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Identification of Major and Minor Constituents of Harpagophytum procumbengDevil's Claw)
Using HPLC-SPE-NMR and HPLC-ESIMS/APCIMS

Cailean Clarksoii,Dan SteerK, Steen HonaoréHansert, Peter J. Smit,and Jerzy W. Jaroszewski*

Department of Medicinal Chemistry and Department of Pharmaceutics and Analytical Chemistry, The Danmistsitynof Pharmaceutical
Sciences, Ungersitetsparken 2, DK-2100 Copenhagen, Denmark, andsin of Pharmacology, Department of Medicine, bbrsity of Cape
Town, K-45 OMB, Groote Schuur Hospital, Obsatory 7925, Cape Town, South Africa

Receied April 10, 2006

The HPLC-SPE-NMR technique, supported by HPLC-MS measurements, was used to determine structures of major as
well as some minor constituents of ethanol and petroleum ether extraderpdgophytum procumbelriBevil’s claw)

roots. This method was also shown to be applicable for rapid and precise on-line identification of secondary metabolites
present in commercial herbal products-bfprocumbensA total of 15 compoundsl-14 and17) were identified from

the ethanol and petroleum ether extracts, including a novel Bidtier dimer 14. Optimization of the HPLC-SPE-

NMR experiments included quantitatitiel NMR measurements, determination of trapping and elution efficiency, effect

of multiple trapping of analytes, use of various deuterated solvents for SPE cartridge elution, and effect of post-column
dilution ratio of eluent with water. Linear accumulation of apolar and relatively polar analytes was demonstrated for at
least 8-10 repeated trappings, resulting in greatly improved signal-to-noise ratios in NMR spectra and reduced acquisition
times. Thus, the HPLC-SPE-NMR technique provides an efficient means of identification of multiple components of
crude extracts. By allowing on-line generation of high-quality 2D NMR data without traditional purification of extract
components, the HPLC-SPE-NMR methodology represents a paradigm shift in natural products research with respect
to structure elucidation.

Harpagophytum procumberiBurch.) DC. ex. Meissn (Pedali-  between the chromatography and NMR are (i) concentration of
aceae) is indigenous to the northwestern parts of Southern Africa, analytes from the HPLC eluent into a small-volume NMR flow-
the Kalahari desert in Namibia, and the adjacent parts of Angola, probe, (ii) possibility of increasing the amount of analytes by
Botswana, and ZimbabweThe Latin “harpago” in the genus name  multiple trapping on the same SPE cartridge, and (iii) switch from
translates to hook, and the plant is commonly known as Devil's nondeuterated HPLC solvents to deuterated NMR solvents. The
claw due to the appearance of its barbed fruit. Medicinal prepara- combined effect is the ability to acquire high-quality 1D and 2D
tions of the secondary roots &f. procumbensare used by local NMR spectra of a range of analytes without preparative-scale
populations to treat fevers, blood diseases, digestive disorders,isolation. The present work demonstrates the usefulness of the
arthritis, and rheumatisi? During the 20th century the plant was HPLC-SPE-NMR technique for efficient structure elucidation of
introduced into Europe and has since gained an international major as well as minor secondary metabolitedHofprocumbens
reputation as an anti-inflammatory and antirheumatic agent. In the root extracts. HPLC-MS, either with ESI or with APCI, was used
past four decades, numerous in vitro, in vivo, and clinical studies in parallel with HPLC-SPE-NMR in order to confirm the molecular
have been conducted to assess the anti-inflammatory, antirheumaticinass of extract constituents. These techniques were also applied
and analgesic effects df. procumbend=® The results of these  to the identification of constituents in two marketddprocumbens
studies have been contradictory, making it difficult to draw products. In the course of this work, the optimization of SPE
conclusions on the effect of the preparations and the constituentstrapping and elution conditions was investigated. A preliminary
responsible for the activity. Some of the observed discrepanciesaccount of a part of this study has been published alréady.
could be attributed to the lack of standardization of tHe
procumbengxtracts and insufficient chemical profiling of the plant  Results and Discussion

material. Although phytochemical investigations and bioassay-  The majority of the published investigations bin procumbens
guided fractionation of the roots have led to the identification of a constituents have been performed witsOHor MeOH extracts of
number of secondary metabolites, mainly phenethyl glycosides andrgots. Although these are common commercial forms, powdered
iridoids,”** the characterized compounds have typically been oot material is also available in international markets and has been
limited to those present in sufficient amounts for isolation of ysed in clinical trials. In an attempt to obtain a comprehensive
milligram quantities, necessary for structural elucidation. overview of the compounds presentth procumbensoots, both

The aim of this study was to apply the newly developed EtOH and petroleum ether (PE) extracts were investigated in this
hyphenated technique of high-performance liquid chromatography study. While the EtOH extract accounted for about 13% of the plant
combined with solid-phase extraction and NMR spectrost®fy  material (dry weight), the PE extract corresponded to only 0.6%.
(HPLC-SPE-NMR) for characterization of constituents af Reversed-phase HPLC methods were developed for the separation
procumbensextracts. HPLC-SPE-NMR has been successfully of constituents after a mild precleaning of the extracts by SPE to
implemented in the dereplication of complex natural product remove waxy constituents. The criterion for HPLC method devel-
mixtures®19 The main advantages of introducing the SPE interface opment was optimum separation of the analytes. This simplifies
the threshold windows to be defined for analyte trapping in the

* Corresponding author. Tel: (45) 35306372. Fax: (45) 35306040. Subsequent HPLC-SPE-NMR experiments and facilitates higher
E-mail: jj@dfuni.dk. column loadings without compromising chromatographic resolution.
PhT Depaftm_enltsof Medicinal Chemistry, The Danish University of The developed HPLC methods allowed good resolution of the

?rDrg?)giturggit o?gﬂg?r?aceutics and Analytical Chemistry, The Danish comple_x extracts, and the chromatograms reveale_d eight prominent
University of Pharmaceutical Sciences. peaks in the EtOH extract and numerous peaks in the PE extract.

§ Department of Medicine, University of Cape Town. A total of 19 peaks were selected for automated HPLC-SPE-NMR

10.1021/np0601612 CCC: $33.50 © 2006 American Chemical Society and American Society of Pharmacognosy
Published on Web 08/15/2006



Constituents of Harpagophytum procumbens

A 1 5 100
5000
2
S 4000 [7s
S
< R
2 g
£ 3000 1 7 E
2 F50 €
£ g
2 8 £
£ 2000 3
°
(-4
I 25
o 4
1000 | 6
0 w l o
0 5 10 15 20 25 30 40
Retention time, min
B 100
3000 [7s
2 3
£ R
£ 9
c =
£ 2000 1 [ 50 ?,
‘s 19 e
2 9 v g
s <
k- 15 |18
(-4
1000 I 25
1 12
10 14 |16
0 0
0 10 20 3 40 50 60 70

Retention time, min
Figure 1. HPLC chromatograms monitored at 230 nm of EtOH
(A) and petroleum ether (B) extracts df procumbensoots (150
x 4.6 mm i.d. Gg column; gradient elution profile is shown as
percent of acetonitrile in D). The peaks selected for the HPLC-
SPE-NMR experiments are labeled 19.

analysis (Figure 1). The HPLC eluate was monitored at 230 nm,

and thresholds defined at this wavelength were used to trigger

analyte trapping on conditioned SPE cartridges filled with poly-

(divinylbenzene) stationary phase (HySphere GP phase). A total
of 8—10 repeated trappings of the same peak, from subsequent
chromatograms, were routinely performed after post-column eluent

dilution with H,O in a ratio of 2:5. The SPE cartridges were then
dried with nitrogen gas, and the analytes were eluted with
acetonitrilees; directly into the NMR flow-probe (3@L detection
volume, total volume 6@iL).

The HPLC-SPE-NMR analysis of the EtOH extract (Figure 1)
resulted in identification of seven compounds. TH¢ NMR
spectrum of the compound eluted in the first pegk= 9.2 min)
showed signals of two aromatic rings, both with coupling patterns
corresponding to a 1,2,4-trisubstituted benzeh .62 (H-6), 6.73
(H-5), and 6.76 (H-2)J = 2.1 and 8.0 Hz), and 6.84 (H-3"),
7.03 (H-8"), and 7.10 (H-2") (J = 2.1 and 8.3 Hz). Characteristic
resonances of a methyl groupat..06 (d,J = 6.2 Hz, H-6") and
of an anomeric hydrogen at5.12 (d,J = 1.6 Hz, H-1') suggested
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3.99 (1 H, apparent df] ~ 9.9 and 7.1 Hz), corresponding to a
glycosidically bound phenethyl urfit. Al 33C NMR signals
corresponding to hydrogen-bearing carbon atoms were assigned on
the basis of an HSQC experiment. From these NMR data the
compound eluted as peak 1 was established to be acted3ide (
also commonly known as verbascoside. The observed spectra were
in agreement with published dat&2®

The 'H NMR spectrum obtained from peak & = 10.8 min)
was similar to that ofl, except that the caffeoyl group was attached
to O-68 of the glucose moiety rather than to Q-Fhis was evident
from the downfield shift of the H-6and C-6 resonances\o +0.77
and 0.84 for the two diastereotopic Mi8ydrogens and+2.2 for
C-6) and the upfield shift of H-4A¢d —1.45). Thus, the compound
eluted as peak 2 was identified as the acteoside isoBer
isoacteoside. Good agreement of the obsetreaind’3C chemical
shifts with those previously reported for isoacteo&idmnfirmed
the identification.

Although peak 3t = 13.8 min) was very close to peak tk &
14.3 min), the HPLC-SPE-NMR analysis of both peaks could be
performed without difficulty. ThéH NMR spectrum obtained with
peak 3 was also similar to that of acteosidy However, a signal
of an acetyl group was observeddl .99, with the corresponding
13C NMR signal in an HSQC spectrum at20.7. Comparison of
theH NMR data with those ol revealed a downfield shift of the
H-2' signal A6 +1.5), indicating the attachment of the acetyl group
to O-2 of the glucose moiety. From the above results and
comparison with literature datethe compound accounting for peak
3 was found to be '20-acetylacteoside3.

Analysis of thelH NMR spectrum obtained with peak tk (=
14.3 min) suggested the presence of an iridoid glycoside. The
spectrum showed an AXX' coupling pattern of a 1,4-disubstituted
aromatic ring ¢ 6.84, H-3' and H-3'; ¢ 7.48, H-2' and H-8')
and of two olefinic hydrogens &t 6.28 and 7.59 (each dyans=
15.9 Hz), which are indicative of a 4-coumaroyl group. An
additional pair of olefinic hydrogens was observed)at.93 and
6.39 (each dJ = 6.3 Hz, respectively H-4 and H-3), an ABX
pattern at 1.90, 2.22, and 3.72 corresponding te-&H,—CH—

O— fragment with diastereotopic methylene hydrogens, two
doublets at) 2.83 and 6.20J= 1.3 Hz, respectively H-9 and H-1),

a methyl group ad 1.47 (s, H-10), an anomeric doubletéa.58

(J = 7.9 Hz, H-1), and the remaining signals of a glucose moiety
in the regiond 3.15-3.80. Thus, the compound eluted in peak 4
was established to be 8-(4-coumaroyl)harpagitje (

The'H NMR spectrum obtained from the material eluted as peak
5 (tr = 16.6 min) was almost identical to that 8f except for the
signals of H-5and H-6, which were shifted downfieldX6 +0.18
for H-5', and A6 +0.54 and+0.57 for the two diastereotopic
hydrogens attached to C}6and that of H-2 which was shifted
upfield (Ao —1.44). This indicated that the acetyl group is linked
to O-6 and not to O-2as in3. The changed position of the acetyl
group was confirmed by coupling between the carbonyl carbon (
171.4) and H-64 4.02 and 4.14) observed in an HMBC spectrum.
Similarly, the attachment of the caffeoyl group, the rhamnosyl
residue, and the 3,4-dihydroxyphenethyl group to'0a43, and
O-1, respectively, was confirmed by the HMBC spectrum. Agree-
ment of the observedH and 13C chemical shifts with those

the presence of a rhamnose residue; a second doublet correspondingublished* confirmed identification of the compound as-@-

to an anomeric hydrogen of a glucose residue was observéd at
4.35 J = 7.9 Hz, H-1). The assignment of all glucose resonances
was possible from a TOCSY spectrum; the chemical shift of H-3
(60 3.79) and H-4 (0 4.85) confirmed the attachment point of the
rhamnosyl and the caffeoyl residues, respecti¢®ehy trans-coupled
olefinic pair of doublets was observed@6.27 and 7.59 (d) =

15.9 Hz), which together with the aromatic hydrogen atom
resonances indicated the presence of a caffeoyl moiety. ABBA
pattern of an ethylene group was observed 2178 (2 H, apparent

t, J~ 7.1 Hz), 3.70 (1 H, apparent di,~ 9.9 and 7.1 Hz), and

acetylacteosides].

The 'H NMR spectrum obtained with the minor peaktg &
18.3 min) showed a mixture of at least two coeluting compounds.
Although the spectrum suggested the presence of phenethyl
glycosides, the structures of the individual components could not
be elucidated due to the signal overlap and a relatively low signal-
to-noise ratio.

TheH NMR spectrum of the compound eluted as peakg 7
22.4 min) was similar to that of, but the hydroxy group at C“4
was missing, and the NMR data corresponded well to those reported
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for harpagoside®).2> The 1D'H NMR and HSQC spectra of the A
compound eluted as peakt8 € 23.0 min) allowed its identification
as 2,6'-di-O-acetylacteoside7(.1?
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Thus, seven compound4-7) were identified in the EtOH
extract of H. procumbensroots. Acteoside (verbascosidg),®
isoacteoside?),® 8-(4-coumaroyl)harpagide),® 6'-O-acetylacteo-
side 6),! harpagosideq),” and 2,6'-di-O-acetylacteosiderj'? are
known for H. procumbensbut this is the first report of '20-
acetylacetoside3] in this plant. Since all NMR spectra obtained
in the HPLC-SPE-NMR mode were recorded using acetonitrile- MNJ\
ds, the identification involved extensive interpretation of 2D NMR sttt sttt ot
data in addition to comparison with reported chemical shift values, 8 7 6 5 4 3 2 ppm
typically obtained using methandk as solvent. The molecular Figure 2. 600 MHz *H NMR spectra in acetonitriles obtained
masses of the identified compounds were confirmed by parallel jj the HPLC-SPE-NMR mode of isoacteoside geak 2) and 8-(4-
HPLC-MS experiments using negative-mode electrospray ioniza- coumaroyl)harpagided( peak 4). Spectra were recorded after eight

tion, which gave more abundant molecular ions than positive-mode SPE trappings, using 512 and 1024 transients, respectively.
spectra. The ESIMS spectra were very simple, showing molecular
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H-6A'
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J

ions and practically no fragmentation. The observed -fiVH]~ whereas the remaining constituents identified in the PE extract were
ions for compound&—7 weremvz 623.3, 623.3, 665.4, 509.2, 665.4,  diterpenes. ThéH NMR spectrum of the compound eluted as peak
493.1, and 707.4, respectively. 17 (r = 50.9 min) showed signals characteristic for a tricyclic

It is noteworthy that the previous isolations bf 2, and4—7 diterpene: three methyl singletd 0.92, 0.95, and 1.15), signals
from H. procumbenvolved lengthy fractionation and purification  of an isopropyl group (methyl doublets@tl..27 and 1.29, methine
procedures, which contrasts with the simplicity and efficiency of septet aty 3.21;J = 7.1 Hz), and methylene resonances® .63,
the HPLC-SPE-NMR technique used in this study. The quality of 2.83, and 1.151.95. A singlet ad) 6.63 suggested the presence of
the IH NMR spectra obtained with this hyphenated technique an aromatic, trisubstituted C-ring. The relatively deshielded reso-
matched that normally achieved using traditional techniques (mil- nance at 2.83 (dd,J = 16.7 and 6.5 Hz) was assigned to the
ligram quantities in 5 mm NMR tubes) and is illustrated for the benzylic H-73, which showed geminal coupling to Hx7atd 2.63
major peak 2 and the minor peak 4 in Figure 2. (ddd,J = 16.7, 11.7, and 6.5 Hz) and vicinal coupling to |4-ét

The PE extract ofH. procumbenswas considerably more 0166 =129, 11.7, and 6.5 Hz). In an HMBC spectrum, the
complex than the EtOH extract; for practical purposes, the 11 peakssinglet atd 6.63 correlated with two quaternary carbon resonances
selected for the HPLC-SPE-NMR analysis were numbered succes-at 6 125.6 and 142.8, whereas the carbon bearing the isopropyl
sively 9-19 after the eight peaks present in the chromatogram of group ¢ 132.1), identified from correlation to the isopropyl methyl
the EtOH extract (Figure 1), and the identified compourg#si) groups, correlated to a hydroxy group resonancé ai37 and to
are discussed in the order of increasing complexity and structural H-75. This confirmed the substitution pattern of the C-ring. The
similarity. As the ionizability of compounds present in the PE assignments of the methylene resonances were inferred from the
extract was very poor in the ESI mode, the parallel HPLC-MS COSY, HSQC, and HMBC spectra. On the basis of these data and
experiments were performed using APCI in negative mode, which the observed molecular ion in the APCIMS spectrumz301.3
yielded prominent [M— H]~ ions. [M — H]"), the compound eluted in peak 17 could be identified as

TheH NMR spectrum of the compound eluted in peak®= 8,11,13-totaratrien-12,13-dioB), in agreement with previously
14.6 min) displayed the characteristic signals of cinnamic &)id (  reported NMR dat&%2”
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Figure 3. (A) Selected correlations observed in the HMBC
spectrum ofl4 (H — C). (B) Selected NOE correlations observed
in a NOESY spectrum o14. Both spectra were recorded in the
HPLC-SPE-NMR mode with peak 19 (10 trappings).
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The IH NMR spectrum of the compound eluted in peak 8 ( |
= 53.6 min) resembled that &, except for the presence of two ) -«
singlets corresponding to two aromatic hydrogen€.64 and 6.79); A ! C

the absence of ortho or meta coupling showed that these resonances s 30 28 'zl(')' AP IIS(I‘;-l)
correspond to H-11 and H-14 and that the compound is an abietane_ ) ’ ' : ) ’

rather than a totarane. The exact assignment of these resonancegigure 4. NOESY spectrum (600 MHz, 600 ms) &# recorded

and the position of the substituents in the C-ring (a hydroxy and I the HPLC-SPE-NMR mode using a crude petroleum ether extract
an isopropyl group) were inferred from an HMBC spectrum after of H. procumbensoots (10 trappings, total acquisition time 14 h).
assignment of the signals of hydrogen-bearing carbon atoms using ) .

an HSQC experiment. In particular, H-14 6.64) correlated with and to a resonance &t6.58, assigned to H-7. Correlations from
C-10 (0 38.0), C-12  152.5), C-13¢ 132.8), and C-144127.0), H-15to C-14 ¢ 127.1) and from the latter to H-7 and OH confirmed
and H-14 ¢ 6.79, also identifiable by signal broadening due to the position of the isopropyl group at C-14. From the APCIMS
unresolved coupling to H-7) with C-#30.2), C-9 ¢ 148.9), C-12  data (7/z313.3 [M — H]") and agreement of the observitiand

and C-15 ¢ 26.9), whereas C-14 correlated with H«Z.71 and 13C chemical shifts with literature data, the compound was
2.80) and H-154 3.11). The oxygenated C-12 correlated with H-14 conflrm_ed to be 13-hydroxytotara-7,9,13-trien-6,12-dione or may-
and H-15, and C-13 with H-15, H-16, and H-17.13). Agreement  tenoquinone 13).26:5

of the observedH and!3C NMR chemical shifts with literature The H NMR spectrum of the material eluted as peak 9=
values and APCIMS datar(z 285.2 [M — H]~) confirmed the 68.2 min) suggested a bis-diterpene structure. This was evident from
compound to be 8,11,13-abietatrien-12-ol or ferrugirid)) £7:28 the presence of two spin systems corresponding to two isopropyl

IH NMR analysis of compoundl eluted in peak 13t = 42.4 groups 6 0.54, 0.92, and 1.65]},,c = 6.7 Hz; 0.87, 0.99, and
min), the main peak in the chromatogram, and that of compound 1.62,J,ic = 6.8 Hz) and six methyl singlet$)[0.90 (H-18), 0.91
12 eluted in the minor peak 14 has already been repdftétiese (H-19), and 1.39 (H-20), and 0.81 (H-19), 0.82 (H-18), and
diterpenes belong to the class of chinanes, encountered only twice0.87 (H-20)]. A pair of doublets at) 2.62 and 2.91J= 2.5 Hz)
prior to this work?9.30 was assigned to H-14 and H-14espectively, and the singlets at

The'H NMR spectrum obtained from peak 1 & 46.5 min) 0 5.99 and 3.67 to H-11 and H-1Iespectively. HMBC experi-
was also characteristic of a tricyclic diterpene and exhibited a pair ments showed the presence of two carbonyl grodg0@.6, C-12,
of doublets a® 6.35 and 6.58, with a coupling constadt=£ 1.5 and o 211.2, C-12 and two quaternary, oxygenated carbods (
Hz) indicative of a long-range coupling along a zigzag path. The 79.4, C-13, and 76.3, C-13). The HMBC spectrum contained a
chemical shift of the isopropyl methine hydrogen H-15 Wwa&12, network of connectivities (Figure 3) enabling assignment ofHll
substantially lower than in1 and12.20 Other key features were a  and 3C NMR resonances for each portion of the molecule
deshielding of H-5¢ 2.57,A0 +0.84 relative tdl1%9), the absence individually and identification of the compound as the Diefdder
of B-ring methylene resonances, and a hydroxy group resonancedimer 14. The relative configuration of the carbon atoms at the
atod 7.48. The HMBC spectrum showed the presence of a carbonyl Diels—Alder junction was unequivocally inferred from a NOESY
group atd 200.6 correlating with H-5, as well as correlations from experiment (Figures 3 and 4). The obserlidcand*C NMR data
C-5 (0 62.2) to the neighboring methyl group$1.12, 1.22, 1.23) for 14 are listed in Table 1. The bis-diterpene structure was
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Table 1. 'H and'3C NMR Data for14 Obtained in the o]
HPLC-SPE-NMR Mode from a Petroleum Ether Extractbf A OH
procumbengRoots and Comparison with Literature Data for
Maytenone 16)
H NMR® 13C NMR
position 14, CDsCNP 16, CDChLed 14, CD:CN® 16, CDCL®f
1 1.92m 1.97 40.7 37.0 OH
1.26m 1.40 0
2 1.62-151m 1.67 19.1 18.8
1.60
3 1.40m 1.49 41.8 41.8
1.17m 1.12
4 34.6 34.0
5 1.06 m 1.75 (11.6, 8.0) 54.2 43.0
6 1.62-1.51m 2.08 19.1 16.4
1.50
7 2.14m 1.91 30.7 30.9
1.96 m 1.98
8 48.9 48.4
9 169.5 172.6
10 42.6 42.0
11 5.99s 6.15 123.8 120.0
12 202.6 200.6
13 79.4 78.7
14 2.62d(25) 256 (2.4) 47.1 43.3 Figure 5. Molecular model of compound6 (A) obtained using
15 1.65m 1.50 37.9 37.0 published X-ray coordinaté&sand a constructed molecular model
16 0.54d(6.7)  0.94(6.3) 16.6 15.4 of 14 (B) obtained by MM2 force-field energy optimization. The
17 0.92d(6.7)  0.53(6.7) 15.7 16.2 dienophile portion of the molecule is indicated in bold.
18 0.90s 0.95 335 32.9
19 091s 0.95 22.3 211 derivatives with a maytenone skeleton were isolated firhirgonia
20 1.39s 1.0 223 26.5 castaneifolia(Linaceaef> More recently, a DielsAlder dimer
I 160m 1.30 42.6 36.2 named celastroidine B (reporféanp 189-190 °C, [o]p +55.5)
' 2.33m 1.08 was isolated fronHippocratea celastroidefHippocrateaceae). Its
2 1.62-1.51m 1.53 19.1 18.4 : L
1.46 structure was determined B and3C NMR spectroscopy and
3 1.34m 1.39 42.1 41.6 confirmed by X-ray analysi® Such adducts are believed to be
1.04m 1.15 formed by Diels-Alder dimerization of a diterpene precursor with
4 g 33.1 the general structurd5, in which the C-8-C-9 bond in one
5 0.79m 1.05(12.5,1.9) 53.3 49.2 molecule serves as a dienophile for the C-ring diene system of
6 143-1.30m 11'??‘? 191 18.6 another molecule. In principle, either face of the dienophile can
7 214m 209 307 29.4 approach the diene system of another molecule either from above
1.96m 2.00 (B-face) or from below ¢-face) and can do so in two possible
8 141.2 138.6 orientations, which may be termed as a syn or an anti orientation
9 140.0 138.5 (with the A-rings oriented in the same or in the opposite directions,
10 37.4 37.3 respectively). This would give eight possible dimers for each
11 367s 3.46 60.1 578 configuration at C-13 inl5, although formation of some of the
12 211.2 2134 . . o
13 76.6 761 adducts is expected to be sterically prohibitive. Even though the
14 2.91d(2.5) 3.11(2.5) 45.8 45.0 work on celastroidine B does not cite the previous studies of
15 1.62m 1.60 34.9 34.6 maytenoné?® the two compounds are in fact identical, as shown
16 0.99d(6.8) 0.97 (6.9) 17.4 17.0 by comparison of their atomic coordinates deposited at the
ir 087d(6.8) 0.96(74) 18.7 17.6 Cambridge Crystallographic Data Center (structure codes BUY-
ig 82?? 8'32 gig g’ig HIM3* and EBEJAWS). Thus, bothMaytenus dispermusnd
20 0.87s 0.76 18.8 208 Hippocratea celastroidegroduce maytenone, the structure of which

N — - — : - - ~ can be described as thedienet-dienophile/syn dimer16) of
Multiplicity of signals is given as follows: s, singlet; d, doublet; compoundL5 with the R* configuration at C-13. On the other hand,

m, multiplet; coupling constants (apparent splittings) are given in . .
parentheses as numerical values in PRelative to the residual  neither the observed NOEs (Figure 4) nor & NMR data (Table

CD,HCN signal set t@ 1.94.Data from ref 36, where the previously ~ 1) of the Diels-Alder dimer present irH. procumbeng14) are

described maytenond @) is designated as celastroidine ®Relative compatible with maytenone. Thus, compoutdlis the a-diene/

to the residual CHGIsignal set ta) 7.24.*C NMR chemical shifts B-dienophile/syn Diels-Alder dimer of compound5 with the S*

group resonance of the solvent settd18.26.'Relative to the solvent terpenoid Diels-Alder dimers have been report&“ We also

signal set tod 77.0.9HMBC peaks not observed due to overlap with . . . .

other resonances. note that the nature of a Dietd\lder dimer isolated fronBuddleja
globosa(Buddlejaceae), and claimed to be maytendis subject

corroborated by the molecular ion observed in the APCIMS to confirmation because of the absence of comparative spectroscopic

spectrum in/z603.5 [M — H]"). data.

A few Diels—Alder dimers similar tal4 have previously been The HPLC-SPE-NMR and HPLC-MS experiments performed
reported. The first is maytenone, isolate®# from Maytenus with peaks 16-12 and 16 showed the presence of multiple coeluting
dispermugCelastraceae) and identified by crystallographic analysis constituents. Although these were diterpenoids, as shown by the
of the alcohol formed by reduction of the carbonyl group at C342  observation of methyl and isoprop¥ resonances, the compounds
Although the compound (report&mp 198°C, [a]1& +115) was were present in very small amounts, and full structural elucidation
unambiguously identified by the X-ray analysis of its reduction was not conducted. While compounfisand 10 have previously
product, no NMR data were reported. Later, two oxygenated been isolated from the PE extractléf procumbensn 0.03% and
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0.02% yields, respectively (by dry weight of the root materi@l),
this is the first report ofi1—-14 from this source. Considering the 2500 ] 75
yield of the crude PE extract (0.6%), it can be concluded that the % 1 6
diterpenes are minor constituentstbfprocumbensoots. In order 3 b
to estimate the content of polar constituents present in the EtOH £ 200 s ._g
extract, quantitative HPLC measurements using auth@rtiteo- % 2
side (1) as an external standard were performed. From a calibration £ sy | <
curve, the amount of present in the dry EtOH extract (Figure 1) & //
was established to be 1548 0.2%, corresponding to the content 100 ] 1 4 ®
in the dried plant material of about 2%. Sin2e3, 5, and7 have 17
practically identical chromophores as those preseht ihe content W
of these constituents in the EtOH extract could be estimated as 5, 01 N ¥
2, 10, and 3%, respectively. Thud, procumbensoots are very 0 5 10 15 20 25 30 40
rich in these phenethyl derivatives. Retention time, min
In extending the above HPLC-SPE-NMR studiesthbf proc- Figure 6. HPLC chromatograms (230 nm) of the EtOH extracts

umbensextracts, two commercial products, one from the Danish of the commerciaH. procumbensealth products (156& 4.6 mm
market and another from the U.S. market, were analyzed. Bothi.d. C;g column; gradient elution profile is shown as percent of
products were capsules apparently containing powdered rootacetonitrile in HO). (A) A product from the U.S. market; (B) a
material. According to the HPLC-DAD profiles of EtOH extracts product from the Danish market. Identified compouddg, 4—6,
(Figure 6), the commercial products contained compoun@s4, and 17 are indicated above the respective peaks.
5, and6, but lacked compound3and?. Interestingly, the extracts
of the commercial products were remarkably similar (Figure 6). volume of the probe of 3@L), and longitudinal T;) relaxation
Both commercial products contained a relatively high concentration times were determined using the inversion recovery method. The
of a compound eluting @k = 15.1 min. Although this compound  longest relaxation time wa$, = 1.8 s (for Hf of the caffeoyl
is detectable in the original extract (Figure 1), it was not selected moiety), and quantitativéH NMR spectra of the sample were
for the HPLC-SPE-NMR analysis described above due to very low acquired using 90 pulses and interpulse intervals of 15.4 s,
peak intensity. In order to determine the structure of this compound, corresponding to 8.x T;. Under these conditions, the signal-to-
the HPLC-SPE-NMR analysis was performed using the commercial noise ratio for the H5 resonance was determined (SA\L30) and
product from the U.S. market. TH&l NMR and HSQC spectra  compared with that measured iAtd NMR spectrum recorded under
obtained were almost identical to thosedpéxcept for the presence  identical conditions in the HPLC-SPE-NMR mode following
of a methoxy group at the C-3osition of the coumaroyl moiety.  injection of 50ug of 1 into the HPLC column. Ideally, the entire
Comparison with literature défaconfirmed the compound to be  amount of 1 injected should be recovered in the NMR probe.
8-feruloylharpagide X7), previously identified inH. procumbens Possible losses could be due to incomplete elution from the HPLC
roots!! From the intensity of the chromatographic peaks &rd column, inefficient SPE trapping or desorption, and imperfect
NMR signal intensities, it could be roughly estimated that the centering of the sample in the NMR probe. Thus, the maximum
content of17in the extracts of the commercial products (Figure 6) signal-to-noise ratio obtainable in the latter experiment is half of
and in the original root extract (Figure 1) is 1% and 0.25%, that obtained in the initial experiment with direct sample injection
respectively. These results emphasize that the HPLC-SPE-NMR (S/N = 65), because now the sample (&6) occupies the whole
technigue has the necessary sensitivity to provide detailed structuraNMR cell volume, which is equal to 6AL. The signal-to-noise
information on minor constitiuents of commercial herbal products. ratios were determined in a series of such HPLC-SPE-NMR
Furthermore, the use of standards is not necessary for identificationexperiments using various eluting solvents (Table 2).
and quantification of constituents. It can be seen that methandy-has a tendency to give a higher
In order to estimate the analyte trapping and elution efficiency signal-to-noise ratio than the standard eluting solvent, acetonitrile-
in the HPLC-SPE-NMR experiments, quantitatité NMR mea- ds; that is, the cartridge elution with methardj-appears to be
surements were performed using acteosida¢ a reference. Thus, more effective than with acetonitrilds. No improvement in the
the flow-probe used for the HPLC-SPE-NMR experiments was signal-to-noise ratio was observed when the elution flow-rate of
filled with a standard solution df in acetonitrileds (1.67 mg/mL acetonitriled; was reduced from the normal 22Q./min to 110
or 2.67 uM solution, corresponding to 58g of 1 in the active uL/min. Similarly, no improvement was observed when the elution
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Table 2. Comparison of Signal-to-Noise Ratios Obtained in
HPLC-SPE-NMR Experiments Using Different Eluting Solvents
and Multiple Trappings

eluting solverit compoundL® compoundL 14
acetonitrilees 28.1+ 3.1 81.0+ 2.9
methanoles 414+ 4.9 825+ 6.1
chloroformd 0 96.1+ 7.9
acetonitrileds 31.2 185.2
acetonitrilees (2 trappings) 47.4 383°0
acetonitrileds (3 trappings) 100.7 54523
acetonitrileds (5 trappings) 131.8 n.d.
acetonitrileds (8 trappings) 229.2 n.d.
acetonitrilees (10 trappings) n.d. 20145

a Acteoside 1) standard (5@«g), or crudeH. procumbengetroleum
ether extract (1 mg), injected into the HPLC column; signal-to-noise
ratios for selected resonances in fully relaXeétt NMR spectra (16
transients) are reported (average/2 difference from two independent
determinations); n.d.: not determiné&ingle SPE trapping unless
otherwise stated’Signal region 7.467.70 ppm (HpB), noise region
8.50-10.00. The signal-to-noise ratio obtained after filling the NMR
probe with a solution ofl (1.67 mg/mL), determined under identical
acquisition conditions, was 129.9Signal region 0.861.00 ppm (H-
18 and H-19), noise region 8.600.60.°These experiments were
performed with a PE extract enriched 14 by preparative SPE.

flow was stopped for a few minutes after introduction of the first
30 uL to the SPE cartidge. This suggests that desorption kinetics
does not limit the amount of the analyte recovered in the NMR
probe. As expected, no elution @fwas observed when chloro-
form-d was used as the eluting solvent (Table 2). The observed
eluting efficiency of different solvents (Table 2) is in accord with
the polar nature ofl. It can be noted that the highest signal-to-
noise ratio obtained in these experiments (with methagol-able

2) is about 64% of the theoretical value mentioned above. This

estimate is similar to that obtained in a model study by Sandvoss

et al*® The major loss of sensitivity in the HPLC-SPE-NMR
experiment is due to the fact that the active volume of the NMR
cell is only 50% of the total volume, which calls for an improvement

Clarkson et al.

in this extract (Figure 1). Since adequate trapping of even the most
apolar compound1@) was observed, it can be assumed that the
post-column dilution ratio is sufficient to counteract the higher
eluting power of the HPLC eluent toward the end of gradient HPLC
runs.

Perhaps the major advantage of the HPLC-SPE-NMR technique
is the possibility of analyte accumulation by repeated trapping of
the same chromatographic peak from multiple injectitris.order
to investigate the performance of this approach inHh@rocum-
benscase, repeated trappings bffrom multiple injections of the
standard sample) arid (from multiple injections of the PE extract)
were performed, and the cartridges were eluted with acetonitrile-
d; (Table 2). A linear increase in the amount of analyte on the
SPE cartridges was observed for the entire range of the accumula-
tions tested (up to eight injections dfand up to 10 injections of
11), as expressed by linear improvement in the signal-to-noise ratios
in the resulting'H NMR spectra (correlation coefficient 0.982 and
0.998 for 1 and 11, respectively; Table 2° From the above-
described quantitative measurements, we conclude that analyte
amounts exceeding 10@ can easily be achieved inside the active
probe volume, making NMR data accumulation as easy and efficient
as in traditional NMR work with milligram quantities in NMR tubes.

In conclusion, this work demonstrates that the HPLC-SPE-NMR
technique is a very efficient tool for the structure elucidation of
constituents ofH. procumbengoots without involving classical
preparative-scale isolation schemes. Excellent-quality 1D and 2D
NMR spectra could be routinely obtained, with the main sensitivity
gain being achieved by analyte accumulation via multiple trapping.
For the first time, multiple trapping was demonstrated to be a very
effective means of sensitivity improvement for a rather polar analyte
such asl. The technique was also applied to two commercial
preparations oH. procumbengsallowing rapid authentication and
structure determination of constituents.

It is noteworthy that the present study, representing de novo
structure elucidation of 15 constituentskbfprocumbenshas been

of the cell design. It can be calculated that using the same hardwareP€rformed over a period of a few months. This represents

and the same HPLC peak df(peak-width at base 324L, Figure

1), the maximum analyte recovery in the sensitive volume of the
30uL NMR flow-cell achievable under ideal conditions in a direct
HPLC-NMR experiment is 14%, assuming that the analyte
distribution within the HPLC elution volume is Gaussian and the
center of the peak is successfully placed in the middle of the flow-
cell. The loss of sensitivity in direct HPLC-NMR experiments, i.e.,

in the absence of the analyte focusing effect of the SPE interface,

extractions, numerous optimizations and repetitions of HPLC-SPE-
NMR experiments with both extracts, auxiliary experiments involv-
ing quantitative studies of trapping and elution efficiency, attempts
of preparative isolation of unstable extract constituéhtand
comparative studies of two commercial products, while the HPLC-
SPE-NMR equipment has been shared with other members of our
research group working on different projects. In terms of structures
of H. procumbensonstituents, the results of this study nevertheless

will be more severe for broader peaks, but can be counteracted byrepresent an amount of knowledge that is equivalent to a major
the use of larger NMR flow-cells, albeit at the expense of reduced Part of what has been achieved by numerous research groups over

mass-sensitivity. Previous comparison of loop-collection ntbde
and the HPLC-SPE-NMR mode using iridoid glucosides demon-
strated the improvement in the latter case by a factor §f 2.

the period of the last four decad&g3254450 The amount of data
that the HPLC-SPE-NMR technique can generate in days and weeks
is equivalent to what has previously required months. Further

When the above cartridge elution experiments were repeated withProgress is expected from improvements of HPLC-SPE-NMR

the apolar compoundl using injection of the PE extract df.
procumbengo the HPLC column, the best eluting solvent was
chloroformd (Table 2), as expected. However, the signal-to-noise
ratios obtained using acetonitrit- or methanold,; were only
slightly lower than that for chlorofornd: The results in Table 2
demonstrate that the commonly used acetonittiles a good
compromise if the same elution solvent for nonpolar and relatively
polar analytes has to be used.

In addition to the cartridge elution efficiency, the trapping
efficiency of 1 was investigated at a lower ratio of post-column
eluent dilution with HO, following injection of 50ug of 1 to the
HPLC column. No drop in signal intensity was observed when the
post-column dilution ratio was changed from the normal ratio 2:5
to 4:5. This shows that the dilution ratio of 2:5 was appropriate for
1, and sincel is the most polar analyte in the EtOH extract (Figure
1) and least likely to interact with the SPE sorbent, this dilution

protocols and computer-aided spectra interpretation.

We believe that the productivity enhancements brought about
by the envisaged proliferation of hyphenated NMR methods, mainly
HPLC-SPE-NMR, represent a paradigm shift with respect to how
natural products research can and should be approached regarding
structure elucidation. While isolation and purification of natural
products will remain to be a fundamental requirement in many areas,
notably in relation to their pharmacological activity, prior knowledge
of extract constituents can be regarded as highly valuable when
testing for biological activity. In many other cases, for example in
projects related to biotechnology, ecology, or toxicology, an exact
knowledge of the structure of extract constituents will be sufficient
by itself. Notably, we have demonstrated that the HPLC-SPE-NMR
technique enables structure elucidation of novel and complex natural
products directly from extracts as rigorously as normally achieved
by isolation followed by standard NMR analysis. While there are

ratio can be assumed to be adequate for the remaining compounddimits to the sensitivity of the HPLC-SPE-NMR technique, they
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can be counteracted in part by technology developméatsand
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autosampler, and a diode array detector. A Knauer K100 Wellchrom

in part by studying enriched fractions, rather than crude extracts makeup pump (flow rate 2.0 mL/min) diluted the post-column eluent

as in the present work. Although the HPLC-SPE-NMR analyses

flow with water before peak trapping using a Prospekt Il SPE unit

described in the present work leave the absolute chirality of the (Spark Holland). HySphere GP polymer resin [poly(divinylbenzene)]
compounds undetermined, this can be, if necessary, circumvented>" E cartridges (16 2 mm i.d.) from Spark Holland were used for

by extended hyphenation involving circular dichroista®

Experimental Section

Chemicals. Deuterated solvents (99.8 atom % of deuterium) were

trappings based on UV-absorption thresholds defined at 230 nm. The
SPE device was coupled to a Bruker Avance 600 MHz spectrometer
equipped with a 3QuL (active volume)'H{**C} flow-probe. For

structure determination, a total of eight or 10 trappings were performed
for each chromatographic peak. The cartridges were dried with a stream

obtained from Cambridge Isotope Laboratories. Authentic acteoside of nitrogen for 30 min, and the analytes were eluted with 2Z%f

(1) was originally isolated fromRetzia capensi€ Solvents were

acetonitrileel; or another deuterated solvent at 220 mL/min into the

analytical or HPLC grade and were used as received. Water was purifiedNMR probe for data acquisition. HPLC separations, SPE peak trapping,

by deionization and 0.22m membrane filtration (Millipore).
Plant Material. Secondary roots oflarpagophytum procumbens

and analyte transfer to the NMR spectrometer were controlled by Bruker
HyStar ver. 2.3 software, while NMR acquisition and processing were

(Burch.) DC. ex. Meissn (Pedaliaceae) were collected toward the end Performed using Bruker XwinNMR ver. 3.1 software. The 1D and 2D
of July 2001 from 3-year-old plants in the Gouda region in the Western NMR experiments were performed as previously descrifétLon-
Cape, South Africa. The plant was cultivated under controlled conditions 9gitudinal relaxation timesTg) for 1 in acetonitriled; were determined

for commercial purposes by the Grassroots Natural Products Group Using the inversion recovery method with 16 different relaxation delays
(Gouda). A voucher specimen (BOL110816) was deposited in the Bolus in the range 0.0:+60 s and fitting the data into a three-parameter

Herbarium (Department of Botany, University of Cape Town, South
Africa). Two commercial products ¢i. procumbengcapsules contain-

equation.
HPLC-MS Experiments. The HPLC-MS system used consisted of

ing a powder appearing to be micronized root material) were purchaseda Hewlett-Packard 1100 series chromatograph equipped with a qua-
from drugstores, one in Los Angeles, CA, and the other in Copenhagen, ternary pump, a degasser, a column oven, an autosampler, a diode array

Denmark.

Sample Preparation. Dried and powdered root material (500 g)
was exhaustively extracted with> 1 L of 96% EtOH, each time for

detector operated at 230 and 280 nm, and a single quadrupole mass-
selective detector equipped with an Agilent G 1978A multimode ion
source spray-chamber for simultaneous ESI and APCI, operated at

about 24 h at room temperature. The combined extracts were default settings. Data were collected using the LC/MSD ChemStation

concentrated in vacuo below 4L, and any residual solvent was
removed on a freeze-dryer, yielding 63.0 g (13%) of extract. A similar
procedure was followed for another 500 g of root material using 8

1 L of petroleum ether (PE), to give 3.0 g (0.6%) of nonpolar extract.
The crude extracts were passed throughSPE cartridges (8.% 2.0
cmi.d, 5 g of thesorbent, Varian BondElut) as previously described.
For analysis of the commercial productsthfprocumbensl2 capsules
were emptied to gie 5 g of material from the product purchased in
Denmark ad 8 g of material from that purchased in the U.S. The
material was extracted once with 75 mL of EtOH for 24 h at room
temperature, to yield 88 mg (2%) and 414 mg (5%) of the extract,
respectively. Solutions for the HPLC and HPLC-SPE-NMR analyses
contained 40 mg/mL of the extract in,8—acetonitrile (70:30) and
were centrifuged at 180@dor 5 min to remove any particulate matter.
For the HPLC calibration curve, a solution containing 40 mg/mL of
authentic acteosidell was made up in BED—acetonitrile (70:30) and
diluted with the same solvent to give the following concentrations: 5.0,
4.0, 3.0, 2.5, 1.3, 0.6, 0.3, and 0.15 mg/mL. A solution for testing
trapping and elution efficiency in HPLC-SPE-NMR experiments
contained 5 mg/mL of authentit in H,O—acetonitrile (70:30). A
reference standard for quantitatité NMR spectra contained 1.67 mg/
mL of 1 in acetonitrilees.

HPLC Separations.Optimization of HPLC separations was carried
out at 40°C on a 150x 4.6 mm i.d. Luna Gg(2) Phenomenex column
(3um, 100 A) using a Shimadzu HPLC system configured as previously
describeéP and operated with Shimadzu Class-VP ver. 6.10 software.

The chromatograms were monitored at 230 and 280 nm, and the extracts

were separated using mixtures of@®(A) and acetonitrile (B) at 0.8
mL/min. Typical injection volumes were 2&L for extract solutions
and 10uL for the standard solution df. The linear gradient elution
program for the EtOH extract was as follows: 0 min, 17% B; 35 min,
42% B; 37 min, 90% B; 40 min, 17% B, followed by a 10 min
conditioning period. The following gradient profile was used for the
PE extract: 0 min, 26% B; 5 min, 34% B; 64 min, 100% B; 70 min,
100% B; 73 min, 26% B, and 10 min conditioning. For the HPLC
calibration curve forl, isocratic elution with HO—acetonitrile (70:

software, version B.01.03.
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