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Abstract: HPLC-SPE-NMR experiments with crude extracts of
Harpagophytum procumbensallowed the rapid identification of novel,
unstable chinane-type tricyclic diterpenes (1 and 2), along with
numerous other constituents. Dramatic sensitivity gains achieved with
this novel hyphenated technique establish a new paradigm in natural
products research: rapid and rigorous structure determination of
multiple extract components, including minor components, without
preparative-scale isolation.

Isolation of natural products is the main bottleneck in the natural
products field, and tedious purifications are often performed with
the main purpose of structure identification. In bioactivity-guided
fractionation projects, the major problem is isolation of constituents
that are, for various reasons, abandoned once their structures are
elucidated. If the structures of extract constituents were known in
advance, the isolation efforts could be focused on truly novel and
interesting components, avoiding reisolation of known or trivial
constituents and increasing productivity to a level of efficiency that
is unknown in present-day natural products research.

Hyphenated techniques, in particular HPLC-NMR, have the
potential of providing structural information directly from crude

extracts.1,2 However, the traditional direct HPLC-NMR methods,
where the spectra are acquired with HPLC eluates, suffer from a
number of limitations that restrict their use to favorable cases and
to a few, major extract constituents or to prepurified fractions.3 In
this communication, we describe examples illustrating the ability
of the HPLC-SPE-NMR technique4 (high-performance liquid chro-
matography-solid-phase extraction-nuclear magnetic resonance)
to provide high-quality 1D and 2D NMR data on numerous
components, including minor constituents, directly from crude
extracts.

Secondary roots ofHarpagophytum procumbens(Burch.) DC.
ex. Meissn (Pedaliaceae), also commonly known as Devil’s claw,
have gained popularity as a botanical dietary supplement or natural
remedy for the treatment of inflammatory and rheumatic condi-
tions.5-7 Although polar constituents of the roots have been
extensively investigated, little attention has been paid to the apolar
fraction.8-13 The HPLC trace (Figure 1) of a petroleum ether root
extract showed the presence of numerous constituents, most of
which were selected for on-line HPLC-SPE-NMR analysis. Fol-
lowing dilution of the HPLC eluate with water, the selected
constituents were trapped on SPE cartridges filled with poly-
(divinylbenzene) sorbent. To maximize the amount of analytes
available for subsequent NMR analysis, cumulative trappings of
up to 10 injections were performed, and the analytes were eluted

* To whom correspondence should be addressed. Tel: (45) 35306372.
Fax: (45) 35306040. E-mail: jj@dfuni.dk.

† Department of Medicinal Chemistry, The Danish University of
Pharmaceutical Sciences.

‡ Department of Pharmaceutics and Analytical Chemistry, The Danish
University of Pharmaceutical Sciences.

§ Department of Medicine, University of Cape Town.

Figure 1. HPLC trace (230 nm) for the petroleum ether extract of
H. procumbensroots. The peaks used for HPLC-SPE-NMR analysis
are labeled 1-11.
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to a flow-probe with acetonitrile-d3 for NMR data acquisition. The
whole HPLC-SPE-NMR process was performed automatically
under software control.4

The NMR analysis revealed that most of the HPLC peaks contain
known abietane- or totarane-type diterpenes (data not shown),
similar to those previously isolated.10 However,1H NMR spectra
acquired with the major peak 5 (tR ) 42.4 min) and the minor
peak 6 (tR ) 43.9 min) showed unexpected features. Both
compounds exhibited three methyl group singlets characteristic of
tricyclic diterpenes, a single hydrogen resonance aroundδ 7.4
attributable to an aromatic ring, a deshielded isopropyl methine
resonance atδ 3.62, and a deshielded resonance of H-1eq (δ g
2.6), as assigned from COSY experiments. The chemical shifts of
H-1eq appear to be higher than in abietanes and totaranes having
an aromatic C-ring that is unsubstituted at C-11, but lower than in
derivatives oxygenated at C-11.14-17 HMBC spectra acquired in
the HPLC-SPE-NMR mode showed that both compounds contain
a carbonyl group atδ 198.4 for peak 5 and atδ 180.4 for peak 6.
The carbonyl position at C-7 was in the former case immediately
apparent from the fact that the neighboring deshielded methylene
resonances formed the AB part of an ABX spin system composed
of H-5 and H-6. In the case of peak 6, no resonances attributable
to H-5 and H-6 were observed, and the downfield shift of methyl
singlets of H-18, H-19, and H-20 (δ 1.41, 1.44, and 1.67), as
compared to those for peak 5 (δ 0.93, 0.98, and 1.47), suggested a
substantial conformational change of the decalin ring system; an
additional, enolized carbonyl group at C-6 can account for these
spectroscopic features.16,17 HMBC and COSY spectra were used
to establish the structure of the A- and B-rings. The structures1
and2 of the compounds eluted as peaks 5 and 6, respectively, were
finally established using NOESY spectra recorded in the HPLC-
SPE-NMR mode. These showed a NOE between H-1eq and the
isopropyl hydrogen H-15 (Figure 2); the close proximity of these
nuclei resulted in cross-peak intensities comparable to those
observed for geminal hydrogen pairs in the A- and B-rings. Further
NOEs, including those from H-15 to H-20 and from H-16/H-17 to
OH, were observed. The novel structures1 and2 are in agreement
with negative-mode APCIMS data (m/z 315 and 329, respectively;
[M - H]-) obtained in parallel HPLC-MS experiments.

The structures of compounds1 and2, rigorously determined from
2D NMR data obtained in the HPLC-SPE-NMR mode, are
surprising, as they bear the isopropyl group at C-11 in contrast to

the common diterpenes with abietane and totarane skeletons, having
the isopropyl group at C-13 and C-14, respectively. Only two
instances of this diterpene skeleton, named chinane, have been
reported so far, one with an alicyclic and the other with a degraded
C-ring.18,19

We believe that the significance of the present finding of1 and
2 in H. procumbensis twofold. First, it is demonstrated that rapid
and complete structural determination of relatively complex natural
products with the aid of demanding 2D NMR experiments can be
achieved directly from crude extracts, even for a minor constituent
such as2 (peak 6). This ability is further illustrated by analysis of
peak 11, found to contain3. Despite the complexity of this Diels-
Alder dimer,20 a HMBC spectrum (Figure 3) obtained in the HPLC-
SPE-NMR mode contained the full network of cross-peaks, allowing

Figure 2. NOESY spectra (600 MHz, 600 ms) of1 (A) and 2 (B) recorded with crudeH. procumbensroot extract (peaks 5 and 6,
respectively) in the HPLC-SPE-NMR mode (10 trappings).
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firm identification. Second, we believe that the chinane skeleton
present in1 and2 may be more common than currently recognized.
There are reported structures of diterpenes, which were assumed
to have the abietane or totarane skeleton without considering other
positions of the isopropyl group. For example, a compound isolated
from the neem tree and named margosone was formulated as 12,13-
dihydroxytotara-8,11,13-trien-7-one.21 However, synthetic 12,13-
dihydroxytotara-8,11,13-trien-7-one exhibited1H and 13C NMR
chemical shifts different from those reported for margosone,22 and
we now propose that the latter may have the chinane structure
similar to 1. Although biosynthesis of the diterpene skeleton with
an isopropyl group at C-11 was originally proposed to involve a
rearrangement of ferruginol (8,11,13-abietatrien-12-ol),23,24 the
chinane system may be viewed as a regular head-to-tail diterpene
that may be formed more directly from some other precursor formed
by cyclization of appropriately folded geranylgeranyl diphosphate,
i.e., possibly without involvement of an aromatic abietane-type
precursor.

Because of the novelty of1 and2, we attempted their preparative
isolation in order to determine optical rotations. However, the
compounds turned out to be unstable, resulting in loss of material,
and NMR spectra of the isolates showed complex mixtures. The
degradation is presumably due to oxidation, which parallels the
behavior of other diterpenoid catechols25 and is possibly accelerated
by steric strain caused by the position of the isopropyl group.23 On
the other hand, in the HPLC-SPE-NMR experiments the SPE
cartridges are stored under nitrogen, and clean NMR spectra were
obtained for1 and 2 after trapping from the crude extract. We
therefore conclude that1 and2 might not have been discovered if
classical isolation schemes were used instead of the HPLC-SPE-
NMR technique.

One on the major advantages of the HPLC-SPE-NMR technique,
exploited in this work, is the ability to obtain NMR data from all
recognizable HPLC peaks without potential distortion of the

chromatographic process by stopping the mobile phase flow,
necessary in direct HPLC-NMR experiments.3 Advantage was also
taken of multiple SPE trappings, which is another key feature of
the HPLC-SPE-NMR experiments, resulting in greatly improved
signal-to-noise ratios in NMR spectra.4 As shown in Figure 4, a
linear increase of signal-to-noise ratio was observed in 10 repeated
trappings of compound1 (peak 5), leading to a 10-fold performance
improvement of the NMR experiments recorded in the HPLC-SPE-
NMR mode as compared to direct3 HPLC-NMR experiments.
Arguably, the reversed-phase SPE trapping mechanism would not
work with very polar analytes.4 However, we have shown that for
acteoside (4), a rather polar constituent of the ethanolic extract of
H. procumbensalso analyzed in the course of this study (data not
shown), the multiple trapping works equally well, as indicated in
Figure 4. Previously, we have reported that the HPLC-SPE-NMR
technique is also applicable to alkaloids, which are eluted from
HPLC columns as charged species.26 These results demonstrate the
broad scope of applicability of the HPLC-SPE-NMR technique for
natural products. The need for preparative isolation of milligram
quantities of natural products for the sake of structure elucidation
may soon be history.27,28

HPLC-SPE-NMR analysis of the other constituents present in
the petroleum ether extract (Figure 1), as well as the analysis of an
ethanol extract ofH. procumbensroots, is deferred to a forthcoming
full account of this study.

Experimental Section

General Experimental Procedures.The experimental setup con-
sisted of a Bruker Avance 600 MHz NMR spectrometer equipped with
a 30µL flow-probe, a Spark Holland Prospekt II SPE unit, and a HPLC
chromatograph configured similarly as previously described.29,30Poly-
(divinylbenzene) (GP phase) SPE cartridges, 2× 10 mm i.d., from
Spark Holland were used for analyte trapping. HPLC separations were
performed on a 150× 4.6 mm i.d. C18(2) Phenomenex Luna column
(3 µm) eluted with an acetonitrile gradient in water at 0.8 mL/min; for
SPE trappings, postcolumn water addition at 2 mL/min was used. The
cartridges were dried with nitrogen gas and eluted with acetonitrile-d3.
1D 1H NMR spectra were recorded with solvent peak presaturation
(water and acetonitrile) using 1D NOESY pulse sequence. 2D NOESY
spectra were recorded with mixing times of 300 and 600 ms. Gradient-
selected HMBC experiments were optimized forJC,H ) 7 Hz. HPLC-
APCIMS experiments were performed using an HPLC-MS instrument
equipped with an Agilent G 1978A dual ESI and APCI mode ion source.

Plant Material. Secondary roots ofHarpagophytum procumbens
(Burch.) DC. ex. Meissn (Pedaliaceae) were collected in the Western
Cape, South Africa. A voucher specimen (BOL110816) was deposited
in the Bolus Herbarium (Department of Botany, University of Cape
Town, South Africa).

Figure 3. HMBC spectrum of3 (600 MHz) recorded with crude
H. procumbensroot extract (peak 11) in the HPLC-SPE-NMR mode
(eight trappings);1H resonances in the region 1.9-2.3 ppm are
affected by solvent suppression.

Figure 4. Improvement of signal-to-noise ratio in1H NMR spectra
(600 MHz) of compound1 (signal region, 0.86-1.00 ppm; noise
region, 8.00-10.6 ppm) and compound4 (signal region, 7.40-
7.70 ppm; noise region, 8.50-10.00 ppm) in HPLC-SPE-NMR
experiments, after repeated injections of crude petroleum etherH.
procumbensroot extract (25µL, 40 mg/mL) or isolated4 (10 µL,
5 mg/mL), respectively.
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Extract Preparation. Dried and pulverized root material was
repeatedly extracted by maceration with petroleum ether or ethanol at
room temperature and processed as previously described.29,30

Preparative Isolation of 1. The petroleum ether extract (600 mg,
corresponding to 100 g ofH. procumbensroot) was repeatedly purified
by preparative HPLC [250× 20 mm C18(2) Phenomenex Luna column,
5 µm, acetonitrile gradients in water, 20 mL/min] to give 5.8 mg
(0.006%) of an isolate containing about 30%1.

12,13-Dihydroxychina-8,11,13-trien-7-one (1):1H NMR (HPLC-
SPE-NMR mode, 600 MHz, CD3CN) δ 0.93 (3H, s, H-18), 0.98 (3H,
s, H-19), 1.27 and 1.45 (3H, d,J ) 6.9 Hz, H-16 and H-17), 1.29 (2H,
m, H-1ax and H-3ax), 1.47 (3H, s, H-20), 1.47 (1H, m, H-3eq), 1.55
(1H, dp,J ) 14.1 and 3.8 Hz, H-2eq), 1.73 (1H, dd,J ) 14.8 and 2.3
Hz, H-5), 1.81 (1H, qt,J ) 13.5 and 3.5 Hz, H-2ax), 2.42 (1H, dd,J
) 16.5 and 2.3 Hz, H-6eq), 2.54 (1H, dd,J ) 16.5 and 14.7 Hz, H-6ax),
2.75 (1H, dt,J ) 13.5 and 3.7 Hz, H-1eq), 3.62 (1H, sp,J ) 6.9 Hz,
H-15), 6.77 (1H, br s, 12-OH), 7.34 (1H, s, H-14), 7.36 (1H, br s,
13-OH);13C NMR (from HSQC and HMBC spectra acquired in HPLC-
SPE-NMR mode, 125 MHz, CD3CN) δ 18.3 (C-20), 19.4 and 20.2
(C-16 and C-17), 19.8 (C-2), 22.0 (C-19), 30.6 (C-15), 33.2 (C-18),
34.1 (C-4), 35.1 (C-6), 39.1 (C-1), 41.4 (C-3), 42.0 (C-10), 52.4 (C-
5), 110.8 (C-14), 125.4 (C-8), 133.1 (C-11), 142.9 (C-13), 147.9 (C-
9), 151.3 (C-12), 198.4 (C-7).

6,12,13-Trihydroxychina-5,8,11,13-tetraen-7-one (2):1H NMR
(HPLC-SPE-NMR mode, 600 MHz, CD3CN) δ 1.37 and 1.46 (3H, d,
J ) 7.0 Hz, H-16 and H-17), 1.41 (3H, s, H-19), 1.44 (3H, s, H-18),
1.44 (1H, m, H-3A), 1.67 (3H, s, H-20), 1.57 (1H, dt,J ) 14.3 and
8.7 Hz, H-1ax), 2.07 (1H, m, H-3B), 2.60 (1H, ddd,J ) 14.3, 9.4, and
4.0 Hz, H-1eq), 3.62 (1H, sp, d,J ) 7.0 Hz, H-15), 6.92 (1H, br s,
12-OH), 7.10 (1H, br s, 6-OH), 7.47 (1H, s, H-14), 7.57 (1H, br s,
13-OH);13C NMR (from HSQC and HMBC spectra acquired in HPLC-
SPE-NMR mode, CD3CN) δ 19.6 (C-16 and C-17), 26.7 (C-20), 27.4
and 28.5 (C-18 and C-19), 30.4 (C-15), 32.0 (C-1), 36.3 (C-3), 37.1
(C-4), 42.6 (C-10), 109.9 (C-14), 132.5 (C-11), 145.1 (C-13), 145.3
(C-5), 147.0 (C-6), 147.3 (C-9), 151.7 (C-12), 180.4 (C-7), C-2 and
C-8 not identified.
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