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The stereocontrolled three-step synthesis of either enantiomer of
a-thujone from commercially available 3-methyl-1-butyne is
described. The enantioselectivity originates from a Brown crotyla-
tion which is then conferred to the all-carbon quaternary center
via chirality transfer in a gold-catalyzed cycloisomerization. The
route is highly atom economical and requires no protecting groups
or redox manipulations.

Thujone is a bicyclic monoterpene natural product that is
found in a variety of plants including thuja, cedarleaf, sage,
and wormwood. Biosynthetically, thujone is proposed to be
generated by an enzyme-mediated reduction of sabinone." It is
most notably found in absinthe, a green spirit derived from
the essential oil of wormwood. While it was originally believed
that thujone was responsible for the psychotropic effects of
absinthe, recent studies have disproven this.> The levels of
thujone in foodstuffs and beverages is regulated in the
European Union, United States, and Canada. Thujone func-
tions as a y-aminobutyric acid A (GABA,) receptor antagonist
which can cause convulsions at high concentrations.’ Animal
studies have demonstrated that (—)-a-thujone 1 is more potent
than (+)-p-thujone 2 and the metabolism of the natural
product has also been studied.? (—)-a-Thujone has also been
shown to function as a 5-hydroxytryptamine (5-HT;) receptor
antagonist.? 5-HT; antagonists are of interest because they can
be used to treat nausea associated with chemotherapy, radi-
ation, and withdrawal from drug addiction.” While
(=)-o-thujone 1 and (+)-p-thujone 2 are often described in the
literature as o-thujone or f-thujone, it has recently been
demonstrated that the enantiomers of these stereoisomers, 3
and 4, are present in Nature as well (Fig. 1).® Since the uncom-
mon stereoisomers have been identified in dietary sup-
plements,® there is a need for a better understanding of the
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biological activity of (+)-a-thujone 3 and (—)-p-thujone 4. An
asymmetric synthesis capable of accessing either enantiomer
of a-thujone could facilitate further biological study.
Elucidated in 1900 by Semmler,” thujone possesses a
bicyclo[3.1.0]hexanone core with three contiguous stereocen-
ters and a quaternary carbon at the cyclopropyl junction.
(-)-a-Thujone and (+)-p-thujone are epimeric at the methyl
stereocenter. To date, there have been two syntheses of
(-)-a-thujone 1 and a racemic synthesis (Scheme 1). There are
no syntheses of p-thujone to date. The first synthesis by
Oppolzer in 1997 relied on a palladium-catalyzed cycloisomeri-
zation of a bis-sulfone enyne to achieve (—)-a-thujone 1 in
twelve steps from commercially available starting materials.®
Tiefenbacher and coworkers recently reported a six-step
diastereoselective synthesis of a-thujone.’ This strategy relied
on a Simmons-Smith reaction to forge the cyclopropane fol-
lowed by a regio- and diastereoselective methylation to com-
plete the natural product. The synthesis was rendered asym-
metric using an enzymatic kinetic resolution to provide
(-)-a-thujone 1 in nine steps from cyclopentadiene. A high-
light of this synthesis is the ability to incorporate deuterium as
an isotopic label from ds-acetone. The racemic synthesis,
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Fig. 1 Structures of the more prevalent stereoisomers, (-)-a-thujone

(1) and (+)-p-thujone (2), in blue and the less prevalent stereoisomers,
(+)-a-thujone (3) and (-)-p-thujone (4), in green.
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Scheme 1 Asymmetric total synthesis of a-thujone.

reported by our group,® provided a 2 : 1 diastereomeric mixture
of the natural product in three steps by employing a platinum-
catalyzed cycloisomerization of hydroxylated enynes'® as the
key step.

We envisioned that (—)-a-thujone 1 could be synthesized
asymmetrically via an enantioselective crotylation followed by
a hydroxylated 1,5-enyne cycloisomerization strategy starting
from commercially available 3-methyl-1-butyne 5. This would
accomplish the natural product with no redox manipulations
or protecting groups. Our previous racemic synthesis of
thujone provided a proof of concept for the cycloisomerization
step but inducing asymmetry in the strategy presented several
challenges. While asymmetric crotylations are well-estab-
lished,"" ynals are less common and can provide low enantio-
selectivities.'> Additionally, the installation of the key all-
carbon quaternary stereocenter would rely on a chirality trans-
fer during the 1,5-enyne cycloisomerization. Transition metal-
promoted cycloisomerization of 1,5-enynes has proven to be
an effective method for the synthesis of bicyclo[3.1.0]hexan-3-
one systems; however, stereoerosion can occur depending on
the identity of the substrate."® Additionally, the diastereo-
selectivity of the transformation can be low depending on the
substitution pattern of the homoallylic alcohol.™

The synthesis commenced with the formylation of
3-methyl-1-butyne 5 with DMF to provide the volatile ynal 6 in
74% yield (Scheme 2). After screening a variety of milder croty-
lation protocols, a one-pot Brown crotylation of 6 afforded the
homoallylic alcohol 7 in 81% yield with high diastereo- and
enantioselectivity (>20:1 dr, 91% ee). While the yield and
diastereoselectivity of other methods were sufficient, achieving
high enantioselectivity with the ynal 6 proved challenging.
With the requisite chiral alcohol achieved with high stereo-
selectivity, only the cycloisomerization key step remained to
complete the natural product.

The cycloisomerization of hydroxylated enynes to bicyclo
[3.1.0]hexanones represents a highly efficient method for
building structural complexity. The original report by Fiirstner
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Scheme 2 Three-step synthesis of (-)-a-thujone.

demonstrates that high levels of stereotransfer from the
enantioenriched homoallylic alcohol to the bicyclo[3.1.0]hexa-
none can occur although the diastereoselectivity was low to
moderate.’® Encouraged by this result, the enyne 7 was
exposed to the cycloisomerization conditions of PtCl, at 60 °C
in toluene which provided 54% yield of thujone with 2:1
diastereoselectivity favoring o-thujone. After a screen of con-
ditions with PtCl, failed to provide the desired transformation
with acceptable levels of diastereoselectivity, we shifted our
focus to the more reactive gold catalysts as potential
surrogates.

Gold catalysis has been extensively utilized for the related
Rautenstrauch rearrangement and various enyne cycloisomeri-
zations from enantioenriched substrates with varying levels of
chirality transfer."> While propargyl esters are more common
as substrates, gold-catalyzed cycloisomerizations with homo-
allylic alcohols are known. Gagosz and coworkers reported that
commercially available (Ph3;P)AuNTf, can function as a highly
active, air-stable catalyst for several rapid and high-yielding
enyne cycloisomerizations at ambient temperature.'* An initial
concern with this approach was that the gold(i)-catalyzed iso-
merization of 3-hydroxylated 1,5-enynes has been shown to be
highly substrate-dependent, where cyclohexadienes,
a,p-unsaturated aldehydes, and alkylidene cyclopentenes can
be generated from the same hydroxylated enyne in varying
degrees of selectivity."> Gratifyingly, exposing the enyne 7 to
catalytic (Ph3P)AuNTf, for one hour in dichloromethane at
room temperature provided (—)-a-thujone 1 as a volatile liquid
in 59% yield with 10:1 dr and 88% ee. (+)-a-Thujone 3 was
also synthesized using this strategy by employing
(+)-p-methyoxydiisopinocamphenylborane to set the stereo-
chemistry in the Brown crotylation step (see the ESIY).
(+)-a-Thujone 3 was obtained under the same conditions in
63% yield and a 10:1 dr and 88% ee. The enantioselectivity
was determined by chiral GC-MS and the specific rotation sign
matched the reported value for (-)-a-thujone 1 and
(+)-a-thujone 3. Based on the mechanistic insights provided by
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gold()-catalyzed

several groups on metal-catalyzed cycloisomerizations,"*”'® a

plausible mechanism for the cycloisomerization is provided in
Scheme 3. This expeditious route to the natural product will
likely provide ample material for biological testing of
(+)-a-thujone 3 and the synthesis of thujone metabolites that
have previously been reported.®'”

In summary, both enantiomers of a-thujone have been syn-
thesized in a stereoselective fashion from commercially avail-
able 3-methyl-1-butyne 5. The atom economical synthesis pro-
vided 35% overall yield of the natural product and notably
requires no protecting groups or redox manipulations. A
benefit of this route is that both enantiomers of
B-methyoxydiisopinocamphenylborane are commercially avail-
able allowing access to the enantioenriched alcohols for the
synthesis of (=)- and (+)-a-thujone. The use of (Ph;P)AuNTf,
proved essential for effective chirality transfer in the cycloi-
somerization step to achieve the natural product in high dia-
stereo- and enantioselectivity. This strategy will likely be
amendable to the asymmetric synthesis of other bicyclo[3.1.0]
hexanone natural products.
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