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Reaction of guaianolide achillin with chlorine in methanol 
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The reaction of sesquiterpene lactone achillin with chlorine in methanol afforded four 
products, via.. two monochlorides and two dichlorides. One of these monochlorides is an 
intermediate in the formation of both dichlorides. The structures of the reaction products were 
established by two-dimensional N M R spectroscopy The structure of one of the products was 
also established by X-ray diffraction analysis. 
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Sesquiterpene lactone achillin (1) was isolated for 
the first time from the plant Achillea lanulosa in 1963. I 
The stereochemistry of molecule 1 was established based 
on the results of  chemical synthesis./. This lactone is a 
readily accessible c o m p o u n d )  Its natural 8c~-hydroxy 
derivative (grossmisin),  t C ( l l ) - e p i m e r  (desacetoxy- 
matricarin or leucomisin),  4 and I I-epi-8~-acetoxy de- 
rivative (matricarin) 5 were described. These compounds 
contain the same conjugated diene system and the 
guaiane carbon skeleton. 

Chloro derivatives of sesquiterpene lactones have 
attracted interest over many years, n Among these deriva- 
tives, more than 30 natural compounds 7 were described, 
many of which exhibit pronounced physiological activ- 
ity. 8.9 In connection with this interest, we performed for 
the first time the reaction of lactone I with chlorine in 
methanol at room temperature and isolated the reaction 
products. Previously, it has been demonstrated 10,1t that 
selinane-type d ienone  lactone, viz., ot-santonin (2), 
readily enters into the reaction under analogous condi- 
tions to form methoxychloride 3. The molecular struc- 
ture of 3 was established by X-ray diffraction analysis of 
the corresponding des-O-methyl derivative. 

It appeared that achillin ( i )  reacted completely with 
chlorine to form four products 4--7 (TLC data) in 28. 
II,  20, and 14% yields, respectively (after chromato- 
graphic separation on SIO2). 

The mass spectra of methoxydichlorides 4 and 5 do 
not have molecular ion peaks, but the results of elemen- 
tal analysis taking into account the data of I;C NMR 
spectroscopy demonstrated that these compounds are 
isomers of the general formula C16H20CI20 4. The mo- 
lecular structures of these compounds were established 
by 13C and IH N M R  spectroscopy (Tables 1 and 2, 
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Table I. Parameters of the 13C NMR spectra (CDCI> 65 of 
compounds 4 -  7 

Atom 4 5 6 7 

C(I) 75.04 (s) 77.34 (s) 72.62 (s) 75.17 (s) 
C(2) 197.88 (s) 195.70 (s) 199.80 (s) 200.28 (s) 
C(3) 129.93 (d5 127.87 (d) 130.151 (d5 129.65 (d) 
C(4) 176.73 (s) 173.84 (s) 175.51 (s) 176.14 (s) 
C(5) 65.65 (d) 63.38 (d) 65.08 (d) 64.23 (dl 
C(6) 80.59 (d) 81.63 (d) 82.85 (d) 82.51 (d) 
C(7) 42.46 (d) 40.37 (d) 44.30 (d) 41.7t (d) 
C(8) 22.82 (t) 24.0l (t) 29.23 (t) 22.4l (t) 
C(9) 30.43 (t) 39.03 (t) 32.23 (t) 32.55 (t) 
C(10) 76.22 ( .s)  76.14 (s) 143.77 (s5 82.39 (s) 
(2(111 38.92 (t-l,) 38.97 (d) 38.35 (d5 38.99 (d) 
C(12) 178.54 is) 178.59 (st 178.24 (s) 179.09 (s) 
C(13) 10.52 lq) 10.38 (q) 11.24 (q) 10.73 (q) 
C(14) 75.64 (t) 77.27 (t) 118.82 (t) 21.31 (q) 
C(155 1902 (q) 17.96 (q) 19.98 (q) 19.03 (q) 
C(16) 59.38 (q) 59.14 (q) -- 50.50 (q) 

respectively). The ass ignment  of . the  signals was made 
using two-dimensional  I H - - I H  (COSY) and t3C--IH 
(COSY, C O L O C )  N M R  spectra. We used the known 
procedure for the analysis o f  i3C and IH N M R  spec- 
tra. 12 which we have successfully applied previously in 
the case of  more complex  subjects, viz, tri terpenic 
ethers containing the spirane fragment in the carbon 
skeleton 13 and lanos tane- type  lactones, b~ 

The question concern ing  the configurations of  the 
asymmetr ic  C ( I )  and C(10) centers in the molecules of  
the ch lor ides  unde r  s tudy  was solved as follows. 
Monochlor ide  6 is an in termediate  in the formation of  
dichlorides 4 and 5 (this fact was confirmed by the 
model  experiment) .  X-ray diffraction study demonstrated 
that  the CI a tom in this monoch lo r ide  is in the 

or-orientation, which is in ag reement  with ev idence  that 
the a-s ide  is sterically more  favorable for the addi t ion at 
the At~ bond  in the molecule  o f  guaiane 
d ienone of  type 1.15 The  structure and the absolute 
configuration of  mo lecu le  6 are shown in Fig. I. The 
bond lengths in the m o l e c u l e  are close to the standard 
,,'alues. 16 The s e v e n - m e m b e r e d  ring in 6 adopts a slightly 
distorted chair con fo rma t ion .  The  lactone ring assumes 
an envelope confo rma t ion  with  the C(7) a tom deviating 
from the plane through the  remaining four a toms (the 
average  deviat ion f rom the  plane is 0.019 A) by 
-0 .425(7)  A. The c y c l o p e n t e n e  fragment is planar  to 
within +0.05 A.. The  c loses t  analog of  c o m p o u n d  6 
avai lable in the C a m b r i d g e  Structural  Da tabase  is 
10 -ep i -8 -desoxycumambr in  B. 17 On the whole ,  the 
seven-membered  rings in these  molecules have similar 
geometr ic  parameters and conformat ions .  However ,  it 
should be noted that the cyc lopen tene  fragment  in the 
molecule  of  the a b o v e - m e n t i o n e d  lactone, 17 unlike that 
in molecule  6, adopts a f la t tened envelope confo rma-  
t ion,  and the twist c o n f o r m a t i o n  of  the lactone ring in 
the former molecule is m o r e  pronounced.  

The stereochemistry, o f  the envi ronment  at the C(10) 
a tom in epimeric me thoxyd ich lo r ides  4 and 5 was not 
established by X-ray d i f f rac t ion  analysis because we 
flailed to obtain crystals o f  these  compounds  suitable for 
X-ray studies. Hence ,  we p roceeded  from the {'acts that 
the long-range spin-spin  coup l ing  between the l--l(14g) 
and H(9A) protons is man i fes ted  in the IH N M R  spec- 
t rum of  the minor  me thoxyd ich lo r ide  ( 4 j  -= 1. [ Hz,  see  

Table 2), whereas this coup l ing  is not observed in the 
II-I N M R  spectrum o f  the ma jo r  methoxychior ide .  It is 
known that the c y c l o h e p t a n e  ring can adopt  a chair, 
boat, twist-chair, or  twis t -boa t  conformat ion. IS The flex- 
ibility of  this ring is dec reased  because it is fused with 
two f ive-membered rings. Dre id ing  models demons t ra ted  

Table 2. Parameters of the IH NMR spectra of compounds 4--7 (CDCt 3, Me4Si , 8, J/Hz) 

Proton 4 S 6 7 

H(3) 6.14(dq, J = 2 ;  1.5) 6. t2(dq, g =  2.4:1.45 6.18 (quint. J = 1.5; 1.5) 6.05 (quint, J =  1.5) 
H(5) 3.49 (ddq, 3.66 (ddq, J =  9.0 2.4: 1.4) 3.36 (ddq, 3.44 (ddq, J =  I0.5; 2; I) 

J = 9.6; 2.0; 1.5) J = 10.5; 2.3; 1.5) 
H(6) 4.85 (t, J = 9.5) 4.62 (dd, J = II.0; 9.0) 4.06 (t. g = 10.5: 10.5) 4.60 (t, Z = 9.0) 
H(7) 2.72 (m) * 2.92 (m) 2.73 (m) 2.68 (m)* 
H4'8A) 1.83 (din, J = 14) 1.78 (m) 1.97 (din, J = 13) 1.65 (din, J = 14) 
H(8B) 1.76 (m) 165 (m) 1.43 (m) 1.47 (m) 
H(9A) 2.63 (dt, 2.77 (dddd. 2.85 (br.ddd, 2.34 (ddd, 

. /=  15.5; 4.0) J =  15.2" 13.0"4.5; l . l)  J =  13.5; 13.5;4.5) J=  15.0; 13.0; 4.5) 
H(9B) 2.33 (ddd, 2.29 (dt, J = 15.2; 7.45 2.45 (dddd, 1.85 (dr, J = 15.0; 3.8) 

J = 15.5; 12.5; 3.8) d = 13.5: 4.3; 3.6; 0.7) 
H(I1) 2.72 (m)* 2.73 (quint, d = 7.8) 2.73 (m) 2.70 (m)* 
3 H{13) 1.22 (d, d = 7.5) 1.18 (d, J = 7.8) 1.16 (d, J = 7.8) 1.20 (d, g = 7.8) 
H(14A) 3.86 (d, J = 11.0) 3.50 (d, J =  10.6) 5.17 (br.s) 1.42 (s, 3 H(14)) 
H(14B) 3.99 (d, J =  11.0) 3.4[ (dd. J =  10.6; 1.1) 4.90 (br.d, ,/=1.0) 
3 H(15) 2.25 (t, . /=  1.4) 2.22 (t, J = 1.4) 2.28 (t, J = 1.5; 1.5) 2.20 (t, , /=  1.4) 
H~CO 3.38 (s) 3.25 (s) 3.1 I (s) 

* Signals overlap with each other. 
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Fig. 1. Molecular structure of chloride 6. 

that the cycloheptane fragment in molecules 4 and 5 can 
adopt either one of two distorted chair conformations or 
a distorted twist-boat conformation. Then, we performed 
calculations using the Chem3D program 19 and demon- 
strated that the conformations of  the carbon skeletons in 
molecules 4 and 5 corresponding to the energy minima 
are virtually identical. The seven-membered carbon ring 
in these compounds has one of two distorted chair 
conformations, which is very similar to that observed in 
the molecule of  methoxychloride 6 in the crystal. For 
this conformation,  the W-type configuration of the 
H(14) - -C(14) - -C(10) - -C(9) - -H(9)  chain, which is nec- 
essary for the manifestation of  long-range spin-spin 
coupling through four or-bonds. 2~ is realized only if the 
- -CH2OMe fragment adopts the ~-configuration (F ig  2). 
In the case of the c~-configuration of this fragment, 
long-range spin-spin coupling can also occur, but only if 
the seven-membered ring has the second type of dis- 
torted chair contbrmation,  which is, however, more 
strained (according to the results of calculations by the 
MM2 and PM3 methods, AE = 18.8 and 5.9 kJ mo1-1, 
respectively) and is energetically less favorable. There- 
fore, the configuration at the C(10) atom in the major 
epimer corresponds to formula 4, whereas this configu- 
ration in the minor epimer, in which long-range spin- 
spin coupling between the H(14B) and H(9A) protons is 
observed, corresponds to formula 5. 

in the mass spectrum of  methoxymonochloride 7, 
the highest-mass ion peak belongs to [M - CI] + 
(CI6H2104). The presence of one chlorine atom in the 
molecule of  this reaction product was confirmed by the 
results of elemental analysis, and the structure of this 
product was established based on the data of two- 
dimensional IH- - IH  (COSY) and 13C--IH (COSY, 

H(t4) 

C(14) 

H(9) 

Fig. 2. Conformation of the molecule of methoxychloride 5 
(the Hfl4)--C(14)--C(10)--C(9)--H(9) chain adopting the 
W-type configuration is marked). 

COLOC) N M R .spectroscopy. The configurations of  the 
C ( I )  and C(10) centers in this molecule were proposed 
as the most probable. These configurations correspond 
to the "normal" product of  trans-antiparallel addition of 
C1 + and MeO- ions as a result of  the initial attack of the 
CI + cation on the achillin molecule from the sterically 
more favorable ct-side. 

For  the methoxymonochloride under consideration, 
the structure of 1,10-diepi-7 is also not ruled out. This 
product  can be formed through analogous successive 
addi t ion of the CI ~ and MeO-  ions, but the initial attack 
o f  the CI" ion on the molecule of lactone 1 should occur 
from the sterically more shielded [3-side. The fact that 
under  the condit ions of  electrophil ic addit ion,  the 
halogenonium ion can give minor products correspond- 
ing to its attack from the sterically more shielded side 
has been noted previously, in particular, in the reaction 
of  macrocyclic diterpenoid cembrene wi~h N-bromo- 
succ in imide  in aqueous  ace tone ,  zl However ,  the 
~3C NMR spectrum does not confirm the possibility of 
this situation occurring and demonstrates that chloride 7 
corresponds stereochemically to dichloride 4 (see Table 1~ 
the signals for the C(t  )--C(5),  C(8), and C(9) atoms). 

The signals for the C(14) and C(15) atoms in the 
IZC NMR spectrum of  lactone 1 have not been unam- 
biguously assigned in the study. 2z This problem can 
be readily solved with the use of  two-dimensional  
13C--IH NMR (COSY) spectroscopy after the assign- 
ment  of  the low-field signal of the methyl group (at 
6 2.38; d, J = 1.0 Hz) and the signal of the second 
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methyl group (at ,5 2.31; dd, 4JH(15).H(y ~ = 1.4 Hz and 
4Jit(15),H(5 ) = 0.8 Hz) to H.~C(14) and H3C(15), respec- 
tively. The data of  13C--~ H correlat ion demons t ra te  that 
the 13C signals with the smaller  and larger chemical 
shifts belong to the C(15) and C(14) a toms,  respectively. 

Experimental 

The melting points were determined on a Boetius instru- 
ment. The IR spectra were recorded on a Vector 22 instrument. 
The NMR spectra were measured on a Bruker DRX-500 spec- 
trometer (500.13 and 125.76 MHz for ~H and i3C. respectively) 
with the use of standard programs (Braker) for recording two- 
dimensional COSY and COLOC (7 Hz) NMR spectra. 

The high-resolution mass spectra IEI, 70 eV) ~,ere recorded 
on a Finnigan MAT 8200 instrument. The optical rotation was 
measured (at 580 rim) on a Polamat A polarimeter. 

Column flash chromatography was carried out on SiO 2 

(Chemapol 40/100) with the use of a light petroleum--ethyl 
acetate mixture as the eluent, the content of the latter compo- 
nent being increased (from 0 to 60%). TLC was performed on 
Silufol plates; spots were visualized by spraying with a I% 
vanillin solution in I-t2SOa. 

The starting achillin (1) (m.p. 145.5--146.5 ~ was isolated 
from the above-ground part of Achillea micrantha according to a 
procedure reported previously. 3 

Chlorination of lactone 1 and separation of the reaction 
products. A flow of dry' gaseous CI 2 was passed through a 
solution of lactone 1 (0.227 g) in MeOH (15 mL) at 20 'C Until 
the starting compound was completely converted into the reac- 
tion products (-30 rain). The solvent was removed in vacuo with 
the use of a water aspirator pump. Dichloride 4, chloride 7, 
chloride 6, and dichloride 5 were successively isolated by chro- 
matography of the residue and crystallization of the resulting 
fractions from a light petroleum--ethyl acetate mixture in yields 
of 0.09 g (28%), 0.t)4 g (14%), 0.052 g (20%). and 0.035 g 
(I 1%), respectively; &. were 0.67, 0.55, 0.47, and 0.22, respec- 
tively (Silufol, a 3 : t light petroleum--acetone mixture as the 
eluent). 

lc~, 10[]- Dichloro- 1,10-dihydro- 14-methoxyaehillin (4). 
Crystals, m.p. 160--162 ~ I.tss025 +207 ~ (c 0.511. CHCI3). 
Found (%): C, 55.55: H, 5.78; Ct, 20.20. CI61420CI20 ~. Calcu- 
lated (%y C, 55.34, H, 5.80, C1.20.42. IR (KBr), v/era-l: 1780 
(y-lactone): 1710 (C=O): 1625 (C=C); 1220, 1125, 1027, 985, 
840 (C--O); 712 (C--CI). UV (EtOH), ;,.max/nm: 24t (s 9500). 
MS. m/z. (1rr (%)): 309 IM - H - HCI]* (13). 275 
[M - CI - HCIJ (100), 149 (34), 57 (21), 45 (22). Found, re~z: 
309.08565; calculated for CI6HIsCIO4: M = 309.08935. The 
parameters of the 13C and IH NMR spectra are given in 
Tables I and 2, respectively. Selected cross-peaks in the two- 
dimensional 13C--IH NMR spectnzm (COLOC): C(I)/H(9A), 
H(5), H(3); C(10)/H(SA), H(9A), H(14A); C(14)/OMe. 

la ,  10ct-Diehloro- 1,10-dihydro- 14-methoxyachillin (5), 
Crystals, m.p. 184--185 ~ [~x]58025 +182 ~ (c 0.511, CHCI3). 
Found (%): C, 55.61; H, 5.89; CI, 20.06. CI6H20C1204. Calcu- 
lated (%): C, 55.34, H. 5.80. CI, 2042. IR (KBr), v/cm-~: 1780 
(7-1actone); 1710 (C=O); 1625 (C=C); 1220, 1200, 1t25, 1030. 
985, 850 (C--O); 715 (C--Ct). UV (EtOH), ZmaJnm: 238 
(~ 9300). MS, m/z (/tel (%1): 311 [M - CI] (t.5), 275 
IM - CI - HCI] (100), 55 (8), 45 (I I). Found, re~z: 311.10646; 
calculated for C!6H20CIO4: M = 311.10500. The parameters of 
the t3C and IH NMR spectra are given in Tables I and 2, 
respectively. Selected cross-peaks in the two-dimensional 

t-~C--I H NMR spectrum (COLOC): C(I)/H(9B), H(3). H( 14A); 
C( 10)/H(SA); C( 14)/OMe, H(9A). 

l,~t-Chloro- 1,10-dihydro- 10,14-dehydroachiUin (6). Crystals, 
ru.p. 171--172 ~ [c~]ss02~ +26~ ~ (c 1.34, CHCIO. IR (KBrL 
v/cm-I:  3080, 1000 (C=CH2): 1780 (::-lactone); 1710 (C=O): 
]625 (C=C); 1205, 1030. 850 (C--O)" 715 (C-CI).  UV (EtOH), 
Lma• 236 (~. 10900). MS, m/z (Ire ~ (%)): 280 [M] ~- (I.5), 
245 IM - CI]* (100), 171 (6). 105 (4). 91(6), 55t7). Found. 
re~z: 280.08614: calculated lot C,sHITCIO~: M = 280.08661; 
found, re~z: 245. 11855: calculated for C15HI703: M = 245.11776. 
The parameters of the t3C and ~H NMR spectra are given in 
Tables I and 2, respectively. 

lct-Chloro-l,10-dihydro-100-methoxyaehillin (7). Crystals, 
m.p. 169--171 ~ [rt]sso 16 +116 ~ (c 0.36, CHCI31. Found (%): 
CI, 11.50. Ct0H2~CIO4. Calculated (%): CI, 11.33 IR (KBr). 
v / c m l :  1780 (,;-lactone); 1710 (C=O); 163(I (C=C); 1216. 
1190, 1033, 987. 840 (C--O); 715 (C-CI).  UV (EtOH), 
kma~/nm: 237 (~ I I000). MS, m/z (/r~i (%)): 277 IM - C!]" 
(93), 276 [M - HC1] ~ (48), 245 (15), 204 (35), 183 (16), 109 
(21), 85 (100), 55 (33). Found, re~Z: 277.[4070; calculated for 
C I 6 H 2 ! O 4 : , ~ 4  ~ 277.14397. The parameters of the 13C and 
tH NMR spectra are given in Tables I and 2, respectively. 
Selected cross-peaks in the two-dimensional t3C--tH NMR 
spectrum (COLOC): C( t )/3H(14), H(5), H(9B); C( 10),'3 H(14) 
OMe, H(SA). 

Reaction of compound 6 with chlorine in MeOlt .  Dry 
gaseous C12 was passed through a solution of monochloride 6 
(10 mg) in MeOH (I mL) at 20 ~ until compound 6 was 
completely consumed (~5 mira TLC control) The reaction 
mixture was concentrated to dryness in vacuo, and the residue 
was obtained in a yield of 1 I rag. According to the data of TLC 
and IH NMR spectroscopy, the residue consisted of two 
methoxydichloridcs 4 and 5 (2.3 : 1.0; the ratio was determined 
from the relative integral intensities of the signals for the H(6) 
atom in the IH NMR speetrumL 

X-ray diffraction study was carried out on a Braker P4 
diffractometer (Mo-Ket radiation, graphite monochromator, 20/0 
scanning technique. 20 < 50~ X-ray data were collected from a 
crystal of compound 6 of dimensions 1.20•215 ram. Cr3's- 
tals are orthorhombic: a = 10.328(I) A, b = 10.832(17 A, 
c = 12.235(2) A, V= 1368.8(3) A 3, space group P2t2t2 i, Z =  4, 
CI51-tl7CIO3, dcalc= 1.362 g c m  -3. ~t = 0.280 mm -t .  A total of 
1345 independent reflections were measured. The structure was 
solved by the direct method using the SHELXS-S6 program 
package. The positions of the hydrogen atoms were calculated 
geometrically. l-he final refinement of the structural parameters 
was performed by the full-matrix least-squares method in the 
anisotropic-isotropic approximation (for H atoms) using the 
SHELXL-97 program package based on all F 2 to wR2 = 0.1043, 
S = 1.121; 173 parameters were refined (R = 0.0439 based on 
1192 reflections with F > 4~). The absolute configuration of 
molecule 6 was determined using Flack's parameter (-0.44( 19); 
for the inverted structure. Flack's parameter is equal to 1.23(19)). 
The complete tables of the bond lengths and bond angles, the 
atomic coordinates, and the equivalent thermal parameters of 
the nonhydrogen atoms for the structure of 6 were deposited 
with the Cambridge Structural Database. 
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