
Communications J .  Org. Chem., Vol. 40, No. 17, 1975 2575 

Reaction of Singlet Oxygen with Conformationally 
Fixed Cyclohexylidenecyclohexanes. Failure of 

a n  All Suprafacial  Mechanism 

Summary: Conformationally fixed c2u and C2h conformers 
of cyclohexylidenecyclohexane react with singlet oxygen in 
benzene solution to give in differing ratios two stereoisom- 
eric allylic hydroperoxides, a result not in accord with an 
all suprafacial mechanism for the “ene” reaction. 

Sir: For the “ene” reaction of alkenes with singlet oxygen 
there must be available an allylic hydrogen aligned roughly 
parallel to the plane formed by the a b0nd.l In this light 
the alkenes 1 and 22 possess instructive structural features 
for elucidation of stereochemical aspects of singlet oxygen 
reactions. In all-chair conformations 1 and 2 belong, re- 
spectively, to CzU and C2h point groups and as such should 
be conformationally fixed models for the two all-chair con- 
formations that cyclohexylidenecyclohexane may adopt in 
p r i n ~ i p l e . ~  Only the equatorial face of 1 is available for a 
concerted all suprafacial “ene” reaction, whereas the axial 
face is structurally related to adamantylideneadamantane, 
photooxygenation of which gives a 1,2-dioxetane.*15 The al- 
kene faces of 2 are equivalent but with regard to any one 
face only that alkylidene carbon furthest from the axial al- 
lylic hydrogen can bond in a concerted all suprafacial con- 
certed “ene” reaction (axial rather than equatorial bond- 
ing). 
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IH NMR, 13C NMR, and ir spectra of 1 and 2 are virtual- 
ly superimposable. Substantiation of the presumed double- 
chair conformations for both 1 and 2 is obtained from anal- 
ysis of the I H  NMR spectra (100 MHz). Particularly re- 
vealing is a broadened doublet, J = 12.5 Hz, at 6 2.67 in 
CDCl3, which is assigned to the equatorial allylic protons, 
which have a normal Jgem but small Jvic coupling in the 
chair conformation. This absorption is absent in the (tem- 
perature averaged) spectrum of cyclohexylidenecyclohex- 
ane at room temperature. Full details will be reported sub- 
sequently. 

Both 1 and 2 (150 mg in 150 ml of benzene, meso-tetra- 
phenylporphine sensitizer, K2CrZ0, filter) react smoothly 
with singlet oxygen. The rate of consumption is as great as 
that of cyclohexylidenecyclohexane itself.6a Within the lim- 
its of sensitivity of the detection quantitative 
conversion to two products assigned structures 3a and 4a 
occurred (eq 1). From 1 the ratio of 3a:4a was 60:40; from 2 
this ratio was 33:67. Although ir, ‘H NMR, and mass spec- 
tra were in accord with expectation for 3a and 4a, neither 
compound ha!s been purified sufficiently to give a sharp 
melting point. The structures were verified through subse- 
quent conversions (see below). The hydroperoxides did not 
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interconvert or undergo other rearrangements on standing 
a t  ambient temperature in solution for at  least 1 day. At- 
tempts to use gas chromatography caused decomposition to 
both 4-tert -butylcyclohexanone and a mixture of epox- 
i d e ~ . ~ ~ , ~  

Reduction of crude photooxygenation mixtures with 
NaBH4 in methanol gave quantitatively in ratios identical 
with the original peroxide composition the alcohols 3b and 
4b. In our hands especially 4b was difficult to work with 
owing to its ready dehydration.8 The alcohols were ulti- 
mately separated by thin layer chromatography and puri- 
fied by careful recrystallization, 3b, mp 154-1555’, and 4b, 
mp 180.5-183°.9 Stereochemistry is assigned to 3b and 4b 
(and by analogy to 3a and 4a on the basis that reduction 
does not affect configuration) from the much faster elution 
of the latter on aluminum oxide.1° Independent structural 
confirmation for these structures was obtained through 
conversion of 2 to epoxide 5 with meta-chloroperbenzoic 
acid, followed by ring opening of 5 with strong base produc- 
ing a mixture of 3b and 4b (eq 2). The ring opening pro- 

5 
ceeded only sluggishly with butyllithium and exhibited no 
pronounced stereoselectivity.ll 

There is no obvious reason to suppose a breakdown of 
the normal stereoelectronic requirement for an axially ori- 
ented allylic hydrogen in the “ene” reaction of 1 and 2. 
Both olefins are fixed in double-chair conformations and 
the low activation energies for reaction with singlet oxygen 
(1.3 kcal/mol for cyclohexylidenecyclohexane in metha- 
no1)12 indicate that the rate-determining reaction should 
occur through these conformations (specifically the Curtin- 
Hammett principle is not violated).13J4 Subject to these re- 
strictions, the obtainment of 4a from 1 and 3a from 2 is in- 
consistent with complete suprafacial participation of the 
alkenes reacting from all-chair conformations. Other expla- 
nations are demanded. Possibilities include a previously 
undetected antarafacial component to the “ene” reaction 
or the initial irreversible formation of an intermediate, per- 
haps a p e r ~ x i r a n e , ~  which lives sufficiently long to be able 
to react, if necessary, from an attainable but energetically 
unfavorable flexible form in which a quasi axial hydrogen is 
presented. 

We are currently engaged in experiments to test these 
and other ideas. 
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Studies on the Biogenesis of 
Non-Head-to-Tail Monoterpenes. The Isolation of 

( 1  R,BR)-Chrysanthemol from Artemesia ludoviciana' 

Summary:  The isolation of optically pure (lR,3R)-chrysan- 
themol from the leaves of Artemesia ludoviciana supports 
the hypothetical involvement of the corresponding pyro- 
phosphate as a cruical intermediate in the biosynthesis of 
non-head-to-tail monoterpenes. 

Sir: As part of a continuing study of the biosynthesis of the 
biologically important triterpene, squalene, we have been 
investigating the simpler but presumably analogous non- 
head-to-tail monoterpenes. Although there has been little 
experimental verification of any biosynthetic pathway, the 
available data2 coupled with biogenetic analogies to pres- 
qualene alcohol and the known chemical3 interconversions 
of the chrysanthemyl carbon skeleton with other non-head- 
to-tail monoterpene carbon skeletons have led to a unified 
hypothesis for the biosynthesis of these  compound^.^ This 
hypothesis requires (lR,3R)-chrysanthernyl pyrophosphate 
(1, R = pyrophosphate) as a key intermediate in the forma- 
tion of the chrysanthemyl (2), artemesyl (3), and santolinyl 
(4) types of irregular monoterpenes. With the ubiquitous 
occurrence of phosphatases in plants, it  might be expected 
that any plants producing 1 (R = pyrophosphate) would 
also have the corresponding alcohol, (lR,3R)-chrysanthem- 
01 (1, R = H), present. 
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In support of the proposed biosynthetic scheme, we wish 
to report the isolation of 1 (R = H) from the leaves of the 
sage brush, Artemesia ludoviciana, and further in accord 
with the hypothesis the natural chrysanthemol i s  optically 
pure possessing the 1R,3R absolute configuration. 

The essential oils from 4 kg of fresh leaves of A. ludovici- 
una collected near Salt Lake City6 were obtained by ex- 
traction of the plant material with pentane. Removal of the 
solvent and vacuum, bulb-to-bulb distillation of the re- 
maining volatiles gave 12.5 ml of a mixture containing ap- 
proximately 2% chrysanthemol as evidenced by VPC com- 
parison to known 1 (R = H) on a 500-ft capillary column. 
The mixture was subjected to a vacuum distillation on a 
60-cm annular spinning band column and the fractions en- 
riched in 1 (R = H) were combined and further separated 
by a succession of high-pressure liquid chromatographies 
on a 170-200 mesh Florisil column using 1:10 ethyl acetate- 
hexane as the eluting solvent system. VPC analysis indicat- 
ed an increase from 70 to 90 to 98% purity in the successive 
runs. The final purification was accomplished by prepara- 
tive VPC on a 20 f t  X 3/8 in. Carbowax 20M column to give 
25 mg of 100% pure chrysanthemol. Spectral comparisons 
(NMR and ir) with authentic material as well as VPC coin- 
jections confirmed the structure. Synthetic 1 (R = H) pre- 
pared by reduction of 97% (lR,3R)-chrysanthemic acid via 
its methyl ester6 possessed an [ a ] D  of +46.9' (c  1.7, meth- 
ylcyclohexane) while the isolated material had [a]D +49.7' 
(c  = 1.1, methylcyclohexane), indicating that the natural 
chrysanthemol is essentially 100% 1R,3R. 

Evidence that the isolated 1 (R = H) could have been de- 
rived in vivo from the corresponding pyrophosphate was 
provided by allied studies in which we have clearly demon- 
strated enzymatic including phosphatase activity in leaf 
preparations of A. ludoviciana. In particular we have ob- 
served the facile conversion of known 1 (R = pyrophos- 
phate) to 1 (R = H) in vitro by these leaf preparations. 
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