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ABSTRACT.-The guaianolide leukodin was isolated from Strt,iapi/ora, this being the first 
time that leukodin has been isolated from a Stezjia species. The total assignments of 'H-  and ' 'C- 
nmr spectra of leukodin, achillin, matricarin, and desacetylmatricarin were achieved with the 
aid of single-frequency experiments and heteronuclear (HETCOR) 'H- ' IC two-dimensional ex- 
periments. The results establish the molecular conformations in solution, which for achillin and 
leukodin were compared with those obtained by single crystal X-ray diffraction. 

Stevia i s  one of the largest (200 species) and most easily recognized genera in the 
tribe Eupatorieae ( 1). However, this morphologically well-delimited genus is surpris- 
ingly heterogeneous regarding chemical composition. To our knowledge, until 1986 
the phytochemical studies of 17 species showed that labdane diterpenes have been 
found in 4 species (2-4),  clerodanes in 2 ( 5 ) ,  sweet glycosides in 4 (6), and sesquiter- 
penoids, mainly of the longipinane type ,  in 16 (7-9). However, only seven species con- 
tain sesquiterpene lactones: guaianolides in Stevia boliziensis ( lo) ,  Steziia serrata (1 l) ,  
Ste-via setifwa ( lo) ,  Stevia mwcedensis (9), and Stezia achalensis (8,9); a heliangolide in 
Stevia monaerdifolia (12); a germacranolide in S. serrata (13), and eudesmanolides, 
eremophilanolides, and eudesmanolides in S. achalensis (9). All these compounds can be 
classified at the first or second level in their biogenetic complexity (14). Only one 
species, Stevia rbomb$olia ( 15), has been reported to contain a pseudoguaianolide. 

W e  wish to report here the isolation of leukodin 111, a known guaianolide-type ses- 
quiterpene lactone, from the aerial parts ofSte-viapilosa Lag. This is the first time that 1 
has been isolated from a Stevia species. 

A review of the literature showed that leukodin has been isolated from Achillea 
eriophora (16) and Achillea millefolium (17), and also from Artemisia leukodes ( 18), AY- 
temisia tridentata Nutt  ( 19), Artemisia tridentata var. tridentata (20), and Artemisia ai!- 
striaca ( 2  1,22), both genera belonging to the Anthemideae tribe. Regardless of the ex- 
tensive distribution of leukodin, there are some confusing or even contradictory inter- 
pretations of its 'H-nmr spectrum (23,24), and, surprisingly, to our knowledge no 
"C-nmr data have been reported. Furthermore, the 'H-nmr interpretations leave some 
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lack of confidence regarding stereochemistry at C- 11, although the molecular structure 
and stereochemistry have been settled by chemical means (24,25). Thus, we report here 
the total assignments of both the 'H- and ' k - n m r  spectra of 1 and of the related com- 
pounds achillin 121, matricarin [31, and desacetylmatricarin 141. Furthermore, we also 
report single crystal X-ray diffraction studies of 1 and 2 ,  which allow comparison of the 
solution conformations deduced from 'H-nmr measurements with those in the solid 
state. 

RESULTS AND DISCUSSION 

Leukodin 111 was obtained when the hexane extracts of S .  pilosa were concentrated 
under reduced pressure, while its C-1 I epimer, achillin [2], was isolated from Acbillu 
mil/ifliurn L. (17). 

The 'H-nmr spectra of 1 4  were assigned, including the spin-spin interactions 
that were determined by homonuclear double resonance experiments (Table 1). The 
high values O ~ J ~ , ~  and J6 confirmed the trans arrangement of H-5, H-6, and H-7. It 
has been shown recently i26) that in trans-guaianolides H-6 appears at characteristic 
chemical shifts in the 3.2-3.9 ppm region and that the geminal interaction J9,.,, is on 
the order of 13-14 Hz when measured in CHCI, solutions. These observations are also 
in full agreement with those found for 1 4  (Table 1). 

TABLE 1. 'H-nmr Data' of Leukodin I l l ,  Achillin 121, Matricarin 131, and Desacetylmatricarin 141. 

Proton 

H-3 . . . . . . . . . 
H-5 . . . . . . . . . 
H-6 . . . . . . . . . 
H-7 . . . . . . . . . 
H-8p . . . . . . . . 
H-8a . . . . . . . 
H-9p . . . . . . . . 
H-9a . . . . . . . . 
H-11 . . . . . . . . . 
H-13 . . . . . . . . . 
H-14 . . . . . . . . . 
H-I5 . . . . . . . . . 

1 (CDCI,) 

6. I87 dq 
3.433d 
3 . 6 4 5 t  
1.964 dddd 
1.380dddd 
2.040m 
2.370ddd 
2.445 ddd 
2.275dq 
1.296d 
2.456s 
2.318d 

6.035 dq 
2.674d 
2 . 6 8 8 ~  
1 . W m  
0.430 dddd 
1.582 dddd 
1.064m 
1.607ddd 
1.482dq 
0.892d 
2.382s 
1.967d 

Compound 

2 (CDCI ,) 

6.167dq 
3.417d 
3.810r 
2.491 m 
1.440 dddd 
1.861dddd 
2.337 m 
2.382 m 
2.702dq 
1.136d 
2.428s 
2.278d 

6.038dq 
2.683d 
3.134 t 
1.398 dddd 
0.560dddd 
0.827dddd 
I .  576 ddd 
I . 6  I4 ddd 
2.065 dq 
0.612d 
2.379s 
1.983 d 

6.179dq 
3.416d 
3.728dd 
2.347 ddd 
4 . 8 3 0 ~  

2.375 dd 
2.726dd 
2.458dq 
1.340d 
2.423s 
2.296d 
2.117s 

6 169dq 
3 187d 
3 653t  
2 135ddd 
3 743dt 

2 379dd 
2 802dd 
2 602dq 
1 540d 
2 429s 
2 149d 

It is accepted that in cycloheptanes the twist-chair conformation is the most stable 
one (27). However, in the guaianolides 1 4  the seven-membered ring, in addition to 
having a double bond, is further conformationally restricted by two five-membered 
rings. Therefore, it can only adapt a chair-like or a boat-like conformation. The hydro- 
gen-hydrogen dihedral angles in the C - 5 4 - 9  framework given in Table 2 were derived 
from the 'H-nmr measurements using a generalized Karplus equation (28) and are con- 
sistent only for a chair-like conformation of the seven-membered ring. Furthermore, it 
is known (29,30) that for allylic protons such as those at C-9, the value of the geminal 
coupling constant depends on the orientation of the methylene hydrogens with respect 
to the 7~ electrons of the double bond. The observed value ofJ9,9p = 13-14 Hz is also in 
full agreement with chair-like conformations for 1 4 .  
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Atom X-ray values Nmr Measurement" 

X 

5 
6 

7 
7 
8 a  
S a  

7 

S P  
8P 

Y 1 

6 
7 
8 a  
8P 

9P 

9P 

11 
9 a  

9 a  

Carbon 

- 
1 . . . . . . . . . . . . . .  
- 3 . . . . . . . . . . . . . .  
3 . . . . . . . . . . . . . .  
4 . . . . . . . . . . . . . .  
5 . . . . . . . . . . . . . .  
6 . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . .  
8 . . . . . . . . . . . . . .  
9 . . . . . . . . . . . . . .  

I O  . . . . . . . . . . . . . .  
1 1  . . . . . . . . . . . . . .  
12 . . . . . . . . . . . . . .  
13 . . . . . . . . . . . . . .  
1 1  . . . . . . . . . . . . . .  
I5 . . . . . . . . . . . . . .  
16 
I7 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  

162.3(0) 
-156.2(1)  

- 6 l . 8 ( 1 )  
178.9(1) 
152.2(1) 
76.8 ( 2 )  

-42 .0(2)  
- 163.9(0) 

77.3 (2)  

Compound 

1 2 3 4 

131.9s 131.8s 133.3 s 133.1 s 
195.8s 195.7s 195.1 s 195.0s 
135.5d 135.4d 135.8d 135.7d 
169.9s 170.1 s 169.6s 170.0s 
52.6d 52 .9d  51.6d 51.7d 
84.2d 83.5 d 8 1 . l d  8 1 . l d  
56.4d 51.9d 59.1 d 61 .6d  
2 6 . 0 ~  2 3 . 6 ~  70.4 d 69.6d 
37.6 t 3 7 . 6 t  44.7 t 41.4 t 

152.1s 152.1 s 145.0s 145.3 s 
4 1 . l d  39.3d 40.7 d 41.4d 

177.5s 178.3s 176.6s 177.5 s 
12.3q 9 . 9 q  15.0q 15.5 q 
21.6q 21.5q 2 1 . l q  21.6q 
19.8q 19.7q 19.8q 19.8q 
- - 169.7 s - 
- - 21.3q - 

169.3 (0)  
- 153.5 (0) 

-71.3 ( 1 )  
169.5 (1) 
35 .0 (0) 
74.2 (1)  

- 166.6(0) 

17 1 

na 
- 164 

- 67 
160 

67 
-48 

158 

63 65 

4 

160 
- 152 

160 
16 1 

- 
- 160 

77 

"Estimated using a generalized Karplus equation (28); coupling constants as in Table 1 
hNot assigned. 

The I3C-nmr spectra of 1 4  (Table 3) show the 15 carbon atoms of the guaianolide 
skeleton and the acetate signals of 3. The assignments for 2 were achieved as follows: 
The ketone and lactone carbonyls were assigned from their chemical shifts. Comparison 
of a proton-coupled I3C-nmr spectrum with single frequency irradiation experiments at 
H-3 provided confirmatory evidence for C-2 and allowed assignment of C- I ,  C-4, C-5, 
and C-15 from the modification of the long-range multiplicities. Thus, the assign- 
ments for C-7, C- 10, and C- 14 follow. The assignments for C-6, C-11, and C-13 also 
became evident, and C-8 and C-9 were assigned taking into account the data of similar 
compounds (3 1,32). Confirmative evidence for the protonated carbons of the seven- 
membered ring and of the heterocycle was obtained from the heteronuclear (HETCOR) 
'H-I 'C two-dimensional chemical shift plot shown in Figure 1. The spectra of 1, 3, 
and 4 were assigned using the data of 2 as the model compound. Their 13C-nmr chemi- 
cal shifts are shown in Table 3. 
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FIGURE 1. HETCOR "C-'H conrour plot for achillin [2] 

CRYSTAL STRUCTURE ANALYSIS OF LEUKODIN {l].-The molecular structure of 
1 is illustrated in Figure 2 ,  and its atomic coordinates are listed in Table 4. The con- 
figuration is such that H-5 and H-7 are both below the approximate plane of the seven- 
membered ring (i.e., they are a), and, hence, the configuration is confirmed as being 
5a-H,  6P-H, and 7a-H.  The seven-membered ring adopts approximately a chair con- 
formation with the atoms C-5, C-1, C-10, and C-9 approximately coplanar, while the 
atoms C-6, C-7, and C-8 are all above that plane. 

F I G U R E  2. The molecular strucrure o f l e u k d i n  [l} 
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TABLE 4 .  Experimentally Refined Fractional Atomic Coordinates 
( X  10')of Leukodin 111 

Atom 

c- 1 . . . . . . . 
c-2 . . . . . . . 
c-3 . . . . . . . 
c - 4  . . . . . . . 
c-5 . . . . . . . 
C-6 . . . . . . . 
c - 7  . . . . . . . 
c - 8  . . . . . . . 
c-9 . . . . . . . 
c- 10 . . . . . . . 
c-11 . . . . . . . 
c- 12 . . . . . . . 
c-13  . . . . . . . 
c-I1 . . . . . . . 
C-15 . . . . . . . 
0 - 2  . . . . . . . 
0 - 6  . . . . . . . 
0- 12 . . . . . . . 

x 

5 134 (7)" 
1864 (8) 
5012(8)  
5301(8)  
5269 ( 7 )  
3749 (8) 
1932 ( 7 )  
3813 ( 8 )  
5352(8)  
5116(8)  
2 5 3 8 ( 8 )  
2706 (8) 
2685 ( 9 )  
5650(9)  
4923 ( 8 )  
4 5 9 6 ( 5 )  
3477 ( 5 )  
2279 ( 7 )  

_ _  

> 

2 0 7 6 ( 5 )  
3042(5)  
2583 ( 5 )  
1443(5)  
997 ( 4 )  
222  ( 4 )  

-489 (4) 
182 ( 5 )  

1040(5)  
2 1 1 2 ( 5 )  

- 1382 ( 5 )  
- 1583 ( 5 )  
- 2496 ( 6 )  

7 0 4 ( 5 )  
3201 ( 5 )  
4059 ( 3 )  
- 640 ( 3 )  

-2382 ( 4 )  

i 

50 17 ( 4 )  
4366 ( 4 )  
3433 ( 4 )  
3443 ( 4 )  
4440 ( 4 )  
4673 ( 4 )  
5 5 2 9 ( 4 )  
6440 ( 4 )  
6530 ( 4 )  
5948 ( 4 )  
5362 ( 4 )  
4332 ( 4 )  
5933 ( 5 )  
2626 ( 4 )  
65 19 ( 4 )  
4570 ( 3 )  
.3940(3) 
3863 (4) 

225 

"Estimated standard deviations in the least significant digits are 
shown in parentheses. 

Inspection of the torsion angles shows that the cyclopentenone ring is approxi- 
mately planar, while the lactone ring, which showsvalues of40.8", 38.4', 22.7', 3.0", 
and 28.2', has an envelope conformation (33 ) .  Bond distances and bond angles are nor- 
mal. 

CRYSTAL STRUCTURE ANALYSIS OF ACHILLIN [21.-The molecular structure of 
2 is illustrated in Figure 3, and its atomic coordinates are listed in Table 5.  The results 
of the X-ray analysis of 2 are similar to those for 1 except at C- 1 1, since the methyl 

F I G U R E  3 .  The molecular structure ofachillin [2] 
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TABLE 5. Experimentally Refined Fractional Atomic Coordinates 
( X  IO') of Achillin 121. 

Atom 

c-1 
c-2 . . . . . . . 
c-3  . . . . . . . 
c-4 . . . . . . . 
c-5 . . . . . . , 

C-6 . . . . . . . 
c-7 . . . . . , , 

c-8 . . . . . . . 
c-9 . . . . . . . 
c- 10 . . . . . . . 
c-11 . . . . . . . 
c-12 . . . . . . . 
C-I3 . . . . . . . 
C- 14 . . . . . , . 
C-15 . . . . . . . 
0 - 2  . . . . . . . 
0 - 6  . . . . . , . 
0-12  . . . . . . . 

x 

9605 (6)" 
10794 ( 6 )  
9498 (6) 
7637 (5) 
747 1 (5) 
7529(5) 
6914 (6) 
885 1 (7) 
9076 (8 )  

10263 (6) 
6058 (6) 
4887 (6) 
8038 ( 8 )  
5853 (7) 

12233 (7) 
12559(5) 
5722 (4) 
3447 ( 5 )  

E 

9516(2) 
8896 (2) 
7984 (2) 
7978 (2) 
8942 (2) 
8830 (2) 
9766(2) 

10527 (2) 
1 10 18 (2) 
10423 (2) 
935 1 (2) 
84 19 (2) 
9137(3) 
7191 (2) 

10979 (2) 
9085 (2) 
8 149 ( 1) 
7928 (2) 

2 

8580(1) 
9195 (2) 
9220 (2) 
8708 (2) 
8249 (2) 
7329(2) 
687 1(2)  
6882 (2) 
7711(2) 
8369 (2) 
6054(2) 
63 19 (2) 
5439 (2) 
8617(2) 
88 12 (2) 
961 1 ( 1) 
7058 ( 1 )  
5977 (2) 

"Estimated standard deviations in the least significant digits are 
shown in parentheses. 

group in 1 is a and that in 2 is f3. The torsion angles of 2 provide conformational con- 
clusions similar to those of 1. 

The hydrogen-hydrogen dihedral angles derived from the X-ray analyses of 1 and 2 
are compared (Table 2) with those deduced from 'H-nmr measurements. Although re- 
sults from both methods were obtained independently, their agreement indicates that 
the conformation of the molecules is similar in the solid state and in solution. 

EXPERIMENTAL 

S. piiosa was collected on November 5,  1985, along the Mexico-Puebla highway (30 km) (Martinez 
No. 28; voucher specimen deposited at the Herbario Nacional del Instituto de Biologia, Universidad Na- 
cional Autonoma de Mexico). The air-dried plant material (122 g) was extracted with hexane ( 3  liters). 
Leukodin 111 precipitated when the hexane extract was concentrated under reduced pressure. Recrystalli- 
zation from CHClJhexane afforded 260 mg of 1, mp 139-200° [lit. (17) 200-201", CHCl,/hexane]. Its 
identity was confirmed by direct comparison. 

A .  ti/z//&iiwi/ was collected on October 12, 1986, along the Mexico-Puebla highway (55 km) (Mar- 
tinez No. 32; voucher specimen deposited at the Herbario Nacional del Instituto de Biologia, Univenidad 
Nacional Autonoma de Mexico). Powdered and dried aerial parts of A .  r i i i l i ~ i i i i i ~  (254 g )  were extracted 
with hexane and worked up as previously described (17). providing 142 mg of achillin [2] and 118 mg of 
leukodin (11. 

NMR MEASUREMENTS.-Nmr measurements were performed in 5-mm (0.d.) sample tubes on a Va- 
rian Associates XL-3OOGS spectrometer operated with software version 6.1D at ambient probe tempera- 
ture (22'). The "C measurements were Waltz- 16 'H decoupled (34). The two-dimensional "C- 'H-  
chemical shift correlated spectra were obtained using the standard HETCOR pulse sequence provided by 
the spectrometer manufacturer, which incorporates quadrature detection in both domains. The fixed de- 
lays correspond to a coupling constant Y(l3C-'H) of 130 Hz. Other parameters were as follows: spectral 
widths 5770.3 Hz ( ' k  axis), 943.5 ( 'H axis); data matrix 1024 X 5 12 data points, recycle delay 1.0 sec; 
number of transients 32; increments of the delay time 128. 

X-RAY DATA. '-Data collection for leukodin I11 and achillin I21 were done in the 0:20 scanning 

'Atomic coordinates for these structures have been deposited with the Cambridge Crystallographic 
Data Centre and can be obtained on request from Dr. Olga Kennard, University Chemical Laboratory, 
Lensfield Road, Cambridge CB2 IEW, UK. 
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1 

mode on a Nicolet R3m four circle diffractometer using CuK, radiation (A = 1.54 178 A). The crystal data 
for compounds 1 and 2 are summarized in Table 6 .  The collected reflections were corrected for back- 
ground, Lorentz, and polarization effects; crystal decay was negligible and no absorption corrections were 
applied. The structures were solved by direct methods using the software provided by the diffractometer 
manufacturer and refined by full-matrix least squares based on F, using data for which 1 2  2.5 u ( I ) .  The 
least squares weighting scheme used is w =  I/u'(FJ=G(F,,)', where cr is the standard deviation of ob- 
served amplitudes based on counting statistics, and G is a variable adjusted after each cycle to minimize the 
function w(AF)'. Final G values are given in Table 6 .  

2 

Chemical formula 
Molecular weight . . . . . . . . . .  
Crystal system . . . . . . . . . . .  
Space group . . . . . . . . . . . . .  

Crystal color . . . . . . . . . . . .  

a (A) . . . . . . . . . . . . . . . .  
b (A) . . . . . . . . . . . . . . . .  
c (A) . . . . . . . . . . . . . . . .  
Cell volume, A '  . . . . . . . . . . .  
p (calcd) (g/cm') . . . . . . . . . .  
z . . . . . . . . . . . . . . . . .  
F (000) (e-) . . . . . . . . . . . . .  

Data collection parameters 
~ ( c m  ) . . . . . . . . . . . . . .  
Scan width below K,,, above K,, (de@ 
20 limits (deg) . . . . . . . . . . .  
Scan speed (deg min- ') . . . . . . .  
Exposure time (h) . . . . . . . . . .  
Reflections collected . . . . . . . . .  
Unique reflections . . . . . . . . . .  

Reflections for final refinement . . . .  
Parameters refined . . . . . . . . . .  
R(F) (3;) . . . . . . . . . . . . . .  
R,JF) (57) . . . . . . . . . . . . .  
Goodness of fit for the last cycle . . . .  
Final G . . . . . . . . . . . . . . .  

Crystal size (mm) . . . . . . . . . .  

Cell constants 

- I  

Structure refinement 

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  
. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

c i5HIXO' 
246.309 
orthorhombic 

P2,2 , 2  
0.12 x 0.08 x 0.04 

white 

7.7658 ( 3 4 )  
1 1.7249 (80) 
14.4317(142) 

13 14.06( 166) 
1.25 
4 

528 

7 . 0  
0 .9 ,  1.1 

3"- 1 10" 
4 .0 ,29 .3  

23.78 
1001 
706 

700 
174 

5.37 
5.09 
1.141 
0.00084 

CiSHi,O' 

P 2 , 2 , 2 ,  

246.309 
orthorhombic 

0.48 X 0.46 X 0.34 
white 

5.5951(16) 
13.7963 (14) 
16.5314(58) 

1276.08(70) 
1.2.3 
4 

528 

7.2 
1.0, 1.1 
3"- 1 1 O0 

4 .0 .29 .3  
13.70 

966 
925 

905 
174 

5.00 
6.07 
1 .  I96 
0.00495 
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