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ABSTRACT: Dysphania is a genus of plants endemic to the Australian
continent, occurring primarily in arid and temperate zones. Despite
their prevalence, very little in the way of phytochemical and/or
bioactivity investigation of native Dysphania has been performed.
Herein reported is the isolation and elucidation of (6E,9E)-zerumbone
epoxide and a hitherto unreported isomer, (6Z,9E)-zerumbone epoxide,
from D. kalpari. In addition, a novel isodaucane sesquiterepene,
kalparinol, was isolated from both D. kalpari and D. rhadinostachya. The
coisolation of the humulene and isodaucane skeletons, combined with
the lack of any cadalane systems, could suggest an alternate novel
biogenetic pathway originating from zerumbone, which is unlike any
other proposals for the isodaucene system.

The salvialane1 (or isodaucane2,3) skeleton (1) belongs to
a rare class of sesquiterpenoids,4 which to-date have

seldom been isolated from plants.5 The biogenesis of the
skeleton has two postulated origins as outlined in Scheme 1.
Bohlmann et al.2 suggested that the isodaucene skeleton (3)
arises from an acid-induced rearrangement (e.g., via the α-
cadinol derivative 4), which is derived from farnesyl
pyrophosphate (5), via a sequence involving first rearrange-
ment to nerolidyl diphosphate (6) en route to the cadalane
skeleton (7).6 Although Bohlmann’s postulate has been
synthetically substantiated,7 along with the total synthesis of
various isodaucane sesquiterpenes,8 no experimental evidence
surrounding the biogenetic relationship between cadalane and
isodaucene currently exists. A separate mechanistic pathway
was conceived by König and Bülow,9 who identified several
derivatives of the isodaucane skeleton (e.g., 8) resulting from
acid-catalyzed rearrangements of germacrene D (9), an
important biogenetic precursor of many other sesquiterpene
scaffolds. This finding was later used to provide mechanistic
rationale underpinning the presence of unusual sesquiterpe-
noid chemistry in the Euphorbiaceae family.10 However, while
the germacrene D pathway appears chemically reasonable, it
remains uncertain whether or not this macrocyclic inter-
mediate is indeed biogenetically related to isodacane or
isodaucene. In the case of the closely related daucene (2),
radiotracer studies using 14C-labeled sodium acetate eliminated
this pathway as contributing to its biosynthesis. Soucek
believed the results instead advocated for a pathway involving

the cyclization of farnesyl pyrophosphate without a methyl
transposition [e.g., via α-cadinol (10)].11

In continued efforts to survey the phytochemical composi-
tion of Australian desert and arid zone flora,12 we recently
detected oxygenated humulenes (e.g., 11)13 from two
members of the Acacia family, Dysphania kalpari and
Dysphania rhadinostachya, which inspired a re-examination of
these plant systems in search of related zerumbone derivatives.
Disclosed herein is the isolation of zerumbone (12),14

(6E,9E)-zerumbone-2,3-epoxide (13),15 (6Z,9E)-zerumbone-
2,3-epoxide (14), and kalparinol (15), which represents the
first isolation of an isodaucane skeleton together with known
and novel zerumbone-derived metabolites.

■ RESULTS AND DISCUSSION

The crude extract from Dysphania kalpari was subjected to1

fractionation (described previously),13,14 which focused on
both the alkene and oxygenated methine 1H NMR
spectroscopic region (δH 5.0−6.8 and δH 2.2−3.2). These
fractions were further refined to give pure isolates containing
zerumbone (12), (6E,9E)-13, and (6Z,9E)-zerumbone epoxide
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(14), as well as kalparinol (15), whose structures were
elucidated as detailed below. A similar process was utilized for
D. rhadinostachya, which afforded kalparinol (15), but not the
zerumbone epoxides (13 and 14), although zerumbone (12)
was detected.
(6E,9E)-Zerumbone-2,3-epoxide (13) was isolated as a

colorless solid and, when analyzed using LRESIMS in positive
mode, gave a protonated molecular ion at m/z 235.1 [M + H]+

Scheme 1. Chemically Substantiated Biosynthetic Considerations by Bohlmann, and Later by Ko ̈nig, as Well as Herein
Proposed Biosynthesis Surrounding the Isodaucene and Humulene Skeletons

Figure 1. Isodaucane (1) and daucane (2).

Table 1. 1H and 13C NMR Assignment for (6Z,9E)-Zerumbone-2,3-epoxide (14)

14 Lu et al., 200423 Kalsi et al., 198022

position δC
a δH

b multiplicity (J in Hz) δC
a δH

b multiplicity (J in Hz) δH
b multiplicity (J in Hz)

1a 39.8 1.39 dd (13.5, 11.7) 42.7 1.48 br s
1b 1.92 dd (13.5, 2.0) 1.95 d (11)
2 59.0 2.60 dd (11.7, 2.0) 62.9 2.76 d (11) 2.43 dd (11, 2)
3 61.3 61.4
4a 38.0 2.06 m 38.2 2.30 br s
4b 1.33 m 1.43 br s
5a 27.5 2.07 m 24.7 2.45 br s
5b 2.39 m
6 133.1 5.66 ddd (12.3, 2.8, 1.5) 147.8 6.14 d (16.5) 5.57 m
7 137.3 139.5
8 202.0 203.0
9 128.9 6.08 d (16.2) 128.3 6.09 d (16.5) 6.15 AB dd (16)
10 157.0 6.46 d (16.2) 159.5 6.12 br s 6.15 AB dd (16)
11 36.3 36.0
12 19.7 1.35 s 15.6 1.22 s 1.33 overlapping s
13 20.9 1.94 dd (2.3, 1.5) 12.1 1.86 s 1.94 br s
14 29.8 1.11 s 29.8 1.09 s 1.15 s
15 24.0 1.28 s 24.0 1.30 s 1.33 overlapping s

aChemical shifts referenced to CDCl3 (δC 77.0) at 125 MHz. bChemical shifts referenced to CDCl3 (δH 7.26) at 500 MHz.
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and 257.1 [M + Na]+. The 1H NMR data (Table SI-2)
revealed four methyl groups at δH 1.86, 1.30, 1.22, and 1.09
and three olefinic protons that overlap at δH 6.12. The 13C
NMR data (Table SI-2) revealed 15 carbon signals, which
included di- and trisubstituted olefinic double-bond reso-
nances, at δC 159.4, 147.7, 139.4, and 128.2, two oxygenated
carbons at δC 62.8 and 61.4, and one carbonyl carbon at δC
202.9. The two oxygenated carbons at δC 62.8 and 61.4
suggested the presence of an epoxide moiety. After comparison
of the 1H and 13C NMR chemical shifts with literature data,
the assignment was confirmed as 13, which has previously been
isolated from Zingiber zerumbet Smith.16 In addition, the
absolute configuration was confirmed as drawn (Scheme 1),
based on comparison of specific rotation data with synthetic
material.17

(6Z,9E)-Zerumbone-2,3-epoxide (14) was isolated as a
white solid with a sodium adduct ion at m/z 257.1510 [M +
Na]+ (−0.7 Δmmu) in positive mode HRESIMS, correspond-
ing to a molecular formula of C15H22O2. This equated to five
indices of hydrogen deficiency (IHD). The 1H NMR data
(Table 1) indicated four methyl groups at δH 1.11, 1.28, 1.35,
and 1.93 and three olefinic protons at δH 6.46, 5.66, and 6.08.
The 13C NMR data (Table 1) exhibited 15 carbon signals,
including di- and trisubstituted double-bond resonances at δC
128.9, 133.1, 137.3, and 157.0, two oxygenated carbons at δC
59.0 and 61.2, and one carbonyl carbon at δC 202.0. The two
oxygenated carbons at δC 59.0 and 61.2 suggested an epoxide
moiety, which allowed for the putative identification as a
zerumbone epoxide. While this isolate was found to possess
remarkable 1H and 13C NMR similarity to that of 13, there
were some notable differences around the double-bond
resonances at C-6 and C-7 as well as Me-12 and Me-13 that
did not match the reported data of (6E,9E)-zerumbone
epoxide (13). This isolate was therefore tentatively identified
as a diastereomer of 13, likely containing a Δ 6(Z) double-
bond configuration.
Kalsi et al.18 had purportedly synthesized (6Z,9E)-

zerumbone-2,3-epoxide by treating zerumbone (12) with
alkaline H2O2 and NaOMe. While not all NMR data were
disclosed, there were notable differences in the 1H NMR
spectrum specifically at H-2, H-9, and H-10. Interestingly, Lu
et al.19 reported the isolation of (6Z,9E)-zerumbone-2,3-
epoxide from Buddleia lindleyana Fort. and subsequently
named it buddlindeterpene A. However, on closer inspection
of the X-ray structure, provided by Lu et al.19, it was quickly
determined that the authors made an erroneous translation of
the ORTEP diagram, revealing instead the (6E,9E)-isomer
(13) as buddlindeterpene A. Nevertheless, the E/Z config-
uration of 14 herein was established through 1D NOE
experiments. Correlations were observed between Me-13 and
H-6, Me-15 and H-2 and H-9, and Me-14 and H-10 (Figure
2), which suggested a trans-epoxide with a (6Z,9E)-
configuration (Figure 2). The (9E)-configuration of the
double bond was also clear from the JH−H coupling constant
(16.2 Hz) for H-9 and H-10, which was reported in the same
sesquiterpene class for a (9E)-double bond, as well is in
compound 13.20 Collectively, these data allowed for the
unambiguous identification of 14 as (6Z,9E)-zerumbone-2,3-
epoxide, a previously unreported diastereomer of 13. The
absolute configuration of 14 is tentatively assigned as drawn,
based on the absolute configuration determined for 13.
Kalparinol (15) was isolated as crystalline needles with a

sodium adduct ion located at m/z 277.1805 [M + Na]+ (+2.5

Δmmu) in positive mode HRESIMS. Based upon the
HRESIMS data, a molecular formula of C15H26O3 was
established, which equated to three IHD. The 1H NMR data
(Table 2) identified the presence of four methyl groups at δH

0.65, 1.09, 1.11, and 1.12 and one oxymethine proton at δH
3.72. The 13C and DEPT NMR data (Table 2) indicated the
presence of 15 carbons, comprising four methyl groups, four
sp3 methylenes, four sp3 methines, one oxygenated tertiary
carbon, one sp3 quaternary carbon, and one carbonyl carbon at
δC 215.8 (C-9).
COSY correlations between H-2 (δH 1.88, 1.69, 2H) and H-

1 (δH 2.79) and H-3 (δH 3.72), as well as those between H-1
and H-10 (δH 3.03), indicated a C-10−C-1−C-2−C-3
connectivity (Figure 3). A tertiary hydroxy moiety attached

Figure 2. Key NOE correlations for 14.

Table 2. 1H and 13C NMR Assignments for Kalparinol (15)

position δC
a δH

b multiplicity (J in Hz)

1 42.8 2.79 m
2a 32.6 1.88 m
2b 1.69 m
3 82.2 3.72 m
4 46.6
5a 41.5 1.94 d (10.36)
5b 1.39 d (10.36)
6a 23.6 1.87 m
6b 1.39 m
7a 32.6 1.88 m
7b 1.59 m
8 48.8 2.33 m
9 215.8
10 55.4 3.03 d (9.10)
11 72.3
12 26.0 1.12 s
13 29.2 1.09 s
14 13.0 0.65 s
15 20.9 1.11 d (7.31)

aChemical shifts referenced to CDCl3 (δC 77.0) at 125 MHz.
bChemical shifts referenced to CDCl3 (δH 7.26) at 500 MHz.

Figure 3. Left: Selected COSY (bold bonds) and HMBC (curved)
correlations of kalparinol (15). Right: Key NOE correlations.
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to C-1 was confirmed by HMBC correlations connecting Me-
12 and Me-13 to C-1 (δC 42.8) and C-11 (δC 72.3).
Furthermore, HMBC cross-peaks involving H-10 to C-11
(δC 72.3), C-1 (δC 42.8), and C-4 (δC 46.6) and Me-14 to C-3
(δC 82.2), C-4, and C-10 indicated the existence of a five-
membered ring system (ring A). In addition, the HMBC
correlations from Me-14 to C-5 (δC 41.5) and H-10 to the
carbonyl carbon at C-9 (δC 215.8) suggested connectivity to a
second ring system (Figure 3).
HMBC cross-peaks arising from connections between Me-

15 and C-9 and between C-8 (δC 48.8) and C-7 (δC 32.6)
confirmed connectivity of the second ring from C-9 to C-7 and
confirmed the C-8 attachment of Me-15. COSY correlations
between H-8, H-7, H-6, H-5, and H-4 thus suggested the
second ring to be a seven-membered ring system. NOESY
experiments revealed correlations between H-3 and H-10,
indicating an α-orientation, and similarly correlations between
Me-14 and both H-1 and H-8 confirmed the β-orientation
(Figure 3). In addition, an X-ray crystal structure of 15 was
obtained, which confirmed the relative configuration and
facilitated assignment of the (1S, 3S, 4S, 8R, 10R) absolute
configuration (Figure 4).

In terms of the biosynthetic origins of kalparinol (15), there
is overwhelming synthetic evidence that underpins a third
hypothesis originating from zerumbone (12). Zerumbone is
also biogenetically derived from farnesyl diphosphate (5),
albeit via the oxidation of α-humulene (16) (Scheme 1). Ohe
and Uemura,21 and later John and Radhakrishnan,22 both
demonstrated with various Lewis acids that subsequent to
nucleophilic attack (e.g., 17),20 which removes the E-olefin
barrier,23 the isodaucene skeleton (i.e., 21) could be accessed
via a carbocation-mediated rearrangement from 18−20
(Scheme 1). However, when zerumbone epoxide (13) was
treated with either Brønstead24 or Lewis acid,22,25 various
transannular cyclization products (e.g., 22) were observed via a
Nazarov intermediate (i.e., 23),15,25 but none corresponding to
the isodaucene skeleton (Scheme 1). Furthermore, when
isodaucane or isodaucene systems have been reported, in the
majority of cases they have been coisolated with metabolites
containing the cadalane (7) or related skeletons,5 but to-date
not with humulene (16)-derived metabolites.
Outside of the biogenetic postulates outlined in Scheme 1, a

number of other pathways have been suggested based on
chemotaxonomic considerations. For example, α-selinane was
thought to be a biosynthetic precursor to oxygenated
isodaucenes found in Tritomaria polita due to the predom-
inance of eudesmane-type structures and high levels of α-
selinane in Tritomaria species (of the Jungermanniales
order).26 In another report, Chen and Qiu27 suggested a

plausible biogenetic pathway toward novel oxygenated
isodaucenes discovered in Curcuma phaeocaulis (of the
Zingiberales order) via dehydrocurdione, a characteristic
constituent of the Curcuma genus. This was later reinforced
by Kikuchi et al.,28 who adopted this pathway to rationalize the
presence of a novel oxygenated isodaucene from C. zedoaria.
The observation of isodaucenes from Curcuma plants is of
particular interest within the context of this work, since these
plants are also frequently found to contain zerumbone and
zerumbone epoxides.29

Based on the synthetic and biogenetic considerations
presented above and in Scheme 1, a putative biosynthetic
pathway for kalparinol (15) is herein proposed as stemming
from zerumbone (12), but subsequent to reduction of the
conjugated Δ6,7 double bond to remove the E-olefin barrier
(i.e., 24).23 Whether epoxidation precedes reduction or not is
uncertain. Protonation of the epoxide (i.e., 25) would induce
enolate attack, triggering the transannular cyclization to give
the 6,7-bicyclic skeleton as carbocation 26 (Scheme 2). Ring

contraction of 26 would give rise to the more stable exocyclic
tertiary carbocation 27, which not only affords the 5,7-bicyclic
isodaucane skeleton, but facilitates introduction of the hydroxy
group by addition of water (Scheme 2).

Biology. The activity of both zerumbone epoxides was
assessed against seven cancer cell lines and one normal human
cell line, and five species of pathogenic fungi. Kalparinol (15)
was not evaluated, as it was observed to be unstable in DMSO
solution. The cytotoxicity of (6E,9E)-13 and (6Z,9E)-
zerumbone epoxide (14) was evaluated against human
fibroblast (NFF), melanoma (MM96L), breast cancer
(MCF7), hypopharyngeal cancer (FaDu), and four different
tongue squamous cell carcinomas (CAL-27, SCC-9, SCC-15,
and SCC-25). Results from this evaluation show neither 13 nor
14 to possess any significant cytotoxic activity against the cell
lines examined. Antifungal activity of 14 was evaluated through
determination of 100% and 50% inhibitory concentration value
(MIC and MIC50) against three species of Candida, C. albicans
(ATCC 90028), C. glabrata (ATCC 90030), and C. auris
(CBS 10913 and CBS 12373), as well as Pichia kudriavzevii
(formerly Candida krusei; ATCC 6258). Results from these
assays show no activity at ≤200 μM of inhibitor (see
Supporting Information, Table SI-1).

Figure 4. ORTEP view of kalparinol (15) with ellipsoids drawn at the
50% probability level.

Scheme 2. Putative Biosynthetic Pathway for Kalparinol
(15)
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In conclusion, zerumbone (12) and the zerumbone epoxides
13 and 14 were isolated from D. kalpari, of which 14 was
previously unknown in the literature, although it had been
incorrectly described in prior work.30 In addition, kalparinol
(15), which contains the rarely occurring isodaucene skeleton,
was isolated from both D. kalpari and D. radinostachya. Given
this is the first example of both an isodaucane and humulene
skeleton being isolated from the same plant systems, it suggests
that an alternative biosynthetic pathway to the isodaucene
skeleton is possible as predicted by prior synthetic chemistry
investigations.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Both 1D and 2D 1H NMR

spectra were acquired on either a Bruker Avance 500 or 700 MHz
spectrometer at 298 K. All 13C NMR spectra were recorded at 125
MHz on a Bruker Avance. Coupling constants are given in hertz (Hz),
and chemical shifts are reported as δ values in parts-per-million
(ppm), with the solvent resonance as the internal standard (1H NMR
(CDCl3) δ 7.26 and

13C NMR (CDCl3) δ 77.0). The optical rotation
measurements were carried out by using a JASCO P-2000
spectrophotometer. Infrared spectra (IR) were recorded on a
PerkinElmer-400 model, and UV spectra on a PerkinElmer Lambda
35 model. Positive and negative ion electrospray mass spectra
(LRESIMS) were measured using a Bruker Esquire HCT or
HRESIMS by a MicroTof Q instrument. Purification of fractions
via HPLC was carried out using a Shimadzu LC-20AD pump, with an
SPD-M20A UV detector and ELSD-LT II light detector. The
separation process was conducted using a Phenomenex reversed-
phase (RP) C18(2) Luna 10 μm 100 Å column (250 × 10 mm) and a
Phenomenex normal-phase (NP) silica Luna 10 μm 100 Å column
(250 × 10 mm). TLC was performed using silica gel 60 F254 TLC
plates (Merck).
X-ray Crystallography. Data for compound 15 were collected at

190 K on an Oxford Diffraction Gemini CCD diffractometer using Cu
Kα radiation (1.541 84 Å). Data reduction was carried out with the
CrysalisPro software (Rigaku-Oxford Diffraction). The structure was
solved by direct methods and refined with SHELX31 with all
calculations performed with the WINGX package.32 The thermal
ellipsoid plot was created with ORTEP3.33 The absolute structure was
determined by analysis of Friedel pairs using the method of Hooft et
al.34 implemented within PLATON.35 Data in CIF format have been
deposited with the Cambridge Crystallographic Data Centre (CCDC
deposition no. 1959347).
Plant Material. Dysphania kalpari was collected in August of 2014

from the Cooper Creek basin in Western Queensland, Australia (S
25° 39.360′, E 143° 06.549′). Dysphania rhadinostachya was collected
in August of 2016 in Welford National Park, Western Queensland,
Australia (S 25° 08.801′, E 143° 07.123′). Plant identification was
provided with assistance from the Queensland Herbarium, Brisbane.
Extraction and Purification.Whole plant samples were extracted

with EtOH (∼2 L) at room temperature for approximately six
months. The extracts were filtered through a pad of Celite, and the
solvent was removed using a rotary evaporator. Subsequently, the
crude extract was partitioned between water (200 mL) and EtOAc (3
× 300 mL) to remove salts and water. The EtOAc extract was then
concentrated to approximately 50 mL under reduced pressure,
washed with brine, and dried over anhydrous Na2SO4. Extracts were
subsequently dried under high vacuum.
D. kalpari Fraction Isolation. A 942 g sample was extracted as

above and concentrated to give 6.1 g of crude extract. This extract was
fractionated via flash chromatography on an NP silica gel 60 column
(⦶ 4.5 × 16 cm). The column was eluted with mixtures of petroleum
ether−EtOAc (90:10 (600 mL), 80:20 (400 mL), 70:30 (600 mL),
60:40 (400 mL), 50:50 (400 mL), 40:60 (400 mL), 30:70 (200 mL),
20:80 (200 mL), 10:90 (200 mL), 20:80 (200 mL), 10:90 (200 mL))
and then mixtures of EtOAc−MeOH (100:0 (200 mL), 90:10 (400
mL), 80:20 (400 mL), 70:30 (200 mL), 50:50 (200 mL), and 30:70

(200 mL)). Fractions were pooled into 26 subfractions (E1P21SF1−
SF26) based on TLC analysis (i.e., comparing Rf value and color of
the bands observed after developing). A 37 mg portion of E1P21SF-7
was purified by semipreparative RP HPLC (MeCN−H2O, with 80−
50% MeCN for 40 min and 2.5 mL/min flow rate; collecting 5 mL/
tube) to yield 15 (1.2 mg, tR 17.7 min). A 43 mg sample of E1P21SF-
8 was purified by semipreparative NP HPLC (n-hexane−isopropanol,
with a 98−90% gradient and 2.5 mL/min flow rate, collecting 5 mL/
tube) for 25 min to yield 14 (2.5 mg, tR 13.9 min). A 25 mg sample of
E1P21SF-9 was purified by semipreparative RP HPLC (MeCN−H2O,
with a 60% isocratic run and 3.0 mL/min flow rate; collecting 5 mL/
tube) for 35 min to yield 13 (1.5 mg, tR 27.8 min).

D. rhadinostachya Fraction Isolation. An 834 g sample was
extracted as above and extracted to give 6.4 g of crude. This was
fractionated using flash chromatography with NP silica 60. A series of
solvent gradients was applied containing 90:10 (600 mL), 80:20 (600
mL), 70:30 (600 mL), 60:40 (400 mL), 50:50 (400 mL), 40:60 (400
mL), 30:70 (200 mL), 20:80 (200 mL), 10:90 (200 mL), 20:80 (200
mL), 10:90 (200 mL) petroleum ether−EtOAc and then mixtures of
100:0 (200 mL), 90:10 (400 mL), 80:20 (400 mL), 70:30 (200 mL),
50:50 (200 mL), and 30:70 (200 mL) of EtOAc−MeOH. Fractions
were pooled into 26 subfractions (E2P29SF1−SF22) based on TLC
analysis. A 28 mg portion of E2P9SF-6 was purified by semi-
preparative RP HPLC (MeCN−H2O, with 50% MeCN and a flow
rate of 2.5 mL/min, collecting 5 mL/tube) for 25 min to yield 15 (2.2
mg, tR 7.2 min).

(6E,9E)-Zerumbone-2,3-epoxide (13): white powder; [α]D
23 +3.5 (c

0.15, CHCl3); lit.
36 +2.57; 1H and 13C spectra, see Table S1 and

Supporting Information; positive ion LRESIMS m/z 241.2 [M +
Na]+.

(6Z,9E)-Zerumbone-2,3-epoxide (14): colorless oil; [α]D
23 +37.1 (c

0.8, CHCl3);
1H and 13C NMR, see Table 1; 1H, 13C, DEPT, HSQC,

HMBC, and NOE NMR spectra, see Supporting Information; IR
(cm−1) 2959, 2922, 2851, and 1653; UV (MeOH) λmax 231 (1.33)
nm; positive ion HRESIMS m/z 257.1510 [M + Na]+ (calcd for
C15H22O2Na−257.1517).

Kalparinol (15): crystalline needles; [α]D
23 −11.5 (c 0.10, CHCl3);

1H and 13C NMR, see Table 2 and Supporting Information; IR
(cm−1) 3421, 2925, 1693, and 1458.0; UV (MeOH) λmax 207 (0.17)
nm; positive ion HRESIMS m/z 277.1805 [M + Na]+ (calcd for
C15H26O3Na −277.1780); mp 188−192 °C.
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