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The Structure of Annotinine Bromohydrin*

By Maria PrzyBvyLska axD F.R. AEMED

Divisions of Pure Chemistry and Pure Physics, National Research Council, Ottawa, Canada

(Received 1 April 1958)

Crystals of annotinine bromohydrin are orthorhombic, space group P2,2,2, with a = 11-89,
b = 1340, c = 9-68 A and Z = 4. Its crystal and molecular structure has been determined from
a three-dimensional Patterson synthesis interpreted by vector convergence method. Ambiguities
arising from the presence of the bromine atom close to a special position (z = 0-779, y = 0-263,
z = 0-012) were discriminated by simultaneous study of the agreement between observed and
calculated data and of g, and g,—¢. maps for the three projections. Final atomic coordinates have
been obtained from a three-dimensional observed differential synthesis which was not corrected
for finite summation errors. Six-membered rings of the molecule are in ‘chair’ form and the bromine
atom is trans with respect to the hydroxyl group. The carbon atom of the methy! group is directed

towards the lactone ring.

Introduction

The alkaloid annotinine has been isolated by Manske
& Marion (1943) from species of the Lycopodium
family. A great deal of work has been done on the
chemistry of this compound, and several different
structures have been proposed on the basis of chemical
degradation studies (Anet & Marion, 1954; Wiesner,
Valenta & Bankiewicz, 1956; Martin-Smith, Green-
halgh & Marion, 1957).

In the present investigation no chemical assump-
tions have been made in deriving the skeleton struc-
ture of annotinine bromohydrin and chemical evidence
has been used only in distinguishing the oxygen and
nitrogen atoms from carbon atoms. The structure had
already been determined from this X-ray analysis and
was at the refinement stage (Przybylska & Marion,
1957) when Wiesner, Ayer, Fowler & Valenta (1957)
proposed a complete structure for annotinine. Their
structure has been fully confirmed by our results.

X-ray crystallographic data for several Lycopodium
alkaloids have been published by Knop & MacLean
(1952), but annotinine bromohydrin was not included
in their work. It has been chosen for the present study
since the bromine atom is directly bonded to a large-
membered ring (MacLean & Prime, 1953).

* Issued as N.R.C. No. 4896.

Experimental
Crystal data

Pure, chemically analysed, large colourless crystals
of annotinine bromohydrin, C,4H,,0;NBr, were pre-
pared by Dr M. Martin-Smith, who obtained this
compound by heating annotinine with 209 HBr.
This reaction was first described by Manske & Marion
(1947). The crystals were recrystallized from ethyl
alcohol. They were found to belong to the ortho-
rhombic disphenoidal class. They were elongated along
the ¢ axis and showed prism faces (110), sphenoids
(111) and small brachypinacoids (010). The systematic
extinctions determined uniquely the space group as
P2,2,2,, (D3). The unit-cell dimensions, measured
from precession photographs (Cu K«, A = 1-5418 A)
are:

a = 11-89+0-03, b = 13-40+0-03, ¢ = 9-68+0-02 A .

There are four molecules per unit cell. The density
measured at 23-2 °C. by flotation method using carbon
tetrachloride and 1,1,1-trichloroethane mixture was
found to be 1:528 g.cm.73. The calculated value is
1-533 g.cm.=3. The number of electrons per unit cell,
F(000), is 736. The absorption coefficient for Cu K«
radiation is 39-5 cm.1.
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Intensity data

Three-dimensional data were collected from equi-
inclination, multiple-film Weissenberg photographs of
RhEO. .. RET, OFL. . .8kl ROl and A1l levels. All reflections
on films taken around the ¢ (shortest) axis, and those
of {h0l}, {Okl} and {k1l} zones were measured, whereas
the remaining photographs were used only to supple-
ment the data. Out of a possible 2035 reflections
within the range of Cu K« radiation, 1761 (87%)
were observed. The intensities were measured by visual
comparison with a logarithmic scale intensity strip.
All crystals used were cylindrical in shape with dia-
meters varying from 0-29 to 0-35 mm.; hence absorp-
tion corrections were not applied. Since the crystals
were becoming yellow in the X-ray beam, a fresh
specimen was prepared for each Weissenberg exposure
taken around the ¢ axis and for (k0!) and (Okl) re-
flections. This was not done, however, for the remaining
photographs as only limited data were collected from
them.

No systematic corrections for variation in spot size
were applied, but some intensities were roughly cor-
rected. The intensities were corrected for Lorentz and
polarization factors and correlated. Overall scale and
temperature factors (B = 4-5 A2) were calculated by
Wilson’s method (1942), but when the structure was
solved, the absolute scale of observed F’s was re-
adjusted by direct comparison with calculated F
values.

Determination of the structure

Two-dimensional methods were employed in the first
attempts to solve the structure. The position of the
bromine atom was determined from Patterson syn-
theses calculated for the three projections, and was
found to be close to a special position (x = 0779,
y = 0-263, z = 0-012). As a result, it was not possible
to determine the phases of many structure factors,
and they had to be omitted from the first Fourier
syntheses. The effect was particularly harmful on the
0(0, ¥, z) projection which offered the greatest resolu-
tion, but due to the presence of many mirror-image
peaks, it was complicated by a pseudo centre of
symmetry appearing at (0, %, 1). Due to these diffi-
culties the two-dimensional heavy-atom technique had
to be abandoned. Another attempt to solve the struc-
ture was made using the generalized Patterson projec-
tion of Akl data, but due to overlapping this method
also failed.

Three-dimensional data were therefore collected with
the view of carrying out a Patterson synthesis and
interpreting it by vector convergence method. This
method was used by Robertson (1951) in interpreta-
tion of the Patterson synthesis for rubidium benzyl
penicillin. The rubidium atoms were very close to
z = 0 and { and mirror planes were created at z = 0
and z = }. Robertson stated that the ambiguity
resulting from the duplication of peaks would con-
stitute a serious weakness of the method as applied
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to rubidium benzyl penicillin were it not possible to
overcome it, to some extent at least, by additional
information from Fourier projections, based on signs
derived from contributions made by rubidium and
sulphur atoms. In the case of vector convergence
distribution for annotinine bromohydrin, two sets of
mirror planes at y = }, 2 and z = 0,  would be intro-
duced. Fourier projections on (100) and (010) could
not be used in the initial stages of interpretation
because of the presence of spurious peaks and over-
lapping. It was possible, however, to derive a great
deal of useful information from the projection along
the ¢ axis. It indicated that the molecule probably lies
between y = } and y = } (see Fig. 3). In such a case,
atoms of one molecule might not overlap with their
images through the mirror planes at y = } and 2.
Hence it seemed possible that the duplication of peaks
only along the ¢ axis would have to be dealt with in
solving the structure.
The |F|3;; values were modified by the function

1\2 472 sin2 §
(7)o [-owr

(Lipson & Cochran, 1953). It did not seem advisable
to use for this first attempt a function which vanished
at the origin since Waser & Schomaker (1953) pointed
out that such a function could well be most confusing
in failing to reveal unresolved concentrations of peaks.
The asymmetric unit of a three-dimensional Patterson
synthesis was computed at intervals of g, & and &
along the %, », and w axes, respectively. The F(000)2
term was omitted. Vector-convergence density maps
were constructed by adding only positive regions of
the Patterson synthesis. The resolution was rather
poor; nevertheless, through correlation with two-
dimensional Fourier projections ten atoms of the mole-
cule were located. These joined in a chain through
the molecule, but so far no satisfactory closed rings
were obtained.

A second three-dimensional Patterson function with
the intensities sharpened and modified as described by
Donohue & Trueblood (1952) was then evaluated. For
derivation of the vector-convergence distribution the
bromine atom was assumed to lie at (83, 33, 0) and the
summation process was thus considerably simplified.
The F(000)% term was again omitted, but this time,
positive as well as negative values were taken into
account. Due to the presence of mirror planes at
Yy=1,% and z =0, } four peaks were obtained for
each atom of the molecule. The interpretation was
further complicated by a number of additional spu-
rious peaks. The resolution was, however, considerably
greater than in the first vector convergence distribu-
tion, and a six-membered ring attached to the bromine
together with a four-membered ring and the hydroxyl
group were readily recognized. At some distance a
five-membered ring was also distinguished, but it was
not possible to decide which one of its two possible

49*
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forms related by the mirror plane at z = 0 should be
connected to the rest of the molecule.

Selection of individual atoms, or of rings of atoms,
belonging to one molecule from those reflected by the
mirror plane at z = 0 was carried out by trial-and-
error. The decisions were based on simultaneous study
of the overall discrepancy factor, the agreement for
individual reflections and the electron-density distribu-
tion in g, and p,—p. maps for the three projections.
To aid this investigation, the necessary computations
were carried out on FERUT using the programmes
described by Ahmed (1957). An additional short
programme was prepared to calculate and store in
separate storage positions the following contributions:
(a) Fe, from those atoms whose positions were already
fixed, (b) Fe, from some of those atoms whose positions
were not yet fixed, assumed in certain possible loca-
tions, (¢) F¢, from the same atoms as (b) but assumed
in locations different from (b), and (d) F., =
Fo+F., or Fe+Fe,. The reliability factors for each
set. of Fe, before and after adjustment of the scale
factor were then calculated. By this procedure it was
possible to investigate, without repetition of the Fe,
calculations, the variation in R as a result of placing
the unlocated atoms in different positions.

Starting with the {Okl} zone, eight atoms comprising
a six-membered ring and two more atoms attached to
it were taken as fixed. The next step was to establish
the z coordinate of the bromine atom. Assuming a
positive z coordinate for the bromine atom and adding
it to the fixed eight atoms gave an R value lower by
0-04 than that obtained when a negative z coordinate
was assumed. This result was confirmed later when
more atoms of the molecule were added. Study of the
R factor was continued in order to establish z coor-

THE STRUCTURE OF ANNOTININE BROMOHYDRIN

dinates for the atoms of the five-membered ring,
taken as a whole, and then for two additional atoms.
Similar calculations were carried out for the 20l data,
but in this case the R values, after adding the five-
membered ring, did not confirm our previous results,
Hence two different F,~F. syntheses were computed
based on F's calculated with the contribution made
by fifteen carbon atoms and the bromine atom, but
with different z coordinates for the five-membered
ring. The synthesis with the same set of z coordinates
that gave a lower R value for the 0kl F’s was con-
siderably cleaner.

The position of fifteen light atoms and the bromine
atom was therefore established and on the basis of
their contributions g, and g,—ge projections on (100),
(010) and (001) were evaluated, those reflections being
omitted for which the phases were still doubtful. On
close examination and simultaneous correlation of
these electron-density maps it was possible to locate
the remaining four atoms of the skeleton of the
molecule. The position of the carbon atom of the
methyl group was still doubtful, as two possible
locations were indicated. Although one of these could
be accepted on chemical grounds (Martin-Smith,
Greenhalgh & Marion, 1957), no assumptions were
made and only nineteen atoms, still treated as carbon
atoms, and the bromine atom were used for subsequent
structure-factor caleulations and electron-density pro-
jections. There was a marked improvement in the
agreement between the F, and F. values and on the
basis of new projections the methyl group could be
unambiguously located. Chemical evidence was then
used to distinguish the oxygen and nitrogen atoms
from carbon atoms (Meier, Meister & Marion, 1954 ;
Wiesner, Valenta, Ayer & Bankiewicz, 1956). Their

z

o

X

Fig. 1. A perspex model of vector convergence distribution of annotinine bromohydrin. Peaks of only two molecules, related
by a mirror plane at z = 0 are shown and the atoms of one of them are marked by large dots. The contours of the bromine
atom are drawn with thicker lines at greater arbitrary intervals.
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Fig. 2. The structure of annotinine bromohydrin viewed up the a axis. Light atom contours are drawn at intervals of 2 e. A2,
starting with a broken line at 3 e.A~2. The bromine atom contours above 7 e.A2 are at 7 e.A~2
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Fig. 3. A projection of the structure along the ¢ axis. Contour interval is 1 e.A~2, except for the bromine atom, which is drawn
at intervals of 5 e.A~2, starting at 10 e.A—2, The first broken line is at 3 e.A~2. The dotted line shows van der Waals contact

between Br and Cys.

positions were confirmed by the difference maps, and
by a decrease in the discrepancy factors of the three
projections.

The three-dimensional vector-convergence distribu-
tion was re-examined and found in good agreement

with the results obtained. Its photograph, given in
Fig. 1, shows only two molecules related by the mirror
plane at z = 0. The atoms of one of these are marked
by large circles. The O, atom lies very close to two
mirror planes at z = 0 and y = £, hence a heavy peak
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2 3A

| R RS B NN S A

Fig. 4. An asymmetric unit projected on (010), with atoms of only one molecule marked. The outline of that molecule is also
shown. Each contour for light atoms represents a density increment of 1 e.A=2 and for the bromine atom of 5 e.A=2. The

first broken contour is at 5 e. A2,

is obtained due to overlapping with neighbouring
images. It should be added that, as expected, the
mirror plane at y = % did not pass through the
molecule and thus did not cause its overlapping with
image peaks through that plane. This was a very
important factor contributing to the successful inter-
pretation of the vector-convergence distribution.

Two more refinement stages brought the R factor
to about 0-21 for Foxi, Froi, and Fhrio data.

Only one cycle of refinement of the atomic co-
ordinates was carried out using the observed three-
dimensional data. The structure factors and their
phases were calculated showing a reliability factor of
0-21. An observed differential synthesis was then com-
puted, and the shifts applied directly to the assumed
atomic coordinates. The average shifts were 0-024,
0-019, and 0-017 A, in the z,y, and z directions, re-
spectively, and the corresponding maximum shifts
were 0-048, 0-070, and 0-051 A. No corrections for
finite summation errors were carried out. This cycle
gave much better agreement between the observed and
theoretical values for the bond lengths, but did not
show any marked improvement in the overall R
factors for Qkl, A0l and RkQ structure factors.

McWeeny’s f-curves (1951) were employed for the
C, N, O atoms, and that of Thomas & Umeda (1957)
was used for the bromine atom. Throughout the work
the temperature factor for all atoms was taken as
4-5 A2 The F,-F. syntheses indicated, however, a
higher B value for the bromine atom and a slightly
lower one for the light atoms. The structure factors

for the three projections were therefore recalculated
using different B factors. The lowest reliability factors
were obtained with B = 4-0 A2 for the C, N, O atoms
and B = 6-0 A2 for the bromine atom. All difference
maps showed high positive and negative peaks due to
the anisotropic vibration of the bromine atom, but
no allowance was made for this motion in the structure-
factor calculations. The final values of R, taking into
account unobserved reflections, are 0-17, 0:18 and 0-20
for hOl, Okl and A%k0O spectra, respectively. The three
Fourier projections of the structure of annotinine

Table 1. Fractional atomic coordinates

Atom x Y z
N, 0-517 0-437 0-149
C, 0-457 0:451 0-275
Cq 0-486 0-548 0-360
(oA 0-482 0-639 0:262
Cy 0-560 0-611 0-146
Cs 0-562 0-504 —0-089
G, 0-660 0-428 —0-100
Cq 0-645 0-345 0-007
C, 0-621 0-389 0-151
Cio 0-607 0-697 0-056
Cp, 0-680 0-658 —0:052
Coe 0-601 0-607 —0-152
C13 0-444 0-464 —0-126
Cua 0-393 0-528 —0-009
Cys 0-510 0-525 0-059
Cis 0:515 0-688 —0-152
(O 0-397 0-475 —0-274
0, 0-515 0-739 —0-032
O, 0-453 0-713 —0-249
Og 0-667 0-395 —0-237
Br 0-7791 0-2628 0-0121
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bromohydrin along the @, b and ¢ axes together with
their explanatory diagrams are shown in Figs. 2, 3,
and 4. Apart from the peaks due to the anisotropic
motion of the bromine atom, the final g,—g. maps did
not show any high negative regions and most of the
positive peaks could be accounted for by hydrogen
atoms which were not included in structure factor
caleulations.

The molecular structure of this compound having
been established, further refinement of the atomic
coordinates seemed unnecessary.

Results

The final coordinates are given in Table 1, and the
intramolecular bond lengths and angles are shown in

Fig. 5. (a) Intramolecular bond lengths, (b) angles.

Fig. 5. The following angles were also calculated:
C5=C15—Cqq = 124°, C14—015“Nl = 109°%, Cyp-C4-Cy3 =
118°, Cp;~Cg—Cys = 108°, Cp,-Ce—C, = 110°.

Discussion

The standard deviations of the atomic coordinates
were calculated using Cruickshank’s equation (1949)
where ¢(F) was taken as |F,—F|, and a factor of 1-6
was included in order to allow for the absence of a

723

centre of symmetry in the structure (Lipson & Cochran,
1953). Their r.m.s. values are 0-027 A for the light
atoms other than hydrogen, and 0-003 A for the
bromine atom. Thus the e.s.d. for the bonds joining
the light atoms is about 0-038 A (= }/2x0-027). For
the 59 significance level deviations as high as
+0-08 A (1-96x0-038) in these bonds from their
theoretical values should be taken as not significant
(Cruickshank & Robertson, 1953). ¢(0) calculated for
several C-C-C angles varied from 2° to 3°, and there-
fore differences as high as 7° or 8° (}/2x1-96x3°)
between a pair of observed angles should be regarded
as not significant.

The C-C bond lengths vary from 1-46 to 1-58 A
with an average of 1-54 A. None of the bonds between
C, N, and O atoms exhibit significant differences
from their nominal values, with the exception of the
C;-0; bond (1-3¢ A), the shortening of which is
possibly significant.

The three six-membered rings are in ‘chair’ form.
The Cy—C,, C5—Cq5, and C,,~Cy, bonds of two of these
rings appear to be nearly planar. The remaining atoms
of the third six-membered ring lie on one side of that
plane with N;-C, and C¢~C, bonds normal to it, and
the remaining atoms of the five- and four-membered
rings lie on the opposite side (see Fig. 3).

The angles of the five-membered ring range from
96° to 112° with an average of 103-8°. The C,,, O,, Cy,
and C;, atoms of the five-membered ring are very
nearly planar, but the C;; atom lies at a distance of
about 0-7 A from this plane. This is an expected
result, as the C;,—C,;; and C;;—C,, bonds are common
to a six-membered ring. The rather small values
calculated for the O0;-C;;~C;; and C;i—C,,-C;; angles
(100° and 96°) are possibly significant and are in
agreement with the above mentioned shortening of
the C,4~0, bond and the puckering of the ring at C,;.

The angles of the four-membered ring vary from
85° to 90° with an average of 87-5°. The deviation of
this ring from planarity is highly significant. The
distances of Cg, Cy5, Cyy, and C,5 from their mean plane
are +0-19, —0-20, +0-13, and —0-13 A, respectively.

The carbon atom of the methyl group is directed
towards the carbonyl oxygen and the distance be-
tween these atoms is 3-27 A, which is almost equal
to the sum of their van der Waals radii. Although
the differences between the corresponding angles
CyCys-Ce (116°) and O-C,-C; (110°), and
0,-C14-C1s (127°) and 0,—C.4-0; (121°) are within the
experimental error, it is interesting to note that if the
angles C;4-C;;-Cy and 0,-C;4—C;, were smaller, the
distance between C,, and O, would decrease consider-
ably. Thus on the basis of the study of the molecular
model, the above mentioned differences appear to be
significant.

The OH group is trans with respect to the bromine
atom. This is in agreement with chemical evidence.
MacLean & Prime (1953) pointed out that an addition
of HC] to the epoxide ether ring of annotinine probably
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proceeds trans, with inversion at the carbon carrying
the chlorine atom.

The closest intermolecular contacts are made by the
molecules shown in Fig. 3. The distances between O,
of one molecule and C;, C,;, and C;; of the other are
3-44, 3:58 and 3-62 A respectively. They can be
regarded as normal, if we assume that the hydrogen
atom of the hydroxyl group is not directed towards
these atoms. Of C - - - C distances, only five are some-
what lower than 4:0 A and they range from 3-68 to
3-87 A. The shortest Br---C approach, shown in
Fig. 3, is 3-78 A. All other intermolecular distances
are equal to or longer than the sum of the corre-
sponding van der Waals radii.

We wish to express our sincere gratitude to Dr
Léo Marion for suggesting this problem for a detailed
X-ray study, for his unfailing support and helpful
discussions. An acknowledgment is made with thanks
to Dr W. H. Barnes for his continued interest in this
investigation, to Mr C.N. Hellyer for calculating
some of the structure factors with I.B.M. equipment,
and to the staff of the Computation Centre, University
of Toronto, for making the computer available to us.
We also wish to thank Miss W. Paisley and Miss
C. Saunderson for their help in computing and plotting
some of the electron-density maps.
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The crystal is monoclinic, probably P2, a = 1069, b = 8174, ¢ = 10-74 A, f = 94-6°, Z = 2.
The structure determination, which was essentially three-dimensional, was begun by the heavy-
atom method, and completed by means of differential syntheses. The absolute configuration of
the molecule was determined by measuring the effect on two selected sets of reflexions of the
imaginary part of the dispersion of copper radiation by the bromine atom.

Introduction

Methadone (Amidone, Dolophine, etc.) is a synthetic
narcotic (Small, 1948; Attenburrow, Elks, Hems &
Speyer, 1949; Baizer, 1953). It occurs in dextro- and
laevo-rotatory isomers, the latter having by far the
stronger analgesic properties. The structure determina-
tion was undertaken in order to assist investigations
into the physiological properties of this compound by
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