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Helenanolide-Type Sesquiterpene Lactones Ill. Rates and 
Stereochemistry in the Reaction of Helenalin and Related 
Helenanolides with Sulfhydryl Containing Biomolecules* 

T h o m a s  J.  S c h m i d t  
lnstitut fiir Pharrnazeutische Biologie der Heinrich-Heine-Univetwitiit Diisseldoff., D-40225 Diissehtorfi Germany 

Abstract--The reactivity of the two potential Michael addition sites of the helenanolide-typc sesquiterpene lactone helenalin 
towards the physiological thiols glutathione (GSH) and cystcinc (cys) in aqueous solution was investigated by 1H NMR 
spectroscopic experiments. In the presence of one molar equivalent of GSH, the reaction was shown to occur with high regio- and 
stereoselectivity at the ~-position of C-2 in the cyclopentenone ring. Addition to the exocyclic methylene group at the [actone ring 
was found to occur in the presence of GSH in molar ratios over 1:1, but proceeded at a rate 10 times smaller than at C-2 leading to 
the 2~3,13(11 [3)-bis-glutathionyl adduct. In contrast, addition of frec cys highly favoured the exocyclic methylene group. Addition of 
GSH to the cyclopentenone of 1 lcz,13-dihydrohelenalin (plenolin) showed the same characteristics as observed with helenalin 
while 2oc-acetoxy-2,3-dihydro-4[3H-helenalin (chamissonolide) did not form an adduct when incubated with an equimolar amount 
of GSH. Explanations for the observed differences in reactivity of the two potential reaction sites based on MO computations are 
given and implications for the biological activity of this type of sesquitcrpene lactoncs are discussed. ~ 1997 Elsevier Science Ltd. 

Introduction 

Sesquiterpene lactones (STL) of the lllo~-methylpseudo- 
guaianolide (=  helenanol ide)- type are secondary plant 
metabol i tes  isolated f rom numerous  genera  of the 
Composi tae .  ~ Many of them are known to possess a 
broad variety, of biological and pharmacological activities.: 

STL are known to bind covalently to sulfhydryl groups of 
biological molecules by Michael addition of their ct,13- 
unsaturated carbonyl structures, which are common  
structural features of most STL. Thiol groups of enzymes 
are considered to be especially susceptible to this 
reaction, and STL have been demonst ra ted  to inhibit a 
variety of important  suifhydryl-bearing enzymes, such as 
phosphofructokinase,  3 glycogen synthaseJ  inosine mono-  
phospate  dehydrogenasej ' "  and o the rs )  

A m o n g  the c o m p o u n d s  of the helenanolide group,  
especially helenalin 1 and its derivatives have received 
considerable  at tent ion in pharmacological  research due 
to their  po ten t  antineoplast ic  and ant i - inf lammatory  
activity. ~t~ The  intense activity of 1, a const i tuent  of  
Helenium species ~ and also of the medicinally uscd 
f lowerheads of  Arnica montana and fur ther  Arnica 
species, H: has been explained by the fact that it 
possesses two reactive s tructure elements ,  an (z,13- 
unsatura ted  cyelopentenone  ring as well as the exocyclic 
methylene  group in conjugation with the lactone 
carbonyl.  5 ~.~3 

*Thc prcsentcd work was carried out for the m~qor part at the 
Department of Chcmisto', Louisiana State University. Baton Rougc. 
Louisiana, U.S.A. 

Consider ing the generally accepted mechanism of 
action, the question arises, whether  the reaction of  the 
different potentially alkylating structure e lements  is of  a 
certain specificity, so that  some selectivity might exist 
concerning the sulfhydryl containing target  structures.  
Several earlier repor ts  have shown that  helenalin and 
related c o m p o u n d s  react with sulfhydryl reagents  such 
as cvstcinc (cys) and glutathione (Gly-Cys-yGlu,  = 
GSI4).5.,,. 14 > 

G S H  is an extraordinari ly impor tant  physiological 
pept ide that is involved in numerous  essential  processes  
within all living cells. ~7 It has been shown that some STL 
affect intracellular G S H  levels Is 20 and thus, some of 
their bioactivities could be caused by interference with 
intracellular G S H  balance,  which would seriously affect 
cell function. On the other  hand, spontaneous  reaction 
of STL with G S H  might, to some extent, protec  t o ther  
sulfhydryl containing structures within the cell and thus 
decrease the rate of  enzyme inhibition. However ,  
a l though some data on reaction rates are available in 
the literature, 5" little at tent ion has been paid to reaction 
products ,  s tereochemical  aspects,  and possible selectiv- 
ity of the different potential  reaction sites. 

In order  to obtain such information,  the react ions of 
helenalin 1, l lo~,13-dihydrohelenalin (plenolin) 2, and 
2c~-acetoxy-2,3-dihydro-4~H- helenalin (chamissonolide)  
3 with G S H  and cys were studied by tH N M R  
spectroscopy.  React ion rates could be measured  for 
the different reactive s tructure e lements  and stereo- 
and regioseleetivities could bc observed,  which will be 
meaningful  to fur ther  research on the biological 
activitics of  these compounds  and o ther  STL. 

~45 
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Results and Discussion 

The rate diagrams obtained for three different concen- 
trations of GSH exposed to 2(1 btmol mL 1 1 in D,O are 
depicted in Figure 1. Of the two potential reaction sites 
of helenalin, the cyclopentenone structure (reaction site 
C-2) was found to react with GSH considerably faster 
than the exocyclic methylene group (reaction site C-13). 
The reaction of 1 with GSH in equimolar amounts (20 
lamol mL ~) therefore yielded almost exclusively 
(>90%) a single adduct (la). The structure of la could 
be determined from the resulting ~H NMR, COSY, and 
NOESY spectra (~H NMR data see Table 1). Most 
surprisingly, the addition at C-2 occurred stereoselec- 
tivcly from the [B-face of thc helenalin molecule. The 
stereochemistry at C-2 and C-3 was deduced from the 
coupling constants of H-I, H-2, and H-3 in comparison 
with calculated values for force field-minimized compu- 
ter models of the four possible diastereomers in the 
deuterated product (Table 2). The relatively small 
coupling of 6.4 Hz between H-2 and H-1 and the 
absence of a measurable coupling between H-2 and H-3 
are only possible if the molecule posscsses the relative 
configuration depicted in Table 2 A (i.e. if H-1 and H-2 
are both o~ oriented and H-3 occupies the [3-position 
while the deuteron at C-3 is in the cz-position). 
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Figure I. Reaction of 1 with three diffcrcnt concentrations of GSH. 

In a recent communication, 1 was shown to be subjected 
to a fast exchange (k ~ 3-4 × l0 s s ] at 298 K, acetone- 
d~,) of two different twist-chair conformations, in one of 
which the pseudosymmetry axis C~ passes through C-7 
(TC7) and in the other one through C-10 (TC10). Both 
populations are present in a ratio of about 6:4 
(TC7:TCI0) in D20 with an energy difference between 
both geometries of only about 0.97 kJ mol ~.2~ The 
monoglutathionyl adduct la was found to distinctly 
prefer the TC7 geomet U. The coupling constants of-H- 
9o~ and H-913 with H-10 of 10.7 and 2.3 Hz, respectively, 
are almost identical with those of l l~,13-dihydrohelen- 
alin derivatives that were shown to adopt the TC7 
conformation (compare ~J~.~, with those of i (Table 1), 
and Schmidt-~). Hence. the conformational equilibrium 
as observed with helenalin is shifted completely towards 
the TC7 conformation on addition to the A2,3-double 
bond. This finding corroborates our hypothesis that the 
stability of the different geometries within the cyclo- 
heptane ring of 1 is not only affected by hydrogenation 
of the AI 1,13-double bond and possible steric interac- 
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Table 1. I H NM R data of the GSH adducts of 1 and 2 ( la, lb. and 2a) (4011 MHz, D_~O:" data of 1 and 2 in D20  are included for easier comparison) 

1 la lb  
H 6 (ppm) mult. J~Hz) 6 (ppm) mult. J (Hz) 8 (ppm) mull. J (Hz) 

1 2.964 ddd[dt] 11.5, 2 x ~2 2.648 dd 6.4, 11.2 2.644 dd 6.3, 11.2 
2 7.980 dd 6.1, 1.3 3.537 ~ d 6.5 3.531 ~ d 6.4 
3 6.1136 dd 5.0, 2.9 2.7281 s 2.7231 s 
6 4.326 d 1.7 4.114 d 4.103 s 
7 3.565 dddd[dq] 8.8. 3 x 1-2 3.511 dddd[dq] 2.960 g d 6.4 
8 5.1199 ddd[dt] 2 x 8-9, 2.5, 4,9711 ddd 4.864 dd [br t] 2 x 5-6 

9o~ 1.741 ddd 15.4, 7.6, 2.5 1.779 ddd 1.702 dd 11.9, 15.1 
9[~ 2.280 ddd 15.4. 8.0, 4.2 2.227 ddd 2.284 ddd 14.9, 5.2 2.4 
1 I) 2.1128 m 1.973 m 1.964 m 
11 (D) g 

13a 6.291/ d 3.0 6.255 d 2.5 3.027 d 13.3 
13b 5.935 d 3.0 5.941 d =.3 2.754 d 13.2 

CH3-13 
C H y  14 1.178 d 6.7 1.078 d 6.4 1./179 d 6.5 
CH3-15 11.849 s 11.799 s 0.846 s 

cys-[3Ha 3.024 dd 14.3.4.6 3.02 c 
3.091 dd 14.1, 5.5 

cys-[3Hb 2.822 dd 14.2, 9.9 2.821) dd 14.0, 10.1 
2.9112 dd 14.1, 8.0 

cys-c~H 4.502 dd 9.9, 4.6 4.500 dd 9.8, 4.7 
4.591 dd 8.0, 5.5 

t,, ~. 3.886 b. tl gly-otHe 3.875 
t~. ~ 2.468 b. d glu-yH_, 2.467 - 
h. c 2.1190 b. d glu-[}H 2 . .09_ - 

b ,  c 
glu-cdt 3.725 dd[t] 6.5 3.733 - 

2.3 
8 . 1 , 3 ×  2.5 
7.8, 6.5, 1.3 

15.7, 10.7, 1.6 
15.6, 6.4, 2.3 

2 2a 
H 8 (ppm) muit. J (Hz) 8 {ppm) mull. J (Hz) 

l 
2 
3 
6 
7 
8 

9ot 
9~ 
1(I 
11 

13a 
13b 

CH3-13 
CH3-14 
CH3-15 

cys-[~Ha 
cys-l~Hb 
cys-c~H 
gly-RH 2 
glu-gH 2 
glu-[3H: 
glu-0~H 

3.11118 ddd[dt] 11 .3 ,2× ~2 2.636 dd 6.3, 11.1 
7.918 dd 5.9, 1.6 3.5112 d 6.4 
(~.0115 dd 5.8, 2.9 2.675 s 
4.211 s 4.11(74 s 
2.936 dd 10.7, 6.2 2.819 dd 10.8, 5.6 
4.898 ddd[dt] 2 × 6. 1.5 4.825 dd[brt] 2 x 6 
1.682 ddd 15.5: 11.5:1.5 1.684 dd 15.4, 11.5 
2.3311 ddd 15.6, 6.6, 1.6 2.251 ddd 15.6, 6.6, 1.6 
2.008 m 1.938 m 
3.261 dq 10.7, 3 × 7.3 3.184 dq 9.9, 3 × 7.4 

1.201 d 7.3 
- y - ;  

1.1~. d 6.7 
(I.811 s 

1.187 d 7.3 
1 .I)58 d 6.4 
11.825 s 

2.983 dd 14.2, 4.5 
2.783 dd 14.2, 9.9 
4.471 dd Ill.0. 4.6 
3.835 b c 
2.442 I,. c 
2.(153 b. c 
3.670 dd[t] 6.4 

a . . . .  13 , - .  c • d . c . . . . .  Five drops  ot acetone-de, were added for better solubll=ty: Signals not  hrst  order: Intensity 2H: Intensity 4H; Overlapping signal, multlphctty not 
determined, tSignals for la H and lb  tl (5011.13 MHz): H-2: 3.55, dd [t], 2* 6-7: H-3a/b: non first-order AB part of ABX system at 2.71. glbH: H7: 
2.98, dd, (7.4, 9.5: H-11: 3.36, ddd [dt], 5.8, 2"10.1; H-13a: 2.98, dd, 13.0, 6.0: tt-13b: 2.78, dd, 12.8, 10.1. 

tions of the resulting methyl group, but also by the 
hybridization of carbon atoms C-2 and C-3 in the 
cyclopentane ring of such helenanolides. :-~ 

When incubatcd with 2 and 5 mol equiv of GSH, slow 
formation of the 2[3, 13(ll[3)-bis-glutathionyl adduct 
lb of helenalin was to be observed after initial 
formation of la. Figure 2 shows the NMR spectra 
obtained during the reaction of 1 with 2 mol equiv of 
GSH. 

The stereochemistry at C-11 of lb is affirmed by the 
coupling constant JT.~t = 10 Hz in the spectrum of the 
product isolated after reaction in H 2 0  (lbU), which is 
very similar to the value in 1 la,13-dihydrohelenalin and 
would bc higher (ca. 13 Hz) in case of an 1113,13- 
dihydrohelenalin derivative. 2~ Furthermore, nuclear 
Overhauser effects between H-13b and CH3-15 as well 
as H-6 were observed in the NOESY spectrum, which 
cou ld  not occur if the side chain were 0~-oriented 

o 

(distance H - 1 3 b  ... CH3-15 2.3 A and H - 1 3 b  ... H-6  2.2 



648 T . J .  S('HMID] 

HELENALIN + GSH 1:2 

1 1 ,a 

l_J 

U 

1 
j I1 , . A L l .  

II- 2 13a 3 13b 

i 

a,j_  

t(min) 

9OO0 

3200 

1600 

:360 

60 

10 

I . . . .  ' . . . .  l "  

8 . 0  
" I . . . .  ' . . . .  I . . . .  ' . . . .  I . . . .  ' . . . .  I . . . .  ' . . . .  I . . . .  ' . . . .  I . . . .  ' . . . .  I . . . .  ' . . . .  

7.0  6 .0  5 .0  4,0 3 .0  2.0 1.0 
PPM 

Figure 2. IH NMR spectra obtained during the reaction of 1 with 2 mol cquiv of GSH. 

,~ for [3-CHe-S-R, both distances >4 A for o~-CH:S-R 
(AM1 models of the 1 lo~- and 1 l[3-configurated t-But-S- 
adducts)). 

The approximate second-order rate constants for GSH 
addition obtained by linearization of the data sets (see 
Table 3) showed that the rate of addition to C-2 
(average k~ 0.08 tool ~ rain ~) is about 10 times higher 
than for C-13 (average k~ 0.008 tool ' min '). 

These results are in agreement with earlier findings of 
Picman et al., who reported that helenalin yields only 
one monoadduct when incubated with an equimolar 

Table 2. Theoretical 3Jn,H-coupling constants in the cyclopentanonc 
ring of the four possible diastereomers of the C-2-SR adducts of 1 
(AM l-models of the cys-adducts) and experimental values of 
compounds la, lb, and ld 

RS H RS H 

0 0 0 0 

3JH, H A B C D la lb lc 

1, 2 5.6 5.6 I 1.3 I 1.3 6.5 6.4 6.3 
2.3 1.3 8.4 9.2 8.9 < 1 < 1 7.6 

amount of GSH, without further characterization of the 
product. ~ 

In contrast, other authors ls~' reported that the olefinic 
proton signals of both reactive sites of 1, H-2/H-3 and 
H-13a/b had disappeared from the ~H NMR spectrum 
after 4 h incubation with an approximately equimolar 
amount of GSH (10 mg each = 3.8 btmol 1 and 3.3 btmol 
GSH). This, with respect to stoichiometry, is impossible 
since ~ 'o  molecules of GSH cannot be added to each 
molecule of helenalin if a ratio of only 1:1 molecules is 
present. 

Page et al., in a more recent study reported on second- 
order rate constants for GSH addition to a number of 
STL. Their data for 1, 2,3-dihydro-1 and 11c~,13- 

Table 3. Second-order rate constants (k 2, mol I min 1) for the 
addition of GSH to hclenalin (1) 

Co(I:GSH)(mMt Site R z k2 q/2 tl/2(expl 

20:20 C-2 0.992 (I.061 819 750 
C-13 - - 

20:40 C-2 0.985 (}.100 203 120 
C- 13 0.989 0.007 2896 2800 

20: I O0 C-2 0.973 (L071 103 60 
C-13 0.976 0.009 817 1100 
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Table 4. I~(? NMR shifts (ppm) of the hclenalin mooo- and bis-GSH 
adducts la H and lb n 1125 MHz D~O, assignments of all protonated 

I /1"~ ~ ~ .  carbons confirmed by 2-D H, C-shift correlatton) 

C la n lb H 

I 49.78 49.91/ 
2 42.46 42.47 
3 47.33 47.07 
4 223.48 223.79 
5 56.25 54.78 
6 78.42 70.30 
7 49.18 49.82 
8 81.511 82.111 
9 38.19 37.79 
111 25.70 25.58 
11 138.38 45.38 
12 174.36;' 180.64 
13 126.49 28.14 
14 20.10 19.71 
15 16.36 15.34 

d i h y d r o - I  (p l eno l in ) ,  o b t a i n e d  by m e a s u r e m e n t  o f  the  

d e c r e a s i n g  G S H  c o n c e n t r a t i o n  in p h o s p h a t e - b u f f e r e d  
so lu t ion  ( p H  7.4), i nd i ca t ed  tha t  the  react iv i ty  o f  the  

e x o m e t h y l e n e  l ac tone  shou ld  be  s o m e w h a t  h i g h e r  t han  

tha t  o f  the  c y c l o p e n t e n o n e  moie ty .  5 

R e g a r d i n g  this d i s c r epancy  wi th  the  resul ts  o b t a i n e d  in 

the  p r e s e n t  study,  the  r eac t i on  o f  l wi th  an e q u i m o l a r  

a m o u n t  o f  G S H  was r e p e a t e d  in p h o s p h a t e  buf fe r  p H  
7.4. F o r m a t i o n  o f  a s ingle  p r o d u c t  was o b s e r v e d ,  which  

cou ld  be  i so la ted  and  iden t i f i ed  to be the  helenalin-2[3- 
m o n o - G S H  a d d u c t  l a  H (~H and  I~C N M R  da ta  see  

T a b l e s  1 and  4, r e spec t ive ly )  c o n f i r m i n g  that  the  above -  

m e n t i o n e d  reg iose lec t iv i ty  o f  G S H  a d d i t i o n  also exists 

at phys io log ica l  pH.  

M o r e o v e r ,  the  r eac t ions  o f  l l c~ ,13-d ihydrohe lena l in  2 

and  of  the  2 , 3 - d i h y d r o h e l e n a l i n  de r iva t ive  c h a m i s s o n o -  

l ide 3 wi th  G S H  w e r e  inves t iga ted .  T h e  r eac t i on  o f  2 

wi th  G S H  in e q u i m o l a r  ra t io  (211 m M )  p r o c e e d e d  at a 
similar  rate as observed  for 1 (k~ ~ 0.04 mol  ' min ') 
leading to a single adduct ,  2a ( IH N M R  data  see Tab le  1). 

(-7ON 173.03 a 173.1111 b 172.82 b 
CH-c* 53.13 53.44 52.88 
CH~-[~ 34.18 33.88 33.72 

gly 
COO 175.2F ~ 175.15 h 175.15 b 

CH,-c< 42.89 42.15 42.15 

glu 
COO 174.38;' 174.03 h 174.17 t~ 
CH-a 54.60 54.2l 54.21 
CH,-[~ 26,81 26.51 26.44 
CH2- 7 31.98 31.65 31.65 
CON-8 175.53;' 175.196 175.19 b 

a b  • Assignments may be interchanged. 

I n c u b a t i o n  of  3 wi th  an e q u i m o l a r  a m o u n t  o f  G S H  (20 
m M ) ,  howeve r ,  did no t  lead  to any m e a s u r a b l e  
f o r m a t i o n  of  an a d d u c t  for  a p e r i o d  o f  20 h. H e n c e ,  
the react iv i ty  o f  C-2 and  C-13 as o b s e r v e d  wi th  1 was 
r e p r o d u c e d  also with  c o m p o u n d s  2 and 3. 

T h e  r eac t i on  kinet ics  p r e s e n t e d  by Page  et  al. 5 for  G S H  
addi t ion ,  on the  b a c k g r o u n d  of  t he  resul t s  o f  the  

Table 5. IH NMR data of the cys-adducts of 1 (lc and ldl (401) MHz, D20 a) 

H le Id 
8 (ppm) mult. J (Hz) 8 Ippml muir. J (Hz) 

1 ~3.11 b 2.655 dd 1 l.l, 6.3 
_'~ 7.946 dd 6.1, 1 .- "~ 3.567 dd [br t] _'~ x 6-7 
3 6.032 dd 6.11. 3.0 2.712 d 7.6 
6 4.237 ~ 4.1117 s 
7 ~3.1 2.t~ 8 h 
8 4.045 ddd [dt] 2 × 6.1. 1.6 4.886 ddd [br t] 2 × 6-7. (<1) 

9c* 1.71111 ddd 15.4, 11.7, 1.3 1.732 ddd 15.4.12.1, (< 1) 
9~ 2.370 ddd 15.8, 5.9.2.11 2.31i9 ddd 15.6, 6.6, 1.7 
II) ~2.1)4 m b ,~2.114 m b 
13a 3.07 /, 3.117 b 
13b ~ "7t19 d 13.~ _.811_ d 13.3 

CH 3-14 I. 147 d 6.7 1.130 d 6.6 
CH3-15 0.848 s I).848 s 
cys-c*H 3.930 dd 7.5.4.7 3.882 dd 7.4, 4.6 

3.841 dd 7.4, 4.2 
cys-[3H z ~3.1 t, ~3.1 b 

h ~'Five drops of acetone-de, were added for better solubility. Overlapping signals, multiplicity not accessible, 8 dctcrmined from centres of COSY 
cross peaks. 
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present study appear somewhat doubtful, all the more 
since it was not product formation that served as a 
probe for the reactions' progress. 

In the reaction with cys, helenalin most surprisingly 
exhibited a completely different behaviour. In mixtures 
of 1 with cys (20 lumol mL ~ 1, 20 and 40 Bmol mL ' 
cys), the exocyclic methylene protons H-13a/b disap- 
peared much faster (t~ : < 5 rain) than the signals of H-2 
and H-3, indicating a dramatically increased reactivity 
of the C-13 reaction site towards the sulf~ydryl group of 
the free amino acid (see Fig. 3). 

Thus, the C-13-mono-cys-adduct lc (IH NMR data see 
Table 5) was the main product in the reaction with 1 
mol equivalent of cys. 

Exposed to the double molar amount of cys, 1 yielded 
the bis-cys adduct ld (IH NMR data see Table 5; tl ,  for 
addition to C-13 < 5 min, for addition to C-2 -~1()00 
rain). 

In analogy with the GSH adducts, the cys adducts adopt 
the TC7 geometry as indicated by their coupling 
constants in the H-9a and H-911 signals (Table 5). 
NOE-interactions between H-13b and H-6 as well as 
CH3-15 once more proved the stereochemistry at C-II 
of the C-13-cys adducts. Also, as observed with GSH, 
the addition of cys to C-2 occurs from the 11-face of the 
molecule, as could be deduced from the coupling 
constants of H-l,  H-2, and H-3 (Table 2). In contrast 
with the GSH reaction, however, the deuteron is addcd 
to C-3 from the [3-direction in this case. The coupling 
constant between H-2 and H-3 is 7.6 Hz and thus. 
although this value is somewhat smaller than expected 
from the computer model, the cys-adduct must possess 
configuration B in Table 2. 

In order to explain the observed regio- and stereo- 
selectivities, a computational investigation of helenalin- 
thiol adducts was carried out utilizing the semi- 
empirical MO method AMI. It has to be noted that 
the GSH molecule is known to possess a high degree of 
conformational freedom in aqueous solution, the most 
stable conformer contributing only about 2% of the 
total population. -> Hence, a vast number of energetic- 
ally similar conformations may be expected to bc 
present within the glutathionyl rests of the adducts. 

Table 6. AMI  calcula ted  cn tha lp ics  ol rcac t ion  (&-Mt , , -  
AH!(produc t )  Y'~ ' ,Hdcducts)  (kJ tool i)) of  mcthylsul f idc  
(Mc-SH)-, tert-hutylsulfide (/-But-SH) and cys adducts of cyclopcnt- 
enc-3-one (A), ot-methylene-¥-butyrolactonc (B) and the correspond- 
ing substructures within the helenalin molecule 

A B I 
C-213 C-13111~l) 

Me SIt 1[)4.58 98.34 98.59 8{I.4(I 
l-But SH 99.51 94.08 94.28 76.3(I 

cvs 99.14 128.42 91.31 109.47 
@s a 93.91 88.119 91.9(i 72.95 

;'O's in the o~-amino-carboxylic acid form. 

For the computer models, thiols with a smaller number 
of rotational degrees of freedom, methylsulfide (Me- 
SH) and t-butylsulfide (t-But-SH) were chosen. 

Thc computed energy differences for addition of these 
mercaptanes to both reaction sites (models were 
calculated for cyclopentene-3-one and a-methyleneq,- 
butyrolactone and for helenalin with both, Me-SH and 
t-But-SH) were in agreement with the experimentally 
measured difference in reactivity between C-2 and C-13 
towards GSH. As expected, the o~,11-unsaturated ketone 
structure yields the thermodynamically more favourable 
product. The cyclopentenone adducts were calculated 
to be more favourable than the a-methylenebutyrolact- 
one adducts by about 20 kJ mol ~ (Table 6). 

The models for the C-2 adducts indicated that the 2a 
adducts should be energetically somewhat more favour- 
able (6-8 kJ tool l) than the 21t configurated com- 
pounds actually formed. This stereoselective reaction at 
C-2 with both, cys and GSH, might be explained by a 
stereoelectronic effect arising from an interaction of the 
sp 3 orbital of the C-I-H-1 bond with the rt-electron 
system of the A2,3-double bond. The slightly acidic H-1 
is oriented perpendicular to the plane of the double 
bond and some of the electron density of the C-H  bond 
will be distracted by the positive partial charge at C-2 so 
that the overall electron density on the a-side of the 
cyclopentenone ring is somewhat higher than on the 11- 
side, which will facilitate the nucleophile's attack from 
the 11-direction. 

Since computer models for the C-13 adducts yielded 
more favourable energies (15-20 kJ mol ~) for an l l a -  
oriented side chain, reaction at this site is likely to be 
determined by steric control. An approach of the 
sulfhydryl compound to the exomethylene site is far 
more probable from the a-direction (Fig. 4). The final 
addition of a proton or deuteron, which determines the 
stereochemistry at C-11 of the adduct for steric reasons, 
should also occur from the a-side. 

d )  n ~  

Figure 4. Addition to the exomethylenc group occurs favourably from 
the (x-side of the helenalin molecule (the figure shows a model of a C- 
2[~-monoadduct). Proton donation by a solvent molecule determining 
the stereochemistry of the adduct is also more easily possible from this 
side leading to a C- 1113 configured product. 
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Figure 5. ORTEP plot of the AM1 minimized structure of lc. Dotted 
line: interaction between ammonium and lactone carbonyl. 

As a possible reason for the dramatic increase in 
reactivity of the exomethylene group towards free cys, 
an electrostatic interaction of the ammonium group of 
eys with the lactone carbonyl (carbonyl and double 
bond in a eisoid orientation) of the STL might stabilize 
the transition state and product, .while a similar 
interaction would not be likely to occur in case of the 
C-2 adduct. The most favourable conformer found for 
the C-13(ll[3)-cys-adduct of 1 is indeed characterized 
by a small distance between the ammonium group and 
the lactone earbonyl (N-H + ... O = C  2.16 A, see Fig. 5). 
In contrast with the t-But-S- and Me-S-adducts, this C- 
13-cys adduct was calculated to be more favourable 
than the C-213 adduct by 18 kJ tool ~ (Table 6). This 
difference can be interpreted as a consequence of the 
zwitterionic nature of the amino acid, since models of 
the adducts with cys in the c~-aminocarboxylic acid form, 
otherwise identical in geometry, yielded energy differ- 
ences comparable with those of the Me-S- and t-But-S- 
adducts (i.e. the C-2 adduct is lower in energy by 19 kJ 
mol L). It may be concluded, that the reaction of cys 
with the exomethylene lactone occurs at such a highly 
increased rate due to the cisoid arrangement of the 
carbonyl and the exomethylene group, which allows an 
approach of the ammonium- and the sulfhydryl group at 
the same time. During the addition of cys to C-2 in the 
cyclopentenone, such a simultaneous approach is not 
possible because of the transoid orientation of the c~,[~- 
unsaturated structure and the higher distance between 
the oxygen atom and the reactive carbon. 

The tested concentration range for GSH, 20-100 mM, is 
relatively high compared with physiological cellular 
GSH concentrations that lie in a range of 0.5-10 
raM. 17'~4 At the same time, the sesquiterpene lactone 
concentration of 20 mM is far above the concentrations 
necessary to obtain biological effects which usually lie in 
the micromolar range and below. '-'1 Since reaction 
rates, even in these unphysiologically high concentra- 
tions, are relatively low, chances for a spontaneous 
deactivation of the molecules by GSH addition within a 
living organism must be rather small. More specific 
reaction sites in enzymes may thus be reached by the 
unchanged helenalin molecule. 

The reaction with cys, on the other hand, proceeded at a 
very. high rate. However, free cys concentrations in blood 
plasma and cells are known to be very low, in a range of 
0.01-0.1 raM, z4 which is only 1/200-1/2000 of the 
concentrations applied here, so that spontaneous deac- 
tivation of STL by free cys in a physiological environ- 
ment would, if at all, proceed at a much lower rate. 

The adverse behaviour of helenalin towards the SH 
groups of free cys and the tripeptide GSH shows that 
reactivity towards one particular model nucleophile 
cannot be extrapolated to predict biological activity in a 
living system since SH groups are present in a great 
variety of different environments within a living cell. 
This explains the observation made by Kupehan et al/' 
that no correlation between the rate of cys addition and 
bioactivity (in this case cytotoxieity) exists. 

The findings presented here clearly demonstrate that 
the chemical environment of the target sulfhydryl plays 
a crucial role, whose importance should increase for 
reactions in more sterically demanding situations (e.g. 
on the surface or even in hydrophobic pockets of 
polypeptides). High flexibility as observed among 
helenalin and its esters 2~ will certainly increase a 
molecule's success in reacting in such more complicated 
environments. The presence of positively charged or, 
possibly, hydrogen bond donating structure elements in 
the right steric position in relation to the SH group on 
the target side will strongly influence the rate of 
addition. The view of previous authors, that selectivity 
of individual sesquiterpene lactones towards particular 
receptor structures in enzymes exists (see Willuhn l~ and 
literature cited therein), is reinforced by these findings. 
Further research on the stereochemistry and reactivity 
of sesquiterpene lactones towards a wider variety of 
oligo- and polypeptide structures will possibly lead to 
further structural information on such selectivities, 
which should allow the optimization of the lead 
structures with respect to a desired biological effect. 
Investigations in this direction are in progress. 

Experimental 

Compounds 

The sesquiterpene lactones were isolated from Arnica 
species as reported previously. 'e GSH and cys were used 
as purchased from Sigma Chemicals. The purity of all 
compounds was confirmed prior to the experiments by 
recording IH NMR spectra. 

Helenalin-2[~-mono-glutathionyl adduct (lan). Helen- 
alin (1(i.5 mg, 40 ~mol) was dissolved in five drops of 
acetone, and 1 mL of phosphate buffer pH 7.4 was 
added. After degassing the sample (ultrasonic) for 30 
rain, 6.1 mg (20 blmol) of GSH were added. The 
progress of the reaction was monitored by TLC on 
Cellulose F254 plates with the upper phase of a mixture 
of n-butanol:H,O:acetic acid (5:4:1) as mobile phase. 
Detection: UV 254 nm and 0.25% ninhydrin in acetone. 
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Formation of one single product was observed. (GSH: 
hR~ = 10, UV: ; ninhydrin: violet; helenalin: h &  > 90, 
UV: +; ninhydrin: - ;  Product: hR ! 32; UV: +; 
ninhydrin: brown). When no further increase of the 
product spot was observed, another 20 Bmol of GSH 
were added and the reaction continued for another day. 
After this, only a very small amount of unchanged 
helenalin could be detected. The reaction product was 
then purified using a column of 5 g Sephadex LH20 in 
H20,  which yielded 4 mg of the pure compound in 
addition to 16 mg slightly impure product. For L~C 
NMR data see Table 4. 

Helenalin-2[3,13(ll~)-bis-glutathionyi adduct (lb"). 
Helenalin (10.5 mg, 40 Bmol) was dissolved as above. 
After addition of 49 mg (160 Bmol) GSH, the mixture 
was allowed to stand at room temperature for three 
days and the progress of the reaction monitored by TLC 
(see above). When no detectable amounts of either 
unchanged helenalin or the monoadduct  la n were left, 
the mixture was separated as mentioned above to give 
17 mg of pure lb n (TLC hR l = 3). For ~C NMR data 
see Table 4. 

NMR spectroscopy 

tH NMR, COSY, and NOESY spectra were recordcd 
on a Bruker AM400 NMR spectrometer at 400.13 
MHz. For the COSY and NOESY spectra, the standard 
pulse programs COSY.AU and NOESY.AU as pro- 
vided by Bruker were used. All pulse angles were 9 0  
and the mixing time for the NOESY experiments was 
1000 - 20 ms. 

The spectra of la"  and lb"  after isolation were 
recorded on a Bruker DRX 500 NMR spectrometer  
at 500.13 MHz (~H) and 125.77 MHz (~C). 2-D ~H/I~C 
shift correlated spectra were recorded on the same 
spectrometer using the pulse program INVBTP. Shift 
values are expressed relative to (external) TMS 
(~5(HDO) = 4.720 ppm). Solvents of a deuteration 
grade of 99.8% D were utilized in all cases. 

Reactions monitored by IH NMR spectroscopy 

For each reaction, 1() btmol STL were dissolved in five 
drops of acetone-d,, (1) or five drops of each, acetone-dj  
methanol-d4 (2 and 3) and diluted with D~O to a volume 
of 0.5 mL in NMR tubes to give the specified concen- 
tration (c~) = 20 btmol mL ~ = 20 mM). After adjusting 
the NMR spectrometer to the individual sample, the tube 
was removed and quickly mixed with the specified 
amounts of GSH or cys. The first spectrum was usually 
taken 5 min after the beginning of the reaction. 

Measurement of reaction rates 

The NMR signals in spectra recorded at different times 
during a reaction were integrated and reaction diagrams 
obtained by plotting the intensity of the decreasing 

signals of the starting materials (H-13a/b and/or H-2) 
versus time (Fig. 1). 

In case of the reaction of 1 and 2 with GSH, the data 
were found to be in good agreement with second-order 
kinetics. For equimolar ratio, a good linear relationship 
between 1/c and time was obtained (linear regression 
was carried out using Microsoft Excel. For data for 1 
see Table 3, data for 2: R e 0.965, k~ = 0.039). For the 
reaction of 1 with 2 and 5 equiv of GSH, 1/(c0(GSH) - 
c,,(l)) × In ((c0(GSH) × c~l)/(col × c , (GSH)) )was  
plotted versus time. 25 Parameters derived from these 
graphs (R 2 values for the linear regression and second- 
order rate constants) are given in Table 3. The 
increasing deviation of the data from linearity for the 
reaction with 2 and 5 tool equiv illustrates that the 
reaction in these concentrations does not exactly follow 
second-order kinetics. 

The data for addition of cys to C-13 could not be 
linearized by application of a second-order rate law. 
This reaction proceeded at an extremely high rate with 
t~ 2 < 5 min. The best fit for a linear relationship (20:40 
mM (l:cys)) was found for a reaction order of 2.5 (R 2 = 
0.9997, k25= 0.58 mol 1.5 min ~).:5 

In thc reaction of cys with C-2, however, the data could 
be linearized by plotting according to second order, 
which led to ak~ value of 0.071 tool ~ min i (R 2 = 0.979) 
that shows that the reaction rate is very similar to the 
value for GSH addition at this reactive site. 

Molecular models 

Computer  models were generated with the molecular 
modelling package Hyperchem, Release 4. As the 
starting geometry for the adducts of 1, a model of the 
TC7 geometry as described in a previous communica- 
tion :t was used. 

As a first step, M M +  optimized models of the educts 
were combined to a preliminary model of the product, 
which was minimized again. Molecular dynamics 
simulations were carried out at high simulation 
temperatures (generally 3 ps at T = 600 K) and 
different geometries resulting from this procedure were 
re-minimized in order to obtain a minimum energy 
structure for the products. The resulting geometries 
were then minimized using the semi-empirical MO 
method AM l, as implemented with Hyperchem. All 
models computed by this method were minimized using 
the Polak-Ribiere algorithm to an RMS gradient 
smaller than 0.01. Calculation of 'H-coupling constants 
(Table 4) was carried out with the program P C M O D E L  
after transformation of the Hyperchem files into 
MOPAC-format .  

Acknowledgements 

The author gratefully acknowledges the hospitality of 
Professor Dr N. H. Fischer, Depar tment  of Chemistry, 



Hclenanolidc type sesquiterpene lactones--llI 653 

Louisiana State University, Baton Rouge,  Louisiana, 
U.S.A. and a research fellowship of  the Deutsche 
Forschungsgemeinschaf t  ( D F G )  Schm 1166/1-1. 

References 

15. Hall, 1. H.; Lee, K.-H.; Mar, E. C.; Starnes, C. O.; 
Waddell, T. G. J. Med. Chem. 1977, 20, 333. 

16. Lcc, K.-H.: Hall, I. H.; Mar, E. C.; Starnes, C, O.; El 
Gebaly, S. A.; Waddell, T. G.; Hadgraft, R. I.; Ruffner, C. G.; 
Weidner, I. Science 1977, 196, 533. 

1. Seaman, F. C. Bot. Rev. 1982, 48, 121. 

2. Picman, A. K. Biochem. Syst. Ecol. 1986, 14, 255. 

3. Hanson, R. L.; Lardy, H. A.; Kupchan, S. M. Science 1970, 
168, 378. 

4. Smith, C. H.; Larner, J.; Thomas, A. M.; Kupchan, S. M. 
Bioehem. Biophys. Acta 1972, 276, 94. 

5. Page, J. D: Chaney, S. G.: Hall, I. H.; Lee, K.-H.; 
Ho[brook, D. J. Biochem. Biophys. Acta 1987, 926, 186. 

6. Kupchan, S. M.: Eakin. M. A.; Thomas, A. M. J. Med. 
Chem. 1971, 14. 1147. 

7. Hall, I. H.; Williams, W. L.: Grippo. A. A.; Lee. K.-H.: 
Holbrook, D. J.: Chaney. S. G. Antieancer Res. 1988, 8, 33. 

8. Lee, K.-H.: Mcck, R.: Piantadosi, C. J. Med. (Twin. 1973, 
16, 299. 

9. Grippo, A. A.: Hall, I. H.: Kiyokawa, H.: Muraoka, O.: 
Shen, Y.-C.: Lee, K.-H. Drug Des, Discov. 1992, 8, 191. 

1(/. Hall, I. H.; Lee, K.-H.; Starnes, C. O.: Sumida, Y.: Wu, R. 
Y.; Waddell, T. G.; Cochran. J. W.: Gerhardt. K. G.J. Pharm. 
Sci. 1979, 68, 537. 

11. Hall, I. H.: Starnes, C. O.; Lee, K.-H.: Waddell, T. G. J. 
Pharm. Sci. 1980, 69, 537. 

12. Willuhn, G.; Merfort, 1.: Passreiter, C. M.; Schmidt, T. J. 
In Advances in Compositae Systematics; Hind, D. J. N.; Jeffrey, 
C.: Pope, G. V., Eds.; Royal Botanic Gardens: Kew, 1995: pp 
167-195, and literature cited therein. 

13. Willuhn, G. Dtsch. Apotheker Ztg. 1987, 127, 2511. 

14. Picman, A. K.; Rodriguez, E.: Towers, G. H. N. Chem. 
Biol. h~teractions 1979, 28, 83. 

17. Broch, H.; Msellem, M.; Viani, R.; Vasilescu, D. Quantum 
('hemist~', Quantum Biology Symposium 1993, 20, pp 49-63, 
and literature cited therein. 

18. Robles, M.; Aregullin, M.; West, J.; Rodriguez, E. Planta 
Med. 1995, 61, 199. 

19. Merrill, J.; Kim, H. J.; Safe, S. Adv. Expt. Med. Biol. 1986, 
197, 891. 

20. Hall, I. H.: Grippo, A. A.; Holbrook, D. J.; Roberts, G.; 
Lin, H.-C.: Kim, H. L.; Lee, K.-H. Planta Med. 1989, 55, 513. 

21. Schmidt, T. J. ,L Mol. Str. 1996, 385, 99. 

22. Schmidt, T. J.; Fronczek, F. R.; Liu, Y.-H. J. Mol. Str. 
1996, 385 113. 

23. Podanyi, B.; Reid, R. S. J. Am. Chem. Soc. 1988, 110, 3805. 

24. Biochemist's Handbook; Long, C., Ed.; E. & F.N. Spon: 
London, 1961. 

25. Connors, K. A. Chemical Kinetics - The Study o f  Reaction 
Rates in Solution; VCH: New York, 1990. 

(Received in U.S.A. 27 September 1996; accepted 25 November  1996) 


