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Sztmmary. The crystal structure of axillarinc hydrobroniiclc ethanol solvate has been deter- 
mined from ;analysis of photographic X-ray data.  The  crystal systeln is ortliorhonibic, space 
group P212121, with unit cell dimensions a = 9.89, b =z 11.23, r == 20.83 .[. The structure xvas 
determined by means of Patterson and Fourier synthcscs, and rcfinccl 1)). thc niethod of lcast- 
squares to  an R index of 9.4%. 

The structural features of axiilarine are notcd and compared with thost. of several othcr 
pyrrolizidine alkaloids. The NMR. chemical shift diffcrcncc bet\vccn the  sigimls due to t h e  non-  
equivalent C(9) protons in alkaloids tlerivcd from rctronccinc is also discussed. 

1. Introduction. - The pyrrolizidine alkaloids comprise a fir( )up of nitrogeneous 
bases widely distributed in the plant kingdom but occuring mainly in genera of three 
plant families, the Conapositae (genera Senecio, Petasites and Ezi$atorizrnz), tlie 
Leguminosae (geiaus Crotalaria) and the Boraginaceae (genera Echiirnt, Heliotro$iatnz 
and Cyizoglosszrm) ! 11. Their structures are based on the l-hyclros!.rur:tliylpyrrolizidine 
nucleus ; tbe most widespread pyrrolizidine base (‘necine’) being retronecine (A). 
Bases such as retronecinc almost always occur as esters, usually of a carboxylic acid. 
The acids [(‘necic acids’) comprising the non-hasic component of tlie pyrrolizidine 
alkaloids are almost all unique to this series. An exaniple is asillaric acid (B), tlie 
acid component of axillarine (I) 121. The resulting structures contain macrocyclic 
systems of eleven or twelve atoms. Typical examples of the former are asillariiie (I) 
[Z] and fulvine (11) 191, while jacobine (IV) [ 31 and swazine (VII) 1 12- are examples of 
12-atom diester ring alkaloids ; all derived froni retronccine (;I). 

Such ester alkaloids are very toxic, they exert specific action 011 t lie liver, altliougli 
other organs are often affected. Because of their liepatotoxicity, pyrrolizidine 
alkaloids have been, and continue to be responsible for widespread losses of cattle, 
horses and other livestock in many countries wliere plants containing the alkaloids 
occur in pasture and grazing lands 111. I t  has been shown that the structural require- 
ments for toxicity are the presence of ester functions at  C(7) a i i d  C(9),  and of the 
double bond in the pyrrolizidine nucleus between atoms C ( l )  and C(2) [4]. 

In addition to  their acute toxicity, many pyrrolizidine alkaloids are carcinogenic 
[5] [6] and, as is often the case with carcinogens, cytotoxic. The anti-tumour proper- 
ties of the alkaloids have been well documented [ 7 ~ .  

1) Author to  whom correspondence should be addressed 
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‘Tlic alkaloid axillariiic WI\ ibolatcd from Cvotalaria axillaris Ait [Z]. On the basis 
of rlieniical evidence and spcc.tral d<ita (KMR., IR. E~c.) 5tructure (1) was ascribed to i t  
121. In order to dcterminc the configuration at C(12), C(13), C(1.C) and C(24), i t  was 
decidctl to cart-!. ou t  ;in X-ra). analysis of the hydrobromidc. 
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2. Experimental Part. - Axillarine hydrobroinide was prepared by the addition of 
one equivalent of hydrogen bromide to axillarine in an aqueous media, and precipita- 
ted by the addition of acetone. The solid was recrystallized from ethanol. Small 
crystals were obtained by slow cooling of a saturated ethanol solution in a sealed 
glass tube. Crystals suitable for X-ray analysis were sealed in JXndentaizn glass 
capillaries with a small amount of mother liquor. 

Crystal chta: ClsH27N07.HRr.CzH50K, M.W. = 496, Ortlioi-l~c~ml~ic, u = 9.89(1), 
b = 11.23(1), c = 20.83(2) A, V = 2313 A3, space group P212121, = 1.41, Z = 4, 

The layers 110 1 to 1110 1 were recorded by the equi-inclination I~eisse~cberg-metliod 
using Ni-filtered CuK, radiation (A = 1.5418 A) on multiple film packs. Intensities 
were estimated visually, by comparison with a standard calibration strip. A total of 
1924 reflections were measured and corrected for Lorentz-polarization effects. 1399 
were considered ‘observed’ and used in all subsequent calculatims. (During data 
collection a slight discolouration of the crystal was observed. ?‘he layer 110 1 was 
measured again but no significant difference could be detected in the intensit\- of 
these reflections). 

I), = 1.42. 

3. Structure Analysis and Refinement. - The bromine atom coordinates \I ere 
obtained by examination of the Harker sections of the Putt~,rson syntlieiis. The 
x-coordinate is close to 1/4 which introduces pseudo rnii I or plane< at  114 and 314 iii x 
A ‘heavy atom’ Fo-synthesis (R = 51%) revealed that these y1anr.i riin tlirough the 
molecules. ’The pseudo-symmetry was broken by careful selection of atoms as fa1 

from these planei as possible. As atoms were located, new Fo-syntiieses weie ( alcu- 
lated until all the non-hydrogen atoms liad been found. 

Refinement was initially by cycles of iiotropic full-matrix le,:rt-ic-juares followed 
by cycles of anisotropic block-diagonal least-square5 (BDLS) . Interlayer scale 
factors were refined before each c l  cle of BDLS. ’Hie absolute configuration of the 
molecule wa5 assigned by comparison with that of jacobine 131, as both are deri\ed 
from the same pyrrolizidine nucleus, retronecine (A) [lj. (The calculated difference in 
Frzedcl pair-reflections mas too small (< 4%) to be observed accurately by visual 
estimation). Atomic scattering factors employed were taken from -81. The Bi s( at- 
tering curve was corrected for anomalous dispersion @]. 

Refinement was terminated a t  R = 9.4% and R, = 13.2°/0, (average para- 
meters shift < 0.3 e.s.d.). The weighting scheme used in the final stage> of refinement 
was vw = 1 if Fo < 22, else I/w == 22/ Fo. No attempt was made to locate hydrogen 
atoms. The final positional and vibrational parameters are given in Table 1. Structure 
factor tables are available on requeit. 

4. Results and Discussion. - The final interatomic diitantes and angles are 
given in Tables 2 and 3, respectively. The numbering schemc used is apparent f i  om 
Fig. 1, which gives an impresion of the molecular conformation and show\ the 
absolute configuration at  atoms C(l2), C(13), C(14) ::nd C(21). Certain atoms, such ai 
C(5), C(6), C(19), C(20) and C(25) and those of the molecule of svl\.ent of crystalliza- 
tion exhibit relatively strong thermal vibrations. 
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Table 1. Fznal posztional and vibratzonal parameters x 104 (standard deviations in parentheses) 
Anisotropic thermal parameters are expressed in the form exp[-(pll . hz+p22 . kz+p33 .12+ 

2piz - hk+2P13 * h1+2Pz3 * Wl, 
their average standard deviations x lo4 are p11(19). p22(l6), p33(4), /&2(15), p13(7) and p23(6). 
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1 8  - 35 - 12 - 3 
28 - 37 6 - 9  

21 15 - 5  - 8  

1 9  - 1 6  0 - 1 4  

1 8  - 27 2 - 4  

14 - 2 - 1 3  - 1 0  

9 - 7  - 3  - 1  

18  - 4  - 5  - 3  

1 7  - 5 4  - 5 - 7 
19 2 - 1 0  - 2 

14 57 2 - 2  

25 6 - 6 - 1 0  

17  - 1 4  - 4 - 3 
15 - 7  - 2  - 6  

16 - 45 3 0 

17  - 8  - 4  - 3  

25 17  - 11 3 

21 0 - 7  - 7  
16 0 5 - 1 7  

19  - 19 1 3  - 1 9  

29 - 24 - 15 7 

19  - 18 - 1 0  - 6 

29 - 4 - 1 7  - 2 

24 4 - 24 3 

18 - 46 - 11 24 

16 - 6 4 2 

48 - 20 4 - 23 

52 - 10 - 21 5 
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The geometry in axillarine is very similar to that in fulvine (11) [9]. The results 
may be summarized as follows : 

a) The unsaturated five membered ring and atom C(6) are on opposite sides of the 
plane defined by atoms N(4), C(5) and C(7). Hence, the pyrrolizidine nucleus of 
axillarine exists in the em-puckered form, with a puckering angle of 42" between the 
planes defined by atoms C(5), C(6), C(7) and C(5), N(4), C(8); 

b) Atoms C(1), C(2), C(3), N(4), C(8) and C(9) are coplanar within 0.03 A;  
c)  The angle between the mean planes defined by atoms C(1), C(Z), C(3), N(4) 

C(8) and C(5), N(4), C(8), C(7) of the pyrrolizidine nucleus, is 126"; 
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Table 2. Bond lengths (A) (standard deviations In pnrantheses) 

c(1 ) - C ( 2 )  1 .303 (24) C (1 2 1-0 (23) 1.398(19) 

C(l ) - C ( 8 )  1.519(22) C ( 1  2)-C (24) 1.592(22) 

c (1  )-C(9) 1.540(22) C(12)-C(13) 1.587(21) 

C ( 2  1-C (3) 1.480(22) C (1 3 1-0 (22 ) 1 .442(79) 

C (3)-N(4) 1.494 (21 ) C(13)-6(14) 1.577(21) 

N (4I-C (5) 1.563(23) C (14)-C (1 9) 1.486(23) 

N ( 4  1-C (8 1.503(20) C (  14)-C ( 1  5) 1.505 (24) 

C ( 5 ) -.C (6) 1.463 (30) C( 1 5  )-0 (17 )  1.234(19) 

C (61-C (7) 1.562(21) C (1 5 ) -0  ( 1  6) 1.344(16) 

C ( 7 ) -. C ( 8 1.524(22) C (1  9 1-C ( 2 0 )  1.568(23) 
C (7 ) -0 ( 1 6 ) 1.458(20) C(19)-C(21) 1.611 (25) 

C (9) -0 ( 10) 1.473(22) C (24)-C (25 ) 1.570(29) 
2( ) 1 .394 (20) 

I_-- 

2 8 )  I .005(35) 
29) 1.745(32) 
__I_._._ 

0(10)-C(11) 1.288(20) C(24)-G 

C(ll)-C(12) 1.538(22) c ( 27 ) - c 
C (  1 1  ) - O (  18) 1.194(20) C ( 28 ) -(J 

d)  The pyrrolizidine ririg fusion distance N(4).-C(S), is 1.50 h, close to llie a\ cri1g.c 
distance (1.49 A) observed for other pyrrolizidine alkaloids derived from retronecine 
i3j [9j [12] and heliotridine r13] ; 

e) The orientation of the C(7) ester function is tlie sarnc as in fulviiie 19; (which 
has an 11-membered ring system) and jacobine [3j (wliich has a I-membered ring 
ys tem) .  The orientation oi' the C(9) ester fuiiction is the saine as i i i  fulvine but opp(1- 
sitc to that in jacobine. The two lactone plaiies C(9)--0(1O)-C(ll)=O(lS) aiid C(7)-- 
0(16)-C(15)=0(17) are nearly parallel, with an angle of So between them. Both 
carbonyl groups are directed below tlie plane o€ the macro ring, or sy9z-parallel. In 
pyrrolizidine alkaloids with 12-membered ring systems 131 [10-12!, the tw7o carbonyl 
groups are a4-parallel, with the C(11) carbonyl group directed aliove the plane of 
the macro ring. 

in asillariiie, 
compared to 3.07 A in fulvine [S] .  This distance is within the range of n-7~ interactions. 
The transannular O(16) . . . C(11) distance in axillarine is even shorter, 238  A, but in 
fulvine it is the other 0..  . C=O distance, involving O(10) . . . C(15) that is very short, 
2.78 A. Thus although pairs of opposite C-0  bonds are nearly parallel in both struc- 
tures the ring conformations differ slightly to allow different 0 . . . C=O transarimilar 
interactions, which are the saine type as those discussed by Biirgi et al. [14]. There it 
m7as found that for 0 . . . C=O distances less than 3 A the carbon atom is displaced from 
tlie plane of the carbonyl group (with substituents) towards the nearby oxygen atom. 
In axillarine atom C(11) is displaced by 0.03 A towards atom 0(16), with an 0 . . . C=O 
angle of S4.13". In  fulvine it is atom C(15) which is displaced slightly (0.003 A) towards 

The distance between the centers of the carbonyl boiids is 3.03 
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Table 3. Ho?zd auzgles (dcgrees) (standard deviations in parcnthcses) 

217.1 

_I 

C(9)-C(1 )-C(2) 
C(9)-C(1 )-C(8) 
C(8)-C(1 )-C(2) 

C(1 )-C(2)-C(3) 
C ( 2 ) -C ( 3 ) -N (4) 

C(3)-N(4)-C(8) 
C ( 3 ) -N (4 -C (5 
C(8)-h(4)-C(5) 
h (4) -C( 5 ) -C (6) 

C( 5 )-C (6 1-C (7) 
C (6) -C (7 1-C (8) 
C (6) -C (7) -0 (1 6) 
U(16)-C(7)-C(8) 
C (7)-C (8)-N( 4) 

C ( I  ) -C (8) -h (4) 

C(7)-C(8)-C(1) 
C(l)-C(9)-0(10) 
C(9)-0(1O)-C(11) 
0(10)-C(11)-0(18) 

0(10)-C(ll)-C(l2) 
6( 18)-C(11 )-C( 12) 

C (1 1 )-C (1 2) -0 (23) 

126.5 (7) 
121.9(5) 
111.6(7) 
1 1  3.2 (7) 
103.3 (6) 
109.5 (6) 
115.2(4) 
1 04.2 ( 6) 

105.8(1) 
101.0(7) 
1 04.6 (6) 

109.5(3) 
110.8(4) 

107. C, (6) 

102.2 (5) 
121.3(5) 
110.6( 1 ) 
117.2(4) 
126.6(1) 
111.6(4) 
121.7(4) 
169.3(1) 

C (1 1 )-C (1 2)-C (24) 
0 (23 )-C (1 2) -C (24) 
0 (23)-C (1 2 )-C(13) 
C (24)-C (1 2)-C (1 3) 
C (  13)-C( 12)-C(ll) 
C(12)-C(13)-C(14) 
C(12)-C(13)-0(22) 
0 (22) -C (1 3)-C (1 4) 
C ( 1 3 )-C (1 4)-C( 15 ) 
c (1 3 )-C( 14 1-c (1 9 1 
c (1 9)-c (1 4)-c (1 5 1 
C (14 )-C (1 5 ) - O (  17) 
C (  14)-C( 1S)-0(16) 
0(17)-C(15)-0(16) 
C( 15)-0(16)-C(7) 
C(14)-C(19)-C(20) 
c( 14)-c (1  9 1-c( 21 1 
C(20)-C(19)-C(21) 
C ( 1  2)-C (24)-C(25) 
C( 12)-C( 24 )-0(26) 
C (  25 ) - C (  24)-O( 26) 

C( 27 ) - C  (28)-0( 29) 

1 1  0.6 (5 ) 
1 1 1  .2(3) 
169.1 (5) 
107.3 (2) 

109.2 (3) 
116.0(3) 
105.6( 1 ) 
1 06 . 0 ( 6 ) 
108.3 (7) 
113.9(2) 
110.7(4) 
1 24.3 ( 3) 
112.9(5) 
122.7( 5) 
115.2( 3) 
112.8(4) 
114.4(7) 
110.7(4) 
106.1 (2) 
110.6(2) 
109 .0 (6) 

110.5(11) 

atom O(lO), with an 0 . . . C=O angle of 94.5". The distances and angles about the 
central carbon atom, for both axillarine and fulvine, are similar to those found for 
the carboxylic acids given in Table 3 and Fig. 2 of [14]. 

Crystal packing. - Fig. 2 is the a-axis projection of tlie niolecular pckiiig. Tlre 
iiiolecules are arranged in helices extended along the screw axes parallel to b.  \Vithin 
each helix there are short intermolecular contacts linking atom N(4) of one molecule 
to atoms O(26) (2.87 A) and O(18) (2.97 A) of a second molecule. S o  short inter- 
iiiolecular contacts occur between helices. Atom O(29) of the ethanol mcdecule of 
crystallization is 2.80 A from atom O(23) and is presumably liydrogeii-boiidcd to it. 

The bromine atom is situated alniost equidistantly from atoms O(22) ,  O(20) ;tiid 
O(29) (3.3, 3.2, 3.3 A respectively). 

Possible relationship between str.ucture and toxicity. ~- I t  has been suggested that 
toxicity of the yyrrolizidine alkaloids depends on epoxidation of the C( 1)-C(2) 
double bond [lS] and hence on its susceptibility to attack. Sacssnzun et al. '91 have 
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suggested tliat tlie accessibility of the double bond depends on the dihedral angle 
between bonds C(l)--C(2) and C(9)-0(10). This angle is 88" in axillarine con-  
pared to 64" in fulvine 191. In jacobine [3]  the same angle is 113" while in the mono- 
ester lieliotrine ~131 it is very small, 12". Fulvine and jacobine are of comparable 
toxicity but heliotrine is approximately seven times less toxic than fulvine 1161. On 
the basis of tlie proposition of Sussman et al. [91 one would expect axillarine to be of 
comparat)le toxicity to fulvine. However, like Iieliotrine, it is seven or more times 
less toxic tliaii fulvine j17]. Further, it should be noted that tlierc is at  present no 
experimental evidence to suggest that  epoxides are in any way involved in the 
expression of the toxicity of tlic pyrrolizidiiie alkaloicls. 

In addition many features combine to determine the toxicity of the alkaloids. 
For euamplc, one important factor which may have to be taken into account is the 
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Fig. 3. T h e  .+ucttwe viewed n l o ~ g  the a-axis, siaoiaiizg possiblr iiq’dvogeiz-boizds (- - ~~ -) 

presence of free liydroxyl or other functional groups in tlie acid inoiety 1-17]. Fulvine 
and jacobine each possess only one free liydroxyl group. Heliotrine possesses one free 
hydroxyl group and one niethoxy group, while axillarine possesses three free hydroxyl 
groups. Such a decrease in toxicity with an increase in the number of hydrophylic 
groups in thc acid moiety has been noted in a series of mono-ester pyrrolizidine 
alkaloids [6]. According to Schoental [17] this decrease in potency is probably due to 
the higher water solubility and hence to an increased rate of excretion of the alkaloids. 

T h e  N M R .  chemical shift dif fereme ( d 8 )  due to  the non-equivalent C ( 9 )  protoits. 
Cwlvenor et al. [l] have shown that tlie non-equivalent protons a t  C(9) in the cyclic 
diester alkaloids of retronecine (A) give an easily recogiiisable ‘4 R-signal in tlie NMR. 
spectrum. The chemical shift difference (AS)  between the signals due to these protons 
provides a useful criterion for distinguishing between the 11- and 12-membered ring 
systems [.lj. Alkaloids with an 11-membered ring system (e.g. axillarine ( I )  IlS], 
fulvine (11) and monocrotalinc (111) [11), reveal Ad values in the range 0-0.73 ppm, 
whereas tlie corresponding values for alkaloids with a 12-membered ring system 
( e g .  jacobine (IV), senecionine (V) and retrorsine (VI) [l], and swazine (VII) 119j) 
lie in the range 1.25-1.53 ppm i l l .  

Using the chemical shifts of the C(9) protons as sensitive indicators oi confor- 
inational changes the 6 and AS values for the C(9) protons of three representative 
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alkaloids, and their conjugate acid forms, were determined in various solvents. 'The 
alkaloids examined were monocrotaline (111) (an 11-mcmberecl cyclic diester ring 
system) antl senecionine (V) and retrorsine (1'1) (containing 12-membered cyclic 
diester structures). The results (Table 4) sliow that only minor changes occurred in 
going froni a non-polar solvent (CDC13) to the polar and liydrogcn-bonding solvent 
CD30D. ET-CII in tlie powerlully hydrogen-bond breaking deuteriopyridine the 
(tl)ser\,ed values were close to those for CDC13 solutions. For the conjugate acid 
forms of tlit: alkaloids in D20 the chemical shift values were also iiinilar to those for 
CDCls. T1ie:je results indicate that the conformation of the macrocy-clic diester sys- 
tems in the alkaloids are relatively insensitive to solvent effects, and hence may he 
assumed to be dominated by i iz tm- rather than iiiter~nolecular- for^ . This is consistent 
Gvitli the similar conclusion arrived a t  on tlie basis of circular dicliroism studies I20]. 

4.71, 4 87 
4.57, 4.77 
4.55, 4 97 
4.66, 4.88 

0.16 
0.20 
0.42 
0.22 

4.79 
4.67 
4.76 
'1.77 

4.07, 5.40 
4.15, 5.47 
4.02, 5.60 
4.33, 5.45 

I .30 
1.32 
1.58 
1.12 

'1.77 
4.hl  
4 81 
4.89 

4.02, 5.49 
4.12, 5.48 
4.04, 5.60 
4.30, 5.45 

1.47 
1.36 
1.56 
1.15 

4.70 
4.80 
'1.82 
4.93 

a) J)ctcr~iiincd for the  hytlrochloritles o f  alkaloids (111) antl (1') and tlic 11) (11-obromidc o f  ( V l ) .  

Taking axillarine (I) and jacobine (IV) as examples of an 11- and a 12-inembered 
tern respectively, Figs. 3(a) and (b) illustrate that  tlie rclative orientation of 

tire C ( 0 )  protons is the same for tlic two systems wit11 respcct to tlit: C(1)-C(2) double- 
bond, but different wit11 respect to tlie C(11) carbonyl-group (owing to tlie different 
orientation of the C(9) ester function). It seems certain that this structural difference 
between ttit: two groups of alkaloids is responsible for the  corresponding observed 
difference in the A8 values for the C(9) protons in the NMR. spectra. This assumption 
c-ould he coiifii-nied if tlie anisotropies of the ester and olefinic groups flanking tlic 
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H 9.2 

(a) Axil larine 

12 
( b )  Jacobine  

Pig. 3. T h e  relative ovzeiztatzon of the C ( 9 )  protons with respect to the C( I ) -C(2 )  double bond and the 
C(77) carbonyl group Z ~ Z  ( a )  Axillarine and (b)  Jacobzne 

C(9) protons were known. However, although different theories exist to dev-ribe t lw 
screening effect due to C-C and C=O bonds [21-231, it is not possible to calculate 
the screening effect due to an 0-C-0  group, as the necessary anisotropies of this 
group are not yet available. 

The NMR. spectra (Table 4) were determined on a Jeol MH-100 spectrometer. Assignments 
of signals t o  the C(9) protons were confirmed using the I N D O R  technique. We wish to thank 
Mr. V.  Sik (Exeter Univcrsity, England) for their determination. We also wish to thank Miss 



.Lf. V .  M. Grggorio (Exeter University) for preparing thc hydrobromide of axillarine ; Dr. ;II. La.iizg 
(University of Xatal, South Africa) for supplying the  atomic coordinates of slvazine (VII) ; Prof. 
.W. Z’vt4tcr anti her colleagues (Rothampsted Experimental Station, England) for supplying thc 
wt of crystallographic programmes XKAC (IHM 7 130) ; the  computing umters  of Neuchiitel and 
Lausantie for use o f  their facilities; and finally the Foizds iiatiollui s71 clr lic i*t,r.her,-hr sc ie iat ij iq 11 e 
TOY financial support to  one C-JE us ( H .  S f . -E . ) .  
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