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A B S T R A C T

Pocahemiketals A and B (1 and 2), two novel hemiketal sesquiterpenoids with unprecedented skeletons, were
isolated from the essential oil of the aerial parts of Pogostemon cablin. In addition to a bicyclo[3.2.1]-carbon core,
1 and 2 possessed a hemiketal α,β-unsaturated-γ-lactone moiety. Their structures were determined by extensive
spectroscopic analysis, electronic circular dichroism calculation, and single-crystal X-ray diffraction. Compound
2 exhibited significant vasorelaxant activity against phenylephrine-induced contraction of a rat aorta ring with
the EC50 value of 16.32 μM.

1. Introduction

Pogostemon cablin (Blanco) Benth. (Lamiaceae) is a fragrant her-
baceous plant widely distributed and cultivated in tropical and sub-
tropical areas of southern China, Indonesia, and the Philippines. Its
stems and leaves, commonly referred to as “guanghuoxiang” in China,
have been used in traditional Chinese medicine for the treatment of
various gastro-intestinal tract infections, especially gastroenteritis,
diarrhea, and intestinal infections [1]. The volatile oil of this plant
(patchouli oil) has been often used in Chinese patent medicines and
perfumes. Previous studies on the chemical composition of patchouli oil
have resulted in the isolation of sesquiterpenes with guaiane, patch-
oulane, and β-patchoulane types [2–4].

As part of our systematic search for new bioactive natural products
from essential oils of traditional Chinese medicines, patchouli oil has
been found to have significant broad-spectrum antibacterial and cyto-
toxic activity [5,6]. Subsequent chemical investigations of the oil led to
the characterization of four unusual nor-β-patchoulene sesquiterpe-
noids with weak cytotoxic activity against NCI-H1975 and HePG-2
cancer cell lines [7]. Further examination of the remaining volatile oil
led to the discovery of two novel hemiketals with unprecedented ses-
quiterpenoid skeletons (1 and 2), all consisting of a bicyclo[3.2.1]

octane moiety and a five-hemiketal unit (Fig. 1).

2. Experimental

2.1. General

Optical rotations were measured using an Anton Paar MCP 200
automatic polarimeter. IR spectra were recorded using a Nicolet 5700
FT-IR microscope instrument. CD spectra were recorded on a JASCO J-
815 CD spectrometer. NMR spectra were obtained using a Bruker-
AVIIIHD-600 or Varian-DD2-500 spectrometer with the solvent peaks
used as the references. HRESIMS spectra were measured using a Waters
Synapt G2 HDMS. Crystallographic data were collected using a Bruker
APEX DUO diffractometer with Cu Kα radiation. Column chromato-
graphy was performed using silica gel (200–300 mesh, Yantai Institute
of Chemical Technology, Yantai, China) and Sephadex LH-20
(Amersham Pharmacia Biotech AB, Uppsala, Sweden). RP-HPLC se-
parations were performed using an Agilent 1220 instrument with a
Kromasil (250 × 10 mm2) preparative column packed with C18 (5 μm).
TLC was performed using glass precoated silica gel GF254 plates
(Qingdao Marine Chemical Inc., Qingdao, China).
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2.2. Plant material

P. cablin was collected in December of 2012 from the culture field in
Yangchun, Guangdong Province, China. Plant identity was verified by
Dr. Fei Long (Chengdu University of TCM, Sichuan, China). A voucher
specimen (SGHX-20121224) was deposited at the School of Pharmacy,
Chengdu University of TCM, Chengdu, China.

2.3. Extraction and isolation

The air-dried leaves and stems of P. cablin (40 kg) were subjected to
hydrodistillation for 10 h using a big modified Clevenger-type appa-
ratus with a water-cooled oil receiver to obtain the essential oil (215 g).
After dried with anhydrous sodium sulfate, the oil was subjected to
silica gel CC using a gradient elution of increasing EtOAc (0–100%) in
petroleum ether to give 31 fractions (F1–F31) on the basis of TLC ana-
lysis. F28 (10.8 g) was further separated by reversed-phase MPLC with a
gradient of increasing MeOH (50–100%) in water to afford 6 subfrac-
tions (F28-1–F28-6). The subfraction F28-2 was isolated via Sephadex LH-
20 column (petroleum ether–CHCl3–MeOH, 5:5:1, v/v/v) to give three
parts (F28-2-1–F28-2-3). Further purification of F28-2-3 by preparative TLC
(n-hexane-Me2CO, 5:1) and RP (reverse phase) semipreparative HPLC
(65% MeOH in H2O) successively afforded 1 (0.9 mg, tR = 42.6 min)
and 2 (8.4 mg, tR = 55.4 min).

Pocahemiketal A (1): Colorless gum; [α]D20 +60.2 (c 0.01, MeOH);
CD (MeCN) 234 (Δε −84.08), 308 (Δε +6.60) nm; IR (KBr) νmax 3407,
2982, 1759, 1701, 1654, 1420, 1357, 1287, 1248, 1208, 1162, 1105,
967, 932, 900, 839, 786, 633 cm−1; 1H NMR (DMSO-d6, 600 MHz) and
13C NMR (DMSO-d6, 150 MHz) data, see Table 1. (+)-HR-ESIMS m/z

265.1443 [M+ H]+ (calcd for C15H21O4, 265.1440), 287.1263 [M
+ Na]+ (calcd for C15H20O4Na, 287.1259), and 303.1001 [M + K]+

(calcd for C15H20O4K, 303.0999).
Pocahemiketal B (2): Colorless needles; [α]D25 +75.0 (c 0.04,

MeOH); IR (KBr) νmax 3306, 2961, 2939, 1717, 1664, 1448, 1426,
1368, 1186, 1172, 1105, 1015, 883, 798, 686, 629 cm−1; 1H NMR
(Me2CO-d6, 600 MHz) and 13C NMR (Me2CO-d6, 150 MHz) data, see
Table 1. (+)-HR-ESIMS m/z 259.1317 [M+ Na]+ (calcd for
C14H20O3Na, 259.1310).

2.4. ECD calculation of 1

All quantum computations were performed by using Gaussian09
program package on an IBM cluster machine located at the High
Performance Computing Center of Peking Union Medical College.
Conformational analysis of (1R,3R,5R)-1 was carried out via Monte
Carlo searching with the MMFF94 molecular mechanics force field by
using the Spartan 10 software [8]. As a result, three lowest energy
conformers (Fig. S1, Supplementary data) with relative energy< 2
kcal/mol were considered for further DFT calculations at B3LYP/6-
31+G (d, p) level in vacuum with the Gaussian 09 program [9] (Table
S1, Supplementary data). The B3LYP/6-31+G (d, p) harmonic vibra-
tional frequencies were further calculated to confirm their stability. The
energies, oscillator strengths, and rotational strengths of the first 11
electronic excitations were calculated using the TDDFT methodology at
B3LYP/6-311++G (2d, 2p) level in vacuum. The ECD spectra were
simulated by the Gausssum 2.25 program (σ= 0.3 eV) [10]. To get the
final spectrum of (1R,3R,5R)-1, the simulated spectra of the three
lowest energy conformations were averaged according to the Boltz-
mann distribution theory and their relative Gibbs free energy (ΔG). The
corresponding theoretical ECD spectrum of (1S,3S,5S)-1 was depicted
by inverting that of (1R,3R,5R)-1.

2.5. X-ray crystallographic analysis of 2

The crystallographic data were collected using a Bruker APEX DUO
diffractometer with Cu Kα radiation. The crystal structures were solved
by direct methods using the SHELXS-97 program [11] and refined an-
isotropically by least-squares method using the SHELXL-97 refinement
package [11]. CCDC number 1517096 for compound 2 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB21EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

X-ray crystallography data of 2: C14H20O3, M= 236.30, mono-
clinic, P21, a= 10.7229(2) Å, b= 10.0435(2) Å, c= 11.8480(2) Å,
α = 90.00°, β = 91.8600(10)°, γ= 90.00°, V= 1275.30(4) Å3,
T = 100(2) K, Z= 4, μ(Cu Kα) = 0.685 mm−1, 11,736 reflections
measured, 4084 independent reflections (Rint = 0.0472). The final R1

values were 0.0398 (I > 2σ(I)). The final wR(F2) values were 0.1046
(I > 2σ(I)). The final R1 values were 0.0406 (all data). The final wR(F2)
values were 0.1059 (all data). The goodness of fit on F2 was 1.051.
Flack parameter = 0.17(15). The Hooft parameter is 0.09(8) for 1693
Bijvoet pairs.

2.6. Vasorelaxant activity assay

Vasorelaxant activity of isolated rat thoracic aortic ring was mea-
sured as described previously [12]. Briefly, thoracic aortic artery was
removed rapidly out, immediately placed into 4 °C oxygenated K-H
solution, cleaned of its surrounding fat and connective tissues, and then
cut into 3–5 mm in length. The prepared aortic rings were mounted
with two stainless steel hooks and suspended in 10 mL of K-H solution
[composition (mM): NaCl, 120; KCl, 4.6; KH2PO4, 1.2; MgSO4, 1.2;
NaHCO3, 25; glucose, 10; CaCl2, 2.5], bubbled with a gas mixture of
95% O2 and 5% CO2, and maintained at 37 °C. The isometric tension of

Fig. 1. Structures of pocahemiketals A and B (1 and 2).

Table 1
. 1H (600 MHz) and 13C NMR (150 MHz) data of 1 and 2 (δ in ppm, J in Hz).

Position Pocahemiketal A (1)a Pocahemiketal B (2)b

δH δC δH δC

1 50.0 45.2
2 168.8 135.1
3 104.6 162.0
4a 2.08 m 40.1 2.59 brd (19.2) 30.8
4b 2.08 m 2.16 brd (19.2)
5 1.86 m 43.9 1.97 m 44.3
6a 1.90 m 25.7 2.00 m 29.2
6b 1.78 m 1.35 m
7a 2.24 ddd (13.2, 9.6, 4.2) 32.9 1.83 ddd (12.6, 9.6, 3.6) 42.0
7b 1.59 ddd (13.2, 12.6, 4.2) 1.78 m
8 49.5 44.7
9 127.3 169.5
10 168.0 104.0
11 200.0 1.54 s 24.1
12 2.39 s 31.6 1.26 s 12.9
13 0.98 s 17.8 0.90 s 19.1
14 0.78 s 19.5 0.97 s 23.0
15 0.94 s 23.2
OH 7.50 s 6.06 s

a NMR data were measured in DMSO-d6.
b NMR data were measured in Me2CO-d6.
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aortic rings was collected by four-channels psychological force trans-
ducers. All the rings with 2 g resting tension were equilibrated in
normal K-H solution for 1 h, and then the effects of drugs were observed
when the concentration-contraction curve to phenylephrine
(1 × 10−6 M) was repeatable. The EC50 values of the test compounds
and the positive control (phentolamine mesylate) were calculated from
cumulative concentration–tension curves by linear regression. Data
were expressed as the mean ± SEM. Statistical significance was tested
using Student's t-test with a P value of< 0.05, indicating a significant
difference between data sets.

3. Results and discussion

Pocahemiketal A (1) was found to have the molecular formula
C15H20O4 with six units of unsaturation on the basis of HRESIMS (m/z
265.1443 [M + H]+, 287.1263 [M+ Na]+, and 303.1001 [M+ K]+).
The IR spectrum of 1 exhibited characteristic absorption bands for
hydroxy (3407 cm−1), carbonyl (1759 and 1701 cm−1), and olefinic
bond (1654 cm−1) functionalities. The 13C NMR spectrum of 1 resolved
15 carbon signals that were assigned with the aid of DEPT and HSQC
techniques into four methyls (including one acetyl resonating at δ
31.6), three sp3 methylenes, one sp3 methine, and seven quaternary
carbons (including one keto and one carboxylic carbonyl resonating at
δC 200.0 and 168.0, two olefinic quaternary carbons at δC 168.8 and
127.3, one double-oxygenated carbon at δC 104.6, and two all-carbon
quaternary centers at δC 50.0 and 49.5) (Table 1). In the 1H NMR
spectrum of 1, the resonances of four methyls and an exchangeable
hydroxy (sharp singlets at δ 0.78, 0.94, 0.98, 2.39, and 7.50) were
conspicuous. The above functionalities accounted for three out of the
six degrees of unsaturation, and the rest three degrees suggested that 1
was a tricyclic sesquiterpenoid.

Further verification of the structure was accomplished via 2D NMR
experiments. HMBC correlations of H3-13 with C-1, C-2 (δC 168.8), C-7,
and C-8; H2-4 with C-2, C-3 (δC 104.6), C-5, C-6, and C-8; H-5 with C-1,
C-3, C-4, C-6, and C-7; H3-14 and H3-15 with C-1, C-5, and C-8; and OH-
3 with C-3 and C-4, together with 1H-1H COSY correlations of H2-4/H-
5/H2-6/H2-7 (Fig. 2), revealed the presence of a bicyclo[3.2.1]octane
ring system with a methyl group at C-1 and geminal dimethyl groups at
the C-8 position. Moreover, C-2 and C-3 on the bicyclo[3.2.1]octane
moiety were assigned as a deshielding olefinic quaternary carbon and a
double-oxygenated carbon, respectively, according to their chemical
shifts. The attachment of an acetyl group to the other olefinic qua-
ternary carbon (C-9) was confirmed by HMBC correlations of H3-12
with C-9 and C-11 (δC 200.0) (Fig. 2). In addition, the extremely low-
field chemical shift for C-2 (δC 168.8) and high-field shift for C-9 (δC
127.3) suggested that the remaining carboxylic carbon (C-10, δC 168.0)
was conjugated with the C-2]C-9 double bond at the C-9 position
[13,14]. Finally, in accordance with the molecular formula, the degrees
of unsaturation, and the double oxygenated nature of C-3 (δC 104.6), an
oxygen bridge was determined to connect C-3 and C-10. Thus, a
hemiketal-α,β-unsaturated-γ-lactone ring was established, even though
no available HMBC evidence for C-10 was provided.

The relative configuration of 1 was deduced from analysis of the

NOESY spectrum in DMSO-d6. NOESY correlations (H3-14 with H-5; H3-
15 with H-5, H-6a, and H-7b; and H3-13 with H-7b) indicated that the
C-1eC-8eC-5 bridge, H-6a, and H-7b were on the same orientation of
the cycloheptane ring, while correlations of OH-3 with H-6b and H-7a
demonstrated that OH-3 was located on the opposite side of the cy-
cloheptane ring (Fig. 2).

It was challenging to obtain a single crystal for X-ray diffraction
analysis due to the limited amount of 1. Thus, ECD calculations, ap-
plying the time-dependent density functional theory (TDDFT) method
[15,16], were performed to clarify the absolute configuration of 1. As
shown in Fig. 3, the experimental ECD spectrum of 1 matched with the
theoretically calculated ECD spectrum of (1R,3R,5R)-1, revealing
1R,3R,5R-configuration of 1.

Pocahemiketal B (2) afforded spectroscopic data similar to those of
1. The molecular formula C14H20O3, determined by HRESIMS data
analysis, suggested that 2 was a nor-sesquiterpenoid analogue.
Comparison of the NMR data of 2 with those of 1 (Table 1) suggested
that 2 had a similar bicyclo[3.2.1]octane moiety, but HMBC correla-
tions from H2-4, H2-7, and H3-12 to an olefinic quaternary carbon (δC
135.1); and from H2-4 and H-5 to the other olefinic quaternary carbon
(δC 162.0) revealed the presence of a tetrasubstituted double bond at C-
2 and C-3 positions in 2. HMBC correlations from H3-11 (δH 1.54, s) to
C-3 and C-10, together with the low-field chemical shift for C-10 (δC
104.0), implied that C-10 was a hemiketal carbon between C-3 and C-
11. In accordance with the molecular formula and the degrees of un-
saturation of 2, the remaining ester unit could be conjectured to form a
hemiketal-α,β-unsaturated-γ-lactone ring that fused with the bicyclo
[3.2.1]octane ring at C-2 and C-3 positions. In the NOESY spectrum, the
cross peaks of both H3-11 and H3-13 with H-4a indicated that H3-11 had
the same orientation as the “C-1eC-8eC-5” bridge. Finally, the absolute
configuration of 2 was determined as 1R,5R,10R by a single-crystal X-
ray diffraction experiment using Cu Kα radiation. An ORTEP drawing,
with the atom numbering scheme indicated, was shown in Fig. 4.

The biogenetic origin of pocahemiketals A and B (1 and 2) could
plausibly be traced back to β-patchoulane, one of the characteristic
types of sesquiterpenoids in P. cablin (Scheme 1). After oxidization,
dehydration, and cycloreversion, 4,5-seco-β-patchoulene and 3,4-seco-
β-patchoulene might be generated. Compounds 1 and 2 were proposed
to derive from them. The intermediate 4,5-seco-β-patchoulene (i) was
oxidized to afford a triketone (ii), followed by a rearrangement with
addition of H2O to afford iii [17]. Then 1 could be generated by de-
hydration of iii accompanied by intramolecular hemiketalization. The
other intermediate 3,4-seco-β-patchoulene (iv) underwent an enzyme-
decarboxylation reaction to afford a nor-sesquiterpenoid (v). Sub-
sequent oxidization of the methyl group at C-2 would lead to a carboxyl
group, and the resulting conjugated carboxylic acid could undergo
hemiketalization to afford 2.

In the bioactivity assays, only compound 2 was investigated due to
the limitation of the sample amount of 1. Since the extract of P. cablin
and its main sesquiterpenoid (patchouli alcohol) have been reported to
possess Ca2+ antagonistic activity [18], and Ca2+ ions play a crucial
role in the regulation of vascular tension, compound 2 was assayed for
relaxant effect against rat aortic ring contraction induced by pheny-
lephrine that resulted in an increase of [Ca2+]i and contraction of
vascular smooth muscle via activation of the α1 receptor [19,20]. As a
result, compound 2 exhibited significant dose-dependent vasorelaxant
activity (Fig. 5) with the EC50 value of 16.32 μM (EC50 = 66.02 nM for
phentolamine mesylate). Although previous studies displayed that
patchouli oil and its some components had antibacterial, antifungal,
and cytotoxic activity [5–7,21,22], compound 2 was inactive against
Staphylococcus aureus, methicillin-resistant S. aureus, Escherichia coli,
Enterococcus faecalis, Candida albicans (MIC > 50 μg/mL), and human
lung cancer cell line A549 (IC50 > 50 μM).

Fig. 2. Key 1H–1H COSY, HMBC, and NOESY correlations of 1.
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Fig. 3. The experimental ECD spectrum of 1 (blue line) and the cal-
culated ECD spectra of (1R,3R,5R)-1 (black dot) and (1S,3S,5S)-1 (red
dash). (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 4. ORTEP drawing for pocahemiketal B (2).

Scheme 1. Hypothetical biogenetic pathway for pocahemiketals A and B (1 and 2).

Fig. 5. Concentration–response curves of 2 and phentolamine mesylate.
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Appendix A. Supplementary data
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as Supporting information. Supplementary data to this article can be
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