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1,8-Cineole (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane,4),1 com-
monly known as eucalyptol, is a monoterpene biosynthesized by a
variety of plants, most notablyEucalyptusspp.,Artemisiaspp., and
SalVia spp. This natural product appears to function in the chemical
defense of the producing organism, displaying potent allelopathic
effects on competing plant species,2,3 and the bicyclic ether served
as a lead in developing the commercial herbicide cinmethylin.4

Because 1,8-cineole is both achiral and resistant to chemical
degradation, determination of the stereochemical aspects of the
enzymatic heterocyclization step has been problematic. We have
recently cloned and heterologously overexpressed a cDNA encoding
1,8-cineole synthase (CS) from culinary sage (SalVia officinalis).5

These advances allow conversion of the precursor, geranyl diphos-
phate (GDP,1) to sufficient product for NMR analysis. In this
communication we report the results of deuterium-labeling experi-
ments that establish syn stereochemistry in both C-O bond-forming
steps of the complex cyclization process catalyzed by the recom-
binant cyclase.

The proposed electrophilic mechanism and intermediates in the
bicyclization reaction catalyzed by native CS (eq 1) conform to
the usual scheme for monoterpene bioynthesis in plants.6,7 The high
enantioselectivity of CS in favoring (R)-linaloyl PP (LDP,2) over
(S)-linaloyl PP as an alternative substrate [(Vrel/KM)R/(Vrel/KM)S )
54] and the stereoselective incorporation of tritium label from (R,S)-
[1-3H1]-1 into the pro-S ethano bridge at C57 are consistent with
an anti,endoSN′ cyclization8,9 of an enzyme-bound (R)-LDP
intermediate. Although the quantitative incorporation (96( 3%)
of oxygen-18 from labeled water indicates nucleophilic capture of

an R-terpinyl carbocation, the resulting (4-R)-R-terpineol (3)
intermediate must remain tightly bound in the active site since CS
is incapable of converting the exogenous monocyclic alcohol to
cineole.7,10 Thus, three discrete reactions take place in the catalytic
site(s) of CS: (1) allylic rearrangement of GDP to (R)-LDP (1 f
2A), (2) SN′ cyclization toR-terpineol (2B f 3), and (3) proton-
induced cyclization of the CdC double bond and the tertiary
hydroxyl group (3 f 4) (eq 1).

We have elucidated the stereochemistry of the water capture in
step 2 by double labeling and NMR analysis of the deuterated
cineole products,syn- and anti-4-d5, with the aid of literature
assignments for this monoterpene (eq 2).11,12 The introduction of
deuterium at the C1 position of GDP (C5 in the product) was
essential to alter theCs symmetry of cineole, and thereby allow
the determination of the syn or anti configuration of the unlabeled
methyl by NOE spectroscopy. (2E,6E)-[1,1,8,8,8-2H5]- and (2E,6Z)-
[1,1,9,9,9-2H5]-GDP ((E,E)- and (E,Z)-1-d5) were synthesized by
LiAlD 4 reduction of the corresponding methyl geranoate-d3 iso-
mers13 followed by conversion to the diphosphates (See Supporting
Information). Large-scale incubations of unlabeled and labeled
substrates with a purified truncated rCS preparation14 and subse-
quent chromatography on silica gel with capillary GC monitoring13

afforded cineole-d0 and cineole-d5 samples that were analyzed by
1H NMR (500 MHz, CDCl3) and 1D NOE (double pulsed field
gradient spin-echo sequence and IBURP-2 pulsing) spectroscopic
techniques.15,16

An NOE was observed at the unlabeled geminal methyl (δH 1.26
ppm) with cineole-d5 derived from the E,E-labeled substrate upon
irradiation of the H5exo/H8exo protons atδH 2.02 ppm, establishing
the syn relationship of the CD2 and CD3 groups shown in eq 2.
This conclusion was confirmed by the complementary NOE
measured for the H8exoprotons upon irradiation of the C3 CH3 peak,
as well as the absence of the corresponding NOE signals in the
otherwise identical NOE spectra of cineole-d5 produced from the
E,Z substrate. Thus, enzymatic cyclizations of (E,E)- and (E,Z)-
GDP-d5 gave rise tosyn- andanti-4-d5, respectively.

The enzymatic conversion of unlabeled GDP was carried out in
buffered D2O to determine the stereochemistry of the proton
incorporation at C6 of 1,8-cineole (C2 of GDP, see eq 3). The
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cineole-d1 was isolated as before by elution with CHCl3 for
deuterium NMR spectroscopy. The2H NMR spectrum (76.73 MHz,
CHCl3) showed a single signal atδD ) 1.66 ppm, thus demonstrat-
ing incorporation of a solvent-derived deuterium in the 6 exo
position.

The data presented above, along with prior experimental findings
with this8 and related monoterpene synthases,7 allow precise
stereochemical definition of the multistep cyclization leading to
1,8-cineole (4) and a plausible scenario of bond-making and bond-
breaking events (eq 4).10,17Thus, following ionization and isomer-
ization of GDP to (3R)-LDP (2C) and anti,endoSN′ cyclization to
the (R)-R-terpinyl cation (5), syn water capture at C7 occurs from
the inside face (re) of the tertiary carbocation. A 90° clockwise,
least-motion rotation about the C4-C7 bond would give rise to
the (R)-R-terpinyl hydronium ion6 that protonates itself at the
proximal cyclohexene double bond to form a fourth carbocation
intermediate7. Intramolecular alkylation of the tertiary hydroxyl
group in7, perhaps ion-paired with the PPi leaving group on the
opposite face of the carbocation sp2 orbital at C1, accompanied by
proton transfer to an active site acceptor Y, would complete a
second syn addition to form the product.

These results provide intriguing insight into the catalytic mech-
anism of this novel enzyme. The syn stereochemistry of ether bond
formation contrasts with the common tendency of electrophilic Cd
C double bond additions to take place predominantly through
antarafacial mechanisms,18 and the outcome conflicts with the usual
predictions of the biogenetic isoprene rule.19 However, cis additions
of protic acids to alkenes are well-precedented,18,20 and examples
of syn stereochemistry in terpene synthase reactions are now
known.21 In the present case, the position of the Mg‚OPP anion
might help to stabilize the intermediates and transition states.

Substrate binding is presumed to occur with the OPP moiety
positioned close to the active-site surface and with the geranyl
carbon chain positioned deep within a hydrophobic pocket to allow
the electrophilic cyclization to occur while protecting early car-
bocation intermediates from premature capture.6,7 The water
molecule must be precisely held in the active site in close proximity
to cationic centers (at C7 as well as delocalized C1-C2-C3) so

as to permit covalent bonding only to C7 (i.e., geraniol and linalool
are not products of the CS reaction5,8).

How the enzyme accomplishes the exact positioning of a water
molecule and the highly reactive carbocationic intermediates, and
what the identities and specific functions of the surrounding active-
site residues are, at present, unclear. However, the availability of
this recombinant enzyme may permit crystallographic analysis in
the absence and presence of mechanism-based inhibitors to address
these critical structural and mechanistic questions.
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