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ABSTRACT: Seven new leucosceptroid degradation products
possessing a C20, C21, or C25 framework, norleucosceptroids
D−H (1−5), leucosceptroids P (6), and Q (7), have been
isolated from Leucosceptrum canum. Their structures were
determined by comprehensive NMR, MS, and single-crystal X-
ray diffraction analyses. Discovery of these key intermediates,
together with the biomimetic oxidation of a model system,
supports the hypothesis that two biosynthetic pathways are operative. Antifeedant activity was observed for compounds 1−3.

Terpenoids, the largest class of natural products with highly
diversified chemical structures, have been frequently

reported to play important physiological and ecological roles
in the natural world.1 To date, degradation of sesterterpenoids
in plants is still largely unknown, while the oxidative
degradation of other terpenoids has been documented,
although the mechanism underlying these transformations is
often poorly understood. Known examples include the
apocarotenoids (nortetraterpenoids),2 antifeedant limonoids
(tetranortriterpenoids),3 schinortriterpenoids (nortriterpe-
noids),4 and volatile tetra-norterpenoid degradation products
of the diterpenoid (E,E)-geranyllinalool and the sesquiterpe-
noid (3S)-(E)-nerolidol, which were shown to attract enemies
of herbivores (indirect defense) in a variety of plant species.5

Recently, it was found that the glandular trichomes of two
Himalayan−Chinese Labiatae species6 harbor two unique
classes of defensive sesterterpenoids, leucosceptroids and
colquhounoids, respectively.7,8 Subsequently, three intriguing
antifeedant C20 terpenoids, norleucosceptroids A−C,9 were
isolated from L. canum and tentatively classified as
pentanorsesterterpenoids. Choudhary and co-workers also
reported the isolation of three sesterterpenoids from L.
canum of Nepalese origin,10 which are structurally quite
different from those discovered in Chinese plants.
Synthetic routes to these natural products were reported by

three groups. The core structure of leucosceptroids A−D has
been prepared by Horne’s group,11a an asymmetric total
synthesis of leucosceptroid B has been achieved by Liu and co-
workers,11b and most recently Magauer’s group reported the
total synthesis of norleucosceptroid A, norleucosceptroid B,
and leucosceptroid K.11c,d

In order to shed light on the metabolic pathways in L. canum,
the search for key biosynthetic intermediates of norleucoscept-
roids A−C has been an ongoing topic of interest. Herein, the
isolation, structure elucidation, antifeedant activity, and
biogenetic relationship of seven new biosynthetic intermediates
including two tetranorsesterterpenoids (1 and 2), three
pentanorsesterterpenoids (3−5), and two sesterterpenoids (6
and 7) are described. Additionally, the oxidative degradation of
the furan appendage using an advanced model system was
investigated. The obtained results further support the
coexistence of two metabolic pathways in leucosceptroid
biosynthesis.
For compound 1, a molecular formula of C21H30O4 was

deduced from the high-resolution (HR) EI-MS (m/z 346.2148
[M]+, calcd 346.2144) and the IR spectrum indicated the
presence of two carbonyl groups (1736 and 1709 cm−1).
Analysis of the NMR spectra (Tables S1 and S2 and Figures
S2−S7 in the Supporting Information) revealed various
similarities with those of leucosceptroids B7 (9) and E8b

(12), although the furan or lactone moieties in the C14 side
chains were absent and instead a carboxylic acid group was
present in 1. Consideration of all the spectroscopic data
suggested that 1 is a tetranorsesterterpenoid lacking C11 and
C5 oxygenation. Eventually, a single crystal of 1 was obtained
from a mixture of MeOH/water (8:1), and X-ray crystallo-
graphic analysis unambiguously established the complete
structure of 1 which was named norleucosceptroid D (Figure
1).
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In an analogous fashion, comprehensive NMR, MS, and IR
analysis together with comparison of spectroscopic data of
previously isolated parent leucosceptroids allowed compounds
2−7 to be characterized as shown in Figure 1, and they were
named norleucosceptroids E−H (2−5), leucosceptroids P (6),
and Q (7). A detailed description of the isolation and structure
elucidation of all these compounds is provided in the
Supporting Information of this report.
During the structure elucidation of the novel leucosceptroids

1−7, a biogenetic relationship between the previously isolated
C25 sesterterpenoids and C20 terpenoids from L. canum was
recognized (Scheme 1). It is likely that the carboxylic acids
norleucosceptroids D (1) and E (2) directly originate from
leucosceptroids A (8) and B (9), which both are major
sesterterpenoids in L. canum, by 5,13-dehydration and oxidative
cleavage of the furan moiety (scission of the C17/C18 bond).

Subsequent decarboxylation and oxidation12 of tetranorsester-
terpenoids 1 and 2 affords the pentanorsesterterpenoids
norleucosceptroid F (3) and 22. Oxidation of the latter
compounds yields norleucosceptroid G (4) and aldehyde 24,
which then may be further oxidized to norleucosceptroid H (5)
and carboxylic acid 25.
An alternative degradation pathway of leucosceptroids A (8)

and B (9) is hypothesized to proceed through peroxides 18 and
19, which arise from the [4 + 2] cycloaddition of singlet oxygen
with the furan moiety.13 A subsequent Kornblum−DeLaMare-
type rearrangement14 of 18 and 19 yields the hydroxy lactones
leucosceptroids P (6) and Q (7), which upon 5,13- and 16,17-
dehydration are converted to leucosceptroids L (13) and M
(14) and 23. While reduction of the C16/C17 bond furnishes
leucosceptroid E (12), an oxidative cleavage of this bond
affords the same aldehydes 4 and 24 as from the C25 → C21 →
C20 decarboxylative pathway. Through hydration of the C5/
C13 bond, norleucosceptroid G (4) and 24 are then converted
to a mixture of intermediates 26−29.9 While 28 and 29 with
the AB-cis-BC-trans fusion may spontaneously convert to the
thermodynamic epimers 26 and 27, respectively, intramolecular
hemiacetal formation can alternatively preserve this conforma-
tion from epimerization to the AB-cis-BC-cis system. Bio-
synthetically, norleucosceptroids B (16) and C (17) thus arise
from intermediates 26 and 27 through lactol formation
between 5-OH and 16-CHO. Similarly, lactol formation
between 5-OH and 16-CHO in intermediates 28 and 29,
followed by hemiacetal formation between 16-OH and
12-CO affords norleucosceptroid A (15) and 30.
Furthermore, the existence of leucosceptroids C (10) and D

(11) also strongly suggests that photooxidation of leucoscept-
roids A (8) and B (9) initiates the partial metabolic degradation

Figure 1. Chemical structures of norleucosceptroids D−H (1−5),
leucosceptroids P (6), and Q (7).

Scheme 1. Proposed Metabolic Pathway of Leucosceptroids A (8) and B (9)a

aFor clarity, numbers in parentheses are used for isolated natural products, while numbers in square brackets correspond to intermediates or
suspected natural products.
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of these sesterterpenoids. In lieu of the proposed rearrange-
ment of peroxides 18 and 19 to 6 and 7, respectively, it is
envisaged that also nucleophilic addition of water takes place,
affording keto aldehydes 20 and 21 via expulsion of
hydrogenperoxide from a hemiacetal intermediate. An intra-
molecular aldol cyclization of the enolized 17-ketone with the
aldehyde group in 20 and 21 then gives rise to leucosceptroids
C (10) and D (11).
Although further intermediates remain to be discovered, it is

likely that two parallel biosynthetic pathways exist in L. canum,
leading to the 11-hydroxylated and 11-deoxygenated sesterter-
penoids or norsesterterpenoids, respectively. The isolation of
intermediates 1−7 provides direct evidence that the C20
terpenoids, norleucosceptroids A−C (15−17), are, in fact,
sesterterpenoid degradation products and should be classified
as pentanorsesterterpenoids rather than diterpenoids which are
directly biosynthesized from the universal precursor geranylger-
anyl diphosphate (GGPP).
In order to experimentally evaluate the proposed degradation

pathway, which is initiated by photooxygenation, a model
system was developed. With this objective in mind, known
dilactone 31, available in gram quantities,11c was converted to
lactone 32 by 2-fold reduction, followed by an intramolecular
dilactol aldol-type condensation−oxidation sequence (Scheme
2). DIBAL-H reduction of 32 and acetylation of the resulting
lactol afforded an intermediate acetyl acetal as a mixture of
diastereomers at C4 (dr = ∼2:1). Treatment of this crude
product with the mixed organoaluminum reagent, dimethyl-(2-
methyl-1-propenyl)aluminum (prepared from aluminum tri-
chloride, methylmagnesium bromide, and 2-methyl-1-prope-
nylmagnesium bromide; see the Supporting Information for
details), furnished alcohol 33 as a single diastereomer after
cleavage of the p-methoxyphenyl ether (62% yield over four
steps). Next, Swern oxidation15 of 33 followed by Wittig−
Levine reaction16 of the so-obtained aldehyde with
(methoxymethyl)triphenylphosphonium chloride was carried
out, yielding the corresponding C1−extended aldehyde after
acidic hydrolysis. Addition of lithiated ethyl vinyl ether to the
latter compound provided α-hydroxy ketone 34 as an
inconsequential mixture of diastereomers at C17 (dr = ∼1:1).
Alkoxide formation in 34 with sodium hydride followed by
addition of Wittig salt 3517 furnished an intermediate ethoxy
acetal, which underwent facile elimination under acidic
conditions to afford furan 36, which constituted the model
system of leucosceptroids A (8) and B (9).

This system was then used to mimic the putative conversion
of leucosceptroids A (8) and B (9) to the hydroxycyclopente-
none leucosceptroids C (10) and D (11) (vide supra),
respectively, in a biomimetic manner. Thus, irradiation of an
oxygen-sparged solution of furan 36 in methanol containing
Rose Bengal as a photosensitizer with light at −78 °C led to
rapid consumption of the starting material (<5 min), affording
a more polar product, as seen by thin-layer chromatographic
analysis. Addition of dimethyl sulfide (DMS) to the putative
hydroperoxide 38, arising from nucleophilic addition of
methanol to endo-peroxide 37,18 followed by warming of the
reaction mixture to 23 °C and addition of triethylamine to
induce the intramolecular aldol reaction in keto aldehyde 39,
cleanly furnished hydroxy cyclopentenones 40 and 41 as a 1:1
mixture of diastereomers (93% combined yield). It is proposed
that, in nature, the conversion from endo-peroxide 37 to the
hydroxy cyclopentenones would occur via nucleophilic addition
of water (instead of methanol) followed by expulsion of
hydrogen peroxide to afford keto aldehyde 39 (in the
laboratory mimic, peroxide 38 is first reduced with DMS and
methanol then serves as the leaving group). The final
cyclization step in a natural environment could be catalyzed
by an aldolase which is capable of controlling the stereo-
chemical outcome of this aldol reaction.19 Although the model
furan 36 is certainly simplified compared to leucosceptroids A
(8) and B (9), the experimental outcome corroborates the
hypothesis that photooxidation occurs readily and might be the
first step in the metabolic pathway of the defensive
leucosceptroid sesterterpenoids.
Finally, norleucosceptroids D−F (1−3) were evaluated for

their antifeedant activity against a generalist insect, cotton
bollworm (H. armigera), as previously described.7 Significant
antifeedant activity for 1−3 was observed with EC50 values of
3.81, 10.86, and 7.35 μg/cm2, respectively (neem oil: EC50 =
2.63 μg/cm2), suggesting that these leucosceptrane sesterterpe-
noid degradation products could also be involved in the plant
defense against insect enemies.
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Experimental procedures, plant material, crystallographic data,
physical-chemical properties, key HMBC correlations and
NMR spectra of 1−7. Synthetic procedures, analytical data,
and NMR spectra of the biomimetic model synthesis. This

Scheme 2. Model System Synthesis and Biomimetic Furan Photooxidationa

aDIBAL-H = diisobutylaluminum hydride, TFA = trifluoroacetic acid, PDC = pyridinium dichromate, CAN = ceric ammonium nitrate, DMSO =
dimethyl sulfoxide, EVE = ethyl vinyl ether, DMS = dimethyl sulfide.
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material is available free of charge via the Internet at http://
pubs.acs.org.
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