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Abstract

From the roots of various Stemona species four new dehydrotocopherols (chromenols) were isolated and their structures and

stereochemistry elucidated by spectroscopic methods. The double bond between C-3 and C-4 proved to be a typical chemical char-

acter of the genus found in most of the species. Various C-methylations of the aromatic ring reflect differences in methyltransferase

activities and agreed with the current species delimitations showing an exclusive accumulation of dehydro-d-tocopherol for the Ste-
mona tuberosa group, whereas different provenances of Stemona curtisii were characterized by dehydro-c-tocopherol accompanied

by small amounts of dehydro-a-tocopherol. From Stemona collinsae all four tocopherols were isolated with a clear preponderance of

dehydro-d-tocopherol accompanied by smaller amounts of the rare dehydro-b-tocopherol. Stemona burkillii and a group of uniden-

tified species showed a weak accumulation trend towards dehydro-a-tocopherol, whereas Stemona cochinchinensis and especially

Stemona kerrii clearly differed by a preponderance of chromanol derivatives. In Stemona cf. pierrei no tocopherols could be detected

at all. Based on TLC tests and microplate assays with the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH�) the antioxidant capac-

ities of all chromenol derivatives were comparable with that of a-tocopherol showing no significant differences among each other,

except for a more rapid kinetic behaviour of the 5,7,8-methylated dehydro-a-tocopherol.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Tocopherols have been found in nearly all photosyn-

thetic organisms (Lichtenthaler, 1968) and constitute the
vitamin E group together with the related tocotrienols,
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esters and derivatives. Structurally they are lipid-soluble

chromanols linked to a prenyl side chain which is either

saturated in the tocopherols or unsaturated in the toco-

trienols. Because of their important role in nutrition and
health (Eitenmiller, 1997; Grusak and DellaPenna,

1999), particularly due to their antioxidant activities as

free radical scavengers (Niki and Noguchi, 2004), a con-

siderable number of publications already exists mainly

focusing on function in biological membranes, isolation

from plant extracts, and synthesis (for review see

Munné-Bosch and Alegre, 2002). Besides the degree of

saturation of their prenyl side chain, various C-
methylations of the aromatic ring also contribute to
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structural variety leading, e.g., to the formation of the

four types a-, b-, c- and d-tocopherol. However, com-

mon to all naturally occurring derivatives isolated so

far was a chromanol basic skeleton. To date, corre-

sponding chromenols are known only as synthetic

products and the NMR data presented are sparse. De-
hydro-a-tocopherol was reported in several papers

(McHale and Green, 1965; Asgill et al., 1978; Omura,

1989; Lei and Atkinson, 2000) from which only the lat-

ter two listed NMR data without assignments. Dehydro-

b-tocopherol was mentioned only once, however, no

spectroscopic data were given at all (Asgill et al.,

1978). In the case of dehydro-c-tocopherol only its

6-methoxy derivative has been described by Stocker
et al. (1994), whereas for dehydro-d-tocopherol no re-

port could be found. Hence, our present finding of

chromenol derivatives in different Stemona species is

the first report on naturally occurring 3,4-dehydrotoco-

pherols. In the present paper we report the isolation and

structure elucidation of the four 3,4-dehydrotocopherols

1–4 by spectroscopic methods.

Whereas the antioxidant activity of tocopherols and
tocotrienols with a chromanol skeleton is well described

in literature (Munné-Bosch and Alegre, 2002), nothing is

known about related chromenols containing an ex-

tended chromophoric system. Thus, we compared the

antioxidant activities of four naturally occurring 3,4-

dehydrotocopherols (1–4) with that of a commercial

a-tocopherol (5) using the free radical 2,2-diphenyl-1-

picrylhydrazyl (DPPH�) as indicator for antiradical
capacity (Kurechi et al., 1980; Brand-Williams et al.,

1995; Matsukawa et al., 1997; Espı́n et al., 2000).
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2. Results and discussion

2.1. Structure elucidation

From the methanolic crude extracts of the air-dried

tuberous roots of various Stemona species we previously
described a series of family-specific alkaloids (Brem

et al., 2002; Kaltenegger et al., 2003) and stilbenoids

(Pacher et al., 2002; Kostecki et al., 2004). In addition,

comparative HPLC–UV analyses exhibited a series of

unpolar compounds with characteristic UV maxima in

MeOH in the regions at 332–338, 268–280 and 232 nm

(Fig. 1). For their isolation and structure elucidation

the more lipophilic column fractions of Stemona collin-

sae Craib, Stemona tuberosa Lour., and Stemona curtisii

Hook.f. were used and eluted with 10–25% EtOAc in

hexane. Preparative MPLC of the combined fractions

afforded a mixture which was further separated by

TLC. The IR spectra of the isolated compounds were

mainly characterized by strong signals at 1461–1463

cm�1 and a typical band at 3616–3626 cm�1 (CCl4),

indicative for a phenolic OH group (see Section 3).
The 1H NMR spectrum of compound 1, isolated

from S. collinsae and S. tuberosa, was characterized by

an olefinic or aromatic AB system at d = 6.24 and 5.59

ppm (J = 9.7 Hz). Additionally, resonances of a D2O

exchangeable phenolic OH at 4.32 ppm (broad s) and

an aromatic methyl group at 2.13 ppm together with a

second aromatic AB system at d = 6.47 and 6.32 ppm

(J = 2.9 Hz, meta coupling) were characteristic substitu-
ents of an aromatic ring system. All other protons were

aliphatic and consisted of a methyl singlet at 1.35 ppm

and a saturated terpenoid side chain characterized by

four methyl dublets, a multiplet at 1.62 ppm (2H), and

a nonett at 1.53 ppm (1H) with two methyl groups

and one methylene group as neighbours. The remaining

aliphatic protons (18H) resonated in the range of 1.0–1.4

ppm. Additionally, the 13C NMR spectrum showed five
quaternary atoms, four of them in the aromatic region

and one also at relatively low field but not aromatic

(78 ppm). The number of quaternary C, CH, CH2,

and CH3 groups (13C NMR) plus one OH (1H NMR)

and a further ether oxygen agreed with a molecular for-

mula of C27H44O2 derived from HREIMS. The parent

peak in the EIMS was at m/z = 175 after loss of the

C16 side chain. All these data for compound 1 were in
favour of a 3,4-dehydro-d-tocopherol with a maximally

conjugated aromatic chromene system. A thorough 2D

NMR analysis (H/H COSY, NOESY, HMQC, and

HMBC) confirmed this structure. NOESY contacts

proved the aromatic substitution pattern and HMBC

long range connectivities allowed a complete assignment

of all 13C resonances (see Section 3).

However, two points of importance have still to be
discussed: the first was a contamination with the corre-

sponding chromanol which could not be removed chro-
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Fig. 1. HPLC comparison of the unpolar region of the crude extracts of S. tuberosa (HG 851), S. curtisii (HG 917), and S. collinsae (HG 840)

showing the different dehydrotocopherol compositions and characteristic UV spectra of the derivatives 1–4 (see Section 3). UV diode array detection

at 230 nm.
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matographically, whereas the second point concerns the

stereochemistry. In compound 1, only traces of contam-

ination with the known d-tocopherol could be detected.
However, the saturated second ring in the structure was

unambiguously indicated by the two methylene groups

of the chromanol system. They showed characteristic

resonances for a broad t at d = 2.68 ppm for 4-H2 and

a multiplet for two slightly separated diastereotopic pro-

tons centered at 1.73 ppm for 3-H2. According to the

integrations in the 1H NMR spectrum, compound 1

from S. collinsae was contaminated with 4%, and in case
of S. tuberosa with only 1% d-tocopherol. With respect

to the stereochemistry of 1, it turned out that a diaster-

eomeric mixture of a ratio �60:40% has been isolated.
This was surprising with respect to the proposed biosyn-

thetic route of c-tocopherol to only one diastereomeric

form catalyzed by tocopherol cyclase (Stocker et al.,
1994). However, the diastereomeric mixture of dehy-

dro-d-tocopherol (1) was indicated unambiguously by

the analysis of several twin signals in the 13C NMR spec-

trum in CDCl3, showing diastereomeric shift differences

up to 0.05 ppm (Fig. 2). The experimental D(d) ppm val-

ues were for C-3 = �0.02, C-1 0 = +0.04, C-2 0 = +0.01,

and 4 0-CH3 = +0.05. The signs were determined by sub-

tracting the shift values of the minor diastereomer from
the dominating one (Table 1). Since the systematic

measurements of Brownstein et al. (1989) for the diaster-

eomeric a-tocopherols were performed in acetone-d6 we



Fig. 2. 13C NMR spectrum of dehydro-d-tocopherol (1) in CDCl3. The regions at 131.1 (C-3), 41.0 (C-10), 21.3 (C-20), and 19.7 ppm (8 0-Me and 4 0-

Me) are shown in details as inserts. The larger peaks of the split signals for C-3, C-1 0, C-2 0, and 4 0-Me correspond to the (S,R,R) diastereomer, the

smaller ones to (R,R,R).
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also measured the 13C NMR spectrum of 1 in this sol-

vent, which gave the following diastereomeric shift dif-

ferences: C-3 = �0.03, C-1 0 = +0.05, C-2 0 = +0.04, and

4 0-CH3 = +0.04 (see Section 3). Careful comparison of

our 13C NMR shift data with those of Brownstein

et al. (1989) revealed that our data could be easily inter-
Table 1
13C NMR data of dehydrotocopherols 1–4 (CDCl3, d/ppm)

1 (d)
S,R,R/R,R,R = 60/40%

2 (b)
R,R,R/S,R,R = 90/10%

2 77.97 s 76.76 s

3 131.09/131.11 d 130.87/130.85 d

4 122.68 d 120.00 d

4a 121.46 s 120.29 s

5 110.21 d 116.74 s

6 148.47 s 146.55 s

7 116.97 d 116.67 d

8 126.42 s 123.42 s

8a 144.95 s 144.99 s

2-Me 25.75 q 25.34 q

5-Me 10.52 q

7-Me

8-Me 15.47 q 15.31 q

1 0 41.00/40.96 t 40.61/40.65 t

2 0 21.29/21.28 t 21.31/21.32 t

3 0, 50, 70, 9 0a 37.42, 37.34, 37.33, 37.27 t 37.43, 37.43, 37.33, 37.2

4 0 32.67 d 32.69 d

6 0 24.43 t 24.46 t

8 0 32.79 d 32.79 d

10 0 24.78 t 24.79 t

11 0 39.37 t 39.37 t

12 0 27.97 d 27.98 d

4 0-Me 19.67/19.62 q 19.64/19.68 q

8 0-Me 19.74 q 19.74 q

12 0-Me 22.71 q 22.71 q

13 0 22.62 q 22.62 q

a Interchangeable, possibly with overlapping diastereomeric splitting.
preted by assuming a diastereomeric mixture of �60%

(S,R,R) configuration with �40% of the (R,R,R) diaster-

eomer under the reasonable assumption that the diaster-

eomeric shift differences D(d) ppm of the side chain

carbon atoms should not be significantly influenced by

the different aromatic systems. The fact that all three
3 (c)
S,R,R/R,R,R = 60/40%

4 (a)
R,R,R

77.82 s 76.72 s

130.25/130.27 d 130.11 d

122.61 d 120.06 d

118.90 s 116.06 s

109.76 d 117.78 s

146.84 s 145.24 s

123.45 s 122.31 s

125.24 s 122.89 s

144.74 s 144.64 s

25.66 q 25.25 q

10.84 q

12.08 q 12.41 q

11.65 q 11.59 q

40.95/40.91 t 40.55 t

21.33/21.31 t 21.33 t

8 t 37.45, 37.43, 37.35, 37.26 t 37.48, 37.43, 37.34, 37.28 t

32.68 d 32.70 d

24.44 t 24.46 t

32.79 d 32.80 d

24.79 d 24.79 t

39.37 t 39.37 t

27.98 d 27.98 d

19.68/19.65 q 19.64 q

19.74 q 19.74 q

22.71 q 22.71 q

22.62 q 22.62 q
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usable resonance pairs gave the same result confirmed

this assumption. The corresponding diastereomeric

shifts calculated from the 13C shift values of Brownstein

et al. (1989) for the natural (R,R,R) form by subtraction

of the shift values for the C-2 diastereomer (S,R,R)

[D = dRRR � dSRR] were for C-1 0 = �0.08, C-
2 0 = �0.03, and 4 0-CH3 = �0.04; the value for C-3 is

not comparable with the chromene system of 1. The

absolute values agreed well, however all signs were re-

versed. This means that in the diastereomeric mixture

of 1 the component with the unexpected (S,R,R) config-

uration predominated. In the 1H NMR spectrum the

diastereomeric mixture was indicated only by the reso-

nance of the 4 0-CH3 dublett, which could not be ana-
lyzed quantitatively due to the overlapping 8 0-CH3

resonance (see Section 3). Nevertheless, it is rather inter-

esting that the 4 0-methyl group which is relatively far

from C-2 showed a diastereomeric splitting in both the
1H and 13C NMR spectra. This was in agreement with

Newman�s ‘‘Rule of Six’’ which was discussed in detail

in the paper of Brownstein et al. (1989) for the 13C

NMR data of diastereomeric a-tocopherols. The optical
rotation of the diastereomeric mixture was

½a�25D ¼ þ11�ð½a�25436 ¼ þ14�Þ. Compared to the tocoph-

erol series the value for the dehydro derivative was sig-

nificantly larger. Due to the simple benzene

chromophor at some distance from the chiral centers,

the optical rotations of the tocopherols are generally

very small with ½a�25546 between +0.32 and +3.4 in ethanol

(compare Baxter et al., 1943, and Stern et al., 1947 for
the natural R,R,R series and Schudel et al., 1963 for

the 2S diastereomer, S,R,R).

Compound 2, isolated from S. collinsae, differed from

1 by a further methyl group leaving only one proton in

the benzene ring. NOESY proved the substitution pat-

tern of a 3,4-dehydro-b-tocopherol, all 13C NMR

assignments were again confirmed by HMBC and the

structure was also compatible with EIMS and HREIMS
(see Section 3). In analogy to 1, 1H NMR analysis

showed that an impurity of ca. 10% of the correspond-

ing b-tocopherol was present (4-H2 d = 2.60 ppm, 3-H2

d � 1.79 ppm). Checking for diastereomeric twin peaks

in the 13C NMR spectrum revealed that in the case of

2 one diastereomer was highly dominant, the diastereo-

meric contamination of 610% appeared only as rather

small satellites. The optical rotation of product 2 was
½a�25D ¼ �21ð½a�25546 ¼ �26�Þ, and after correction for

10% b-tocopherol a value of ½a�25546 ¼ �29� could be cal-

culated for pure 2. The diastereomeric mixture of 2 with

a ratio 90:10% was rather interesting in comparison to 1.

In the case of 2, the diastereomeric shift differences in

CDCl3 were for C-3 = +0.02, C-1 0 = �0.04, C-

2 0 = �0.01, and 4 0-CH3 = �0.04. This was consistently

opposite to the values for 1 clearly indicating the high
preponderance of the common (R,R,R) absolute config-

uration for 2.
1H NMR and MS analysis of 3, isolated from S. curt-

isii, showed that it consisted of 99% 3,4-dehydro-c-
tocopherol with contaminations of ca. 1% c-tocopherol
(4-H2 d = 2.67 ppm, 3-H2 1.74 ppm). The structure of

the highly dominating 3,4-dehydro-c-tocopherol (3) fol-
lowed from comparison of the 1H and 13C NMR spectra
with the spectra of 1 and 2 together with the mass spec-

tral data (EIMS, HREIMS, see Section 3). The intensi-

ties of the 13C NMR twin resonances for carbon atoms

3, 1 0, 2 0, and 4 0-Me indicated a diastereomeric composi-

tion of ca. 60:40% for the (S,R,R) and the (R,R,R) form

(Table 1). The optical rotations for product 3 were

½a�25D ¼ þ11� and ½a�25546 ¼ þ13�. The diastereomeric

composition and the optical rotation values of dehy-
dro-c-tocopherol (3) matched exactly the results ob-

tained for dehydro-d-tocopherol (1). From S. collinsae

3 was isolated as a mixture with ca. 10% c-tocopherol
and ca. 10% of the isomeric 3,4-dehydro-b-tocopherol
(2).

In the 1H NMR spectrum of compound 4 from S. col-

linsae three aromatic methyl resonances were observed

for the main component of 80% purity. A comparison
of all 1H and 13C NMR as well as MS data with those

of Lei and Atkinson (2000) proved that 4 was 3,4-dehy-

dro-a-tocopherol accompanied with 20% of the corre-

sponding a-tocopherol (4-H2 d = 2.60 ppm, 3-H2 1.78

ppm). In contrast to the dehydrotocopherols 1–3 com-

pound 4 proved to be diastereomerically pure, since no

diastereomeric satellites appeared in the 13C NMR spec-

trum. Comparison of the 13C NMR shift values for C-2 0

(21.33 ppm) and 4 0-Me (19.64) with the corresponding

data of the (R,R,R) forms of 2 and 3 (Table 1) indicated

that in the case of dehydro-a-tocopherol (4) only the

usual (R,R,R) absolute configuration was present. The

optical rotations were ½a�25D ¼ �18�; ð½a�25546 ¼ �22�Þ, and
after correction for 20% a-tocopherol a value of

½a�25546 ¼ �28� may be calculated for pure compound 4.

Several properties were influenced by the steric inter-
action of the methyl group at position 5 with the neigh-

bouring olefinic/aromatic proton 4-H. This interaction

seems to lead to different conformations of the second

(pyrane) ring of the chromene systems of 1–4. The

change of conformation in compounds 2 and 4 with a

5-CH3 group, compared to compounds 1 and 3 with a

less space-consuming 5-H was clearly reflected in the

UV spectra of compounds 2 and 4 compared to 1 and
3, showing small, but significant differences (see Fig. 1

and Section 3). The same was true for the NMR reso-

nances, e.g., for the 1H chemical shifts of 4-H: 6.53

and 6.52 ppm for 2 and 4, but 6.24 and 6.22 for 1 and

3, indicating a slightly different position relative to the

benzene ring. A further striking difference between 2

and 4 compared to 1 and 3 was the chiroptical behav-

iour. The ½a�25546 values (corrected) were �29� and �28�
for 2 and 4, and +14� and +13� for 1 and 3, respectively.

However, it should be noted that (R,R,R)-2 and -4 were
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only slightly contaminated with the (S,R,R) diastereo-

mer or even diastereomerically pure, and the isolated

products 1 and 3 were present in mixtures

(S,R,R):(R,R,R) of ca. 60:40% with a preponderance

of the (S,R,R) diastereomer.

2.2. Accumulation trends and distribution

Due to their extended conjugated system chromenols

could easily be distinguished from the corresponding

chromanol derivatives in the more lipophilic column

fractions by their characteristic UV spectra (Fig. 1).

Based on our current comparative HPLC–UV-analyses

within the family Stemonaceae (Pacher et al., 2002;
Brem et al., 2002; Kaltenegger et al., 2003) it became evi-

dent that the formation of dehydrotocopherols is typical

for many Stemona species, where it predominates in the

tuberous roots mostly accompanied by smaller amounts

of corresponding saturated tocopherols. However, be-

cause of very similar UV spectra and retention times

of some derivatives their distribution in 20 geographical

provenances from about 10 different Stemona species
could not be sufficiently determined in the HPLC pro-

files on its own. An overview about the distribution

and various accumulation trends of all derivatives could

only be achieved by the combination of HPLC with

comparative GC–MS and TLC analyses. Since all com-
Table 2

Accumulation trends of dehydrotocopherols (chromenols 1–4) in the underg

Stemona species Provenances

S. curtisii (HG 899) S-Thailand, Pacho

(HG 917) S-Thailand, Narathiwat

(HG 911) S-Thailand, Krabi

(HG 865) S-Thailand, Satun

(HG 920) S-Thailand, Chumphon

S. burkillii (HG 887) N-Thailand, Chiang Mai

S. tuberosa (HG 851) SO-Thailand, Rayong

(HG 890) N-Thailand, Chiang Mai

(HG 879) Vietnam, Hanoi

(HG 918) Indonesia, Bali

(HG 919) Bangkok, local market

S. cochinchinensis (HG 884) NE-Thailand, Nong Khai

S. collinsae (HG 840) SE-Thailand, Chon Buri

S. undet. species (HG 915) NE-Thailand, Udon Thani

(HG 896) E-Thailand, N. Ratchasima

(HG 893) N-Thailand, Sukhothai

(HG 913) W-Thailand, Kanchanaburi

S. kerrii (HG 889) N-Thailand, Chiang Mai

(HG 892) NW-Thailand, Tak

S. cf. pierrei (HG 910) E-Thailand, Sri Saket

a The symbols represent an estimate of the relative abundance on the basis

ion concentration (TIC) and single ion traces from the GC–MS obtained f

hexane). �, major quantity (>10 mg/g extract); �, minor quantity (P2 mg/g e
pounds isolated by preparative MPLC and TLC repre-

sented mixtures of chromenols with different amounts

of corresponding chromanols, their quantitative compo-

sition was ascertained by calculation using NMR data

(compare footnotes in Table 3).

Based on NMR data of the isolated compounds and
comparative GC–MS analyses of crude extracts and

lipophilic column fractions various accumulation trends

were observed towards distinct methylations of the aro-

matic ring representing chemical markers for the differ-

ent species. As shown in Table 2, they were largely in

line with the presently accepted species delimitations

(Duyfjes, 1993; Tsi and Duyfjes, 2000). However, all

chromenol derivatives detected in the present investiga-
tion were shown to be overlapped mostly by smaller

amounts of corresponding chromanols. By contrast,

the two different provenances of Stemona kerrii Craib

clearly differed due to the preponderance of the chrom-

anol derivatives d- and especially c-tocopherol, accom-

panied only by traces of the corresponding

dehydrotocopherols 1 and 3. Similarly, Stemona coch-

inchinensis Gagnep. was also characterized by the dom-
inating chromanol c-tocopherol together with only

smaller amounts of the corresponding chromenol deriv-

ative 3. Stemona cf. pierrei Gagnep. appeared to be tax-

onomically more separated (Kostecki et al., 2004),

because no tocopherols could be detected at all (Table
round parts of various Stemona species and provenancesa

Chromenol derivatives

1 2 3 4

� +

+ � +

+ � +

+ � +

� +

+

�
�
�
�
�

�

� � + +

+ + �
+ �

�
+ + �

Mainly chromanol derivatives accumulated

No tocopherols detected

of preparative analyses (S. curtisii, S. tuberosa, S. collinsae) and/or total

rom crude extracts or lipophilic column fractions (10–25% EtOAc in

xtract); +, small quantity (<2 mg/g extract).



Table 3

Scavenging activities of dehydrotocopherols 1–4, compared with a-
tocopherol (5) on DPPH� radicalsa

Compounds EC50 (95% FLb)

(lM)

EC50 (95% FLb)

(ppm)

Dehydro-d-tocopherol (1)c 25 (21.5–29.0) 10 (8.6–11.6)

Dehydro-b-tocopherol (2)d 25 (21.2–28.2) 10 (8.8–11.7)

Dehydro-c-tocopherol (3)e 21 (14.5–29.2) 9 (6.1–12.1)

Dehydro-a-tocopherol (4)f 22 (15.9–30.8) 9 (6.8–13.2)

a-Tocopherol (5) 20 (17.6–22.8) 9 (7.6–9.8)

a An ethanolic DPPH� solution with a final concentration of 100

lM was mixed with different concentrations of tocopherols and the

absorbance change at 550 nm was measured in a time course with an

ELISA-reader. Inhibition of coloration was expressed as percentage,

and EC50 values were obtained from inhibition curves after 90 min

reaction time.
b Fiducial limits.
c Contaminated with 4% d-tocopherol.
d 10% b-tocopherol.
e 1% c-tocopherol.
f 20% a-tocopherol.
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2). A clear accumulation trend towards dehydro-c-
tocopherol (3) was found in all five provenances of S.

curtisii Hook.f. collected in S-Thailand, accompanied

by small amounts of dehydro-a-tocopherol (4) and

traces of dehydro-d-tocopherol (1). However, the total

amounts significantly differed between the provenances.
On the other hand, the five representatives of the S.

tuberosa group, most likely comprising four different

subspecies or varieties on the basis of floral and chemical

characters, were uniformly characterized by the sole

occurrence of great amounts of dehydro-d-tocopherol
(1) containing only 1% of d-tocopherol. Compound 1

was also dominating in S. collinsae, but was accompa-

nied here by minor quantities of the rare dehydro-b-
tocopherol (2) and small amounts of 3 and 4. In

Stemona burkillii D.Prain from the mountains of N-

Thailand and the group of unidentified species HG

915, HG 896, HG 893, and HG 913 a weak but consist-

ent accumulation trend towards dehydro-a-tocopherol
(4) could be detected. Morphological and chemical char-

acters of the latter group suggest the presence of at least

three different species from which the characteristic
alkaloid profile of HG 915 has already been published

recently (Kaltenegger et al., 2003). HG 896 could be

clearly distinguished as a separate species by different

floral characters, whereas HG 893 and HG 913 probably

belong to one species only.

Since different plant tissues were known to vary enor-

mously in their total tocopherol content (Grusak and

DellaPenna, 1999), more detailed investigations were
carried out in Stemona species to detect the place of

accumulation. In S. tuberosa higher amounts of toco-

pherols were only found in the underground parts where

they were exclusively accumulated in the outer layers of

the root bark. In S. collinsae they were shown to be re-

stricted to the older roots characterised by a brownish

outer root bark, whereas in the young white tubers no

tocopherols could be detected.
With respect to their biosynthetic origin tocopherols

can be regarded as products of two different pathways

involving homogentisinic acid and phytyl diphosphate

(Stocker et al., 1993, 1994; Lichtenthaler, 1999; Grusak

and DellaPenna, 1999; Munné-Bosch and Alegre, 2002).

Whereas the aromatic methyl group at C-8 of d-tocoph-
erol can be directly derived from homogentisinic acid by

decarboxylation, the additional methylations leading to
c-, b-, and a-tocopherols were inserted by specific meth-

yltransferases. Based on the properties of the two meth-

yltransferases involved in tocopherol synthesis the

different patterns, shown in Table 2, apparently reflect

different methyltransferase activities especially of the

one that converts the 2-methyl-6-phytyl-1,4-benzoqui-

none to the respective dimethyl derivative. This enzy-

matic activity effects the accumulation of c types
whereas a lack results in the formation of d types. By

contrast, the conversion of d to b or c to a types requires
the activity of the tocopherol methyltransferase which

has low but significant activity in certain Stemona spe-

cies and appears to display a selectivity for the

(R,R,R) forms. Regarding the co-occurrence of all

tocopherol types with the corresponding dehydro deriv-

atives, the formation of the characteristic double bond
between C-3 and C-4 apparently respresents a later bio-

synthetic step.

2.3. Antioxidant activity

In a preliminary screening thin-layer chromatogra-

phy experiments were performed to test antiradical

activity of dehydrotocopherols 1–4. After staining the
TLC-plates with 0.4 mM DPPH� in methanol, all sam-

ples showed clear inhibition zones at quantities of 10

lg comparable with that of a-tocopherol (5) (data not

shown). To get more detailed information about the dif-

ferent antiradical capacities, kinetic assays were

performed in microplates to record spectrophotometri-

cally the varying decrease of absorbance of DPPH� at

550 nm, and a-tocopherol (5) served as positive control.
The results listed in Table 3 confirmed the radical scav-

enger activities of dehydrotocopherols 1–4, already indi-

cated by TLC experiments, and showed only slight

differences among each other. Comparing the values of

the tocopherol 5 with the corresponding dehydro deriv-

ative 4 it can be concluded that the insertion of a double

bond between the C-3 and C-4 position has no signifi-

cant influence on the antioxidative capacity. In terms
of reaction kinetics the position of the methyl groups

in the aromatic ring plays a crucial role in the hydrogen

donating ability. Yen and Duh (1994) postulated that

the more rapidly the absorbance decreased, the more po-

tent were the antioxidant activity of the sample. In case
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of the tocopherols, compounds 4 and 5, with three aro-

matic methyl groups, showed a very rapid kinetic behav-

iour, whereas 1–3 exhibited only a slow decrease in

absorbance. Even at a measurement immediately after

preparing the plate, 4 and 5 already showed EC50 values

of 15 and 13 ppm, and after 5 min the plateau was nearly
reached with 10 and 9 ppm, respectively. In contrast,

immediate measurements of 1–3 resulted in significantly

higher EC50 values of 50, 51 and 36 ppm and even after

5 min the scavenging activity was still less pronounced

with 18, 16 and 19 ppm. All 5 tocopherols reached a pla-

teau after 90 min. In conclusion, the optimal configura-

tion for a highly efficient activity in vitro was, in

accordance to the corresponding chromanols (Kamal-
Eldin and Appelqvist, 1996), the concomitant

methylation of the C-5 and C-7 position in dehydro-a-
tocopherol (4).
3. Experimental

3.1. General

NMR: Bruker DRX400 WB (CDCl3
1H d 7.26; 13C d

77.0; acetone-d6
1H d 2.05, 13C d 29.84). MS: Finnigan

MAT 900 S. IR: Perkin–Elmer 16PC FT-IR. HPLC:

Hewlett–Packard 1090 Series II, UV diode array detec-

tion at 230 nm, column 150 (4.6 mm, Phenomenex Syn-

ergi Polar-RP80A), 4 lm, mobile phase acetonitrile

(gradient 20–60%) in aqueous buffer (0.015 M o-phos-
phoric acid, 0.0015 M tetrabutylammonium hydroxide,

pH 3), flow rate 1 ml/min. GC–MS: Perkin–Elmer GC

Autosystem XL linked to a Turbomass quadrupole MS.

3.2. Plant material

Twenty different provenances representing S. curtisii

(HG 865, HG 899, HG 911, HG 917, HG 920), S. burk-
illii (HG 887), S. tuberosa (HG 851, HG 879, HG 890,

HG 918, HG 919), S. cochinchinensis (HG 884), S. col-

linsae (HG 840), S. kerrii (HG 889; HG 892), and S.

cf. pierrei (HG 910) as well as the unidentified species

HG 893, HG 896, HG 913, HG 915 were collected from

Indonesia, Vietnam, and various localities in Thailand

(Table 2). Voucher specimens were deposited at the Her-

barium of the Institute of Botany, University of Vienna
(WU).

3.3. Extraction and isolation

Underground parts (including roots and rhizomes)

from Stemona collinsae (HG 840), S. tuberosa (HG

851), and S. curtisii (HG 917) were dried for 3–4 weeks

and ground separately. The homogenates were extracted
with MeOH at room temp. for 5 days, filtered and conc.

The aqueous residues were extracted with CHCl3, and
the concentrated CHCl3 fractions were used as lipophilic

crude extracts for comparative HPLC and GC–MS

analyses. From S. collinsae 4.7 g extract obtained from

ca. 600 g dried underground parts were roughly sepa-

rated by CC (Merck Si gel 60, 35–70 mesh). The lipophi-

lic fractions eluted with 10–25% EtOAc in hexane (800
mg) were further separated by preparative MPLC (400

x 40 mm column, Merck LiChroprep silica 60, 25–40

lm, UV detection, 254 nm) with 5–10% EtOAc in hex-

ane to give four fractions corresponding to compounds

1–4 with high impurity (I–IV): fr I = 5 mg, fr II = 20

mg, fr III = 7 mg, fr IV = 60 mg. Final purification of

each by prep. TLC (toluene-Et2O = 97:3) afforded 1.5

mg of 4, 5 mg of 2, 2 mg of 3, and 33 mg of 1. From
180 g underground parts of S. tuberosa corresponding

isolation procedures led to 14 mg 1, and from 160 g

underground parts of S. curtisii to 0.5 mg 4 and 5 mg 3.

3.4. 3,4-Dehydro-d-tocopherol. 6-Hydroxy-2,8-dimethyl-

2-(4,8,12-trimethyldecyl)-2H-chromen (1)

Diastereomeric mixture (S,R,R):(R,R,R) ca. 60:40%
(plus a contamination of ca. 4% d-tocopherol).
½a�25D ¼ þ11�; ½a�25546 ¼ þ14�; ½a�25436 ¼ þ27� (EtOH,

c = 1.0). UV kMeOH 334, 274 sh, 264, 232 nm. IR mCCl4

cm�1 3616 m, 2954 s, 2925 s, 2867 m, 1464 s, 1378 m,

1366 w, 1316 m, 1239 m, 1182 m, 1147 w, 1130 w, 996

w, 927 w, 860 w. 1H NMR (CDCl3) d = 6.47 (d, 1H,

J = 2.9 Hz, 7-H), 6.32 (d, 1H, J = 2.9 Hz, 5-H), 6.24

(d, 1H, J = 9.7 Hz, 4-H), 5.59 (d, 1H, J = 9.7 Hz, 3-
H), 4.32 (br.s, 1H, OH), 2.13 (s, 3H, 8-CH3), 1.62

(m, 2H, 1 0-H2), 1.53 (nonett, 1H, J = 6.6 Hz, 12 0-H),

1.35 (s, 3H, 2-CH3), 1.0–1.4 (m, 18H, 2 0-11 0-H2 or -

H), 0.87 (d, 6H, J = 6.6 Hz, 12 0-CH3 and 13 0-H3),

0.839 (d, 3H, J = 6.6 Hz, 8 0-CH3), 0.839/0.833 (d, total

3H, J = 6.6 Hz, 4 0-CH3).
13C NMR (CDCl3), see Table

1. NOESY: chain of contacts 8-CH3 M 7-H M 6-

OH M 5-H M 4-H M 3-H. HMBC: C-2 ! 3-H, 4-H,
2-CH3; C-3 ! 2-CH3; C-4a ! 3-H, 4-H; C-5 ! 4-H,

7-H, OH; C-6 ! OH; C-7 ! 5-H, OH, 8-CH3; C-

8 ! 8-CH3; C-8a ! 4-H, 8-CH3; 8-CH3 ! 7-H. 1H

NMR (acetone-d6) d = 7.61 (br.s, 1H, OH), 6.49 (d,

1H, J = 2.8 Hz, 7-H), 6.36 (d, 1H, J = 2.8 Hz, 5-H),

6.30 (d, 1H, J = 9.8 Hz, 4-H), 5.66 (d, 1H, J = 9.8

Hz, 3-H), 2.08 (s, 3H, 8-CH3), 1.64 (m, 2H, 1 0-H2),

1.54 (nonett, 1H, J = 6.6 Hz, 12 0-H), 1.33 (s, 3H, 2-
CH3), 1.1-1.5 (m, 18H, 2 0-11 0-H2 or -H), 0.87 (d, 6H,

J = 6.6 Hz, 12 0- and 13 0-CH3), 0.858 (d, 3H, J = 6.6

Hz, 8 0-CH3), 0.858/0.852 (d, total 3H, J = 6.6 Hz, 4 0-

CH3).
13C NMR (acetone-d6, diastereomers ca. 60/

40%) d = 151.40 (s, C-6), 144.82 (s, C-8a), 131.58/

131.61 (d, C-3), 126.36 (s, C-8), 123.84 (d, C-4),

122.30 (s, C-4a), 117.81 (d, C-7), 111.66 (s, C-5),

78.46/78.45 (s, C-2), 41.68/41.63 (t, C-1 0), 40.11 (t, C-
11 0); 38.14, 38.13, 38.09, 38.07, 38.03, and 38.00 (C-

3 0, -5 0, 7 0, and 9 0, with overlapping diastereomeric
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splitting); 33.51 (d, C-8 0), 33.41 (d, C-4 0), 28.68 (d, C-

12 0), 26.12/26.09 (q, 2-CH3), 25.51 (t, C-10 0), 25.10/

25.11 (t, C-6 0), 23.00 (q, 12 0-CH3), 22.91 (q, C-13 0),

22.06/22.02 (t, C-2 0), 20.10 (q, 8 0-CH3), 20.08/20.04 (q,

4 0-CH3), 15.65 (q, 8-CH3). EIMS (70 eV) m/z 400

(7%, M+), 385 (5, M+ � CH3), 175 (100, M+ � side
chain ” C11H11O2), 57 (9). HR-EIMS m/z 400.3346

(calcd for C27H44O2 400.3341).

3.5. 3,4-Dehydro-b-tocopherol. 6-Hydroxy-2,5,8-tri-

methyl-2-(4,8,12-trimethyldecyl)-2H-chromen (2)

Diastereomeric mixture (R,R,R):(S,R,R) ca. 90:10

(plus ca. 10% b-tocopherol). ½a�25D ¼ �21�; ½a�25546 ¼ �26�;
½a�25436 ¼ �59�; and ½a�25546 (corr. for pure diastereomeric

mixture 2) = �29�, (Et OH, c = 0.2). UV kMeOH 338,

280, 270, 232 nm. IR mCCl4 cm�1 3619 m, 2955 s, 2928

s, 2870 m, 1463 s, 1418 w, 1377 m, 1286 m, 1240 m,

1139 w, 1122 w, 1073 w, 1057 m, 983 w, 922 w, 872 w.
1H NMR (CDCl3) d = 6.46 (s, 1H, 7-H), 6.53 (d, 1H,

J = 10.1 Hz, 4-H), 5.64 (d, 1H, J = 10.1 Hz, 3-H), 4.20

(br.s, 1H, OH), 2.16 (s, 3H, 5-CH3), 2.11 (s, 3H, 8-
CH3), 1.61 (m, 2H, 1 0-H2), 1.52 (nonett, 1H, J = 6.6

Hz, 12 0-H), 1.33 (s, 3H, 2-CH3), 1.0-1.45 (m, 18H, 2 0-

11 0-H2 or -H), 0.87 (d, 6H, J = 6.6 Hz, 12 0-CH3 and

13 0-H3), 0.84 (2 · d, 6H, J = 6.6 Hz, 4 0- and 8 0-CH3).
13C NMR (CDCl3), see Table 1. NOESY: 8-CH3 M 7-

H M 6-OH; 5-CH3 M 4-H M 3-H. HMBC: C-2 ! 3-H,

4-H, 2-CH3; C-3 ! 2-CH3; C-4a ! 3-H, 4-H;

C-5 ! 4-H, 7-H, OH, 5-CH3; C-6 ! OH; C-7 ! OH,
8-CH3; C-8 ! 8-CH3; C-8a ! 4-H, 8-CH3; 8-

CH3 ! 7-H. EIMS (70 eV) m/z 414 (7%, M+), 399 (4,

M+ � CH3) 189 (100, M+ � side chain ” C12H13O2),

149 (23), 57 (10). HR-EIMS m/z 414.3501 (calcd for

C28H46O2 414.3498).

3.6. 3,4-Dehydro-c-tocopherol. 6-Hydroxy-2,7,8-tri-

methyl-2-(4,8,12-trimethyldecyl)-2H-chromen (3)

Diastereomeric mixture (S,R,R):(R,R,R) ca. 60:40%

(plus a contamination of 1% c-tocopherol). ½a�25D ¼ þ11�;
½a�25546 ¼ þ13�; ½a�25436 ¼ þ25� (EtOH, c = 0.2). UV kMeOH

332, 278 sh, 268, 232 nm. IR mCCl4 cm�1 3619 m, 2953 s,

2927 s, 2868 m, 1463 s, 1428 m, 1377 m, 1314 w, 1238 m,

1220 m, 1158 w, 1103 w, 1080 s, 927 w, 876 w. 1H NMR

(CDCl3) d = 6.31 (s, 1H, 5-H), 6.22 (d, 1H, J = 9.8 Hz, 4-
H), 5.54 (d, 1H, J = 9.8 Hz, 3-H), 4.22 (br.s, 1H, OH),

2.14 (s, 3H, 7-CH3), 2.12 (s, 3H, 8-CH3), 1.61 (m, 2H,

1 0-H2), 1.52 (nonett, 1H, J = 6.6 Hz, 12 0-H), 1.34 (s,

3H, 2-CH3), 1.0-1.4 (m, 18H, 2 0-11 0-H2 or -H), 0.86 (d,

6H, J = 6.6 Hz, 12 0-CH3 and 13 0-H3), 0.83 (2 · d, 6H,

J = 6.6 Hz, 4 0- and 8 0-CH3).
13C NMR (CDCl3), see Ta-

ble 1. EIMS (70 eV) m/z 414 (7%, M+), 399 (4,

M+ � CH3) 189 (100, M+ � side chain ” C12H13O2),
151 (7), 57 (12). HREIMS m/z 414.3500 (calcd for

C28H46O2 414.3498).
3.7. 3,4-Dehydro-a-tocopherol. 6-Hydroxy-2,5,7,8-tetra-

methyl-2-(4,8,12-trimethyldecyl)-2H-chromen (4)

Diastereomerically pure (R,R,R) product, with a con-

tamination of ca. 20% a-tocopherol. ½a�25D ¼ �18�;
½a�25546 ¼ �22�; ½a�25436 ¼ �56�; and ½a�25546 (corr. for pure
compound 4) = �28�, (MeOH, c = 0.1). UV kMeOH

332, 282, 272, 232 nm. IR mCCl4 cm�1 3626 m, 2952 s,

2925 s, 2867 m, 1461 s, 1419 w, 1377 m, 1339 w, 1266

m, 1212 m, 1169 w, 1113 w, 1086 m, 1060 w, 924 w,

866 w. 1H NMR (CDCl3) d = 6.52 (d, 1H, J = 10.1 Hz,

4-H), 5.61 (d, 1H, J = 10.1 Hz, 3-H), 4.18 (br.s, 1H,

OH), 2.18 (s, 3H, 5-CH3), 2.15 (s, 3H, 7-CH3), 2.11 (s,

3H, 8-CH3), 1.60 (m, 2H, 1 0-H2), 1.52 (nonett, 1H,
J = 6.6 Hz, 12 0-H), 1.33 (s, 3H, 2-CH3), 1.0-1.4 (m,

18H, 2 0-11 0-H2 or -H), 0.87 (d, 6H, J = 6.6 Hz, 12 0-

CH3 and 13 0-H3), 0.84 (2d, 6H, J = 6.6 Hz, 4 0- and 8 0-

CH3).
13C NMR (CDCl3), see Table 1. EIMS (70 eV)

m/z 428 (10%, M+), 413 (5, M+ � CH3), 203 (100,

M+ � side chain ” C13H15O2), 165 (10), 57 (6).

HREIMS m/z 428.3651 (calcd for C29H48O2 428.3654).

3.8. Comparative GC–MS-analyses

Crude extracts or lipophilic column fractions were sil-

ylated with BSTFA–TMCS (99:1) in pyridine at ambient

temperature (concentration range 1–5 lg/ml). Injection

was performed in the splitless mode (0.5 ll, injector tem-

perature 250 �C). The used columns were a PE-5ms (20

m, 0.18 mm diameter, 0.18 lm film) and PE-1704 (15 m,
0.25 mm diameter, 0.25 lm film). The carrier helium was

kept at a constant flow rate of 1 ml/min. The ion source

was thermostated to 180 �C and the transfer line to 250

�C. EI spectra were recorded from 30 to 600 amu at an

electron energy of 70 eV and a filament emission of 200

lA. The temperature gradient of the oven started at 75

�C and rose with 5 �C/min to 300 �C. Tocopherols and
dehydrotocopherols were identified by comparing single
ion traces (m/z = 502 for a-tocopherol, m/z = 488 for b-
tocopherol and c-tocopherol, m/z = 474 for d-tocoph-
erol, m/z = 275 for dehydro-a-tocopherol, m/z = 261

for dehydro-b-tocopherol and dehydro-c-tocopherol,
and m/z = 247 for dehydro-d-tocopherol). The symbols

in Table 2 represent an estimate of the relative abun-

dance on the basis of total ion concentration (TIC)

and single ion traces from the GC–MS.

3.9. Antioxidant tests with TLC

For rapid visualization of antiradical acitivity 10 lg
of pure compounds were applied on 0.25 mm silica gel

60 F254 TLC plates (Macherey-Nagel, Düren, Ger-

many). A mixture of hexan/diethylether (85:15) was used

as mobile phase. The plate was stained with 0.4 mM
DPPH� in methanol. Active samples appeared as light

spots against a purple background (results not shown).
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3.10. Microplate assay for radical scavenging activity

The experimental procedure was adapted from

Brand-Williams et al. (1995) and Matsukawa et al.

(1997). In this assay, the stable free radical 2,2-diphe-

nyl-1-picryl hydrazyl (DPPH�), which has a strong
absorption at 550 nm, reacts with antioxidants and pro-

duces colourless 2,2-diphenyl-1-picryl hydrazine inde-

pendently of enzymatic activities. Dilution series of

test compounds, dissolved in EtOH, were performed

in sterile disposable microtiter plates (96 U-shaped

wells, Greiner Labortechnik, Kremsmünster, Austria),

using freshly prepared 100 lM DPPH�/ethanol solu-

tions. a-Tocopherol (Sigma–Aldrich, Austria) served
as positive control. Pure compounds were tested in

two-fold serial dilutions ranging from 3 to 200 ppm

with a final volume of 200 ll for all of the assays.

For each pure compound, a total of six tests were at-

tempted, including three independent sample prepara-

tions. Results were determined after 0, 5, 10, 20, 30,

60, 90, 120 and 240 min of reaction time in order to

analyse antiradical activities at the steady state. How-
ever, due to the high volatility of organic solvents, all

tests were stopped after 4 h. The drug-related disap-

pearance of the free radical DPPH� was measured spec-

trophotometrically at 550 nm with an ELISA reader

(Reader 400 ATC, SLT – Labinstruments Ges.m.b.H.,

Grödig, Austria), online interfaced to an IBM Think-

pad. The percentage inhibition was defined by the

absorbance of the blank samples (200 ll 100 lM
DPPH�/EtOH) to the DPPH�/EtOH solutions contain-

ing different concentrations of samples. Since the ki-

netic assays followed a log-normal pattern, the log

concentration–response probit method was used for

data analysis as described by Norusis (1999). The re-

sults determined after 90 min of reaction time were

summarized in Table 3, including effective concentra-

tions as well as their 95% confidence intervals.
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Stocker, A., Netscher, T., Rüttimann, A., Müller, R.K., Schneider, H.,

Todaro, L.J., Derungs, G., Woggon, W.D., 1994. The reaction
mechanism of chromanol-ring formation catalyzed by tocopherol

cyclase from Anabaena variabilis Kützing (Cyanobacteria). Helve-

tica Chimica Acta 77, 1721–1737.

Tsi, Z.H., Duyfjes, B.E.E., 2000. Stemonaceae. In: Wu, Z.Y., Raven,

P. (Eds.), Flora of China, vol. 24. Science Press, Beijing, pp. 70–

72.

Yen, G.C., Duh, P.D., 1994. Scavenging effect of methanolic

extracts of peanut hulls on free-radical and active-oxygen

species. Journal of Agricultural and Food Chemistry 42, 629–

632.


	Antioxidant dehydrotocopherols as a new chemical character of  Stemona species
	Introduction
	Results and discussion
	Structure elucidation
	Accumulation trends and distribution
	Antioxidant activity

	Acknowledgements
	References


