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The Structure of Ibogaine 
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(Received 31 August 1959) 

Ibogaine, C~0I-I26N20, is an alkaloid in which an indole ring system is attached to a seven-membered 
nitrogen containing ring, two sides of which form part  of an adjoining tricyclic iso-quinuclidine ring 
system. Although unknown at the commencement of this analysis, the structure has recently been 
determined by chemical methods. This analysis confirms the conclusions of the chemical work with 
the exception of the stereochemistry of a substituent ethyl group. 

The X-ray analysis was carried out independently of the chemical evidence on the hydrobromide 
crystals, which are orthorhombic with a=18.68,  b = 10.76, c=9.95 /~, P212121. The heavy-atom 
method was ~sed with three-dimensional Fourier syntheses and structure factors computed on an 
IBM 650. Four successive refinements with progressive addition of the light atoms revealed the 
structure. Subsequent refinement with an anisotropic temperature factor on the bromine ion reduced 
the R-factor to 0.17. 

Introduction 

Ibogaine is one of the twelve alkaloids tha t  have been 
isolated from tabernan the  iboga, a West  African shrub, 
(Henry, 1949; Dickel, Holden, Maxfield, Paszek & 
Taylor,  1958). Most of these alkaloids, and especially 
ibogaine, have an effect on the central  nervous system, 
the action being tha t  of a s t imulant .  

Ibogaine has the composition C20H26N~O and be- 
longs to the group of the indole alkaloids. The molecule 
has an indole ring system a t tached  to a seven-mem- 
bered ni trogen containing ring, two sides of which 
form par t  of an adjoining iso-quinuclidine ring system, 
as shown in I. 

At  the inception of this  study, the configuration of 
the molecule was unknown other t han  tha t  it contained 
an indole group. I t  has recent ly been de termined by  
chemical methods to be I, (Bartlett ,  Dickel & Taylor,  
]958), with only an ambigu i ty  in the cis or trans 

position of the ethyl  group which is subs t i tuent  to the  
iso-quinuclidine ring. 

Our X-ray  crystal  s tructure analysis  has confirmed 
the deductions from the chemical evidence by a 
completely independent  physical  technique making  no 
use of the chemical  informat ion other t han  the em- 
pirical formula ;  thus it  fulfils the confirmatory r61e 
usual ly  provided by  the configurational synthesis  in 
organic chemistry.  We have shown tha t  the sub- 
s t i tuent  e thyl  group is cis with respect to the iso. 
quinuclidine ni trogen;  this  is contrary to a ten ta t ive  
a r rangement  as trans, inferred from the ease of 
methiodide formation by Bart let t ,  Dickel & Taylor  
(1958). The analysis  has also provided more detai led 
stereochemical informat ion concerning the shape of the 
molecule and  the relat ive orientat ion of the var ious 
ring systems. Of interest  in relation to the hydro- 
bromide and hydrochloride salt formation are observa- 

CH3 

3 

H 

I 



554 THE STI~UCTUI~E OF I B O G A I N E  

Table 1. The crystal data from ibogaine and the hydrochloride and hydrobromide 
Compound  Space group a axis b axis c axis U Z D m  Dx  

C20tI261~90 P2 i2 i2  i 17.30 tlx 10.58 2~ 2 0 . 0 1 / l  3663 A a 8 1.125 g.cm. -3 1.142 g.cm. -a 
C20W~.TN9OC1 P2i2i2 i 18.47 10.74 9.49 1883 4 1.223 1.245 
C~0]=r97N~OBr _P2i2i2 i 18.68 10.76 9.95 2000 4 1.299 1-333 

tions pertaining to the distinction in the nitrogen to 
halogen binding between the indole NH + • • • Br-  and 
the iso quinuclidine N H + . . .  Br-, corresponding to 
the expectation that  the later should be much more 
basic in character. 

Crysta l  data  

The crystal data for ibogaine, ibogaine hydrochloride 
and ibogaine hydrobromide are given in Table 1. 
The ibogaine itself was unsuitable for crystal structure 
analysis, not only because of the difficulty of solving 
the 'phase-problem', but also because there are two 
sets of crystallographically independent molecules in 
the unit cell, thereby doubling the number of unknown 
parameters in the crystal structure over the number 
required to provide the structural information of 
chemical interest. 

The intensi ty m e a s u r e m e n t s  

In order to have available data for the application 
of the isomorphous replacement and the heavy-atom 
interpretation techniques for phase determination, the 
X-ray intensity measurements were made on both 
salts. The more complete experimental record was 
made for the hydrobromide, since it became apparent 
during the course of the analysis that  the heavy atom 
technique would provide the solution to the crystal 
structure. The three-dimensional data were obtained 
by eye-estimation of Weissenberg photographs about 
the principal axes using the multiple-film method and 
Cu K radiation. 

Nine layers were photographed about the longer 
axes, a and b, and six about c. No corrections were 
made for absorption. Excluding absorption and ex- 
tinction errors, the precision of the measurements of 
the amplitudes was estimated from self-consistency to 
be about 5%. Of the 2260 reflections theoretically 
accessible within the limiting sphere of the reciprocal 
lattice, 1050 were observed. There was an appreciable 
fall-off in intensity with sin 0 on the photographs and 
no additional reflections could be observed over the 
background scattering, even with exposure times up 
to 120 hr. This was subsequently ascribed to the 
relatively large thermal motion of the bromine ions in 
the crystal lattice, which is discussed later. 

The hydrochloride data could have been extended 
further had they proved useful in the structure deter- 
mination. In fact they were restricted to the zero and 
a few additional layers about each principal axis. 

The two-dimens ional  analysis  

Access to a high-speed digital computer was not possible 
at the beginning of this research, and in consequence 

an attempt was made initially to carry through an 
analysis using two-dimensional Fourier methods. The 
halogen atom parameters were determined from Pat- 
terson projections to be (0-120, 0.432, 0.26); the z 
coordinate was inaccurate due to the proximity to ¼z; 
subsequently it was found to be 0.234. As a conse- 
quence of this, systematic groups of planes had small 
halogen contributions and their omission from the 
Fourier synthesis introduced spurious symmetry. The 
isomorphous replacement method followed by succes- 
sive Fourier r~finement failed to provide a solution 
to the phase problem. In the (hO1) projection, of the 
106 signs deduced, 23 proved later to be incorrect, 
in the (h/cO) projection the proportion was 16 incorrect 
in 112, and at no stage in the two-dimensional work 
was the correct orientation of the molecules deduced. 
The heavy-atom method applied to the hydrobromide 
data for the projections also failed, and such deduc- 
tions as were tentatively made regarding the orienta- 
tion of the molecules were shown later to be incorrect. 
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Fig. 1. (a) Four ie r  pro jec t ion  down  b axis. I somorphous  re- 
p lacement  me thod .  (b) Four ie r  pro jec t ion  down  b axis. 
H e a v y - a t o m  method .  

However, in retrospect, it is apparent that  the 
correct general orientation of the molecules might have 
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been deduced from the Fourier projections. Those 
which were thought at the time to be the more 
promising are shown in Fig. 1, with the true atomic 
positions subsequently deduced from the three-dimen- 
sional work superimposed. 

The three-dimensional  analysis;  
solution to the phase problem 

In view of some uncertainty with regard to the 
validity of the assumption that  the hydrobromide and 
hydrochloride were isomorphous, the heavy-atom 
method was used with the three-dimensional data for 
the hydrobromide. 

The bromine parameters were redetermined from a 
three-dimensional Patterson differential synthesis at 
a point close to the Br-Br vector. This computation 
was carried out on an IBM 650 using programs by 
Shiono (1957). The new bromine parameters were 
(0.119, 0.435, 0.247). The bromine phase angles were 
calculated from these coordinates and applied to the 
corresponding structure amplitudes for the computa- 
tion of a three-dimensional Fourier map of the electron- 
density distribution (this was computed in the first 
stage by hand and thereafter by IBM 650, since the 
complete three-dimensional program for the machine 
was not operating satisfactorily at that  time). This 
Fourier synthesis showed a large number of peaks in 
addition to the large bromine peak. With some imag- 
ination a model based on the structure I, which was 
then considered the most likely, could be fitted so that  
sixteen of the twenty-three atoms, excluding hydrogen, 
could be placed either on peaks or on positive areas 
of the Fourier synthesis. Positions were assigned to 
all the atoms on the basis of the model and the phases 
were recalculated using both bromine and all light- 
atom parameters. An average isotropic temperature 
factor was deduced from Wilson plot; a value of 
B--3.0 A -e was applied to the bromine and all light 
atoms were given carbon scattering factors with 
B=4 .0  ~-2. A second three-dimensional Fourier syn- 
thesis was computed. The electron-density distribution 
thereby obtained showed no improvement on the 
previous one, nor was it possible to obtain a better 
fit for the model. Some warning that  this might be 
the case was given by the poor agreement between 
the observed and calculated structure amplitudes 
which was 0.45 for the general (hid) reflections. 

Obviously a more cautious approach was indicated. 
The bromine coordinates were checked by computing 
a Fourier differential synthesis using the observed 
amplitudes and the bromine-only phases. This gave 
slightly different parameters from those derived from 
the Patterson synthesis, i.e., (0.1188, 0.4340, 0.2401). 

Reexamining the two previous three-dimensional 
syntheses, eight light-atom peaks were selected on the 
basis of peak height and shape, and persistence in both 
syntheses. Some of these were quite isolated from each 
other, and no consideration whatsoever was given to 

the model structure or any possible stereochemical 
factors, other than that  there could not be a light atom 
closer than 3 _~_ to the bromine ion. 

Using the new bromine parameters and the eight 
light atoms with isotropic temperature factors and 
scattering factors as before, a new set of phases was 
computed. A third three-dimensional synthesis was 
computed. Comparing this with the first three-dimen- 
sional synthesis, it was found that  four of the carbon 
peaks increased in height and became more spherical, 
two remained unchanged and two decreased. The 
positions of the two 'atoms' which decreased were 
omitted and to the remaining six were added eight 
more peaks which now appeared to be significant. 
The phases were recalculated with the bromine and 
fourteen light atoms; a fourth synthesis was computed 
and the same criterion was applied. At this stage two 
more of the original peaks were omitted but nineteen 
of the twenty-three atoms could be assigned. Com- 
parison with the model now indicated the likely 
positions for the remaining four atoms, and relatively 
small peaks were found at these positions from which 
parameters could be obtained. The agreement between 
observed and calculated structure amplitudes was 
qualitatively good at this stage, and the R-factor was 
0.31 including unobserved reflections. 

The interatomic distances were now checked, up to 
3.5/~, using an IBM 650 distance program written by 
Templeton (1957). Within the molecule-ion, the light- 
atom interatomic distances lay between 1.3 and 1.75 A, 
the Br-N distances were 3-2 and 3.4 A, and all other 
intermolecular-ion or bromine to molecule-ion dis- 
tances were greater than 3.5 J~. This was considered 
a satisfactory criterion at this stage. 

l 

C 

Fig. 2. Three-dimensional Fourier synthesis of ibogaine hydro- 
bromide, represented sectionally with respect to the a axis. 

The phases were recomputed and a fifth three- 
dimensional Fourier was evaluated by means of 
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Br 

x 
y 
z 

Initial 
isotropic 

0-1200 
0.4338 
0.2343 

Table 2. Bromine atom parameter refinement 

Shifts 

Isotropic Anisotropic 

--0.0000 --0.0000 --0.0001 --0.0000 
--0.0001 --0.0001 --0.0004 -- 0.0003 

0.0003 0.0000 0.0003 0.0000 

Final 

0.1199 
0-4328 
0-2350 

Bll 
B22 
B33 
B23 
B31 
Blz 

3-0 A -~ 
3"0 
3"0 

5.719 2.100 --0.214 0.101 5.89 A -2 
6.402 3.473 0.361 0.106 7.08 
0.588 -- 0.009 -- 0.130 0.024 3.04 
0.451 0.552 0.322 0.215 0.72 

-- 0.108 -- 0.293 -- 0.184 -- 0.089 -- 0-33 
0.155 0-268 0.082 0.025 0.25 

dif ferent ia l  syntheses.  The subsequent  s t ruc tu re  factor  
agreement  was R = 0 . 2 2  using C, N and O scat ter ing 
factors wi th  isotropie t empera tu re  factors of B =  
3.8 /~-2, and  for the  bromine, B = 3 . 0  /~-2. The elec- 
t ron-densi ty  map  in which all the  a toms are clearly 
indicated a t  this stage of the analysis is shown in Fig. 2. 

I t  was certain a t  this point  t h a t  the phase problem 
had  been solved, so a pos t -mor tem was held on the 
mechanics of the  process. 

An examinat ion  of the first  three-dimensional  
Fourier  synthesis revealed t ha t  the electron-density 
dis tr ibut ion of the  ibogaine molecule was contained 
therein, bu t  was dis torted and was made  difficult to 
recognize by  spurious peaks often exceeding the t rue  
peaks in magni tude.  

The four a toms which were the  last  to be revealed 
were C1, C13, Cls, and  C19 with the  number ing shown 
in I and in Figs. 3 and 4. This must  be dependent  
upon the  relationship of their  phase contribution to 
the  s t ructure  factors to t h a t  of the  bromine atoms,  
and  there is no obvious way  of predict ing a priori 
which atoms are likely to be ill-defined in the  early 
stages of the analysis.  The non-appearance of C~ does, 
however,  explain the difficulty th roughout  the  ear ly 
stages which arose through an inabi l i ty  to recognize 
the  chemically most  certain feature  of the  molecule, 
which was the indole ring. Even  in the two-dimensional  
projection, a low densi ty  region was correctly assigned 
to the benzene ring and a high densi ty  region to the  
isoquinuclidine cage bu t  they  were incorrectly oriented 
with respect to each other. Similarly in the  first at- 
t emp t  to in terpre t  the  three-dimensional  Fourier,  the  
or ientat ion of the  molecule was incorrect by  about  
90 ° wi th  respect to the  a and  c axes, due, in par t ,  
to an inabi l i ty  to recognize the indole ring system. 
This would account  for the non-ref inement  of t h a t  
in te rpre ta t ion  despite the  fact  t ha t  the  bromine and 
13 of the  23 light a tomic  positions were subsequent ly  
found to be quite close to the t rue positions. 

T h e  t h r e e - d i m e n s i o n a l  r e f i n e m e n t  

This ref inement  was carried out by  means of the  
isotropie s t ructure  factor  and differential  Fourier  
synthesis rei terat ive cycles for the carbon, ni trogen 

and  oxygen a toms and anisotropic ref inement  cycles 
for the  bromine a tom,  using the  IBM 650 programs of 
Shiono (1957, 1958). 

The successive pa rame te r  shifts for the  bromine 
a tom are shown in Table 2. The tendency for the  
anisotropie thermal  pa ramete r  shifts to overshoot was 
corrected by  applying ½ of the  computed shift a t  each 
stage (cf. Je f f rey  & Shiono, 1959). An n-shift  correc- 
t ion of 1.5 was applied to the positional coordinates. 

Despite the  large thermal  anisotropy of the  bromine 
a tom,  there was no evidence of significant anisotropic 
thermal  motion for the ibogaine atoms. :From the 
comparison of observed and calculated curvatures  of 
the light atoms,  the following isotropie thermal  factors 
were obtained;  C1 to C17, B = 3 . 7 0  J~-~; C18 to C20, 
B =  3.80 j~_9; N, B =  3.80 A-2; 0 ,  B =  3.65 J~-~. 

Table 3. Fractional atomic coordinates 

Atom x y z Atom x y z 
N 1 0.170 0.258 0.496 C10 0.081 0.383 0.814 
~N~ 0.145 0.405 0.915 Cll 0.197 0-301 0-937 
O 0-415 0.963 0.482 C12 0.257 0.278 0-832 
C 1 0.230 0.182 0-472 Cla 0.183 0.527 0.893 
C2 0.254 0.112 0.364 C14 0"138 0"605 0.790 
C a 0.313 0.039 0.369 C15 0.144 0.532 0.651 
C 4 0.355 0-038 0.488 C16 0.061 0.601 0-838 
C 5 0.334 0.103 0.609 C1~ 0-025 0-476 0-837 
C 6 0.269 0.180 0.591 Cls 0.979 0.473 0.967 
C~ 0-230 0.256 0.695 C19 0.938 0.365 0.967 
C s 0.172 0.307 0.626 C20 0-455 0-939 0-604 
C 9 0.113 0.389 0.674 

The positional coordinate shifts for the  light a toms 
were initially quite large (1 • for C19, 0.5 • for Cls, 
and less t han  0-2 A for other  atoms).  After  four refine- 
ment  cycles, the coordinate shifts were less t h a n  0-04 •. 
The final agreement  index was R = 0 . 1 6 8 ,  using the  
Br  parameters  given in the final column of Table 2, 
and the final light a tom parameters  given in Table 3. 
Table 4 lists the observed and calculated s t ruc ture  
amphtudes .  Tables 5 and 6 list the i n t r a - a n d  inter- 
molecular distances respectively. Table 7 lists the  
int ramolecular  bond angles. The da t a  for Tables 5, 
6 and 7 were computed using an interatomic distance 
program for the IBM 650 prepared  by  Shiono (1960). 
The s t andard  deviations, calculated by  the  method  of 
Cruickshank (1949, 1950, 1954) are given in Table 8. 
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4. Observed and calculated structure amplitudes 
1 I~oI [Fc! 
5 17.9 22.1 
6 15.3 16.4 
7 14.4 13.0 

1 4.1 12.7 
2 0.1 

3 10.7 11"4 
4 15-2 13.5 
5 20.2 22"1 
6 18.7 
7 11"0 6.2 

0 8 0 20.7 20-0 
1 12.8 0.7 

1 0 1 29-3 22"6 
2 24.5 23"8 
3 81"4 99"6 
4 27"6 38"3 
5 42.2 56.4 
6 10.4 
7 45"5 69"2 
8 26-6 33"0 
9 12.4 9"5 

10 10"0 13.2 

1 1 0  
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11 
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38"2 
12"9 
15"7 
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101"4 
25"2 
57"9 
31"4 
22"8 
27"7 
22"8 
26"7 
19"2 
16"3 

32"2 
9"2 

55"3 
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23"6 

132"0 
62"2 
50"1 
42"6 
39"7 
37"0 
13"1 
23"2 
13"9 
15"3 
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63"2 
44"3 
60"6 
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h ~ ~ IFoi IFcl 
3 37.1 31.5 
4 47.5 50.6 
5 9.9 10.8 
6 37.8 28.0 
7 12.2 8.0 
8 22.3 14.2 
9 24.3 21.3 

10 13.5 12.4 
11 13.0 14.5 

1 5 0 15.4 19.3 
1 38.9 46.7 
2 21.4 21.6 
3 20.9 20.2 
4 46.9 40.3 
5 26.0 25.5 
6 15.8 12.8 
7 33-7 31.0 
8 16.7 20-4 
9 15.2 15.3 

10 10.5 

1 6 0 20.1 9"9 
1 24.0 30.2 
2 28.1 26.7 
3 28.8 16.0 
4 27.4 21.4 
5 26.9 27.6 
6 25.7 20.1 
7 16.3 16.0 
8 13.2 

1 7 0 28.4 42.5 
1 19.5 20-9 
2 22.0 22.6 
3 35.1 8.4 
4 19.7 22.7 
5 8.3 
6 12.6 15.7 
7 13.1 13.3 

1 8 0 18.2 6.1 
1 19.9 33.5 
2 8.1 

1 9 0 15.1 10-6 
1 9.3 

2 0 0 107-5 85.5 
1 70.8 83.5 
2 13.6 12.6 
3 41.2 42.8 
4 35.8 39.4 
5 22.0 16.6 
6 7.6 
7 43.5 48.3 
8 4.9 
9 27.4 38.9 

10 7.2 
11 10.0 15.2 

2 1 0 76.7 96.8 
1 59.6 76.1 
2 52.8 54.4 
3 105.7 107.1 
4 43.5 41.5 
5 74-5 92-0 
6 13"6 15.6 
7 31-4 28.9 
8 20.5 22.2 
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7 

IFol 
32.7 

101.0 
75.0 
53.6 
11.6 
44-4 
29.9 
29.2 

8.2 
21-4 
28-9 
18"0 

8.6 
7.4 

37.2 
77.2 
97.3 
23.7 
65.6 
32.2 
47.0 

14.9 

18.1 

24.8 
23.4 
15.7 
29.4 
25.3 
16-0 
39.4 
18.3 
25.3 
10.9 
19.0 

41.6 
20.9 
36.1 
31"3 
58"3 
21.0 
30"6 
17.2 
16.1 
15.2 

11-8 
15.9 
23.9 

14.4 
11.5 
16.4 

6.9 
26.3 
14.6 
38.8 
12.0 
18-9 
14.3 
13.1 
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IFcl 
40.1 

4.9 

120.0 
91.6 
38.1 

4.6 
41-4 
33.2 
35.1 

5.9 
18.9 
33.9 
24.0 

8.9 
10.6 

50-3 
67.7 
97.5 
18.2 
59.9 
27.9 
52.3 

7.7 
13.9 

8.7 
15.7 

23.7 
17.6 
13.9 
31-4 
25.0 

6.9 
39.9 
14.0 
24.0 

6.7 
17.1 

59.3 
20-4 
35-5 
22.7 
62.3 
22.1 
31-7 
17.6 
19-3 
14.1 

2.4 
11.7 
10.5 
26.1 

6.7 
10.0 
14-7 
21.8 

3"3 
40.2 
11.2 
44.0 
10.8 
19.7 
14.0 
15.7 



558 T H E  S T R U C T U R E  O F  I B O G A I I q E  

h b  

2 8  

2 9  

3 0 1  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

3 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

3 2 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

3 3 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

3 4 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

0 5"1 
1 15"4 20"0 
2 14"5 14"1 

0 18"0 22"8 
1 22"4 34"2 

11"3 
45"5 
88"2 

48"0 
14"0 
21"1 

16"5 
18"4 

11"8 

83"5 
69"2 

130"3 
26"3 
50"8 
24"9 
33"5 
40"4 
18"8 
21-5 
16"3 

94"1 
73"7 
37"6 
64"2 
27"2 
36"6 
33"8 
31"4 
25"6 
18"8 
11"3 

8"4 
5"5 

50"0 
36.7 
50"3 
70"0 
27.4 
64"8 
40.0 
37.1 
13.0 
22.1 
17.9 

37.9 
28.6 
34.8 
21.4 
44.5 
16.1 
27.7 
25.0 
20.8 
12.8 

9-9 
34.5 
89.3 

3.5 
54.0 
11-1 

9.7 
10.3 
20.7 
24.2 

8.8 
16.3 

116.5 
79.2 

148.1 
23.1 
44.3 
22.6 
31.1 
49.0 
14.3 
22-5 
20.3 

107.0 
75.8 
30-9 
53.5 
19.0 
34.5 
33.9 
27.7 
33.7 
18.9 
11.1 
12.0 

9.6 

28.7 
33.4 
43.6 
61.4 
22.0 
56.0 
39.2 
34.6 

8.7 
23.8 
20.7 

41.2 
17.5 
38.5 
16.0 
37.8 
14.3 
27.0 
26.6 
19.0 
11.2 

T a b l e  4 (cont . )  

h k l I~o] JFcl 
10 9.9 9.7 
11 9.7 10.5 

3 5 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

3 6 0  
1 
2 
3 
4 
5 
6 
7 

3 7 0  
1 
2 
3 
4 
5 
6 
7 

3 8 0  
1 
2 
3 

4 0 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

4 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

61"3 
58"9 
43"9 
51"9 
16"1 
25"2 

12-9 
13"2 
17"2 

19"4 
20"0 
17"5 
28"4 
28"5 
12-6 
14"4 
12"3 

14"1 
12"3 
22"4 

25"7 

22"1 
14"8 

19.0 

25.7 

164.0 
12.9 
88.6 
33.6 
79.7 
36.8 
48.3 
18.7 
31.2 

5.4 

29.8 
12"0 
60.6 
25.4 
36.1 
34'8 
28.6 
26.1 
13.4 
13.8 
16.0 

120.4 
88.6 
75.9 
72.2 
53"7 
48-0 
27.6 

4 2 0  
1 
2 
3 
4 
5 
6 

68"6 
61"7 
44"4 
47"7 
13"4 
19"7 
12"6 
15"1 

8"4 
12"2 

20'3 
22"4 
10"8 
26"6 
26"4 

9-5 
14"0 
15"7 

19"4 
11"8 
23"9 

5"4 
31"7 

7"2 
22"2 
18"3 

28"7 
13"7 

6"8 
32"8 

125.0 
4.5 

98.6 
21.4 
92.9 
46-3 
48.5 
17-8 
37.1 

0"0 
8.8 
2.7 
9.5 

32.9 
12.4 
57.4 
22.2 
34.0 
40'8 
34.9 
21.6 

7.8 
13.9 
19.9 

129.5 
91.0 
63.1 
63.5 
50.8 
40.9 
29.3 

h b l  

7 
8 
9 

10 
11 
12 

4 3 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

4 4 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

4 5 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

4 6 0  
1 
2 
3 
4 
5 
6 

4 7 0  
1 
2 
3 
4 
5 
6 
7 

4 8 0  
1 
2 

5 0 1  
2 
3 
4 
5 

IFo] 
29.1 
18.2 
25.1 

8.5 

6.0 

93.1 
26.1 
31.2 
29.1 
16.0 
16.6 
18.9 
19.6 
14.4 
20.9 

14.9 

39.8 
78.0 
45.5 
58.8 
12.0 
39"0 

41.9 
20.8 
20.2 

9.7 
9-4 

31.9 
21.2 
40.3 
33.7 
16.2 
21.3 
20.5 
22.8 
13.2 
12.7 

45.2 
34.9 
36.1 
23.6 
31.3 
19.1 
25.0 

20"9 
10.6 
15.9 
22.2 
17,2 

14.5 
11.0 

17.2 

26"5 

83"5 
35.3 
67"3 
68.1 
46-2 

IFc] 
25.6 
20"3 
27.6 

7.3 
3-3 
9"5 

94"6 
17"6 
22"6 
32"4 

6"4 
13"4 
16"8 
16"5 
15"4 
18"0 
14"5 
17"7 

41"4 
90"4 
41"1 
55"9 

7"0 
39"4 

2"9 
38"3 
19"4 
10"5 

7-8 
7-5 

38-3 
21"2 
35"7 
27"3 
13"6 
17.0 
16"6 
22.4 
14"4 
12-4 

5"91 
44"6 
22"4 
19"7 
33"3 
17"2 
26"4 

24.6 
6.3 

14.8 
6"9 

13.9 
5.0 

12.6 
2"3 

19.6 
5"3 

29"5 

79.9 
33.1 
54.7 
69"9 
42.6 

h k l  

6 
7 
8 
9 

10 
11 
12 

5 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

5 2 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

5 3 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

5 4 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

5 5 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

5 6 0  

IFo] 

45.7 

24.5 
10.4 

7-1 
6.9 

94.0 
32.1 
26.8 
63-5 
40.1 
16.1 
43-3 
28-2 
20.6 
23-1 

50-1 
61.7 
77.1 
44.4 
65.4 
23.6 
28.9 
34.4 
18.1 
23.2 

9-6 
6-0 
4.2 

9.0 
27.6 
35.5 
70.1 
46.4 
39.6 
24-5 
21-9 
21.4 
16.8 
11.9 

56"5 
69"3 
49-8 
20"3 
34"2 
21"2 
42-4 

24"5 
18"8 
11"3 
7.8 

18-7 
57"9 
37"1 
31"1 
22"8 
19"4 
20"4 
15-4 

14"8 

11"6 

]Fc] 
2"9 

46-1 
9"3 

20-5 
10"0 
11-8 
14"8 

122-3 
37"9 
24-7 
74"4 
32"6 
11"4 
42"9 
26"7 
19"3 
22-3 

41-6 
61-2 
67-0 
35"3 
56"4 
22"8 
24-4 
27-3 
11"3 
19"5 

8"0 
8"7 

10"0 

10"2 
35"0 
34-6 
68-2 
41 "4 
34"4 
21"7 
17-5 
18"0 
14-1 
12-2 

51"3 
74-3 
59"4 
16-2 
29"2 
13"0 
45-2 

7"8 
13"4 
16-8 

8-3 
5'7 

14"7 
56-8 
30-1 
21"8 
18-5 
17"9 
18"0 
13"1 

8-4 
18-0 

16"3 
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h k l  

1 
2 
3 
4 
5 
6 

5 7 0  
1 
2 
3 
4 
5 
6 
7 

5 8 0  
1 

5 9 0  

6 0 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

6 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

6 2 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

6 3 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

IFol 
22.3 
24.9 
27.2 
21.8 
28.6 
18.0 

20'5 
15"4 
16"3 
22"0 
16-5 

19"0 
13"1 

14"2 
23'7 

17"6 

12"0 
10"6 
48"1 
31"7 
32"6 
60"7 
16"3 
38"2 

29"1 

11"1 

28"1 
63"3 
41"0 
58"0 
23"8 
57"8 
28"8 
43"1 
16"6 
21"6 

28"3 
14"1 
26"8 
34"7 
58"1 
26"7 
28"6 
39"6 
23"1 
17'3 
14-3 

9"0 

92"7 
28"2 
63"6 
38"2 
52"9 
20"2 
42"9 
20"5 
18"0 

9"9 

18.3 
29.8 
31.3 
15.6 
29.2 
23.2 

19"2 
16"9 
17"7 
21"6 
11"9 
11"1 
20"9 
10"3 

12"7 
27"3 

15"7 

10-1 
4"6 

43"6 
37"4 
32"2 
61"4 
10"9 
36"0 
10"7 
31"2 

7"3 
19"4 

30"5 
77"5 
39"5 
60"8 " 
21"8 
49"3 
19"1 
39"1 
12"9 
18"6 

27"9 
11"6 
16"0 
31"5 
52"1 
24"3 
19"7 
30"3 
27"2 
14"8 
13"6 
12"1 

99"3 
24"9 
58"1 
32"5 
48"7 
11-8 
33"0 
19"1 
15"8 
11"8 
14"4 

h k Z IFol 
6 4 0 34-7 

1 13.1 
2 23.4 
3 23.3 
4 33.2 
5 24.9 
6 26-9 
7 15.5 
8 24.8 
9 10.5 

10 17.8 

6 5 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

6 6 0  
1 
2 
3 
4 
5 
6 
7 

6 7 0  
1 
2 
3 
4 
5 
6 
7 

6 8 0  
1 

6 9 0  
1 

7 0 1  
2 
3 
4 
5 
6 
7 
8 
9 

10 

7 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

25"8 
34"1 
50"1 
49"8 
39"8 
12"4 
39"3 
18"4 
18"7 
14"5 

11"4 
19"9 
32"4 
16"5 

19"1 

12.5 
22"8 
21"3 
22"8 
10-0 
24"0 
15-8 
11"0 

16"1 

16-8 

33"3 
18-3 
47"5 
28"5 
24-3 
26"8 
15"3 
25"5 
16"8 

55-2 
13"8 
63"8 
15"8 
48"9 
28"8 
43"7 
37"9 
20.5 
21"0 
10"4 

Table 4 (cont.) 
IFcl h k 

39.6 7 2 
9.8 

22.5 
15.9 
26.4 
20.4 
22.8 
15.0 
22.9 
12.4 
19.0 

26.6 
27.3 
46.5 
38.0 
35.9 

6.3 
34.7 
14.8 
20.1 
14.2 

8.4 
20.9 
29.8 
20.3 

8.7 
11.6 

5.1 
20.2 

6.0 
34.3 
12.5 
20.6 
11.3 
26.2 
16.1 
13.4 

0.9 
9-0 

9.3 
24.0 

37.3 
9.7 

49.0 
33.6 
25.7 
21.6 

8.6 
26.2 
10.3 

4.6 

65.4 
13.6 
67.0 
12.8 
49.6 
23.6 
41.0 
32.6 
18.0 
21.1 
12.5 

0 50.5 42.2 
1 25.1 26.6 
2 25"9 24.3 
3 26"5 
4 40.5 35"6 
5 26"8 19"5 
6 16"0 12.9 
7 20"7 19.9 
8 17"2 17.0 
9 21.1 18"0 

10 8"1 9-4 
11 7"4 11.9 
12 5"8 10.3 

7 3 0 33.0 28.0 
1 57.8 59.2 
2 19.3 14.5 
3 65.3 62.6 
4 41.6 32.1 
5 37.3 32.3 
6 36.6 39.8 
7 28.6 24.4 
8 19.6 15.9 
9 10-7 11.2 

10 11.4 14.0 

7 4 0 63.2 62.7 
1 20.1 14-1 
2 15.2 16.5 
3 6.0 
4 27.0 26.0 
5 16.2 13.4 
6 31.0 24.9 
7 24.0 26.9 
8 13.0 8-7 
9 12.2 14.6 

10 2.4 
11 6.9 10-8 

7 5 0 49.8 53-0 
1 29.6 19.6 
2 25.2 24.0 
3 51.1 46.3 
4 17.3 11.0 
5 29.1 24.9 
6 22.1 16.9 
7 22.1 18.2 
8 13.0 10.6 

7 6 0 21.9 31.7 
1 25.1 24.1 
2 4-6 
3 16.7 15.2 
4 30.4 34.8 
5 3.4 
6 17.4 21.0 

7 7 0 25.3 27.0 
1 8.2 
2 24.3 32.8 
3 22.6 20-6 
4 21.3 18.3 
5 6.6 
6 14.1 
7 10.8 13.2 

7 8 0  16.4 1.2 

8 0 0 87.0 65.3 
1 12.9 4.6 

h k l  

2 
3 
4 
5 
6 
7 
8 
9 

10 

8 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

8 2 O  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

8 3 O  
1 
2 
3 
4 
5 
6 
7 
8 
9 

8 4 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

8 5 O  
1 
2 
3 
4 
5 
6 
7 

8 6 O  
1 
2 
3 
4 
5 
6 

IFol 
93.2 
25.6 
60.1 

40.8 

16.6 

10.8 

25.1 
39.7 
36.2 
10-6 
35.2 

25.1 
21.5 
18.1 
16.4 

43.7 
44.9 
34.8 
49.9 
53.2 
46.8 
35.8 
28.6 
20.8 

8.8 
8.8 

42.3 
23.7 
12.5 
18.6 
28.7 

36.8 
20.8 
14.1 

21.6 
47.0 
13.4 
62.3 

32.2 

23.9 

13.6 

22.0 
23.7 
22.4 
22.5 
28.8 
23.5 

16.0 

29.9 
31.2 
32.0 
16.7 
15.4 
14.0 
17.0 

101-8 
26.0 
60.2 
10.2 
29.3 

4.1 
12-6 

3.2 
14.3 

19.3 
44-2 
40.4 
15-7 
30.9 

3-8 
16.8 
18.7 
16.2 
11.7 

38.7 
45.7 
30"0 
46.4 
51.6 
49.3 
21.6 
23.1 
14.5 

9.3 
12.2 

46-2 
20.0 

4.3 
20.9 
26.3 

1.0 
11.5 
26.4 
21.2 
13.8 

10.8 
50.8 
12.7 
65.3 

2.9 
26.6 
11.1 
21.9 

8.1 
14.2 

17.6 
25.0 
25.4 
20.1 
27.1 
24.7 

3.5 
11.7 

32.4 
29.9 
37.3 
13.3 
18.9 
12.4 
18.2 
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h k g IFol IF~I 
8 7 0  4.6 

1 12-7 11.5 
2 23.6 28-4 
3 23-2 23-1 
4 12-4 19.4 
5 4.4 
6 13.1 11.8 

9 0 1  
2 
3 
4 
5 
6 
7 
8 
9 

10 

" 9 1 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

c 

" 9 2 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 3 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

'.9 4 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

9 5 0  
1 
2 
3 

74-0 
23"2 
37-7 
20"8 
36"1 
14-7 
24"7 

15"8 
8"1 

50"2 
22"4 
34"7 
13"3 
26"6 
22"6 
17"3 
12"8 
11"4 
14"3 

53"0 
41-9 
52"7 
41"3 
30-4 
28"1 
20-6 
17"0 

9"0 
9-7 
9"8 

34"3 
41"6 
15-8 
41"6 
12"7 
13-6 

11-0 
17"0 

8"8 

59"8 
22"6 

41'3 
9"0 

36"8 
20"0 
16-7 
13.0 
20"3 

9.7 

20-5 
17"8 
12-7 
24"4 

65"7 
20"6 
32"8 

2"3 
40-1 
13-1 
24-6 
10"3 
22"6 
10"0 

39"0 
17-3 
38"5 
11"5 
28-8 
17"6 
18-8 
13"2 
10-0 
2] "9 

38"0 
44"0 
62"7 
43"8 
20-8 
21"3 
18"6 
14-4 

7"2 
10"4 
14"6 

32-1 
42-6 
14"3 
35"9 

6"7 
13"5 
13.7 

5-1 
16"3 

8"0 
14"6 

61.5 
16.2 
41.7 

7-4 
34"5 
16-4 
14-1 
10"1 
17"7 

5"5 
13-1 

12.6 
11.9 

9.5 
10.1 

h k  

9 6  

Table  4 (cont.) 
z. [Fol IF~I 
4 25-2 22.2 
5 22.0 25.0 
6 27.0 25.4 
7 15.6 15.9 

0 14.9 15.9 
1 12.1 14.3 
2 12.6 11"5 
3 24-8 31.2 
4 13.7 16"1 
5 16-3 25.0 
6 15-6 22"4 

9 7 0 16"0 13"1 
1 11.3 
2 26.2 28"0 
3 i6"1 5"9 
4 10.8 9-9 

1 0 0 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 0 1 0  
1 
2 
3 
4 
5 
6 
7 

1 0 2 0  
I 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 3 0  
1 
2 
3 
4 
5 
6 
7 
8 

19.6 
8.7 

19.5 

24.0 
7.9 

13.5 
13.5 

I5.4 

21.3 
49-5 
32.2 
32.7 
I9.6 
36.2 
12.5 
23.7 

19.5 
16.5 
20.7 
23.0 
24.8 
27.2 
25.2 
21.7 
10.1 

7.0 

58"2 
10-2 
36"7 
12-5 
26"1 
26'5 
28.9 

18.8 

10-2 
13-6 
12"1 

22"4 
25"8 
18"8 
16"9 
12"3 

1 0 4 0  
1 
2 
3 
4 
5 
6 
7 
8 

31"0 
10"5 
18"2 

3"3 
27"8 
23"5 
16"4 
21"3 

2"0 
22"2 

7"0 

15"5 
45"6 
33"I 
43"2 
15"4 
32"8 
13"4 
27"9 

12"8 
25"3 
12"7 
23"9 
26"I 
25-0 
27"1 
23"7 
15"9 

8"9 

62"0 
8"3 

34"1 
10"5 
14"8 
35'3 
26.1 

6.8 
22.0 

13-9 
10"0 
13"6 

4.7 
22-4 
23.5 
15.6 
16.2 
14.6 

h k l  
9 

10 

1 0 5 0  
1 
2 
3 
4 
5 
6 

1 0 6 0  
1 

1 0 7 0  
1 
2 
3 
4 

1 1 0 1  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

1 1 1 0  
1 
2 
3 
4 
5 
6 
7 
8 

1 1 2 0  
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 1 3 0  
1 
2 

4 
5 
6 
7 
8 
9 

10 

1 1 4 0  
1 
2 
3 
4 

[Fo[ 

9-2 

29"4 
19"8 
44"7 
22"5 
12"4 
15"3 
29-5 

10"8 

21'3 
12"3 

11"0 

31"0 
15"1 

18"4 
12"2 
13"3 

9-6 

5"5 

58"4 
25"9 
41-0 
14"2 
31"5 
12"3 
21"3 
13"0 
11"2 

19.0 
8.5 

15.6 
9.3 

21-8 
18.6 
11-9 

9.9 
6-8 

19"4 
34"0 
19-4 
28"3 
12.2 
36.0 

22.7 
10.6 

9.1 

26"4 
18"2 
16"6 
19-4 
23"2 

iFcl 
4-9 

13"2 

26-8 
20.3 
56.0 
25.5 

5-1 
18-7 
27.7 

9.7 
11.0 

2-7 
22.8 
12.8 
26.9 

9-0 

25.3 
12.6 

5.9 
25.7 
15-6 
24.9 
15.2 

7.4 
7.7 

10.1 
1.2 

54.1 
22.6 
34.8 
17.6 
40.5 
17.7 
23.3 
16-9 
18.6 

0.0 
14.1 

6-0 
14.9 
18.1 
17.6 
22.6 
14-7 
11.2 

8-5 

7.3 
26.1 
21-7 
25"2 
11.3 
41.7 

9.6 
26.0 

9-6 
7.0 
9-5 

23.2 
10.6 
16.5 
19.1 
33"3 

h k 1 IFol IFcl 
5 12.8 16.5 
6 4-6 
7 14-5 11.7 

11 5 0 13.4 20.8 
1 30.3 28.6 
2 20.8 15-5 
3 27.7 19.9 
4 6-6 
5 15-6 22-0 
6 15-8 
7 12.7 14-1 

11 6 0 14-7 7-3 
1 6.9 
2 15.6 18-7 
3 14.2 19.5 
4 14-4 20.7 

11 7 0 13-2 10-0 
1 5.0 
2 18-9 24.5 
3 11.0 4.3 
4 13-1 20-7 

12 0 0 27.3 13-9 
1 0.0 
2 52-4 52.2 
3 9-8 9.6 
4 2 5 - 9  32-4 
5 5-3 
6 17.8 35-4 

12 1 0 18.2 24.2 
1 26-1 31.0 
2 15.5 6.1 
3 8-5 
4 12-1 18.8 
5 18.1 12.8 
6 9.6 13.0 
7 9.5 
8 10-9 15-4 
9 8.2 13.4 

12 2 0 40-2 36.8 
1 39-6 35.6 
2 36.7 31.5 
3 30-8 39.9 
4 16.2 14-7 
5 21.9 17.3 
6 7.7 10.2 
7 10.2 10-2 
8 8.5 13-0 
9 6-4 9.5 

12 3 0 19.5 22.8 
1 3-5 
2 31.8 27.5 
3 15.9 22.0 
4 16.4 19.4 
5 6-6 
6 7.8 
7 10.9 12-2 

12 4 0 8.3 
1 31.8 25-0 
2 17.4 15-5 
3 38.7 49.5 
4 14.3 20.3 
5 28.9 25-1 
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h k 1 Ifol Ifcl 
6 11.0 11.9 
7 12.6 11.4 

12 5 0 0.1 
1 16-3 14-5 
2 14-8 11.1 
3 10.0 
4 13.0 13.5 

12 6 0 15-8 13.5 
1 15.9 13.4 
2 19.1 
3 14.4 13.9 

13 0 1 42.4 37.7 
2 8.1 
3 29.9 43.3 
4 14"5 11.5 
5 24.2 26-0 
6 1.7 
7 10"8 13.3 

13 1 0 28-2 26.7 
1 19-6 21.8 
2 11.7 15.7 
3 5.9 
4 9"3 8.7 
5 11"3 12.4 
6 6.8 
7 6.2 
8 7.4 
9 7.8 12-1 

13 2 0 26.5 22.7 
1 27.0 22.9 
2 31.6 28.9 
3 16.2 15-2 
4 22.6 28.3 
5 23-7 24.9 
6 7.7 7.5 
7 11.6 9.0 
8 6.9 8.7 
9 7.0 9.9 

10 6.1 11.5 

13 3 0 10.0 10.1 
1 22.1 20.1 
2 22.8 29.3 
3 20.2 14.0 
4 16.9 15.2 
5 11.0 19.6 
6 11.0 10.8 

13 4 0 26.9 23.9 
I 10.2 7.0 

h/c 

135 

136 

1 4 0 0  
1 
2 
3 
4 
5 

1 4 1 0  
1 
2 
3 
4 
5 
6 
7 

1 4 2 0  
1 
2 
3 
4 
5 
6 
7 

1 4 3 0  
1 
2 
3 
4 
5 
6 

l 1~'ol 
2 31.8 
3 
4 22.3 
5 11.0 
6 10.7 
7 
8 10.9 

0 16.8 
1 18.4 
2 
3 13.0 

0 16.4 
1 21.0 

19"8 

16"5 

11"1 

28.5 

24.8 

11.5 

14.3 

7.2 
12-7 

20.1 
14.5 
13.1 
11.2 

28.0 
12.6 
29-2 
17.0 
22.7 

10.8 

14 4 0 12.6 
1 14.3 
2 12.8 
3 
4 11.0 
5 10.9 

T a b l e  4 (cont.) 

35.5 
9.2 

21.6 
10.4 
11.4 

5.7 
11.8 

22.9 
17.5 
11.7 
10.7 

21.9 
30"3 

19-6 
9.4 

17.7 
10.2 

7.2 
13.3 

3.2 
31-1 
12.5 
24.3 

9.9 
14.1 
19.0 
17.3 

0.1 
10.0 
13.4 
9.5 

22.3 
21.4 
19.2 
11.9 

22.7 
8.9 

27.3 
19.8 
19.4 
10.7 
15.4 

10.1 
14.5 
13"3 

7.3 
9-5 

10.7 

h k l IFol [Fcl 
14 5 0 16.0 I0.9 

1 5.3 
2 17.6 22.0 
3 6.0 
4 15.6 17.4 

150  

151 

152 

15 3 

154  

155 

160  

161 

1 2"8 
2 2-4 
3 11"6 22"3 

0 28.0 24.6 
1 11.1 16.3 
2 12.7 10.0 
3 10.1 
4 21.6 35.0 
5 11.4 7.8 
6 11.1 10.7 
7 8.8 11.9 
8 9-2 11.3 

0 0"1 
1 7"5 
2 7"4 
3 1"4 
4 7"7 15"7 
5 11"8 12"8 
6 9"9 I3'2 

0 13"9 9"3 
1 3I '7 37"1 
2 11"0 10"4 
3 14"8 11"1 
4 14"9 20"7 
5 10"9 11"5 
6 7"3 
7 11"4 14"2 

0 1"9 
1 10"9 8"9 
2 13-0 12-2 

0 6"5 
1 15"7 18"8 

0 20"4 24"4 
1 15"2 
2 21"1 27"1 
3 4"5 
4 11"1 7"0 

0 9"4 
I 14"2 
2 9"7 

h k  

162 

z IFol IFcl 
3 11.5 19.2 
4 11.4 15.3 

0 10.2 9.5 
1 16.1 16.8 
2 19.8 23.7 
3 11.9 19.1 
4 9.0 5.7 
5 7.4 9.7 
6 8.4 12.0 

1 6 3 0  4.4 
1 11.9 
2 11.1 14.5 

16 4 0 9"3 
1 22.5 20.0 
2 4.8 
3 10.9 12.8 
4 10.6 
5 13.7 12.4 

17 0 1 24.1 24.0 
2 24.3 
3 19.4 11.3 
4 3.4 
5 13.8 22.3 

17 1 0 11.5 9.8 
1 7.0 
2 9.7 14.8 

17 2 0 9.1 16-0 
1 16.2 16.7 
2 13.3 14.1 
3 10.2 15.3 
4 8.8 10.6 
5 7.1 8.3 
6 7.8 10.2 

1 7 3 0  3.4 

17 4 0 10.9 11.8 
1 0.1 
2 14.4 15.9 
3 5.0 
4 12.0 16-1 

18 0 0 0.1 

18 1 0 3.0 
1 11.3 19.6 

18 2 1 7.5 11-7 
2 10.0 16.0 

T h e  c o r r e s p o n d i n g  s t a n d a r d  d e v i a t i o n s  (a)  fo r  t h e  

b o n d  l e n g t h s  a n d  v a l e n c e  a n g l e s  a r e  i n c l u d e d  in  
T a b l e s  5, 6, a n d  7. T h e s e  v a l u e s  a r e  of  t h e  o r d e r  of  

m a g n i t u d e  g e n e r a l l y  f o u n d  in  t h e  a n a l y s i s  of  a n o n -  

e e n t r i c  s t r u c t u r e  of  c o m p a r a b l e  c o m p l e x i t y  u s i n g  t h e  
b r o m i n e  h e a v y - a t o m  m e t h o d  (of. t h e  s t r u c t u r e  of  

a n n o t i n i n e  b r o m o h y d r i n  b y  P r z y b y l s k a  & A h m e d ,  
1958).  W h i l e  a d e q u a t e  fo r  s o l v i n g  p r o b l e m s  of  con-  

f i g u r a t i o n  a n d  g e n e r a l  s t e r e o c h e m i s t r y ,  t h e  a c c u r a c y  

is i n s u f f i c i e n t  fo r  a d e t a i l e d  d i s c u s s i o n  of  b o n d  l e n g t h s  

in  t e r m s  of  v a l e n c e  t h e o r y .  

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

T h e  g e n e r a l  s t e r e o c h e m i s t r y  of  t h e  m o l e c u l e  is i l lus-  

t r a t e d  in  F ig .  3, w h i c h  g i v e s  t h e  a t o m i c  p o s i t i o n s  w i t h  
r e f e r e n c e  t o  m o l e c u l a r  a x e s  a n d  t h e  p l a n e  of  t h e  i n d o l e  

r ings .  
T h e  e q u a t i o n  of  t h e  p l a n e  of  t h e  i n d o l e  r i n g s  r e f e r r e d  

t o  t h e  c r y s t a l l o g r a p h i c  a x e s  is 

0.226x +O.327y-0"128z= 1. 

Thi s  p l a n e  m a k e s  a n g l e s  of  57 ° , 88 ° a n d  72 ° t o  (100),  

A C 13 ~ 38 
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+ 0"017 

/ 
-O.V~ 

0 2' 
4 

-- 0"028 -- 0"002' 

I 
--0"022 ~ 3  

y00  
581 

-- 0"729 "~I "184 -- 2"896 

{+1 
Fig. 3. Atomic positions relative to the plane of the indole rings. 

Figures give height in /~ above or below the indole plane. 

Table 5. Intramolecular distances 
Bond (A) (a) 

Cl-G z 1-39 0.042 
C~-C s 1"36 0"043 
Ca-C a 1.42 0.042 
o4-o i.39 0.037 
O-C20 1.45 0.043 
C4-C 5 1.45 0.041 
C5-C 6 1.48 0.037 
Cs-C 1 1.40 0.038 
C6-C ~ 1-51 0.037 
07-C s 1-41 0.036 
Cs-N 1 1-39 0.034 
N1-C i 1"40 0.037 
C~-Ci~ 1-48 0.036 
C12-Cii 1.55 0.036 
C n - N  z 1.49 0.033 

Table 7. Bond angles 
Bond (A) (a) (o) (a) 

Cs-C 9 1.49 0.034 1-2-3 123 2.88 
09-C15 1.65 0.037 2-3-4 119 2.79 
Cg-Cio 1.51 0"038 3-4-5 123 2.66 
Clo-N2 1'58 0"036 3 -4 -0  115 2-63 
N2-C13 1.51 0"035 4 -0 -20  119 2.47 
Cis-C14 1 " 5 6  0.038 4-5-6 113 2.34 
Ci4-C15 1.59 0"037 5-6-1 123 2"43 
Ci4-Cie 1.52 0.042 6-1-2 119 2.62 
Cle-Ci7 1.50 0.046 7-8-9 131 2.27 
Cn-Ci9 1-48 0.043 8-7-12 131 2.39 
Ci7-C18 1 " 5 5  0.049 
Cls-CI9 1.39 0.059 1~1-1-6 106 2.39 

1-6-7 109 2.30 
Br-N~ 3.23 0.020 6-7-8 105 2.19 
Br -N 1 3.34 0.024 7-8-N1 109 2-19 

(o) (a) 

10-1~2-11 118 1-9I 
N2-11-12 119 2-11 
11-12-7 114 2-16: 
14-13-N2 108 2.08 
13-N2-11 112 1.93 
13-N2-10 113 1.98 
1~2--10-17 110 2.29' 
10-17-18 121 2-75 
10--17-16 107 2.62 
16-17-18 105 2-74 
17-18-19 109 3-37 
17-16-14 117 2-77 
16-14-13 107 2-23 
16-14-15 109 2.2~ 
13-14-15 105 2-0~ 
14-15-9 108 1-98 
15-9-8 104 1.95 
15-9--10 108 2.05 

9-10-17 113 2.45 

Table 6. Intermolecular distances under 4 A 
Bond (/~) (a) Bond (A) (a) 

B r i - G l l i  3.59 0-026 C3r-CTn 3.70 0.040 
]3ri-C12ii 3"98 0.025 C3I-C1 lIi 3.72 0.039 
Br~-C13I 3.74 0.029 C3I-C12n 3.67 0-038 
BrI-C18I 3.78 0.038 C4r-CllII  3.81 0.040 
BrI-C20HI 3.73 0.039 C6r-C13n 3.82 0.039 
CII-C13II 3.61 0.040 C8r-C13II 3.98 0.037 
GlI-C14H 3.82 0.038 C1 l i -Oi i  3.55 0.033 
C2I-C5H 3.80 0.041 C13I-N1H 3.72 0.037 
C2~-C14H 3.73 0.040 C17i-0In  3.83 0.037 
C3I-C6H 3.95 0.039 

I x, y, z 
I I  ½ - x , y ,  ½+z 

I I I  ½+x, ½ - y ,  
IV 5, ½+y, ½ - z  

8-N1-1 111 2.30 

8-9-10 124 2.23 
9-10-N2 106 2.10 

Table 8. Standard deviations of atomic parameter~ 
(h) (h) (h) 

C 1 0.028 C 9 0.024 C n 0.031 
C~ 0.031 Clo 0.029 Cls 0.038 
C a 0.029 C n 0.026 C19 0.045 
C 4 0.031 C12 0.025 C2o 0.039 
C 5 0.027 Cla 0.028 N 1 0.024 
C 6 0.026 C14 0.025 1~ 0.020 
C 7 0.027 C15 0.027 O 0-021 
C a 0.025 C16 0.034 Br 0.004 
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Fig. 4. Bond lengths and angles for ibogaine in the hydrobromide. 

(010) and (001) respectively. The perpendicular dis- 
tance of the crystallographic origin to this plane is 
2.4 A. 

In Fig. 3, the distances of the atoms from the indole 
plane are given. Within less than twice the standard 
deviations, the atoms in the indole rings and the 
adjacent substi tuent atoms, 0,  C0 and C12, are co- 
planar. The seven-membered ring is as flat as is com- 
patible with the valence angles, corresponding to a 
distorted chair-shaped configuration. If the mid-point 
of CT-Cs is considered in conjunction with Co, C10, 
N2, Cn and C~2 the analogy with a chair-shaped cyclo- 
hexane ring is very apparent.  The central axis of the 
iso-quinuclidine tricyclic structure, i.e. C10-C~4, makes 
an angle of 74 ° to the indole plane. The substi tuent 
ethyl group Cls, C19, is cis with respect to the iso. 
quinuclidine nitrogen, contrary to a tentat ive as- 
signment as trans from chemical evidence (Bartlett,  
Dickel & Taylor, 1958). 

The bond lengths and valence angles are shown in 
Fig. 4. They are not sufficiently precise to permit a 
discussion of valence bond structure. The mean C-C 
length in the indole system is 1.43 _~ with a maximum 
spread of 0.08 A which is about twice the standard 
deviation. In the remainder of the molecule the mean 
bond length is 1.53 A with a maximum spread of 
0.12 _~. These mean bond lengths are in agreement 
with the lengths expected for the conjugated bonds 
of the indole rings and the single bonds of the seven- 
membered ring and the iso-quinuelidine structure. 

Similarly with respect to bond angles, the mean 
angle in the benzene ring is 120 °, in the pyrrole ring 
108 °, and for the remainder of the molecule 111 °, 
excluding CsCTC~9 and CTCsC9. These two angles of 130 ° 
are associated with the junction of the seven membered 
ring to the five membered ring and are significantly 
greater than the 120 ° , which is the corresponding angle 
of the benzene bonds on the other side of the pyrrole 
ring. 

The bromine ion is coordinated to two nitrogen 

atoms only, an indole and an iso-quinuclidine nitrogen 
on different molecules. The former distance is signif- 
icantly greater than the latter, in accordance with the 
greater basicity of the latter. This coordination appears 
to account for the anisotropic thermal motion of the 
bromine atom which is not accompanied by a similar 
anisotropy in the ibogaine molecule ions. The environ- 
ment of the bromine ion, which is illustrated in Fig. 5, 
is compatible with the anisotropic thermal parameters 
which are least in the z direction (3.0/~-2) and greatest 
in x and y (5.9 and 7.1 /~-2). 

z 

Fig. 5. Environment of the bromine ions 
in ibogaine hydrobromide. 

On the basis of the 0.10 Jk difference in the bromine 
to nitrogen distances and the chemical evidence, it is 
reasonable to postulate tha t  the hydrobromide struc- 
ture in the crystal is best represented formally as 
N(2)tt • • • Br -  • • • H-hT(1) with the more ionic binding 
to the iso.quinuclidine nitrogen (N2). 

The development of the computing programs and 

38* 
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the  c o m p u t i n g  assoc ia ted  w i th  th i s  work  was sup- 
por t ed  b y  Resea rch  G r a n t  (RC-5412) f rom the  Pub l i c  
H e a l t h  Service, N a t i o n a l  I n s t i t u t e s  of H e a l t h ,  and  
(G-7395) f rom the  N a t i o n a l  Science F o u n d a t i o n .  W e  
are  g ra te fu l  to the  Ciba P h a r m a c e u t i c a l  Produc ts ,  Inc. ,  
for a g r a d u a t e  s t u d e n t  fel lowship.  
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O b s e r v a t i o n s  on  Chayes '  d i s c u s s i o n  of the  i n t e r m e d i a t e  p l a g i o c l a s e  f e l spars .  By HELEN D.  
IV~EGAW, Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 3 December 1959 and 

Chayes (1958) has propounded a ten ta t ive  hypothesis  
t ha t  the positions of the subsidiary reflexions (e type  
maxima)  in the intermediate  plagioclase felspars m a y  
depend on average run lengths in Si and A1 atoms, 
t ha t  is, on the average numbers  of consecutive atoms of 
the same kind in te t rahedra l  sites. He  seeks a relat ion 
between these and the observed quant i t ies  ~c, the dis- 
placements  of the layer  lines of e type  max ima  (on 
oscillation photographs about  [001]) from the nearest  
layer  lines of principal  or a type  max ima ;  these displace- 
ments  m a y  a l ternat ive ly  be defined as the differences of 
reciprocal-space coordinates (in angular  measure) along 
c*. I t  appears to be implied, though not  explicit ly stated,  
t h a t  the  relat ion is expected to take the form 

360/~c =E',  (1) 

where E '  is the average run length in Si. E '  can be 
evaluated for the case of complete disorder, since Chayes 
has  shown t h a t  its value E(~si ) is then  mathemat ica l ly  
given b y  

E(~si) = l / s ,  (2) 

where a is the rat io of the number  of A1 atoms to the 
to ta l  number  of te t rahedra l  atoms. When  a graph is 
drawn using the values of ~c measured by  Gay (1956) it  
is shown tha t  a reasonable (not perfect) fit is obtained for 

360/~c =E(~si) • (3) 

Chayes comments :  'To a remarkable  ex ten t  the ' repeat  
distance'  calculated from the ~c spacing behaves as if i t  
were governed by  the same rules which determine average 
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run  lengths in a run sequence characterized by  short- 
range disorder' .  This, which s t r ic t ly  only says t h a t  bo th  
are inversely proport ional  to the composition paramete r  
a, migh t  be t aken  as a claim t h a t  the graph of (3) provides 
evidence tending to support  (1), or even predicts the form 
of (1) (which has never  been explici t ly stated),  as well as 
allowing an est imate of the s ta te  of order. I t  is impor tan t  
to realize t h a t  this is not  true, which can be shown as 
follows. 

Suppose we s ta r t  wi th  the very  much simpler hypo-  
thesis, 

~c/360 = a ,  (4) 

which assumes the displacement,  in cycles, to be equal 
to the relat ive number  of A1 atoms, irrespective of their 
degree of order. This gives 

360/(~c = l / a ,  (5) 

which is identical  wi th  (3) except  for the labelling of one 
axis, and mus t  therefore fit the  exper imental  results 
equally well. Admi t t ed ly  it  is empirical as i t  s tands,  
bu t  i t  is so much  simpler t han  (1), and wi thou t  the need 
for any  accessory postulates  about  order, t h a t  i t  would 
require strong theoret ical  reasons in favour of (1) to 
allow the la t ter  any  weight  in the absence of direct 
independent  evidence for it. In  other words, any  reasons 
for belief in (1) mus t  come from considerations other  
t han  the empirical fit wi th  exper imental  results shown 
in the graph, which can be accounted for more easily 
wi thou t  it. 

Chayes ment ions  experiments  (Abelson, 1957) in which 


