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ABSTRACT: Identification of new compounds especially those with new skeletons from plant kingdom has long been a vital
aspect for understanding phytochemistry, plant metabolisms and discovering new bioactive compounds. In this study, we
identified and isolated three novel polyphenolic compounds, origanine A—C, from a well-researched plant Origanum vulgare L.
using the hyphenated LC-DAD-SPE-NMR/MS methods. Based on the combined information from UV—visible, accurate mass
and 2D NMR spectra together with computational calculations, we found that these compounds all had a novel skeleton of
cyclohexenetetracarboxylic acids attached with some well-known bioactive moieties including 3,4-dihydroxyphenyl, 4-(f-p-
glucopyranosyloxy)benzyl alcohol (gastrodin), and 3-(3,4-dihydroxyphenyl)lactic acid (danshensu) residues. These findings
provided crucial information to fill the gaps in our knowledge in terms of the plant secondary metabolism. This study also
indicated the necessity for further research in plant secondary metabolism for even well-studied plants and demonstrated the
powerfulness of the hyphenated LC-DAD-SPE-NMR/MS methods for comprehensive analysis of plant metabolites in particular

for discovering new natural compounds.

KEYWORDS: Origanum vulgare L., polyphenolic compounds, cyclohexenetetracarboxylic acids, LC-DAD-SPE-NMR/MS,

origanine A—C, computational calculations

B INTRODUCTION

Plants in the Lamiaceae family are well-known for their richness
in secondary metabolites such as polyphenolic compounds' ™
which have potent in situ antioxidative activities,”® and essential
oils with various biological activities.” The genus Origanum in
this family has more than 40 species," and most of them are
indigenous to the Mediterranean regions. Among all these
species, O. vulgare L. is by far the most widespread species with
its presence in Europe, north Africa, America and Asia, where
this plant has been used as a culinary herb and a traditional
medicine for a long time."

The secondary metabolites of this plant have been well
studied in terms of polyphenolic compounds and essential oils.
Consequently, more than one hundred nonvolatile compounds
have already been identified in this plant with conventional
phytochemistry methods including flavonoids, depsides and
origanosides.7_13 However, such methods often stress the abun-
dant and easy-to-separate compounds with a number of com-
pounds easily missed. Therefore, it remains unclear whether
some novel compounds with new skeletons are still to be
discovered even though identification of such novel metabolites
is crucially important for drug discoveries and understand-
ing plant metabolism. Such curiousity becomes even more
encouraged with recent identification of a number of novel
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compounds in the well-studied Rosmarinus officinalis L."* and
Salvia miltiorrhiza Bunge'>'® in this family. This was only made
possible with the hyphenated LC-DAD-SPE-NMR/MS meth-
ods"*™*® enabling comprehensive analysis of the complex plant
metabolite mixtures including both the primary and secondary
metabolites. In fact, recent development of the combined NMR
and LC-DAD-MS methods has made it possible to achieve the
metabonome-wide analysis of plant metabolites.'*~'%'*~>* This
is because the combined approaches facilitate the combined
advantages of these techniques, enabling efficient composition
ananlysis of the plant metabolites in the complex mixtures
including both primary and secondary metabolites.

In this work, we report the discovery of three new poly-
phenolic acids from O. vulgare L. using the hyphenated LC-
DAD-SPE-NMR/MS methods. Complete elucidation of
their structures revealed that all these compounds had a
novel skeleton of cyclohexenetetracarboxylic acids attached
with some well-known polyphenolic moieties including 3,4-

dihydroxyphenyl, 4-(f-p-glucopyranosyloxy)benzyl alcohol
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(gastrodin) and 3-(3,4-dihydroxyphenyl)lactic acid (danshensu)

moieties.

B MATERIALS AND METHODS

Chemicals. HPLC grade acetonitrile was purchased from J. T.
Baker Pharmaceuticals Company (Phillipsburg, NJ), and analytical
grade formic acid was purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Deuterated acetonitrile-d; (99.8%) was
obtained from Cambridge Isotopes Laboratories (Andover, MA).
Ultrapure water was produced in Milli-Q Water Purification System
(Milfold, MA).

Plant Materials and Sample Preparation. The samples of
O. vulgare L. were collected in 2007 in the mountainous regions of
Tuanfeng County (Hubei, China). Positive species identification of
this plant was made by Prof. Jiangiang Li of Wuhan Botanical Garden,
Chinese Academy of Sciences; a voucher specimen was deposited at
the herbarium of Wuhan Botanical Garden (sample code: Liuhongb-
ing001). The air-dried and powdered leaves (0.2 g) were extracted
ultrasonically with aqueous acetonitrile (50%, 2 mL) twice. The
combined supernatants were lyophilized after removal of organic
solvent under vacuum. The dried materials were then sealed in
eppendorf tubes and stored in dry and dark conditions until further
analysis.

LC-DAD-ESI-Q-TOF-MS Analysis. The dry extract (20 mg) was
dissolved in 1 mL of 50% aqueous acetonitrile followed with filtration
through a 0.4 pm filter. The chromatographic separation was per-
formed on an Agilent 1200 HPLC system equipped with an online
degasser, a quaternary solvent delivery system, an autosampler, a
diode-array detector (DAD) and a micrOTOF-Q mass spectrometer
(Bruker Daltonics, Germany) with an Apollo electrospray ionization
(ESI) source. An analytical ACE column (C18, 250 X 4.6 mm, S ym)
was used with a flow rate of 1.0 mL/min and the column oven
temperature of 35 °C. The mobile phase consisted of A (0.1% formic
acid in H,0) and B (acetonitrile) with the solvent gradient varying
from 5% B to 15% B in the first 15 min and then to 25% B up to
4S min. A S uL sample was injected to the LC system, and the
chromatogram was monitored at 280 nm. A T-piece was used as a
splitter so that analytes from the ACE column were detected by the
DAD detector and MS system in parallel with only about 5% eluent
directed to the mass spectrometer. The acquisition of high resolution
mass spectra was conducted in the negative ion mode with a nebulizer
nitrogen gas pressure of 0.8 bar, dry gas flow rate of 8.0 L/min and gas
temperature of 200 °C. Capillary voltage was set to +4000 V, and the
end plate offset was set to S00 V. The MS data was recorded with a
range of m/z 50—2000.

For LC-DAD-SPE-NMR studies, the chromatographic separation of
the extract of O. vulgare L. was performed on the same system with the
same elution parameters. In this case, a 20 yL sample was injected for
each run to trap more analytes without compromising the chromato-
graphic separation. A Spark-Holland SPE system was hyphenated to
HPLC; the 280 nm UV absorption was used to monitor the chro-
matographic separation and to set the absorbance threshold for
triggering the SPE trapping. In order to lower the eluotropic strength,
a dilution flow of water was added to the eluent at 3.0 mL/min with a
K-120 makeup pump (Knauer, Berlin, Germany) prior to SPE trapp-
ing. The Hysphere GP (10 X 2 mm) SPE cartridges (Spark, Holland)
were conditioned with 500 uL of acetonitrile before use followed by
equilibration with 500 L of water. In order to trap enough materials
for structrure elucidation with 1D and 2D NMR spectroscopy, ten
repeated LC runs were performed and three concerned peaks were
trapped on three different SPE cartridges, respectively. The SPE
cartridges were then dried with a flow of nitrogen gas for 30 min. The
trapped compounds were then eluted with 200 yL of CD;CN into an
NMR detection flowcell (60 L) inserted in a CryoProbe via a fused-
silica capillary for NMR experiments. These three compounds were
then collected and redisolved into 2.5 mm NMR capillary tubes
(CD4CN)), respectively, for further NMR analysis once required.

NMR Experiments. All NMR data were acquired on a Bruker
Avance III 800 MHz spectrometer equipped with a S mm cryogenic
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TCI probe and 60 uL Cryofit (Bruker, Rheinstetten, Germany).
Hystar (V.2.0) and Topspin (V.2.1) software packages (Bruker,
Rheinstetten, Germany) were used for LC-DAD-SPE-NMR data
acquisition and processing. "H NMR spectra were recorded with 16—32
scans, 32k data points, spectra width of 20 ppm, and recycle delay
of 3.6 s. 2D NMR spectra were recorded and processed in a similar
fashion as reported previously'*'® with slightly different parameters.
To be specific, 'H-'"H COSY, TOCSY and 'H-"C HSQC 2D NMR
spectra were acquired with 2048 data points and 4 scans for each of
256 increments. 'H—"*C HMBC 2D NMR spectra were acquired with
2048 data points and 16—48 scans for each of 256 or 512 increments.
For both HSQC and HMBC experiments, 'Jo_y; was set to 145 Hz
and "Jo_y was set to 6 Hz. Spectral widths were adjusted to cover all
signals for each individual sample but to maximize digital resolutions.
'H and "C chemical shifts were referenced to solvent signals of
CD;CN (6 = 1.94 and ¢ = 118.7). For 2D NMR spectra, the data
were zero-filled to 2 X 2 k matrices prior to Fourier Transformation
with appropriate window functions and forward linear predictions.

B RESULTS AND DISCUSSION

In the LC-DAD-ESI-Q-TOF-MS chromatogram (Figure 1) of
the leaf extracts of O. vulgare L., several peaks (peaks 4—7 in
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Figure 1. LC-DAD-ESI-Q-TOF-MS chromatogram of the raw extract
of Origanum vulgare L. leaves. Blue trace: UV 280 nm chromatogram.
Red trace: total ion chromatogram (TIC). Peak 4: danshensu
(MS with —ve: m/z 197.0470). Peak S: 12-hydroxyjasmonic acid
12-O-f-p-glucopyranoside (MS with —ve: m/z 387.1664). Peak 6:
4-(3,4-dihydroxybenzoyloxymethyl)phenyl-O-$-p-glucopyranoside
(MS with —ve: m/z 421.1138). Peak 7: luteolin 7-O-f-p-
glucuronide (MS with —ve: m/z 461.0470). Peaks 1—3: three novel
compounds (see Figure 2 for their MS data).

Figure 1) are readily identified as danshensu, 12-hydroxyjasmonic
acid 12-O-p- D—glucopyran051de, 4-0-p- D—glucopyranosylbenzyl—
3'4"-dihydroxylbenzoate'> and luteolin 7-O-j-p-glucuronide,'’
respectively, based on literature data. However, three chromato-
graphic peaks (peaks 1—3 in Figure 1) were judged to be new
compounds in this species or completely novel compounds with
their mass spectra (in the negative ion mode) showing
quasimolecular ions at m/z 633.1470, 813.1896 and 813.1864,
respectively (Figure 2). The loss of 44 Da in their MS spectra
(Figure 2) and UV absorbances (A, 282—286, 310—335 nm,
Figure Sl in the Supporting Information) suggested the presence
of —COOH groups and aromatic rings in their structures. Their
LC peaks were then repeatedly trapped on three different micro-
cartridges, respectively, followed with thorough NMR analysis
(Figure S2—S18 in the Supporting Information) to obtain their
structures (Figure 3). Since they were all from Origanum vulgare
L., we named them as origanine A—C.

Origanine A (1) showed a quasimolecular ion at m/z
633.1470 in the negative ion mode (Figure 2A), and thus
CyoH;3,0 ¢ was suggested to be its molecular formula (calcd
m/z 633.1461 for C,gH,40;4, with an error of 0.9 mDa). The
number of carbons was further confirmed with "H—"*C HMBC
2D NMR (Figure S7 in the Supporting Information).
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Figure 2. MS spectra of three novel compounds detected from the
extract of Origanum vulgare L. leaves in the LC-DAD-ESI-Q-TOF-MS
analysis. (A) Origanine A (CyH3,Oy4 caled m/z 633.1461). (B)
Origanine B (CsgH330,, caled m/z 813.1884). (C) Origanine C
(C35H3305, caled m/z 813.1884).
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Figure 3. Structural features for origanine A (1), B (2) and C (3). I-
VII: key structural fragments. Red arrows: key long-range correlations
observed in '"H—"C HMBC 2D NMR spectra.

The atomic connectivities (or planar structure) of 1 was estab-
lished with a catalogue of 2D NMR spectra (Figures S3—S7
in the Supporting Information). Five different '"H—'H cou-
pling systems in the 'H—'"H TOCSY spectrum (Figure S4
in the Supporting Information) suggested the presence of five
structural fragments (I—V) including three aliphatic and two
aromatic ones (Figure 3). Fragment I showed a typical signal
pattern for a f-glucoside moiety with seven protons at 6y 4.94
(1H, d, J = 7.5 Hz, H1”), 3.39 (1H, dd, ] = 9.0, 7.5 Hz, H2"),
340 (1H, dd, J = 9.0, 8.4 Hz, H3"), 3.32 (1H, dd, ] = 9.6, 8.4
Hz, H4"), 3.46 (1H, ddd, ] = 9.6, 6.0, 2.6 Hz, H5"), 3.82 (1H,
dd, J = 12.0, 2.6 Hz, H6"a) and 3.62 (1H, dd, J = 12.0, 6.0 Hz,
H6"”Db), which was confirmed with data from 'H—'H COSY
(Figure S3 in the Supporting Information), 'H—"C HSQC
(Figure S6 in the Supporting Information) and HMBC 2D
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NMR spectra (Figure S7 in the Supporting Information).
Fragment II had a para-substituted phenyl structure showing a
typical AA'BB’ coupling system with proton signals at oy 7.36
(2H, d, J = 8.7 Hz, H2", 6”) and 7.07 (2H, d, ] = 8.7 Hz, H3',
§"). '"H-"C HSQC and HMBC spectra of this compound
(Figures S6 and S7 in the Supporting Information) confirmed
one substitution as an oxygen-based group. Fragment III was a
—CH,O— moiety with two geminal protons at 6y 5.20 (1H, d,
J =12.1 Hz, H7") and 5.12 (1H, d, J = 12.1 Hz, H7'b). Frag-
ment IV has a five substituted cyclohexene struture with five
correlated protons in its TOCSY spectrum (Figure S4 in the
Supporting Information) at &y 7.01 (1H, d, J = 3.3 Hz, H2),
3.88 (1H, ddd, J = 103, 3.3, 1.8 Hz, H3), 3.03 (1H, dd, ] =
10.3, 3.9 Hz, H4), 3.26 (1H, dd, ] = 3.9, 2.2 Hz, HS) and 4.32
(1H, br dd, J = 2.2, 1.8 Hz, H6). Sequential positions of these
protons were determined as &y 7.01—3.88—3.03—3.26—
4.32 with '"H-"H COSY 2D NMR spectrum (Figure S3 in
the Supporting Information); the correlation observed for &y
3.88—4.32 was also normal for this type of structure.”* Frag-
ment V was a 3,4-dihydroxyphenyl group with a typical ABX
coupling system for protons at 6y 6.41 (1H, dd, J = 8.2, 2.2 Hz,
H6'), 6.69 (1H, d, ] = 8.2 Hz, HS') and 6.66 (1H, d, ] = 2.2 Hz,
H2) in both 'H-'H COSY (Figure S3 in the Supporting
Information) and TOCSY (Figure S4 in the Supporting
Information) 2D NMR spectra. This was further confirmed with
the 'H-"C HSQC (Figure S6 in the Supporting Information)
and HMBC (Figure S7 in the Supporting Information) data.
Furthermore, linkages between these fragments were
established using heteronuclear 2D NMR spectra (Figures S6
and S7 in the Supporting Information) with the direct H—C
correlations determined based on "H—'*C HSQC data (Table 1,
Figure S6 in the Supporting Information). Its '"H—"C HMBC
2D NMR spectrum (Figure S7 in the Supporting Information)
showed that fragment I (f-glucosyl moiety) and fragment III
(—CH,0-) were two substitutents for fragment II with long-
range correlations (Figure S7 in the Supporting Information) for
H1"/C4" (8, 494/5¢ 158.9), H7"a/C1" (8,4 520/ 131.3) and
H7'b/C1” (84 S5.12/8c 131.3). This was further supported by
correlations for H7"a/C2" (6y 5.20/8c 131.2), H7'b/C2" (64
5.12/8c 131.2) and H2"/C7"(6y 7.36/6¢ 68.1) in its '"H-3C
HMBC 2D NMR spectrum (Figure S7 in the Supporting
Information). Therefore, fragments I—III were linked together in
the form of a 4-(f}-p-glucopyranosyloxy)benzyl alcohol (gastrodin)
moiety. Correlations between both protons of —CH,0— (&4 5.20,
5.12) and a carboxylic group (5 172.3, C8) in its 'H—"*C HMBC
2D NMR spectrum (Figure S7 in the Supporting Information)
suggest that this gastrodin moiety is in the form of esters, which
have already been reported in this genus previously.”™"
Moreover, the 'H-"*C HMBC spectrum (Figure S7 in
the Supporting Information) of the cyclohexenic moiety (IV)
showed long-range correlations for H2/C7 (8 7.01/8¢ 167.1)
and H6/C7 (6y 4.32/8¢ 167.1) indicating the attachment of a
—COOH group (C7) to Cl1 (8¢ 132.7); the correlations for
H2/C8 (6y 7.01/5c 172.3) and H4/C8 (5 3.03/5c 172.3)
indicate the linkage of C3—C8 (—COOH) while the corre-
lations for H3/C9 (6y 3.88/6c 173.9) and H4/C9
(8y 3.03/5¢ 173.9) suggest that C9 (—COOH) is linked to
C4 (8¢ 37.8). Long-range correlations for H6 (8y 4.32) of
the cyclohexenic moiety with two protonated carbons (C2' at
Sc 1164 and C6' at 5 120.6) and a quarternary aromatic
carbon (Cl’ at §: 134.7) in fragment V (Figure S7 in the
Supporting Information) suggest that these two fragments are
linked together via a C6—C1’ bond. This was confirmed by
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Table 1. 'H and "*C NMR Data (from an 800 MHz Spectrometer) for Origanine A, B and C in CD;CN

origanine A origanine B origanine C

no. Sy (298 K) dc 8y” (313 K) dc Sy (298 K) dc

1 132.7 1324 1304
2 7.01 (brd, 3.3) 137.8 6.94 (brd, 3.3) 137.8 7.04 (d, 2.8) 139.4
3 3.88(ddd, 10.3,3.3, 1.8) 44.5 3.85(ddd, 102, 3.3, 1.6) 444 3.41(ddd, 10.1,2.8,1.9) 524
4 3.03 (dd, 10.3,3.9) 37.8 3.08 (dd, 10.3,4.0) 37.8 3.36 (dd, 12.5,10.1) 39.7
S 326 (dd,3.9,2.2) 49.3 3.26 (dd, 4.0,2.2) 494 329 (dd, 12.5,5.7) 47.8
6 4.32(dd, 22, 1.8) 42.6 4.38(dd, 2.1,1.6) 425 3.83(dd,5.7,1.9) 44.5
7 167.1 167.1 166.3
8 172.3 172.3 172.4
9 173.9 173.9 172.6
10 173.5 172.4 171.5
1 134.7 134.7 134.5
2 6.66 (d, 2.2) 1164 6.66 (d, 2.2) 116.5 6.62(d,2.2) 116.4
3 146.2 146.2 145.5
4 145.0 145.0 144.7
s’ 6.69 (d,8.2) 116.5 6.71(d, 8.2) 116.6 6.65(d, 8.2) 1163
6 641 (dd, 8.2,2.2) 120.6 642 (dd, 8.2,2.2) 120.7 6.45(dd, 8.2,2.2) 121.1
1" 131.3 131.5 1312
2" 7.36 (d, 8.7) 1312 7.36 (d, 8.7) 131.3 7.35(d, 8.7) 131.3
3" 7.07 (d,8.7) 117.8 7.08 (d, 8.7) 117.8 7.06 (d, 8.7) 117.8
4" 158.9 158.8 158.8
5" 7.07 (d, 8.7) 117.8 7.08 (d, 8.7) 117.8 7.06 (d, 8.7) 117.1
6" 7.36 (d,8.7) 1312 7.36 (d, 8.7) 131.3 7.35(d, 8.7) 131.3
7" 520 (d, 12.1) 68.1 520 (d, 12.1) 68.1 521 (d, 12.1) 67.7
7"b 512 (d, 12.1) 68.1 5.14(d, 12.1) 68.1 5.14(d, 12.1) 67.7
1” 4.94(d,7.5) 101.8 4.94(d,7.2) 101.8 4.94(d,7.2) 101.8
2" 3.39(dd,9.0,7.5) 74.8 3.42 (m) 74.8 3.39 (m) 74.7
3" 3.40 (dd, 9.0, 8.4) 77.7 3.42 (m) 77.8 3.40 (m) 77.9
4" 3.32(dd, 9.6,84) 71.5 3.34(dd, 9.0, 8.0) 71.5 3.33(dd,9.5,8.0) 71.5
5" 3.46 (ddd, 9.6,6.0,2.6) 77.8 3.46 (ddd, 9.6, 6.0, 2.6) 77.8 3.46 (ddd, 9.6,5.9,2.7) 77.7
6"a 3.83 (dd, 12.0,2.6) 62.9 3.84 (dd, 12.0,2.6) 63.0 3.79 (dd, 12.0,2.7) 62.8
6"b 3.64 (dd, 12.0,6.0) 62.9 3.67 (dd, 12.0,6.0) 63.0 3.62(dd, 12.0,5.9) 62.8
1" 129.4 129.3
2" 6.76 (d, 2.2) 117.8 6.71 (d,2.2) 117.8
3" 145.7 145.7
4" 144.9 144.9
5" 6.75(d, 8.2) 116.5 6.70 (d, 8.2) 116.4
6" 6.64 (dd, 8.2,2.2) 122.7 6.58 (dd, 8.2,2.2) 122.7
7"a 3.07 (dd, 14.6,4.3) 372 2.89 (dd, 14.4,5.2) 37.5
7"b 2.96 (dd, 14.6,8.2) 372 2.85(dd, 14.6,7.3) 37.5
8" 5.13(dd, 8.2, 4.3) 74.5 479 (dd,7.3,5.2) 74.6
9" 170.8 170.9

“Multiplicity, J, Hz.

correlations (Figure S7 in the Supporting Information) for
H2'/C6 (6y 6.66/5¢ 42.6) and HE'/C6 (6y 6.41/5: 42.6).
Correlations between C10 (6 173.5) with both H6 (5 4.32)
and HS (8y 3.26) indicate the presence of the C5—C10 linkage.
Therefore, the planar structure of this compound is determined
as shown in Figure 3. To the best of our knowledge, such a
cyclohexenetetracarboxylic acid skeleton has not been reported
before.

There are four chiral carbons in such a skeleton, and the
absolute configurations of them can normally be unambigu-
ously determined with X-ray diffraction. However, several
attempts to crystallize this compound all proved unsuccessful.
Nevertheless, J-coupling constants for the protons in this skel-
eton also carry crucial information for the absolute config-
urations since J-coupling constants are dependent on the
dihedral angles of the planes in which protons locate.

132

Therefore, we calculated the J-coupling constants of all sixteen
possible enantiomers for this compound (Table 2) with the
density functional theory (DFT) calculations using the GIAO
method at the B3LYP/6-311++G(d,p) level following full
optimization for all the structures at the B3LYP/6-31G(d) level
with Gaussian 03. By comparing the calculated values with
experimental coupling constants, (35,4S,5S,6R) stood out as the
only reasonable possibility.

We further measured NOEs to confirm the spatial appro-
ximity of some protons in this molecule. The 'H—'"H NOESY
2D NMR spectrum of this compound (Figure SS in the
Supporting Information) showed NOE correlations for
H6'/H4, H6'/HS, H6'/H6, H2'/H4, H2'/HS and H2'/H6
(Figure 4). This was consistent with the calculated inter-
proton distances for these proton pairs (2.7, 4.1, 3.7, 4.2,
2.7 and 2.5 A respectively) in the optimized (35,45,5S,6R)

dx.doi.org/10.1021/jf204406u | J. Agric.Food Chem. 2012, 60, 129—135
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Table 2. Calculated J-Coupling Constants (Hz) for 16
Isomers of the Cyclohexene Skeleton in 1

C3—-C4- H2- H3- H4-  HS-— H2—- H3-
no. C5-Cé6 H3 H4 HS H6 H6 H6
1 RSRR 6.6 1.6 S.3 8.5 1.1 12
2 SSSS 2.5 9.8 4.2 6.9 1.0 LS
3 SSRS 2.6 9.5 10.6 8.2 2.7 4.6
4 SSRR 2.6 4.7 52 8.4 2.5 3.9
S SRSS 2.4 4.8 2.4 7.9 2.1 3.5
6 SRSR 2.9 6.6 2.4 1.0 2.5 4.4
7 SRRR 2.7 6.3 4.7 74 1.9 3.3
8 SRRS 3.4 9.0 10.5 S.0 2.5 3.8
9 RSRS 7.1 4.9 12.2 6.7 13 1.8
10 RSSR 6.8 S.0 0 11.1 2.4 7.1
11 RRRR 43 1.0 42 4.6 2.3 11
12 RRSR S4 0.9 22 0.9 1.0 12
13 RSSS 62 6.6 3.8 7.9 1.5 1.2
14 RRSS 4.7 7.6 33 13 2.9 2.4
15 RRRS 4.8 7.3 11.0 6.0 0.9 1.0
16 SSSR 4.0 9.5 4.7 1S 1.0 LS
exptl 33 104 39 2.1 <1.0 1.8

Figure 4. Key NOEs observed in the novel skeleton of origanine A (1).

structure. Therefore, the structure was determined to have a
4-(p-p-glucopyranosyloxy)benzyl alcohol moiety attached to
C8 of (3S,45,55,6R)-6-(3,4-dihydroxybenzyl)cyclohexene-
1,3,4,5-tetracarboxylic acids.

Origanine B (2) was initially detected in the LC—MS analysis
(in the negative ion mode) with a quasimolecular ion at m/z
813.1896 (Figure 2B), and thus C;3H;30,, was suggested as its
molecular formula (calcd m/z 813.1884 for C;3H;,0,, with an
error of 1.2 mDa). The number of carbons in it was confirmed
with its "H—"C HMBC 2D NMR spectrum (Figure S12 in the
Supporting Information).

The planar structure of 2 was determined in the same fashion
as in the case of 1 using 2D NMR spectra (Figures $9—S12 in
the Supporting Information); 2 was found to be a derivative of
1 having similar structural fragments I-V. However, this com-
pund had two more ABX coupling systems in its '"H NMR
spectrum (Figure S8 in the Supporting Information) than 1,
which was easily observed in its '"H—'"H COSY (Figure S9 in
the Supporting Information) and TOCSY 2D NMR spectra
(Figure S10 in the Supporting Information). One ABX system
had three protons at 8y 5.13 (1H, dd, ] = 8.2, 4.3 Hz, H8""),
3.07 (1H, dd, J = 14.6, 43 Hz, H7"a) and 2.96 (1H, dd,
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J = 14.6, 8.2 Hz, H7"'b) in the aliphatic region, being consistent
with a —CH,CHO— moiety (fragment VI). The other ABX
system with three protons at 8y 6.76 (1H, d, J = 2.2 Hz, H2""),
6.75 (1H, d, J = 8.2 Hz, HS”) and 6.64 (1H, dd, ] = 8.2, 2.2
Hz, H6") in the aromatic region was readily assigned to a 3,4-
dihydroxyphenyl moiety (fragment VII). These two fragments
had typical spectral features found for 3-(3,4-dihydroxyphenyl)-
lactic acid (i.e., danshensu) residue. This was supported with a
fragment loss of 198 Da in its mass spectrum (Figure 2 B, from
m/z 813.1896 to m/z 615.1365). The 'H-"C HMBC 2D
NMR spectrum (Figure S12 in the Supporting Information)
of this compound further showed that the fragment V was
attached to C10 (—COO-) of cyclohexene skeleton via an
ester linkage with the observation of long-range correlation for
H8"”/C10 (8y 5.11/6¢ 172.4) (Figure S12 in the Supporting
Information). Since this compound had J-coupling constants
for the skeleton protons similar to what 1 had, the absolute
configuration for the skeleton carbons ought to be the same as
for 1.

The third new metabolite, origanine C (3), was detected
as an isomer of 2 with a similar quasimolecular ion at m/z
813.1864 (Figure 3C) and thus the same molecular formula
(caled m/z 813.1884 for C33H;,0,, with an error of 2.0 mDa);
the number of carbons in 3 was also confirmable with
'"H-"*C HMBC 2D NMR data (Figure S1 in the Supporting
Information7). This compound showed some fragment ions at
m/z 769.1966 and 571.1426, corresponding to the loss of
—COOH and 3-(3,4-dihydroxyphenyl)lactic acid moieties
(danshensu).

However, two major differences were observable for this
compound compared with 2 in terms of structural features.
'"H-"C HMBC 2D NMR spectrum of this compound (Figure
S17 in the Supporting Information) showed that the fragment
V and a COOH group were linked to C4 and C6 of the cyclo-
hexene skeleton, respectively, while the 4-(f-p-glucopy-
ranosyloxy)benzyl alcohol moiety was attached to the car-
boxylic group on C1 (see long-range correlations in Figure 3).
The J-coupling constants for cyclohexenic skeleton protons in 3
were also clearly different from those in both 1 and 2. The DFT
results for J-coupling constants (Table 3) indicated that, among
all possibilities, only (35,4R,55,6S)-cyclohexene was in good
agreement with the experimental data for all these skeleton
chiral carbons of this compound. Therefore, its absolute con-
figuration for the skeleton was determined as (35,4R,5S,65)-4-
(3,4-dihydroxybenzyl)cyclohexene-1,3,5,6-tetracarboxylic acid
(Figure 3). The observation of NOEs for H2'/H3, H2'/
HS, H6'/H3 and H6'/HS (Figure S18 in the Supporting
Information) was consistent with the calculated interproton
distances for these proton pairs (4.3, 4.6, 2.5 and 2.4 A respec-
tively) in the optimized (35,4R,5S,6S) structure, further
supporting such configurations for the skeleton carbons.

An exhaustive literature search indicates that neither these
three polyphenolic compounds nor the skeleton of cyclo-
hexenetetracarboxylic acids has been reported previously. The
findings in this work indicate that new metabolites, especially
metabolites with new skeletons, remain to be further dis-
covered. The results have also demonstrated that the LC-DAD-
SPE-NMR/MS methods are powerful in discovering some
potentially interesting new compounds, especially those with
novel skeletons, even in the plants which have been considered
as well-studied.

It is natural to be curious about the potential bioactivities
of these new compounds. Although we do not have enough
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Table 3. Calculated J-Coupling Constants (Hz) for 16
Isomers of the Cyclohexene Skeleton in 3

C3—C4- H2- H3- H4- HS- H2-  H3-

no. C5-Cé6 H3 H4 HS Hé6 Hé6 H6
1 RSRR 4.9 0.8 2.1 6.4 3.1 3.5
2 SSSS 2.6 7.0 5.1 8.6 2.7 4.1
3 SSRS 3.0 6.7 3.0 1.3 19 2.7
4 SSRR 2.8 6.7 2.9 6.3 S.5 4.2
S SSSR 2.6 6.7 52 9.1 2.4 4.0
6 SRSR 3.3 9.1 11.0 9.4 2.9 4.9
7 SRRR 3.1 9.7 4.5 6.5 0 4.5
8 SRRS 4.5 9.9 4.5 1.7 1.1 1.6
9 RSRS 4.6 0.8 1.8 13 15 12
10 RSSR 6.3 7.2 5.3 9.6 2.6 2.9
11 RRRR 6.0 6.4 2.9 6.2 3.0 2.9
12 RRSR S.S 6.2 10.7 9.1 2.9 2.7
13 RSSS 6.6 0.7 6.9 9.7 2.8 1.7
14 RRSS S.1 6.5 11.0 5.7 14 0.8
15 RRRS S4 7.0 3.0 12 13 0.9
16 SRSS 4.0 8.7 11.3 5.4 11 2.3
exptl 2.8 10.1 12.5 5.7 <1 19

materials for the bioactitivity investigation at the moment, some
predictions are possible with plenty of information available for
the structural fragments found in these new compounds.
Structrural features of these new compounds imply that they
may have multiple bioactivities since 4-(f-p-glucopy-
ranosyloxy)benzyl alcohol (gastrodin), 3,4-dihydroxyphenyl
and 3-(3,4-dihydroxyphenyl)lactic acid (danshensu) residues
are well-known for their antioxidant activies. In fact, danshensu
is a major bioactive component of Salvia miltiorrhiza used for
treating cardiovascular conditions whereas gastrodin has long
been used for treating epilepsy, stroke and dementia with its
neuroprotective bioactivities and ability to cross the blood—
brain barrier.’® Synergistic effects appear to be a reasonable
proposition with these residues linked together. It is apparent
that the development of efficient methods for their synthesis
will be vital for further exploration of their bioactivities and that
their biosynthesis also need further investigating. Nevertheless,
the findings in this study will inevitably promote a new wave of
research activities in discovering novel compounds having new
skeletons in natural sources with these hyphenated methods.
Such activities will be important not only for drug discoveries
from the plant sources but also for further understanding of the
plant secondary metabolisms.
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