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Artemisinin 111 (qinghaosu), isolated 
from Artemisia annw L. (Compositae), is 
a unique sesquiterpene lactone contain- 
ing an endoperoxide bridge.' It is the 
principal constituent of the traditional 
Chinese herbal medicine Qinghao and is 
extremely active against chloroquine-re- 
sistant parasites in the treatment ofcere- 
bra1 malaria (2,3). The structure of 1 
was determined by X-ray analysis (4), 
and a total synthesis has recently been 
developed (5). In 1985 three research 
groups independently reported (6-8) on 
the 13C-nmr spectral analysis of ar- 
temisinin 111; however, the three sets of 
assignments were almost entirely differ- 
ent from each other. In addition, the 
three papers utilized three different 
numbering systems for the molecule 
which has further confused the situa- 
tion. Later, in 1987, a Chinese research 
group also reported (9) the 13C-nmr as- 
signment of 1 based on HETCOR and 

selective heteronuclear decoupling ex- 
periments. Their carbon assignments 
were similar to those reported by 
Zhongshan et al .  (8). However, the pro- 
ton assignments of 1 were deduced from 
the HETCOR experiment, and, thus, 
the chemical shift values were reported 
without the stereotopical assignments of 
nonequivalent protons. 

Due to the great importance of ar- 
temisinin 111 and related compounds 
(10 , l l )  as potential antimalarial drugs 
and the substantial interest concerning 
its chemistry and biosynthesis, we de- 
cided to resolve the existing controversy 
in the literature and provide rigorous 
and unambiguous assignments for the 
'H- and 13C-nmr spectra of 1. As we 
have done previously, we emphasize the 
substantial philosophical difference be- 
tween proving 'H- and 13C-nmr assign- 
ments and reaching conclusions based on 
prior data. 

H H 
1 

Assignment of the 'H-nmr spectrum 

and two dimensional nOe (12) (NOESY) 

'On leave from the Central Research Institute 
for Chemistry of the Hungarian Academy of Sci- Of was based On 

ences, Budapest, Hungary. 
' F ~ ~  a recenr comprehensive review on ar- measurements. The chemical shift Val- 

ues of the three methyl groups, the 4-H, temisinin see Klayman (1). 
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5-H, 7-H, 8-H methylenes and the 5a- 
H ,  6-H, 9-H, 12-H methine protons3 
were determined according to the corre- 
sponding geminal and vicinal coupling 
pattern apparent in the 'H-'H COSY 
spectrum, confirming the previous pre- 
liminary 'H-nmr assignments (8,13,14). 
The NOESY spectrum (Figure 1) showed 

steric proximity, similar interactions 
were observed among 8a-H (6 1.7 5, m), 
5a-H (6 1.37, m), and one of the 7-H 
protons (6 1.08, m) that should be 7- 
H,. NOe enhancement was also ob- 
served between 9-H (6 3.90, qd) and 8a- 
H (6 1.75, m) and between 4-H, (6 
2.43, ddd) and 5-Ha (6 2.01, m) per- 
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FIGURE 1. NOESY Spectra ofArtemisinin [I]. 

intense interactions among 12-H (6 mitting the complete and unambiguous 
5.87, s), 6-H (6 1.42, m), and one of the assignment of the 'H-nmr spectrum of 1 
8-H protons (6 1.12, m) suggesting that (Table 1). Substantial refinement of the 
the latter is 8-HP. Due to their close ' H-nmr assignments made previously 

(9) is now possible. 
The 13C-nmr chemical shifts of ar- 

temisinin [I] were assigned through a 
series of APT, CSCM 1D ( IS ) ,  selective 

'The numbering system used for artemisinin 
111 is that recommended by IUPAC. 
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TABLE 1. 'H- and "C-NMR Assignments 

Proton 

4 a  . . . . .  

5 a  . . . . .  

5a-(a) . . . . 
6a . . . . .  
7 a  . . . . .  

8a . . . . .  

8a-(a) . . . . 
9 . . . . . .  

12 . . . . . .  
3-Me . . . . 
6-Me . . . . 
9-Me . . . . 

4g . . . . .  

5g  . . . . .  

7p  . . . . .  

8p . . . . .  

l b  

2.43(ddd, 14.7, 13.6,4.2) 
2.05(ddd, 14.7,5.2,3.4)  
2.01(m, 14.5, 5.5) 
1.47(m, 14.5, 5.5) 
1.37(m, 11.5,7.0) 
1.42(m, 13.0,6.4) 
1.08(m, 13.5) 
1.79(m, 13.5) 
1.87 (m, 14.0) 
1.12(m, 14.0) 
1.75(m, 13.5, 5.5) 
3.40(qd, 7.2,5.4) 
5.87(s) 
1.44(s) 
0.99(d, 6.4) 
1.21(d,7.2) 

"Recorded in CDCI,. Chemical shift values are re. 

Artemisinin [I]." 

Carbon 

3 
4 
5 
Sa 
6 
7 
8 
8a 
9 

10 
12 
12a 
3-Me 
6-Me 
9-Me 

med in 6 vi 

1 

105.22 
35.77 
24.79 
49.90 
37.42 
33.45 
23.32 
44.80 
32.78 

171.92 
93.62 
79.38 
25.10 
19.74 
12.47 

es downfield 
from internal TMS. 

bMultiplicity and coupling constants (Hz) are shown in parentheses. For over- 
lapped multiplets not every coupling constant could be identified, and in some 
cases only the half-height of the signal (in Hz) could be determined. 

INEPT (16) and HETCOR experi- 
ments. One-bond polarization transfer 
experiments (CSCM 1D) and the 
HETCOR spectrum confirmed all the 
methyl group (6 12.47, 19.74, and 
25.10 for C-9, C-6, and C-3 methyl 
groups, respectively) and methylene 
group signals (6 23.32, 24.79, 33.45, 
and 35.77 for C-8, C-5, C-7, and C-4, 
respectively). The double cross peaks for 
the methylene carbons further confirmed 
the assignment of the 4-H, 5-H, 7-H, 
and 8-H proton pairs in the H-nmr 
spectrum. Due to the lack of separation 
in the proton spectrum of 5a-H, 6-H, 
and 8a-H absorptions from other sig- 
nals, CSCM 1D and HETCOR experi- 
ments permitted only the unambiguous 
assignment of the C-9 methine carbon at 
6 32.78. Selective INEPT irradiation of 
9-Me enhanced the carbon signals at 6 
17 1.92 and 44.80, thereby establishing 
the assignment of C-12 and C-8a, re- 
spectively. Irradiation of the 6-Me using 
9 values of 2.5, 4.0, or 6.0 Hz, how- 
ever, enhanced the C-7 methylene car- 
bon (6 33.45) and two methine carbons 
at 6 37.42 and 49.90, which did not 

1 

allow for the unambiguous assignment 
of C-5a and C-6. The latter were distin- 
guished when the well-resolved 4-Ha 
was irradiated resulting in enhance- 
ments at 6 49.90 (C-5a) and 6 25.10 (3- 
Me). Assignment of C-5a was further 
confirmed when 12-H was irradiated, 
and the enhancements of 6 49.90 (C-5a), 
105.22 (C-3) and 171.54 (C-10) were 
observed. In this way all of the carbon- 
13 resonances of artemisinin 111 were 
proven (Table l) ,  and the data reported 
by Zhongshan et a(. (8)  and Huang et a f .  
(9) were confirmed. Revisions are neces- 
sary for the carbon-13 assignments ap- 
pearing in Acton and Klayman (6) and 
El-Feraly et a f .  (7). 

EXPERIMENTAL 

'H-nmr spectra were determined on a Varian 
XL-300 or a Varian VXR-300 spectrometer 
operating at 300 MHz. Standard Varian pulse 
programs were used for the 'H-'H COSY and 
NOESY spectra. T h e  HETCOR spectrum was 
obtained on the Varian XL-300 spectrometer 
operating at 300 MHz for 'H and 75.4 MHz for 
I3C. APT spectrum was recorded on the x-axis, 
'H-nmr spectrum on the y-axis. '3C-nmr mea- 
surements, CSCM lD,  and selective INEPT 
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spectra were obtained on a Nicolet NMC-360 
spectrometer operating at 90.8 MHz. 
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