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The Structure of Muscarine
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The structure of the alkaloid muscarine has been determined by X-ray analysis of the iodide
and confirmed by chemical degradation. Muscarine iodide is orthorhombic with a = 6-81 A,

b=1175A,¢c= 1540 A

; space group P2,2,2,; 4 molecules of C,H,,0,NI per unit cell. Atomic

parameters were determined by heavy-atom techniques and refined by two-dimensional difference
syntheses. Muscarine iodide is found to be trimethyl-(2-methyl-3-hydroxy-tetrahydrofuryl-5-)
methyl ammonium iodide. A hydrogen bond of 3-57 A is found between iodine and the hydroxyl

oxygen. The tetrahydrofuran ring is not planar.

1. Introduction

Muscarine, a poisonous substance isolated from the fly
agaric, has been the subject of numerous investiga-
tions for over a century (for a survey see Kogl,
Duisberg & Erxleben (1931), Balenovié, Cerar, Gapert
& Galijan (1955), Schouten (1956)). It was found that
muscarine is a saturated quarternary ammonium
base of probable molecular formula C,H,,0,N+OH-,
containing one free hydroxyl group. A definite elucida-
tion of the structure, however, was not achieved
(Eugster & Waser, 1954; Kuehl, Lebel & Richter,
1955; Schouten, 1956).

Some years ago Kogl and coworkers started a new
investigation of the muscarine problem. Relatively
large quantities of the alkaloid could be isolated by
chromatographic methods (Kogl, Salemink, Schouten
& Jellinek, 1957). Towards the end of 1955 X-ray
analysis was included in the investigation methods.
The combination of chemical and diffraction methods
proved to be fruitful: (1) Some degradation products
of muscarine could be identified by powder photo-
graphs (for details see Kogl ef al., 1957). (2) Single-
crystal methods led to the derivation of the muscarine
structure.

Muscarine tetrachloroaurate was found to be tri-
clinic

(@=1783 4, b=898A, ¢c=12014;
o = 92-2°, B =101-5°, y = 91-9°)

with two molecules in the unit cell. As muscarine is
optically active the space group must be Pl and the
two molecules in the cell must be crystallographically
independent. No attempt was made to continue the
investigation of this compound. The X-ray analysis

of muscarine iodide, however, was successful. It was
found that muscarine iodide is the quarternary tri-
methyl-ammonium salt of 2-methyl-3-hydroxy-5-
(amino-methyl)-tetrahydrofuran; this formula could
be confirmed by chemical degradation (Kégl et al.,
1957).

At the same time as this structure was found,
Eugster (1956) proposed two hypothetical formulas for
muscarine which have some features in common with
the formula found in our investigation.

2. Structure determination of muscarine iodide
(¢) Experiments
Muscarine iodide is orthorhombic with cell dimen-

sions
a=681A4; b=11754; ¢c=1540 A .

With four molecules of CyH,,0,NI per unit cell, the
calculated density is 1-62 g.cm.~3. From missing spec-
tra the space group P2,2,2, is derived.

The intensities of the reflexions k0, h0I, OkI, and 1k
were measured photometrically (Smits & Wiebenga,
1953) on integrated Weissenberg photographs (Wie-
benga & Smits, 1950). The exposures were taken with
Cu Ko radiation, using the multiple-film technique.
After correction for Lorentz, polarization and absorp-
tion factors and for the o;-«x, splitting as a function
of the glancing angle, relative |F,| values were ob-
tained.

(b) Derivation of the muscarine skeleton

The iodine parameters were determined from Patter-
son projections along the a and b axes. Although space

19*



278

group P2,2,2, does not possess a centre of symmetry,
the projections along the orthorhombic axes are centro-
symmetric. The signs of most structure amplitudes
could be determined from the iodine contributions,
and Fourier projections along the a, b and c axes
were calculated. In the projection along the a axis
some ten resolved atomic peaks were found. The
projections along the b and ¢ axes were poorly resolved,
but it was possible to derive rough atomic positions,
which were used in the structure-factor calculations.

At this stage it was not known which peaks were
caused by C atoms, which by O or N, while some
peaks might be entirely spurious. It was provisionally
assumed that all peaks were caused by atoms with the
scattering power of C. The scattering factors of C—
and in the final stage of the analysis also those of N
and O—were interpolated from the values given by
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Hoerni & Ibers (1954). For I Thomas—Fermi scat-
tering factors (Internationale Tabellen, 1935) were
used after correction for dispersion and anomalous
scattering (Dauben & Templeton, 1955).

Inclusion in the structure-factor calculations of the
atoms located gave the signs of all observed structure
amplitudes. New projections of the electron density
were computed. Although there was still some over-
lapping of atoms in all projections, the rough structure
of the muscarine ion was now clearly evident. The
model found was furthermore confirmed by generalized
projections 1kl (Cochran & Dyer, 1952), in which the
phases of the structure amplitudes were calculated
from the iodine contributions alone.

Most atomic parameters could be read directly
from the Fourier projections; for the determination
of a few parameters, which could not be easily derived

[

Fig. 1. Projection of the electron density of the muscarine ion on (a) (100), (b) (010) and (c) (001). The iodine contributions
are subtracted from the structure amplitudes. Contours are at intervals of approximately 1 e.A~2; the 2 e.A~2 contour

is broken. Iodine positions are indicated by a cross.
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in this way, because of overlapping, use was made
of the molecular model. Finally the parameters were
refined by difference syntheses.

(c) The final structure

The final Fourier syntheses are shown in Fig. 1. The
iodine contributions are subtracted from the structure
amplitudes in order to suppress series-termination
effects and to bring out some peaks which are other-
wise hidden behind the iodine maximum.

The maximum electron densities of three atomic
peaks are considerably higher than that of the other
peaks, which are very nearly of equal height. One of
the heavy peaks—the lowest of the three—could be
readily ascribed to the N atom. The second high peak
was assumed to be caused by the hydroxyl group; this
hypothesis was further strengthened by the short
distance to iodine, which indicated an OH - - - I bond.
The third heavy peak, situated in the five-membered
ring, was ascribed to the second O atom. So the
structure of the muscarine ion was found to be:

CH,—CHOH

+ | |
(CH,),N-CH,~CH CHCH, .
No”

This structure could be confirmed by chemical and
infra-red methods (Kogl et al., 1957).

The final atomic parameters are given in Table 1;
all atoms lie in the fourfold position:

%, Y, 2; k—x, —y, $+2; 3+, -y, —z; —x, +y, —=2.

The final structure factors for Ak0, 20! and Okl re-
flexions were calculated—applying a temperature fac-
tor with B = 4-4 A2 for all atoms and in all directions
—and compared with the observed structure factors,
which were brought on an absolute scale (for a com-
plete list of observed and calculated structure factors
see Jellinek, 1957).

Although the absolute value of the disagreement
factor R is not a good measure for the accuracy of a
structure determination if a heavy atom is present,
the decline of R in subsequent stages of the analysis
gives an indication of the reliability of the atomic
positions adopted. In our case R dropped from 23-99%,
(23-09 for k0, 24-2 9, for k0L, 23-2 %, for 0kl reflexions)
when all atoms but iodine are neglected, to 7-8%
(7-59% for hk0, 7-6 9% for hOL, 8-1 9 for 0kl) by inclusion
of the C, N and O atoms. (In these calculations un-
observed reflexions were included only when the cal-
culated structure factors were larger than corre-
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sponds with the limit of observation.) More detailed
temperature factors—and also the inclusion of hy-
drogen—would give a still lower value of R, but it
seemed dubious whether the anisotropies derived
would be real, as systematic errors up to 3-5% may
be present in the |F,| values because of the strong
absorption.

3. Discussion of the structure

(@) The muscarine ton

The schematical structure of the muscarine ion with
bond distances and angles is shown in Fig. 2. The
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\\°° ;/%o'
6)
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Fig. 2. Bond distances (in A) and angles within
the muscarine ion.

standard deviations are estimated at 0-08 A and 6°
respectively, so all distances and angles can be said
to have normal values. Actually the agreement would
seem to be even better than expected, as the root-
mean-square deviation of the distances from their
accepted values is only 0-03 A and that of the valence
angles from the tetrahedral angle is 4°. These low
values, however, will be partially due to the fact that

Table 1. Atomic parameters

I (o} C, Cy c, Cs
@ —0022 0336 0164 0-039 —0-033 0111
Yy 0-464 0-672 0-589 0-589 0-467 0-394

z 0-120  0-372 0-369  0-453 0-461 0-408

Ce c, Cy C, 0, 0, N
0-225 0606 0308 0-511 0236 —0-228  0-428
0-306  0-764 0750  0-586  0-472  0-458  0-689
0-458  0-303 0219  0-247  0-358  0-425  0-286
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a model (with theoretical distances) was used in the
determination of parameters of some overlapping
atoms.

The tetrahydrofuran ring is not planar. C,, O, C;
and C, lie in the plane

4-438x+1-188y+11-5782—5-724 = 0

(mean distance from this plane 0-03 A), but the dis-
tance of C, to this plane is 0-39 A, which is highly
significant. Analogous deviations from planarity
were found in other tetrahydrofuran derivatives, e.g.
sucrose (Beevers & Cochran, 1947) and cytidine
(Furberg, 1950). The atoms C; and C; lie on the same
side of the ring plane as C,; O, is situated on the other
side. C, lies almost in the ring plane (distance 0-10 A)
and it approaches O, to only 2-87 A. This short
distance has probably to be ascribed to sterical reasons
and not to a hydrogen bond (the angles N-C4-O, and
C,—0,-C, are 84° and 82° respectively). Nevertheless,
this short approach of a positive group will give O,
somewhat of oxonium character.

It is remarkable that the chain C,~N-C,—C,-C, is
virtually flat: the mean distance of these atoms to
the plane

3-809x —9-464y+3-0142+3-973 = 0

is 0:06 A. O, lies at a distance of only 0-05 A from
this plane.

(b) The packing

Every muscarine ion is surrounded by seven I and
by eight other muscarine ions. The contacts of I with
surrounding C, O and N atoms can be divided into
three groups:

(1) The distance O,—I = 3:57 A indicates a hy-
drogen bond between these atoms (for OH - - - I ex-
pected distance 3-5-3-6 A). This bond gives the
muscarine jon somewhat the character of a zwitterion.
The angle C,—0,-I is 95°.

(2) Contacts with distances of 3-9—4-0 A ; these short
distances may be ascribed to electrostatic interaction
of I with the ~-CH,~N(CH,){ group. C; has one I
neighbour at 4:04 A, Cg lies at 403 A of the same I,
C, at 3:87 A of another I and C, at 4-00 A of a third I.
Probably the contact of O; with a fourth I of 407 A
also belongs to this group; this again would indicate
a certain oxonium character of O.
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(8) Furthermore I is surrounded by some sixteen
atoms at distances of 4-24-6 A, corresponding to
normal van der Waals contacts.

Sixteen of the contacts that atoms of a muscarine
ion make with atoms of other ions, have distances in
the range of 3-:6-3-9 A and are regarded as normal
van der Waals contacts. The distances 0,-Cq and
Cg—Oy are much shorter (3-35 A), another indication
of the zwitterion character of the muscarine ions, which
causes mutual electrostatic attraction.
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