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The Structure of Ibogaine

By GErpA ARAT, J. CoPPOLA AND G. A, JEFFREY
The Crystallography Laboratory, The University of Pitisburgh, Pittsburgh 13, Pa., U.S. A.

(Received 31 August 1959)

Ibogaine, C, H,,N,0, 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 ¢s0-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, ¢ =995 A, P2,2,2,. The heavy-atom
method was used 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 that have been
isolated from tabernanthe 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 that of a stimulant.

Ibogaine has the composition CgoHzeN2O and be-
longs to the group of the indole alkaloids. The molecule
has an indole ring system attached to a seven-mem-
bered nitrogen containing ring, two sides of which
form part of an adjoining ¢so-quinuclidine ring system,
as shown in I.

At the inception of this study, the configuration of
the molecule was unknown other than that it contained
an indole group. It has recently been determined by
chemical methods to be I, (Bartlett, Dickel & Taylor,
1958), with only an ambiguity in the cis or trans

position of the ethyl group which is substituent to the
iso-quinuclidine ring.

Our X-ray crystal structure analysis has confirmed
the deductions from the chemical evidence by a
completely independent physical technique making no
use of the chemical information other than the em-
pirical formula; thus it fulfils the confirmatory réle
usually provided by the configurational synthesis in
organic chemistry. We have shown that the sub-
stituent ethyl group is cis with respect to the iso-
quinuclidine nitrogen; this is contrary to a tentative
arrangement as frans, inferred from the ease of
methiodide formation by Bartlett, Dickel & Taylor
(1958). The analysis has also provided more detailed
stereochemical information concerning the shape of the
molecule and the relative orientation of the various
ring systems. Of interest in relation to the hydro-
bromide and hydrochloride salt formation are observa-
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Table 1. The crystal data from tbogaine and the hydrochloride and hydrobromide
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Compound Space group @ axis b axis ¢ axis
CyoH,N,0 P2.2,2, 17-30A 10584 20014
CooHyN,OCl  P2,2,2, 18-47 10:74 949
CooHyN,OBr  P2,2,2, 18:68 10-76 995

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

Crystal 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 intensity measurements

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, @ and b, and six about ¢. 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 6 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-dimensional analysis

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

U z Dm Dz
3663 A3 8 11125 g.cm. 8 1.142 g.cm.—8
1883 4 1-223 1-245
2000 4 1299 1-333

an attempt was made initially to carry through an
analysis using two-dimensijonal Fourier methods. The
halogen atom parameters were determined from Pat-
terson projections to be (0-120, 0-432, 0-26); the 2
coordinate was inaccurate due to the proximity to 1z;
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 refinement failed to provide a solution
to the phase problem. In the (%k0l) projection, of the
106 signs deduced, 23 proved later to be incorrect,
in the (Ak0) 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.

Fig. 1. (a) Fourier projection down b axis. Isomorphous re-
placement method. (b) Fourier projection down b axis.
Heavy-atom 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-2 was applied to the bromine and all light
atoms were given carbon scattering factors with
B=4-0 A-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 (hkl) 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
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the model structure or any possible stereochemical
factors, other than that there could not be a light atom
closer than 3 A 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 A, 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 A. This was considered
a satisfactory criterion at this stage.

b

b2

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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Table 2. Bromine atom parameter refinement

Shifts

Initial
Br isotropic Isotropic Anisotropic Final
z 0-1200 —0-0000 —0-0000 —0-0001 —0-0000 0-1199
Y 0-4338 ~0-0001 —0-0001 —0-0004 —0-0003 0-4328
z 0-2343 0-0003 0-0000 0-0003 0-0000 0-2350
B, 3-0 A-2 5-719 2-100 —0-214 0-101 5-89 A-2
B,, 3-0 6-402 3-473 0-361 0-106 7-08
B, 3-0 0-588 - 0-009 ~0-130 0-024 3-04
B,, 0-451 0-552 0-322 0-215 0-72
B, —0-108 —0-293 —0-184 —0-089 —0-33
B 0-155 0-268 0-082 0-025 0-25

[y
©

differential syntheses. The subsequent structure factor
agreement was E=0-22 using C, N and O scattering
factors with isotropic temperature factors of B=
3-8 A-2, and for the bromine, B=3-0 A-2, The elec-
tron-density map in which all the atoms are clearly
indicated at this stage of the analysis is shown in Fig. 2.

It was certain at this point that the phase problem
had been solved, so a post-mortem was held on the
mechanics of the process.

An examination of the first three-dimensional
Fourier synthesis revealed that the electron-density
distribution of the ibogaine molecule was contained
therein, but was distorted and was made difficult to
recognize by spurious peaks often exceeding the true
peaks in magnitude.

The four atoms which were the last to be revealed
were Ci, Ci3, C1s, and Cio with the numbering shown
in I and in Figs. 3 and 4. This must be dependent
upon the relationship of their phase contribution to
the structure factors to that of the bromine atoms,
and there is no obvious way of predicting a prior:
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 throughout the early
stages which arose through an inability to recognize
the chemically most certain feature of the molecule,
which was the indole ring. Even in the two-dimensional
projection, a low density region was correctly assigned
to the benzene ring and a high density region to the
isoquinuclidine cage but they were incorrectly oriented
with respect to each other. Similarly in the first at-
tempt to interpret the three-dimensional Fourier, the
orientation of the molecule was incorrect by about
90° with respect to the a and ¢ axes, due, in part,
to an inability to recognize the indole ring system.
This would account for the non-refinement of that
interpretation despite the fact that the bromine and
13 of the 23 light atomic positions were subsequently
found to be quite close to the true positions.

The three-dimensional refinement

This refinement was carried out by means of the
isotropic structure factor and differential Fourier
synthesis reiterative cyecles for the carbon, nitrogen

and oxygen atoms and anisotropic refinement cycles
for the bromine atom, using the IBM 650 programs of
Shiono (1957, 1958).

The successive parameter shifts for the bromine
atom are shown in Table 2. The tendency for the
anisotropic thermal parameter shifts to overshoot was
corrected by applying 4 of the computed shift at each
stage (cf. Jeffrey & Shiono, 1959). An =-shift correc-
tion of 1-5 was applied to the positional coordinates.

Despite the large thermal anisotropy of the bromine
atom, 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 isotropic thermal factors
were obtained; Cl1 to C17, B=3-70 A-2; C18 to C20,
B=380 A-2; N, B=3-80 A-2; O, B=3-65 A-=.

Table 3. Fractional atomic coordinates

Atom z Yy z Atom z Yy z
N, 0170 0-258 0-496 C, 0081 0-383 0-814
N, 0145 0-405 0-915 C, 0197 0-301 0-937
(8] 0-415 0-963 0-482 C,, 0257 0-278 0-832
C, 0-230 0-182 0-472 C,; 0183 0-527 0-893
C, 0254 0112 0-364 Cpy, 0-138 0-605 0-790
(0N 0:313 0-039 0-369 Cys 0-144 0-532 0-651
C, 0-355 0-038 0-488 C,s 0-061 0-601 0-838
C;  0-334 0-103 0-609 C;; 0025 0-476 0-837
Cs 0269 0-180 0-591 Cis 0979 0-473 0-967
C, 0-230 0-256 0-695 C,, 0-938 0-365 0-967
Cy 0172 0:307 0-626 Cyp 0-455 0-939 0-604
C, 0-113 0-389 0-674

<

The positional coordinate shifts for the light atoms
were initially quite large (1 A for Cig, 0-5 A for Cis,
and less than 0-2 A for other atoms). After four refine-
ment cycles, the coordinate shifts were less than 0-04 A,
The final agreement index was R=0-168, using the
Br parameters given in the final column of Table 2,
and the final light atom parameters given in Table 3.
Table 4 lists the observed and calculated structure
amplitudes. Tables 5 and 6 list the intra- and inter-
molecular distances respectively. Table 7 lists the
intramolecular bond angles. The data for Tables 5,
6 and 7 were computed using an interatomic distance
program for the IBM 650 prepared by Shiono (1960).
The standard deviations, calculated by the method of
Cruickshank (1949, 1950, 1954) are given in Table 8.
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Table 4. Observed and calculated structure amplitudes
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Table 4 (cont.)

Rkl |Fo|  |F| Rkl |Fo|  |F| Rkl |Fo|  |Fe ’ Rkl |Fo|  |F
280 5.1 10 99 97 7201 256 ! 6 2-9
1 154 200 11 97 105 8 182 203 7T 457 461
2 145 141 9 251 276 8 9-3
350 613 686 10 85 7-3 9 245 205
290 180 228 1 589 617 1 3-3 10 104 10-0
1 224 342 2 439  44-4 12 6-0 95 11 7-1 11-8
3 51-9  47.7 12 6-9 14-8
4 161 134 430 931 946
802 u3 9 5 252 197 1 261 17-6 510 940 1223
3 832 898 6 12:6 2 312 226 1 321 379
. 35 7 129 151 3 201 324 2 268 247
5 480 540 8§ 132 84 4 160 64 3 635 T44
6 140 101 9 172 122 5 166 134 4 401 326
7 811 o7 6 189 168 5 161 114
8 10-3 360 19-4 20-3 7 19-6 16-5 6 43-3 42:9
0 165 207 1 200 224 8 14-4 154 7 282 267
10 18-4 24.9 P 17-5 10-8 9 20-9 18-0 8 20-6 19-3
11 8.8 3 284 266 10 14-5 9 231 22-3
12 11-8 16-3 4 9285 264 11 14-9 17-7
5 126 95 520 501 416
6 144 140 440 398 414 ! 1 617 612
310 835 1165 7 123 157 1 1780 904 : 2 771 670
1692 792 2 455 411 3 444 353
2 1303 1481 370 14-1 19-4 3 588 559 4 654 564
3 263 231 1 12-3 11.8 4 12-0 7-0 5 236 228
4 508 443 2 9224 239 5 300 394 6 289 244
5 249 226 3 54 6 2:9 7 844 273
6 335 3l1 4 9257 317 7 419 383 8§ 181 11-3
7 404 49:0 5 7.9 § 208 194 9 232 195
8 18-8 14-3 6 29.1 29.2 9 20-2 10-5 10 9-6 8-0
9 215 225 7 148 183 10 97 18 | 11 60 87
10 163 203 11 9-4 75 ‘ 12 42 100
380 190 287
320 941 107:0 1 13-7 450 319 383 530 90 102
1 737 758 2 6-8 1 212 212 1 276 350
2 376 309 3 257 328 2 403 357 ! 2 355 346
3 642 535 3 337 273 | 3 701 682
4 272 190 400 1640 125:0 4 162 136 4 464 414
5 366 345 1 129 45 5 213 170 5 396 344
6 338 339 2 886 986 6 205 166 l 6 245 217
7 814 277 3 336 214 7 228 224 | 7 219 175
8 256 337 4 797 929 8§ 132 144 8 214 180
9 188 189 5 368 463 9 127 124 9 168 14-1
10 113 111 6 483 485 10 119 122
11 84 120 7 187 178 460 452 5901
12 55 96 8 312 371 1 349 446 540 565 513
9 0-0 2 361 224 1 693 743
10 8-8 3 236 197 2 498 594
839 =0 11 2.7 4 313 333 3 203 162
3 503 436 12 54 95 5 191 172 4 342 292
3 700 614 6 250 264 5 212 130
i 274 220 410 298 329 6 424 452
5 648 560 1120 124 470 2009 246 7 78
6 400 392 2 606 574 1 106 63 8 245 134
7 371 208 3 254 222 2 159 148 9 188 168
8 130 87 4 361 340 3 222 69 10 113 83
9 921 938 5 348 408 4 172 139 11 7-8 57
10 179 207 6 286 349 5 5-0
7 261 216 6 145 126 550 187 147
8 134 178 7 110 23 1 579 568
340 379  41-2 9 138 139 2 371 301
1 286 175 10 160 199 480 172 196 3 311 218
2 348 385 1 53 4 228 185
3 214 160 420 12014 1295 2 265 295 5 194 179
4 445 378 1 886 910 6 204 180
5 161 143 2 759 631 501 835 1799 7 154 131
6 277 270 3 722 635 2 353 331 8 8-4
7 250 266 4 537 508 3 673 547 9 148 180
8 208 190 5 480 409 4 681 699
9 128 112 6 276 293 5 462 426 560 11.6 163
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Table 4 (cont.)

Rkl |Fo| |F¢ Rkl |Fo|  |F Rkl |Fe  |F Rkl |Fo|  |F
1 223 183 : 640 347 396 720 505 422 2 932 1018
2 249 298 : 1 131 9.8 1 251 266 3 256 260
3 272 313 2 234 225 2 259 243 4 601 602
4 218 156 | 3 233 159 3 265 5 10-2
5 286 292 : 4 332 264 4 405 356 6 408 293
6 180 232 : 5 249 204 5 268 195 7 41
6 269 228 6 160 129 8 166 126
570 205 192 i 7 155 150 7 207 199 9 3-2
1 154 16-9 ! 8 248 229 8 17-2 17-0 10 10-8 14-3
2 163 177 9 105 124 9 211 180
3 922.0 216 i 10 178 190 10 81 9-4 810 251 193
4 16-5 11-9 : 11 7-4 11-9 1 397 442
5 11-1 : 650 258 266 12 58 10-3 2 362 404
6 190 209 1 341 273 3 106 157
7 131 103 _ 2 501 465 730 330 280 4 352 309
; 3 498 380 1 578 592 5 3-8
580 142 127 ; 4 398 359 2 193 145 6 251 168
1 237 273 : 5 124 63 3 653 626 7216 187
| 6 393 347 4 416 321 8 181 162
590 176 157 i 7 184 148 5 373 323 9 164 117
: 8 187 201 6 366 398
600 120 101 i 9 145 142 7 286 244 820 437 22'7
1 106 46 ; 8 196 159 ; ‘;ig 30'(7)
2 481 436 5 660 1144 84 9 107 11-2 3 490 464
3 317 374 i 1 199 209 10 114 140 1 532 518
4 326 322 ! 2 324 208 5 468 493
5 607 614 i 3 165 203 740 632 627 6 358 218
6 163 109 : 4 8-7 1 201 141 7 sse 231
7 382 360 5 11-6 2 152 165 8 208 145
8 10-7 6 5-1 3 6-0 s 88 93
9 201 312 7191 202 4 270 260 0 88 122
10 7-3 5 162 134
11 11-1 19-4 670 12:5 6-0 6 31-0 24-9 830 423 46-2
1 22-8 34-3 7 24-0 26-9 1 23.7 20-0
610 281 305 2 213 125 8§ 130 87 2 125 43
1 633 7115 3 228 206 9 122 146 3 186 209
2 410 395 4 100 1138 10 2-4 4 9287 9263
3 580 608" 5 240 262 1 69 108 5 10
4 238 218 6 158 161 6 11-5
5 57-8 49-3 7 11-0 13-4 750 49-8 53-0 7 36-8 26-4
6 288 191 1 296 196 8 208 212
7 431 391 680 09 2 252 240 9 141 138
8 166 129 1 161 9-0 3 511 463
9 216 18-6 4 17-3 11-0 840 216 10-8
690 9-3 5 291 249 1 47-0  50-8
620 283 279 1 168 240 6 221 169 9 134 127
1 14-1 11-6 7 22-1 18-2 3 62-3 653
2 268 160 701 333 373 8 130 106 4 2.9
3 34-7 315 2 18-3 97 5 32-2 26-6
4 581 521 3 475 490 760 219 317 6 111
5 267 243 4 285 336 1 251 241 7 939 219
6 286 197 5 243 257 2 46 3 81
7 396 303 6 268 216 3 167 152 9 136 142
8 231 272 7 153 86 4 304 348
9 17-3 14-8 8 255 26-2 5 34 850 29.0 17-6
10 143 136 9 168 103 6 174 210 1 237 250
11 90 12:1 10 46 9 994 254
770 253 27-0 3 29.5 20-1
630 92-7 99-3 710 55-2 65-4 1 8-2 4 28-8 927.1
1 282 249 1 138 136 2 243 328 5 9235 247
2 636 581 2 638 670 3 226 206 6 3.5
3 382 325 3 158 128 4 213 183 7 160 117
4 529 487 4 489 496 5 66
5 202 11-8 5 288 236 6 14-1 860 299 324
6 429 330 6 437 410 7 108 132 1 3812 299
7 205 191 7 379 326 2 320 373
8 180 158 8 205 180 780 164 12 3 167 133
9 11-8 9 210 211 4 154 189
10 99 144 10 104 125 800 870 653 5 140 124
1 129 46 6 170 182
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11-8

657
20-6
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10-9

31-8
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18-8
12-8
13-0

9-5
15-4
13-4

36-8
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39-9
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Table 4 (cont.)

hkl [Fol [Fel hEl [Fol | Fel
6 11.0 11-9 2 318 855
7 126 114 ; 3 9-2
; 4 223 216
1250 0-1 | 5 110 104
1 16-3 14-5 : 6 10-7 11-4
2 148 111 i 7 57
3 10-0 i 8 109 11-8
4 130 135 {
; 1350 168 229
1260 158 135 ! 1 184 175
1 159 134 j 2 117
2 19-1 i 3 130 107
3 144 139 i
| 1360 164 219
1301 424 377 | 1 210 303
2 81 '
3 299 433 | 1400 198 19-6
4 145 115 ' 1 9-4
5 242 260 | 2 165 177
6 17 : 3 10-2
7 108 133 | 4 7-2
5 1111 133
1310 282  26.7
1 196 218 1410 3-2
2 117 157 ; 1 285 3811
3 5-9 I 2 12:5
4 9-3 87 3 248 248
5 113 124 4 9-9
6 6-8 5 115 14:1
7 6-2 6 19-0
8 7-4 7 143 173
9 7-8 121
1420 01
1820 265  22.7 1 7.2 10-0
1 270 229 2 1247 134
2 316 289 3 95
3 162 152 4 201 223
4 226 283 5 145 214
5 237 249 6 181 192
6 77 7-5 7 11-2 119
7 116 9:0
8 69 8.7 1430 280 227
9 7-0 9-9 1 126 8.9
10 61 115 2 292 273
3 170 198
1330 100 101 4 227 194
1 221 201 5 10-7
2 228 293 6 108 154
3 202 140
4 169 152 1440 126 101
5 110 196 1 143 145
6 110 108 2 128 133
3 7-3
1340 269 239 4 110 9-5
1 102 7-0 5 109 107

The corresponding standard deviations (o) for the
bond lengths and valence angles are included in
Tables 5, 6, and 7. These values are of the order of
magnitude generally found in the analysis of a non-
centric structure of comparable complexity using the
bromine heavy-atom method (cf. the structure of
annotinine bromohydrin by Przybylska & Ahmed,
1958). While adequate for solving problems of con-
figuration and general stereochemistry, the accuracy
is insufficient for a detailed discussion of bond lengths
in terms of valence theory.

AC13—38
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Rkl \Fo| [F i REL  |Fo  |F
1450 160 109 3 115 192
1 5-3 4 114 153
2 176 220
3 6-0 1620 102 95
4 156 174 1 161 168
2 198 237
1501 2.8 3 11-9 19-1
2 2.4 4 9-0 57
3 116 223 5 74 97
6 84 120
1510 280 246
111 163 1630 e
2 127 100
3 101 2 111 145
b wE g
6 111 107 1 225 200
7 88 119 2 48
s 992 113 3 109 128
4 106
1520 ol 5 137 124
1 75 1701 241 240
2 74 2 24-3
3 1-4 3 194 113
4 77 15-7 i 4 3.4
5 11-8 12-8 i 5 13-8 29.3
6 99 132
1710 115 98
1530 139 93 1 7-0
1 317 3871 2 97 148
2 110 104
3 148 111 : 1720 91 160
4 149 207 ' 1 162 167
5 1090 115 | 2 133 141
6 7-3 3 102 153
7 114 142 : 4 88 106
: 5 71 8-3
1540 1-9 ] 6 78 102
1 109 89 ;
2 130 122 ! 1730 34
I
1550 65 1740 109 11-8
1 157 188 1 01
2 144 159
1600 204 244 3 5-0
1 15-2 4 120 161
2 211 271
3 45 1800 01
4 111 70
1810 3:0
1610 9-4 1 113 196
1 142 ,
2 9.7 s 1821 75 117
2 100 160

Discussion of the structure

The general stereochemistry of the molecule is illus-
trated in Fig. 3, which gives the atomic positions with
reference to molecular axes and the plane of the indole
rings.

The equation of the plane of the indole rings referred
to the crystallographic axes is

0-226x+0-327y —0-1282=1 .
This plane makes angles of 57°, 88° and 72° to (100),
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Fig. 3. Atomic positions relative to the plane of the indole rings.
Figures give height in A above or below the indole plane.

Table 7. Bond angles

562
X
2
Table 5. Intramolecular distances

Bond (4) (o) Bond (4) (o)

CC, 139 0042 CeC, 149  0-034

C,C; 136 0-043 C,-C,s 165  0-037

C-C, 142 0042 CyC,, 151 0-088

G0 1-39  0-037 C,-N, 158 0036

0-Cp 145 0043 #Cig 151 0035

C,-C; 145 0041 C-Cy, 156 0-038

C,—C, 148 0037 C,Cis 159 0-037

Ce-C, 140  0-038 —Cie 152 0-042

CeC, 151 0087 cCi; 150 0046

C—Cy 141 0036 —Cro 148 0-043

Ce-N, 139 0034 ~Cis 155 0-049

N-C, 140 0087 CsCp, 139  0-059

CyCpy 148 0:036

Cy-C;; 155  0-036 Br-N, 323  0-020

N, 149  0-033 Br-N, 334 0024
Table 6. Intermolecular distances under 4 A

Bond (A) (o) Bond (A) (o)
Bri-Clly 359  0-026 03;-C7x 370 0-040
Bri-Cl2;p 398 0025 C3-Clly 372  0-039
Bri-C131 3-74 0-029 C31-Cl2;; 367 0-038
Brp-Cl8; 378 0038 C4;-Cll; 381  0-040
Br-C2051;  3-73 0-039 C6-Cl13;;1  3-82 0-039
Cl;-Cl13;;  3-61 0-040 C8;-C13;;  3-98 0-037
Cl;-Cl4;;  3-82 0-038 C11:-O1x 3:55 0-033
C21-Ch11 3-80 0-041 C13;-N1;;  3-72 0-037
C2;-Cl4;;  3-73 0-040 Cl7-Orm;  3-83 0-037
C31~C61x 3-95 0-039

I z,y2

I %—Z, 37’ §+Z
III %+z, i:—y,f
v z, i‘+y, %—2

1-2-3
2-3-4
3—4-5
3-4-0
4-0-20
4-5-6
5-6-1
6-1-2
7-8-9
8-7-12

N1-1-6
1-6-7
6-7-8
7-8-N1
8-N1-1

8-9-10
9-10-N2

©)

123
119
123
115
119
113
123
119
131
131

106
109
105
109
111

124
106

(0)

2-88
2:79
2:66
2-63
2:47
2-34
2:43
2:62
2:27
2:39

2-39
2:30
2-19
2-19
2-30

2-23
2-10

10-N2-11
N2-11-12
11-12-7
14-13-N2
13-N2-11
13-N2-10
N2-10-17
10-17-18
10-17-16
16-17-18
17-18-19
17-16-14
16-14-13
16-14-15
13-14-15
14-15-9
15-9-8
15-9-10
9-10-17

)

118
119
114
108
112
113
110
121
107
105
109
117
107
109
105
108
104
108
113

(o)

1-91
2-11
2-16-
2-08
1.93
1-98
2:29
2-75
2-62
214
3-37
2-77
2:23
2:23
2-03.
1-98
1-95
2:056
2-45

Table 8. Standard deviations of afomic parameters

QOO0
[

[

W

Y¥o¥e

®

(4)
0-028
0-031
0-029
0-031
0-027
0-026
0-027
0-025

(4)

0-024 Cyy
0-029 Cys
0-026 Cho
0-025 Cao
0-028 N,
0-025 N,
0-027 0

0-034 Br

(4)
0-031
0-038
0-045
0-039
0-024
0-020
0-021
0-004
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Fig. 4. Bond lengths and angles for ibogaine in the hydrobromide,

(010) and (001) respectively. The perpendicular dis-
tancg of the crystallographic origin to this plane is
24 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 substituent atoms, O, Cy and Cis, 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 C—Cs is considered in conjunction with Cs, Cho,
N3, Ci1 and Ci2 the analogy with a chair-shaped cyclo-
hexane ring is very apparent. The central axis of the
tso-quinuclidine tricyclic structure, i.e. C10~C14, makes
an angle of 74° to the indole plane. The substituent
ethyl group Cis, Cie, is cis with respect to the iso-
quinuclidine nitrogen, contrary to a tentative as-
signment as frans 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 A 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 153 A with a maximum spread of
0-12 A. 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 ¢so-quinuclidine 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 CgC7Ci2 and C;CsCy. 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

38*

atoms only, an indole and an ¢so-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 A-2) and greatest
in z and y (5-9 and 7-1 A-2).

26
323 70120

77359

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

On the basis of the 0-10 A difference in the bromine
to nitrogen distances and the chemical evidence, it is
reasonable to postulate that the hydrobromide struc-
ture in the crystal is best represented formally as
N@H - - - Br- - - - H-N;) with the more ionic binding
to the iso-quinuclidine nitrogen (Na).

The development of the computing programs and
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the computing associated with this work was sup-
ported by Research Grant (RC-5412) from the Public
Health Service, National Institutes of Health, and
(G-7395) from the National Science Foundation. We
are grateful to the Ciba Pharmaceutical Products, Inc.,
for a graduate student fellowship.
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Observations on Chayes’ discussion of the intermediate plagioclase felspars. By Herex D.
Mecaw, Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England

(Received 3 December 1959 and in revised form 9 February 1960)

Chayes (1958) has propounded a tentative hypothesis
that the positions of the subsidiary reflexions (e type
maxima) in the intermediate plagioclase felspars may
depend on average run lengths in Si and Al atoms,
that is, on the average numbers of consecutive atoms of
the same kind in tetrahedral sites. He seeks a relation
between these and the observed quantities J., the dis-
placements of the layer lines of e type maxima (on
oscillation photographs about [001]) from the nearest
layer lines of principal or a type maxima; these displace-
ments may alternatively be defined as the differences of
reciprocal-space coordinates (in angular measure) along
c*. It appears to be implied, though not explicitly stated,
that the relation is expected to take the form

360/, = 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 that its value E(Ig) is then mathematically
given by

E(g) =1/, (2)

where « is the ratio of the number of Al atoms to the
total number of tetrahedral atoms. When a graph is
drawn using the values of d; measured by Gay (1956) it
is shown that a reasonable (not perfect) fit is obtained for

360/6, = E(ig;) - (3)

Chayes comments: ‘To a remarkable extent the ‘repeat
distance’ calculated from the J. spacing behaves as if it
were governed by the same rules which determine average

run lengths in a run sequence characterized by short-
range disorder’. This, which strictly only says that both
are inversely proportional to the composition parameter
«, might be taken as a claim that the graph of (3) provides
evidence tending to support (1), or even predicts the form
of (1) (which has never been explicitly stated), as well as
allowing an estimate of the state of order. It is important
to realize that this is not true, which can be shown as
follows.
Suppose we start with the very much simpler hypo-
thesis,
6:/360 =« , (4)

which assumes the displacement, in cycles, to be equal
to the relative number of Al atoms, ¢rrespective of their
degree of order. This gives

360/6,=1/x, (5)

which is identical with (3) except for the labelling of one
axis, and must therefore fit the experimental results
equally well. Admittedly it is empirical as it stands,
but it is so much simpler than (1), and without the need
for any accessory postulates about order, that it would
require strong theoretical reasons in favour of (1) to
allow the latter any weight in the absence of direct
independent evidence for it. In other words, any reasons
for belief in (1) must come from considerations other
than the empirical fit with experimental results shown
in the graph, which can be accounted for more easily
without it.

Chayes mentions experiments (Abelson, 1957) in which



