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ABSTRACT: Melicolones A (1) and B (2), a pair of rearranged
prenylated acetophenone epimers with an unusual 9-oxatricyclo-
[3.2.1.13,8]nonane core, were isolated from the leaves of Melicope
ptelefolia. Further chiral high-performance liquid chromatography
resolution gave enantiomers (+)- and (−)-1, as well as (+)- and
(−)-2, respectively. The structures and absolute configurations of
the pure enantiomers were determined by extensive spectroscopic
data and single crystal X-ray diffraction. All the isolated
enantiomers exhibited potent cell protecting activities against
high glucose-induced oxidative stress in human vein endothelial
cells.

The genusMelicope (Rutaceae) comprises about 233 species
widely distributed in the tropical regions all over the world.1

Many Melicope species have been used as folk medicines due to
their excellent pharmacological activities.2 Phytochemical studies
on this genus reveal the presence of a number of constituents
including alkaloids, flavonoids, benzopyrans, and acetophe-
nones.3 Among them, the prenylated acetophenones are
considered to be the chemotaxonomic markers of Melicope
species.4 Although the acetophenones isolated from Melicope
species are commonly substituted by prenyl or geranyl groups,
the aromatic structure has been retained in most of the cases.4,5

Only a few examples have been presented hitherto for
nonaromatic prenylated acetophenones.6

Melicope ptelefolia (Champ. ex Benth.) T. Hartley is a
deciduous shrub or arbor distributed in Southeast Asia. Previous
chemical investigations on this plant mainly focused on its roots
and stems resulting in the isolation of alkaloids and
benzopyrans.7,8 Recently, in our further chemical research of
the leaves of M. ptelefolia, two diastereoisomeric pairs of
enantiomers, (±)-melicolone A (1) and B (2), the rearranged
prenylated acetophenones featuring an unprecedented 9-
oxatricyclo[3.2.1.13,8]nonane core, were obtained (Figure 1).
Herein, we report their structure elucidation, postulated
biogenetic pathway, and biological activities.
Melicolone A (1)9 was obtained as a colorless prism. Its

molecular formula was determined as C19H26O7 by HR-ESI-MS
(m/z 367.1752 [M + H] +, calcd for C19H27O7, 367.1751),
indicating 7 degrees of unsaturation. The IR spectrum exhibited
obvious absorption bands for hydroxyl (3464 cm−1), carbonyl
(1735 cm−1), and vinyl (1618 cm−1) functionalities, respectively.

The 1H and 13C NMR data of 1 (Table 1) interpreted with the
help of HSQC and HMBC spectrum, revealed the presence of
signals attributable to one acetyl group [δH 2.37 (3H, s); δC
199.2, 30.4], one carbomethoxy group [δH 3.80 (3H, s); δC 169.1,
52.4], four tertiary methyls (δH 0.86, 1.11, 1.38, 1.54, each 3H, s),
two methylenes, two oxygenated methines, seven quaternary
carbons including three oxygenated (δC 85.9, 91.5, 102.1), and a
pair of olefinic carbons (δC 117.7, 171.3). These above
observations accounted for three out of the seven unsaturations,
suggesting that 1 had four rings.
Two isolated−CH2−CHO− fragments of C-10−C-11 and C-

15−C-16 as drawn with the blue bond (Figure 2) were readily
established by the 1H−1H COSY. Subsequently, these fragments
with the quaternary carbons and oxygen atoms were connected
to delineate the planar structure of 1 by the HMBC spectrum
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Figure 1. Structures of (±)-melicolones A (1) and B (2).
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recorded in DMSO-d6 (Supporting Information (SI), Figure
S10). Two proton resonances that showed no correlation with
any carbons inHSQC (SI, Figure S9) were assigned to 1-OH (δH
5.06, br s) and 16-OH (δH 5.38, d, J = 5.0Hz), respectively, by the
HMBC correlations of 1-OH to C-1 (δC 89.9) and 16-OH to C-
16 (δC 67.6). In the HMBC spectrum (Figure 2), the correlations
from CH3-18 (19) to C-16 and C-17, from H2-15 to C-3, C-4,
and C-17 and from 16-OH to C-15, C-16, and C-17, as well as a
weak but distinctive four-bond correlation from CH3-19 to C-3
allowed the elaboration of the ring A in 1 to be a 2,2-dimethyl-3-
hydroxypyran moiety.10 The multiple HMBC correlations of H2-
10/C-4, C-5, and C-12; H-11/C-1, C-4, C-5, C-10, and C-12;
CH3-13 (14)/C-11, C-12, and C-1; and 1-OH/C-5 established a
cyclohexane moiety consisting of C-1, C-5, C-4, and C-10 to C-
12, which was divided to rings B and C by a C-5−O−C-11
oxygen bridge. A carbomethoxy was attached to C-5 based on the
HMBC correlations of 6-OCH3/C-6 and H-11/C-6 together
with the oxygenated nature of C-5 (δC 102.1). In addition, the
crucial HMBC correlations of 1-OH/C-2 and CH3-9/C-8 and C-
2 indicated the connectivity between C-1 and C-2, and C-2 and
C-8, respectively. At this point, the molecule required an
additional ring and an olefinic bond to satisfy the remaining two
degrees of unsaturation, suggesting that the enolic carbon C-3
(δC 171.3) was bound to C-2 (δC 117.7) through a double bond

to construct a five-membered ring D. Thus, the planar structure
of 1 possessing a unique 9-oxatricyclo[3.2.1.13,8]nonane core was
finally established as shown (Figure 2).
The relative configuration of compound 1 was determined on

the basis of ROESY experiment recorded in DMSO-d6 (Figure
3). The ROESY correlations of OH-16/CH3-18, OH-16/Hβ-15,

CH3-18/Hβ-15, Hβ-15/OH-1, CH3-19/H-16, H-16/Hα-15, H-
16/H2-10, and Hα-15/Hβ-10 demonstrated that CH3-18, OH-
16, Hβ-15, and OH-1 were situated at the same side of the
molecule with β-orientation, while C-10, C-12, Hα-15, H-16, and
CH3-19 were accordingly assigned to be α-configured.
Subsequently, the ROESY correlations of OH-1/CH3-13, H-
11/CH3-13, Hβ-10/H-11, and CH3-14/Hα-10 indicated that 1-
OH, CH3-13, H-11, Hβ-10 were in a cofacial position of the
cyclohexane ring, while CH3-14 and Hα-10 were at the opposite
side. Thus, the cyclohexane ring fused the rigid oxygen bridge
and the five-membered ring (ring D) adopted a folder
conformation as shown in Figure 3. In any case, the NOEs

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR Data of Compounds 1 and 2

1 2

no. δH
a (multi, J in Hz) δC

a δH
b (multi, J in Hz) δC

b δH
b (multi, J in Hz) δC

b

1 89.9 91.5 91.1
2 116.2 117.7 117.4
3 169.1 171.3 173.3
4 51.4 53.3 49.2
5 100.2 102.1 103.5
6 167.0 169.1 169.3
7 3.72 (s) 51.4 3.80 (s) 52.4 3.79 (s) 52.3
8 196.1 199.2 199.2
9 2.32 (s) 30.0 2.37 (s) 30.4 2.38 (s) 30.5
10 α 2.30 (d, 12.8) 41.1 α 2.41 (d, 12.8) 42.6 α 2.52 (d, 13.0) 45.0

β 1.57 (dd, 12.8, 5.2) β 1.65 (dd, 12.8, 5.2) β 1.83 (dd, 13.0, 5.2)
11 4.10 (d, 5.2) 86.0 4.12 (d, 5.2) 88.5 4.07 (d, 5.2) 88.7
12 47.4 49.3 49.3
13 1.02 (s) 22.7 1.11 (s) 23.2 1.10 (s) 23.2
14 0.79 (s) 19.1 0.86 (s) 19.7 0.89 (s) 19.8
15 α 1.45 (dd, 12.2, 4.5) 33.3 α 1.56 (dd, 12.2, 4.5) 34.6 α 1.63 (dd, 13.9, 4.9) 34.0

β 1.84 (dd, 12.2, 12.2) β 1.98 (dd, 12.2, 12.2) β 2.23 (dd, 13.9, 3.4)
16 3.55 (ddd, 12.2, 4.5, 5.0) 67.6 3.65 (dd, 12.2, 4.5) 69.8 3.77 (dd, 4.9, 3.4) 69.8
17 84.1 85.9 85.6
18 1.30 (s) 20.0 1.38 (s) 20.8 1.43 (s) 24.3
19 1.48 (s) 26.8 1.54 (s) 27.3 1.50 (s) 26.9
1-OH 5.06 (br s)
16-OH 5.38 (d, 5.0)

aMeasured in DMSO-d6.
bMeasured in CD3OD.

Figure 2. 1H−1H COSY and key HMBC correlations of melicolone A
(1).

Figure 3. Key ROESY correlations (blue lines with double arrows) for
melicolones A (1) and B (2).
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observed were in complete agreement with the structure and
relative configuration of melicolone A (Figure 3).
The optical rotation of 1 was measured to be 0 and no Cotton

Effect (CE) was observed on its ECD spectra, suggesting that 1
was a racemic mixture. Subsequent chiral HPLC resolution of 1
led to the separation of a pair of enantiomers, (−)-1 and (+)-1
(1:1, SI, Figure S17). As expected, (+)-1 and (−)-1 exhibit
mirror-like CD curves (SI, Figures S18 and S19) and totally
opposite optical rotations.9 Fortunately, single crystals of (−)-1
were obtained, and a Cu Kα X-ray crystallographic analysis was
conducted, which not only corroborated the planar structure and
the relative configuration of compound 1 as assigned above but
also established the absolute configuration of (−)-1 and (+)-1
unambiguously. As shown in Figure 4, the absolute configuration

of (−)-1was finally determined to be 1R, 4R, 5R, 11S, and 16R by
Flack absolute structure parameter 0.03(5). Correspondingly,
the absolute configuration of its enantiomer (+)-1 was defined as
1S, 4S, 5S, 11R, and 16S.
Melicolone B (2)11 was obtained as a colorless prism. The

molecular formula of 2 was found to be the same as that of 1
(C19H26O7), as deduced from HR-ESI-MS (m/z 389.1573 [M +
Na] +, calcd for C19H26NaO7, 389.1571). The

1H and 13C NMR
spectra of 2 recorded in CD3OD were similar to those of 1,
except for obvious differences in H-16 [δH 3.65 (dd, J = 12.2, 4.5
Hz) for 1; δH 3.77 (dd, J = 4.9, 3.4 Hz) for 2] and the carbon
shifts of C-4, C-5, C-10, and CH3-18 (Table 1). Detailed analysis
of its HSQC and HMBC correlations (SI, Figure S1) revealed
that compound 2 had the same plane structure as that of 1. The
full assignments of protons and carbons were achieved by the
interpretation of the 2D NMR (Table 1). In the ROESY
spectrum of 2 recorded inDMSO-d6 (Figure 3). The correlations
of H-16/CH3-18, H-16/Hβ-15, CH3-18/Hβ-15, 16-OH/Hβ-10,
and Hα-15/Hβ-10 allowed the assignments of H-16, CH3-18,
and Hβ-15 as β-orientation of the molecule and 16-OH as α-
direction, which was further confirmed by the small coupling
constant between H-16 and Hβ-15 (J15β,16 = 3.4 Hz).12 Other
ROESY correlations were identical with those in 1, suggesting
that 1 and 2 had the same relative configuration in the 9-
oxatricyclo[3.2.1.13,8]nonane core. Accordingly, 2was concluded
to be an epimer differing only in the stereochemistry at C-16 to 1
(Figure 3). Similarly, 2 was also a racemic mixture. Further chiral
HPLC purification yielded (+)-2 and (−)-2 (1:1, SI, Figure S31),
which displayed opposite CDCotton effects (SI, Figures S32 and
S33) and optical rotations.11 Single crystals of (+)-2 were also
obtained and subjected to an X-ray diffraction experiment using
mirror Cu Kα radiation. The absolute configuration of (+)-2 was
determined as 1S, 4S, 5S, 11R, and 16R by Flack absolute

structure parameter 0.02(6), whereas (−)-2, the enantiomer of
(+)-2, should be 1R, 4R, 5R, 11S, and 16S configured (Figure 4).
Structurally, compounds 1 and 2 represent the first examples

of rearranged nonaromatic acetophenone derivatives with an
unprecedented 9-oxatricyclo[3.2.1.13,8]nonane core. Although
there are a total of five stereogenic centers in the scaffolds of 1
and 2, the rigid oxygen bridge architecture of the molecule in
essence restricts the number of stereochemical possibilities to
two diastereoisomeric pairs of enantiomers, (±)-melicolones A
(1) and B (2). Biogenetically, 1 and 2 should be derived from the
precursor 3, a normal acetophenone co-occurred in M.
ptelefolia.13 An intermediate (A) derived from the oxidation
and prenylation of 3 was followed by nonface-selective
epoxidation14 of prenyl chain and subsequent cyclization to
form B with four possible stereoisomers (RS, SR, RR, and SS).
Then B underwent acyloin rearrangement15 and methylation to
produce stereoisomers C and D. Subsequently, the α- and β-
prenyl chain in C and D intramolecularly cyclized with the
ketone group (C-1) from below or above of the molecule plane
to generate E and F, respectively.16 Finally, E and F constructed
the oxygen bridge by dehydration, forming two enantiomeric
pairs of epimers (+)-1/2 and (−)-1/2, respectively (Scheme 1).

Previous reports demonstrated that the leaves of M. ptelefolia
possessed antioxidant activity.17 High glucose increased the
generation of reactive oxygen species (ROS), which could cause
oxidative stress.18 Therefore, the protective effects of the isolates
against high glucose-induced oxidative stress were investigated
using human umbilical vein endothelial cells (HUVECs)
according to the reported protocol with modification.18 After
35 mM glucose exposure, cell viability was markedly decreased to
67.6 ± 3.4% (Model). Then, pretreatment with the enantiomers
(+)-1, (−)-1, (+)-2, and (−)-2 at 5 μMsignificantly inhibited cell
damage and restored cell survival to 79.2 ± 2.3%, 85.5 ± 4.3%,
102.4 ± 3.2%, and 98.7 ± 3.8%, respectively (Figure 5), using
resveratrol as a positive control19 (cell viability of 76.9 ± 4.5% at

Figure 4. X-ray structures of (−)-melicolone A [(−)-1] and
(+)-melicolone B [(+)-2].

Scheme 1. Plausible Biosynthesis of Compounds 1 and 2
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5 μM). The obtained results indicated the isolates could help
prevent diabetic endothelial dysfunction and related complica-
tions.
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