmon, rather than a problem of analysts 

A third compound which had not been detected durmg 
the GC/MS survey was initially isolated by preparative 
GC from the essenttal 011 mixture Analysts of the spectral 
data obtained from this material established it as an 
unknown component, to which we have given the trtvtal 
name, arbusculone, Sthca gel chromatography of the 
essential 011s obtained from the neutral pentane extract of 
the leaves and flower heads of A arbuscula arbuscula 
yielded a multi-component fraction wtth an R, of 0 33 
(EtOAc-petrol, 1 4) contammg the desired compound 
The unknown was further punfied by preparative GC to 
afford a colorless oil, [aID -48 l”, wtth a molecular 
formula of C9H1402 deduced from the mass spectrum 
[Ml+ (m/z 154)mcon~unctton with the ‘Hand ‘%NMR 
spectra 
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The IR spectrum of this material contams absorptlons 
at 17lOand 1370 cm- ’ mdlcatmg the presence ofa methyl 
ketone moiety and the three hydrogen smglet at 62 22 in 
the ‘HNMR spectrum supports this assignment 
Absorption characterlstlc of a vinyl (-CH=CH2) double 
bond system are present m the IR (3064,1410,1000 and 
925 cm-‘), ‘HNMR (doublet of doublets at 65 03, 5 17, 
and 5 83) and “C NMR (tnplet at 6 112 2 and a doublet at 
142 9) spectra T’he absence of both hydroxyl and ad- 
dltlonal absorptlons requires an ether linkage to explam 
the functlonahty of the second oxygen atom The IR band 
at 1020 cm-’ 1s consistent with this type of sub-structure 

The three hydrogen smglet at 6139 m the ‘HNMR 
spectrum 1s characterlstlc of a methyl group bound to a 
carbon involved man ether hnkage (C&-CR20R), while 
the one proton doublet of doublets at 64 34 can be 
depicted as (-CH,-CJJORCG) due to its downfield 
absorption The remammg four protons appear as a 
multlplet m the saturated methylene (-CH,-) repon of 
the spectrum Thus, the spectral evidence supports struc- 
ture 21 for this compound 

The fragmentation pattern exhlblted by the mass 
spectrum of this material 1s also consistent with a furanold 
system Ions resulting from a-substituted tetrahydro- 
furan derlvatlves are commonly observed for these com- 
pounds [22] Ions at m/z 111, 43, 139 and 127, corre- 
spondmg to the respectwe fragments [M - (Mm)]+, 
[Me&O]+, [M-Me]+ and [M- (CH=CHJj+ are 
evident m the spectrum of arbusculone 

Examples of naturally occurrmg furanold terpenes are 
known [23-261, and it has been suggested [23] that the 
blosynthetlc precursor of at least some of these com- 
pounds IS hnalool 22 or Its blogenetlc equivalent 
Furthermore, It has recently been demonstrated that 
hnalyl pyrophosphate 1s an mtermedlate m the blogenesls 
of certam regular monoterpenes [27,28] 

*Thomas erroneously refers to the (2R,5R) enantlomer 01 
hnalyl oxide as the (+)-tram form [27-311 

Confirmation of structure, mcludmg absolute stereo- 
chemistry, was achieved by chermcal transformation to a 
known compound (Scheme 2) Treatment of arbusculone 
with methyhnagnesmm mdlde tiorded a product with 
GC and spectral charactetlstlcs Ident& to truns-hnalyl 
oxide 23a, while being dlstmctlvely different from the czs- 
isomer 23b Authentic samples of the alcohols were 
obtamed from the reaction of hnalool with m- 
chloroperbenzolc acid In addition, the alcohol syn- 
theslzed from arbusculone possessed a rotation of + 5 7”, 
which corresponds to the (2S,SS)-Isomer of hnalyl oxide 
[29-331 

The optical purity of arbusculone was determmed by 
comparison of its Gngnard product to an authentic 
sample of (+)-trans-(2S,SS)-hnalyl oxide The latter ma- 
terial gave an optlcal rotation of +4 5”, however this 
material was subsequently shown to be only 82% op- 
tically pure The ‘HNMR spectrum of the authentic 
oxide complexed with the optically active shift reagent 
tns[3-tnfluoromethylhydroxymethylene]-d-camphorato 
europnun(II1) [34] showed non-equtvalence at two sep- 
arate signals The vinyl hydrogen absorption mltlally at 
65 83 was resolved mto two multlplets m a ratlo of 
ca 4 5 1 (downfield signal upfield slgnal) A smnlar ratio 
was found for the partially resolved termmal methylene 
proton signal These data estabhsh that the oxide syn- 
theslzed from arbusculone 1s optically pure, as 1s the 
ketone precursor which must therefore possess the (2S,5S) 
absolute configuration as shown 

Although 21 has not been reported as a naturally 
occurring molecule, It has been synthesized as an mter- 
mediate m the total synthesis of the dlastereomenc nor- 
sesqmterpene davanafurans [35] Thomas and Dubml 
converted (-)-trans-lmalyl oxide* to the (2R,5R) en- 
antomer of arbusculone while the as-ketone was prepared 
from (2S,5R)-23 The spectral data obtained from the 
methyl ketone isolated from A arbusculo arbusculu 1s in 
complete agreement with that reported by Thomas for the 
trans-isomer and the sign of the optical rotation 1s also 
consistent with the assigned structure Furthermore, base- 
catalysed eplmeruatlon of natural 21 followed by GC 
analysis verified the trans-dnposltlon of the starting 
material since this isomer 1s known to have a shorter 
retention time on Carbowax 20M [30] 

As previously stated, the blosynthesls of the furanold 
monoterpenes may mvolve a hnalyl-type structure 
as the immediate C-10 precursor Naturally occurrmg 
arbusculone would require the (+)-(3S)-isomer, and this 
antipode of hnalool and hnalyl acetate has been isolated 
from various plant systems [36] A biogenetic sequence 
leading to (2S,5Sb21 from geranyl pyrophosphate can be 
envlsloned to occur as shown m Scheme 3a Accordmg to 

~ MCPBA 
CH&l, 

(2S,SS)-21 23a R=-H 

23b R=aH 

22 

Scheme 2 Chermcal transformations of arbusculone 
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(a) GPP - 

(b) FPP - 

*-*- 
17 24 

25 21 16 

Scheme 3 Possible blosynthettc sequences leadmg to arbusculone 

this sequence, the nine carbon molecule isolated from 
sagebrush 1s a degraded head-to-tall monoterpene which 
thereby obeys the biogenetic lsoprene rule An alternative 
source of arbusculone can be proposed to be farnesyl 
pyrophosphate (Scheme 3b) Several sesqulterpenes con- 
taming a furanyl sub-unit hke that found m 21 have been 
isolated from A pallens [35,37-391 

Davana ether 25 has been characterized as a constituent 
of A pallens, and has been synthesued from davanone 17 
as shown m Scheme 3b Oxldatlve cleavage of the tetra- 
substituted double bond would result m the formation of 
arbusculone and terelactone This scheme, which requires 
the (7R,lOS)-isomer of davanone, would therefore explain 
the occurrence of both the C-9 and C-6 terpenes m the 
essential 011s of A arbuscula arbuscula Terelactone can 
also be explained as a degradation product of GPP, but m 
either case it would be derived from a regular terpene 
precursor 

At the present time there 1s no sound biochemlcal 
evidence favoring either the GPP or FPP route for the 
hogenesls of arbusculone The lsolatlon and Ident& 
cation of presumed intermediates would furnish valuable 
mformatlon concerning this problem and studies along 
these lines are now m progress However, we have been 
unsuccessful m our attempts to find hnalool or hnalyl 
oxide m the essential 011s of A arbuscula arbuscula 

While screening for hnalool, a new Irregular mono- 
terpene with GC properties similar to those of hnalool 
was isolated from the volatde mixture as a colorless 011, 
[aID + 9 4” (98 y0 pure by analytical GC) Absorptlons m 
the IR spectrum at 3420,306O and 1640 cm-’ indicate an 
unsaturated alcohol In accord with this, the intense band 
at 9OOcm-’ 1s a feature commonly associated with gem- 

dlsubstltuted double bond systems (i=CH,) The 
‘HNMR spectrum of this substance contams an H-6 
singlet at 61 75 which can be attributed to a pair of 
equivalent methyl groups on unsaturated carbons The 
singlet at 6 194 1s consistent with a hydroxyl absorption, 
while the overlapping doublet of doublets at 62 89 has a 
chemical shift greater than that of a normal allyhc methme 
signal, but typical of that of a doubly allyhc system 

(-&CH-&k=&) The remammg non-olefimc doub- 
let pt “4 12 can be asslgned to a hydrogen a to an alcohol 

(-CH-CI--H), and double lrradlatlon experiments 
have shown that this signal 1s coupled to that occurrmg at 
6289 

The olefimc region of the ‘H NMR spectrum contams 
two multlplets at 65 02 and 5 95 which integrate for s1x 
protons and one proton, respectively The latter absorp- 
tion has a chemical shift and sphttmg pattern typical of a 
vinyl group hydrogen (-C&CH,) The remammg four 
protons at 65 02 must therefore exist as the termmal 
methylene hydrogens of two double bonds due to the 
intense IR absorption at 900 cm-‘, and the lack of bands 
at 690 and 960-970 cm- ’ 

Based upon the above mformatlon, only structure 26 
can be assigned to which we have given the tnvlal name, 
lsolyratol This santohnyl skeletal system has blogenetlc 
precedence and 1s the fourth example of the skeleton 
oxygenated at the position occupied by the hydroxyl 
group [3,14,40] 

We have ldentfied the major components of the volatile 
011s from A arbuscula arbuscula, and have characterized a 
minor constituent as a new irregular monoterpene by 
spectral means The presence of the C6 and Cg terpenes, 
terelactone and arbusculone, 1s interesting smce their co- 
occurrence may indicate a direct blosynthelc link 
Furthermore, the existence of non-head-to-tall mono- 
terpenes m this sagebrush supports the Idea that these 
compounds may be taxonomically significant with respect 
to the tribe Anthemldeae of the Asteraceae 

Jh ’ I \ 
I 
OH 

26 





2262 W W EPSTEIN and L A GAUDIOSO 

Table 1 

Spectrum 
Non- Separation 

Eu-opt (M) eqmvalence (Hz) 

1 (90 MHz) 0 028 C_H=CH2 15 
2 (90 MHz) 0 053 -CH=CH2 28 
3 (90 MHz) 0 078 Cg=CH* 44 

CH=CHH 6 
4 (90 MHz) 0 105 -CB=CH2 63 

CH=C@H 45 
5 (1OOMHz) 0 105 -C&CH, 484 

-CH=CBH 86 

1060, 1035,995,920,890, and 845, ‘H NMR (CDCI,, 60 MHz) 
6 1 12 (3H, s), 120 (3H, s), 128 (3H, s), 2 07 (5H, m), 3 84 (lH, m), 
5 10 (2H, m), 6 30 (lH, dd, J = 17 8 and 8 4 Hz) 

OptIcal purity determmatlon of authentrc ( + )-(ZS,SS)-trans- 
hnalyl oxlde (23a) The optically active sluft reagent 
(C12H14F302)3E~ (Ventron), was added to a 5 mm NMR tube 
containing a soln of 14 mg of alcohol 23a, [a]:: +4 5” (c 2 9, 
CCL), and 0 4 ml of Ccl., ‘H NMR spectra were recorded with 
each incremental addition of the shift reagent, the results are 
shown m Table 1 
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