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SUMMARY

Kang, SunczonG, JoHNSON, CARL L., AND GREEN, Jack P.: Theoretical studies on
the conformations of psilocin and mescaline. Mol. Pharmacol. 9, 640648 (1973).

Molecular orbital calculations and classical potential function calculations were carried
out to examine the proposal that the conformations of the hallucinogenic tryptamines and
phenylalkylamines are such that their 6-membered aromatic rings and their alkylamino
nitrogens are congruent with the A ring and N(6) nitrogen atom of lysergic acid diethyl-
amide (the nitrogen of the D ring). The congruent conformation of psilocin is ¢{C(9)—
C(3)—C(@B)—C(a)} = 46 =+ 10 degrees, ¢{C(3)—C(8)—C(a)—N} = 230 + 20 degrees,
6,{C(8)—C(a)—N—C(IN)} = 180 =+ 10 degrees, and 6:{C(8)—C(a)—N—C(2N)} =
300 + 10 degrees; that of mescaline is ¢{C(2)—C(1)—C(8)—C(a)} = 147 + 10 degrees
and ¢{C(1)—C[B]—C(a)—N} = 160 £ 20 degrees. These results show that congruence

of psilocin and mescaline with lysergic acid diethylamide is energetically permissible.

INTRODUCTION

Certain N,N-dimethyltryptamines (e.g.,
psilocin) and methoxylated phenylalkyl-
amines (e.g., mescaline) are hallucinogenic
and show cross-tolerance with d-lysergic acid
diethylamide (1-7) that is not attributable
to metabolic disposition (7) but rather sug-
gests activity at the same or a similar site in
the nervous system. In a paper from this
laboratory (8) it was suggested that the con-
formations of the hallucinogenic tryptamines
and phenylalkylamines at the receptor were
such that their 6-membered aromatic rings
and their alkylamino nitrogens are congruent
with the A ring and N(6) of lysergic acid
diethylamide (Fig. 1). The lone pair electrons
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(or the proton) of the nitrogen would be
below the plane in the same way as that of
lysergic acid diethylamide. This proposed
conformation, which explains the inactivities
of l-lysergic acid diethylamide and d-isoly-
sergic acid diethylamide (9), has received
support from radioimmunoassay studies
(10), from observations on the mescaline-like
activity of the trans isomer of the cyclopro-
pylamine analogue of mescaline (11), from
observations on the mescaline-like activities
of the R forms of hallucinogenic phenyl-
isopropylamines (12, 13), and from the
observed (and predicted) mescaline-like ac-
tivity of 2-amino-7-hydroxytetralin (14).
Another proposed conformation (15) cannot
account for all these laboratory findings.
That the conformation proposed by us was
not observed in crystals (16) does not pre-
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F1G. 1. Numbering scheme for lysergic acid diethylamide, psilocin, and mescaline

clude their occurrence at the biological site of
action: more than one conformation can be
observed in a unit cell of a single crystal
(16, 17); and the conformation in crystals is
influenced by the free energy of crystal pack-
ing, which is not a consideration in a bio-
logical system. The unknown effects of a
receptor on the molecule require that evi-
dence of all kinds be considered in inferring
the conformation, including information ob-
tained from molecular orbital studies. The
conformation that we proposed (8) was
based on stereochemical models because the
exact atomic coordinates of lysergic acid
diethylamide were not known at the time.
With the availability of these coordinates
(16),! the proposed conformations of mesca-
line and psilocin were examined by both
classical potential function calculations and
molecular orbital calculations. The results of
this work are presented here.

METHODS

Molecular geometry and stereochemical de-
finition. Standard bond lengths and bond
angles (18) were used to define the geometry
of mescaline and psilocin. The dihedral
angles of mescaline and psilocin are given in
Table 1. Positive rotation means clockwise
rotation of the far bond with respect to the
near bond, as proposed by Klyne and Prelog
(19).

Methods of energy calculations. The molec-
ular orbital method at the intermediate
neglect of differential overlap level of ap-
proximation (20) and the classical Lennard-
Jones 6-12 potential function, including an
electrostatic term (21-23), were used to cal-

1 P. Pauling, personal communication.

TaBLE 1

Definition of dihedral angles of mescaline and
pstlocin (see Fig. 1)

Compound Dihedral angle

Notation

Mescaline | ¢ | N(alkyl)—C(a)—C@B)—C(1)
¢ | C(a)—CB)—C1)—C(?2)

Psilocin | 6, | C(IN)—N (alkyl)—C(a)—C(8)
0: | C(2N)—N (alkyl)—C(a)—C(8)
¢ | N(alkyl)—C(a)—C(8)—C@®)
¥ | C(@—C(@B—CE)—C©)

culate the conformational energy. In the
classical calculations the energy of the non-
bonded interaction is given by

By =48 _ B 5500 x 0
6
Tsj Tsj D’T{j
where r,; is the distance between atoms 7 and
Jj- B;; is given by the Slater-Kirkwood equa-
tion

_ 3/2 e(fz/mm)a; a;
" (ai/No)'* + (a;/Ny'2

where a; and «; are the atomic polarizabili-
ties, and N, and N are the effective numbers
of outer shell electrons on atoms 7 and j,
respectively. A;; is given by the expression

(]
Ai; = 14 Bijrmia

where 7min is the sum of the intramolecular
van der Waals (24) radii for atoms 7 and j.
D is the dielectric constant and assumed to
be 1.0 for these calculations. ¢; and g; are the
net atomic charges on atoms 7 and j, cal-
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culated by the INDO? molecular orbital
method, for mescaline cation with ¢ = 180
degrees and y = 90 degrees, and for psilocin
cation with 6, = 60 degrees (§. = 180 de-
grees), ¢ = 180 degrees and ¢ = 90 degrees.
Calculations of the net atomic charges on all
atoms of the molecule in different conforma-
tions (48 for mescaline cation and 168 for
psilocin cation) showed that the charges did
not significantly vary with alteration of the
conformation, changing only in the fourth
decimal except where there was hydrogen
bonding, as between the phenolic hydroxyl
group of psilocin and the side chain amino
group. The orientations of the hydroxyl
group of psilocin and the methoxy groups of
mescaline are shown in Fig. 1. It was ob-
served that the orientation of the methoxy
group does not influence the conformational
energy diagram. Other constants used in
these calculations are given elsewhere (24).

RESULTS

Mescaline. The total molecular orbital
energies of the molecule were calculated by
simultaneously rotating ¢ and ¢ in incre-
ments of 30 degrees. The values of the
energy at 5-degree intervals were estimated
by plotting the energy against ¢ and ¥ and
drawing curves through the points. Values
of the energy at 5-degree intervals were
estimated from the curves and used to con-
struct a contour diagram (Fig. 2) with a
CDC-6600 digital computer plotting pro-
gram. The contour diagram, as well as the
molecule, has S, symmetry (rotation-reflec-
tion) along the ¢y = 90 degrees or ¢ = 180
degrees symmetry axis; thus the conformer of
¢ 30 = degrees and ¥ = 60 degrees is identi-
cal with the conformer of ¢ = 330 degrees
and ¢y = 120 degrees. As a result, two mini-
mal energy conformations were observed:
¢ = 60 degrees and ¢ = 90 degrees and ¢ =
180 degrees and ¥ = 90 degrees. Similar re-
sults were obtained for phenylethylamines by
another method (25), perturbative configura-
tion interaction using localized orbitals
(PCILO). X-ray crystallographic analyses
of phenylethylamines (16, 26) showed two
conformations that fall in the two energy
minima (Fig. 2).

? The abbreviation used is: INDO, interme-
diate neglect of differential overlap.
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Fi1G. 2. Conformational energy contour diagram
(y-p map) of mescaline cation, calculated by the
INDO molecular orbital method

The lowest energy conformer, ¢ = 60 degrees
and ¢ = 30 degrees, was set to zero. The numbers
inside the diagram are given in kilocalories per
mole. Since the diagram has S, symmetry (rota-
tion-reflection) along the y = 90 degrees or
¢ = 180 degrees axis, the left and right side energy
minima are identical.

Psilocin. Because of the bulky N, ,N-di-
methyl groups the rotation of the dihedral
angle 6 of psilocin becomes important; thus
the complete conformational energy calcula-
tions require simultaneous rotations of 6, ¢,
and y. Complete calculation by the INDO
molecular orbital method is at present im-
practical. Therefore the energies of the
molecule were calculated by the simulta-
neous rotations of ¢ and ¢ in increments of
30 degrees (and, when appropriate, 15 de-
grees), while 6, was fixed either at 60 degrees
(6. = 180 degrees) or at 180 degrees (6 =
300 degrees), respectively (see Table 1). The
conformer of 6; = 60 degrees and 6, = 180
degrees is the gauche-trans form; the con-
former of 6, = 180 degrees and 6. = 300
degrees is the trans-gauche form. The gauche-
gauche form (6, = 300 degrees and 6, = 60
degrees) was not calculated, since molecular
models showed that this form would be less
stable than the other two forms because of
steric hindrance, a conclusion supported by
crystallographic studies (16, 17). The values
of the energy at 5-degree intervals were ob-
tained by the graphic method as described
above for mescaline and were used to con-
struct the contour diagram shown in Fig. 3.

The results (Fig. 3) show that in the gauche-
trans form of the 6 angle three energy minima
were observed: ¢ = 30 degrees, ¢y = 45 de-
grees;o = 180 degrees,y = 45 degrees; and ¢
= 270 degrees, ¢y = 120 degrees. The lower



CONFORMATIONS OF PSILOCIN AND MESCALINE

180

120

60

¥ (Cy Cg-Cy-Co)
o

180
120
60
o) 1 1 1 1 [
o} 60 120 180 240 300 360

@ (Nolkyl'ca'cp'cs)

F1c. 3. Conformational energy diagrams (y-¢
map) of psilocin, calculated by the INDO molecular
orbital method

In the upper diagram the angle of the molecule
was fixed such that 6, = 60 degrees and 6; = 180
degrees. In the lower diagram the angle was fixed
such that 6, = 180 degrees and 6, = 300 degrees
(tg form). The energy of the conformer of 6, =
180, ¢ = 180, and ¢ = 90 degrees was set to zero.
The numbers inside the diagram are given in
kilocalories per mole. The experimentally ob-
served conformations are: O and @, psilocybin;
A and A, N,N-dimethyl-5-hydroxytryptamine;
O and @, N,N-dimethyltryptamine.

energy at ¢ = 30 degrees and ¢ = 45 degrees
is probably due to hydrogen bonding be-
tween the hydrogen of the alkylamino nitro-
gen and O(4): the distance between N (alkyl)
and O(4) is 2.8 A, and that between
H(N-alkyl) and O(4) is 2.4 A. Such a hydro-
gen bond is unlikely in physiological solu-
tion, owing to the energetically more favor-
able solute-water hydrogen bonding, as often
observed (e.g., ref. 27). Another local mini-
mum, at ¢ = 270 degrees and ¢y = 120 de-
grees, has relatively high energy compared
with other minima and would not be pre-
ferred.

In the trans-gauche form of the 6 angle
three energy minima were also observed:
¢ = 90 degrees, ¢y = 60 degrees; ¢ = 240
degrees, ¢ = 60 degrees; and ¢ = 300 de-
grees, ¢ = 120 degrees. The especially low
energy at ¢ = 240 degrees and ¥y = 60
degrees is due to the hydrogen bonding be-
tween the hydrogen of the alkylamino nitro-
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gen and O(4): the distance between N (alkyl)
and O(4) is 2.5 A, and that between
H(N-alkyl) and O(4) is 1.6 A. Again, such
hydrogen bonding is unlikely in physiological
solution, on account of the energetically
more favorable solute-water hydrogen bond-
ing (e.g., ref. 27). In the absence of such a
hydrogen bond the energy minimum at ¢ =
240 degrees and ¢ = 60 degrees shifts to
¢ = 180 degrees and ¥y = 60 degrees.
Crystals of hallucinogen tryptamines have
been described with conformations that fall
in the region of ¢ = 180 degrees and ¢ =
60 degrees (16, 17).

In order to define further the importance
of the 6 rotation, the classical energy calcula-
tions were performed by simultaneously
rotating 6 and ¢ at a fixed ¢ value or 6 and ¢
at a fixed ¢ value in increments of 5 degrees.
Figure 4 shows that at ¢ = 60 degrees the
preferred conformational energy range is
¢ = 180 degrees and 6; = 60-180 degrees.
At ¥y = 90 degrees the preferred conforma-
tional energy range is near ¢ = 180 degrees
and 6; = 60-180 degrees. However, the pre-
ferred energy range at ¢y = 90 degrees is
wider than that at ¢ = 60 degrees (Fig. 5).
The 6-¢ energy contour diagram at ¢ = 180

6, (2N 'Nolkyl -C“-Cp )

40 300 O 60 120 180 240
36 T T T T T
300 .
$
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?8
s
AN
0 1 ] ] ] ]
o] 60 120 180 240 300 360

6> (czn'Nolkyl'ca'cp)

F1G. 4. 00 energy map at ¢y = 60 degrees, calcu-
lated by the classical method

+ denotes the zero-energy point. The experi-
mentally observed conformations are: O, psilo-
cybin; A, N,N-dimethyl-5-hydroxytryptamine.
The numbers inside the diagram are given in
kilocalories per mole.



644
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1
(o} 60

F16. 5. -0 energy map at ¢ = 90 degrees, calcu-
lated by the classical method

+ denotes the zero-energy point. The experi-
mentally observed conformations are: @, psilo-
cybin; A and A, N,N-dimethyl-5-hydroxytrypta-
mine; 00 and @, N,N-dimethyltryptamine.

01 (clN'Nolkyl ‘Cu'cp)
240 300 O 60 120 180 240
360

T T T T T

1 1 1 1 1
[0} 60 120 180 240 300 360
6> (Can-Naikyl~Co,"Cp)

F1G. 6. ¢ energy map at ¢ = 180 degrees, cal-
culated by the classical method

+ denotes the zero-energy point. The experi-
mentally observed conformations are: O and @,
psilocybin; A and A, N,N-dimethyl-5-hydroxy-
tryptamine; 0 and @, N,N-dimethyltryptamine.
The contour level is 0.5 kcal/mole. The numbers
inside the diagram are given in kilocalories per
mole.
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Fic. 7. y-6 energy map at ¢ = 210 degrees, cal-
culated by the classical method

+ denotes the zero-energy point. The experi-
mentally observed conformations are: @, psilo-
cybin; O, N,N-dimethyltryptamine. The num-
bers inside the diagram are given in kilocalories
per mole.

degrees shows two energy minima: ¢y = 65
degrees and 6; = 300 degrees, and ¢ = 60
degrees and 6; = 60-180 degrees (Fig. 6). At
¢ = 210 degrees the 6-¢ diagram showed one
major minimum, at ¥ = 60 degrees and
6: = 180 degrees (Fig. 7). Since the 6-¢
diagram at ¢ = 60 degrees (Fig. 4) is a con-
tinuation of that at ¥ = 90 degrees (Fig. 5)
along the ¥ angle, the preferred conforma-
tional ranges at ¢ = 60 degrees and ¢ = 90
degrees are identical. The same is true for
the 6-¢ diagrams at ¢ = 180 degrees and
¢ = 210 degrees.

DISCUSSION

The proposed conformations (8) of trypta-
mines and phenylalkylamines, as congruent
with d-lysergic acid diethylamide, have not
been observed by crystallographic studies
(13). Availability of the atomic coordinates
of this drug provided an opportunity to
examine more rigorously the possibility that
these conformations can exist. Because the
X-ray crystallographic data on lysergic acid
diethylamide (16) showed, surprisingly, that
the indole ring is out of plane, we optimized
slightly in order to put the indole ring in
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plane, consonant with other studies (17). If
it is assumed that C(11), C(12), and C(13) of
the A ring of lysergic acid diethylamide have
(z, y, 2) coordinates (in Angstrom units) of
C(1) = (0,0, 0), C(12) = (0, 0, 1.39), and
C(13) = (1.23, 0, 2.06), then N (6) of lysergic
acid diethylamide has the coordinate value
of (—2.15, 0.42, —3.01). When the ring of
mescaline is superimposed on the A ring of
lysergic acid diethylamide and ¢ and ¢ are
simultaneously rotated in increments of 1
degree, the most congruent position (—2.21,
0.41, —3.01) of the alkylamino nitrogen of
mescaline with N (6) of lysergic acid diethyl-
amide is ¢ = 147 degrees and ¢ = 160 de-
grees. The congruent position (—1.93, 0.43,
—3.06) of psilocin gives the value of ¢ = 46
degrees and ¢ = 230 degrees. The deviation
from exact congruency within a small volume
element, e.g., (£0.2)%, should not prevent an
interaction, and we may still expect the con-
formation of ¢y = 147 =+ 10 degrees and
¢ = 160 % 20 degrees for mescaline, and of
¥ = 46 = 10 degrees and ¢ = 230 £+ 20
degrees for psilocin, to be congruent with
lysergic acid diethylamide.

Figure 2 shows that the conformation of
mescaline congruent with lysergic acid di-
ethylamide is within 2 kcal/mole of the
global minimum, which could well permit
interaction with the receptor.

Because of the bulky N, N-dimethyl
groups of psilocin, the ¢-¢ map varies with
the orientation of the 6 angle. For N,.V-
dimethyltryptamines the conformation of
the 6 angle is as important as the ¢ and ¢
conformations, because the 6 angle deter-
mines the position of the nitrogen lone pair
electrons or the incoming proton. Thus 6, of
psilocin corresponds to the dihedral angle
C(4)—C(5)—N(6)—C(7) of lysergic acid
diethylamide, and 6, corresponds to the
dihedral angle C(4)—C(5)—N(6)—C(17).
The X-ray crystallographic data show that
the dihedral angle C(4)—C(5)—N(6)—C(7)
of lysergic acid diethylamide is 178 degrees
and that the dihedral angle C(4)—C(5)—
N(6)—C(17) is 300 degrees (16). The trans-
gauche (6, = 180 degrees, 6, = 300 degrees)
form of the 8 angle of psilocin is therefore
congruent with lysergic acid diethylamide
(lower diagram of Iig. 3). Figures 3-7 show
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that the conformation of psilocin congruent
with lysergic acid diethylamide is within 3
kcal/mole of the global minimum, which
could well permit interaction with the recep-
tor.

The molecular orbital calculations indicate
that although the conformations of psilocin
and mescaline that are congruent with
lysergic acid diethylamide are not necessarily
the most stable ones, only small energy
differences—less than the energy of a hydro-
gen bonding—need to be overcome in order
to attain the congruency. These cnergy
differences, however, could result in a rela-
tively small amount of the appropriate con-
former being available (Boltzmann distribu-
tion) to the receptor, which could account
for the relatively low potencies of these
compounds compared with d-lysergic acid
diethylamide.

Consistent with these proposed conforma-
tions of psilocin and mescaline are observa-
tions that it is the R forms of the hallucino-
genic phenylisopropylamines that are active
(12, 13), and that 2-amino-7-hydroxytetralin
is mescaline-like (14). Both these observa-
tions were explicitly predicted in a previous
paper (8), both in the text and in Fig. 1 of
that paper. These proposed conformations
also account for the inactivities of [-lysergic
acid diethylamide (ref. 8 and Fig. 8) and of
d-isolysergic acid diethylamide (Fig. 8).

The inactivity of d-isolysergic acid diethyl-
amide could rest solely on the fact that its
diethylamide group at C(8) is axial. In this
case the bulky diethylamide group is
oriented below the plane and sterically
hinders the approach of the lone pair of the
N(6) nitrogen to the receptor; alternatively
the axial orientation may not be stable, and
the D ring may be puckered so that the lone
pair of the N(6) nitrogen is not oriented
below the plane (the conformation of the D
ring of d-isolysergic acid diethylamide is not
known). In addition, the diethylamide group
itself may react with the receptor, and an
equatorial orientation may be necessary for
the reaction; it is known that the dimethyl-
amide analogue of lysergic acid diethylamide
has lower activity than the latter and that
lysergic acid has little or no biological activ-
ity (9).
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Chothia and Pauling (15) proposed a con- ordinate positions of the alkylamino nitrogen
formation of tryptamines and phenylalkyl- (if it is assumed that the benzene ring is con-
amines in which ¢ = +90 degrees and ¢ = gruent with the A ring of lysergic acid di-
+180 degrees for both compounds; the co- ethylamide) are (—0.84 +1.45, —4.67) for

—~

M

F16. 8. Structures of lysergic acid diethylamide isomers
Upper left, d-lysergic acid diethylamide (5R,8R); upper right, l-lysergic acid diethylamide (5S,88S);
lower left, d-isolysergic acid diethylamide (5R,88); lower right, d-isolysergic acid diethylamide (5R,8S)
with the D ring puckered.

TaBLE 2
Proposed coordinates in mescaline and psilocin compared with coordinales of d-lysergic acid
diethylamide oblained by X-ray diffraction analysis

It is assumed that the benzene rings of psilocin and mescaline are superimposed on the A ring of
d-lysergic acid diethylamide.

Compound Atom Coordinates (in Angstrom units) Reference

x ¥ 2

Lysergic acid

diethylamide Cu 0 0 0 16
Cis 0 0 1.39
Cus 1.23 0 2.06
N —-2.15 0.42 -3.01
Mescaline Ne —-2.21 0.41 -3.01 This paper
Ne -3.03 +1.45 —-1.75 15
Psilocin N —1.93 0.43 —3.06 This paper

N —-0.84 +1.45 —4.67 15
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TaBLE 3
Conformations of N,N -dimethyliryptamines as observed in crystals
The angles 6, and 8. were calculated in this work.

Reference

Compounds Symbol® ¥ "3 6, 02
degrees
Psilocybin
A molecule (e 65 174 144 269 16
B molecule o 98 195 84 205 16
5-Hydroxy-N,N-dimethyl-
tryptamine
A molecule A —89 175.7 67.8 188.7 17
B molecule A —-102 170.4 58.9 180.2 17
N,N-Dimethyl-
tryptamine
A molecule [m} -89 188.2 166.8 289.3 17
B molecule [ ] -79 175.8 165.6 288.2 17
¢ Symbols used in Figs. 3-7.
tryptamines and (—3.03 +1.45, —1.75) for REFERENCES

phenylalkylamines. In this model the alkyl-
amino nitrogen is far away from N(6) of
lysergic acid diethylamide (Table 2). The
model cannot explain why [-lysergic acid
diethylamide and d-isolysergic acid diethyl-
amide are inactive. Nor does it explain the
activities of the R form of phenylisopro-
pylamines (12, 13) and 2-amino-7-hydroxy-
tetralin (14). A subsequent model (15) not
only has these deficiences but also cannot
explain cross-tolerance between mescaline
and lysergic acid diethylamide (Fig. 4 of
ref. 16).

It is interesting that there is little or no
energy barrier between the gauche-trans
(6, = 60 degrees, 6, = 180 degrees) form and
the trans-gauche (6, = 180 degrees, 8, = 300
degrees) form, but a large energy barrier
between the geuche-gauche (6. = 300 degrees,
6, = 60 degrees) form and the gauche-trans
form, or between the gauche-gauche form and
the trans-gauche form (Table 3 and Figs.
4-7). Interestingly, both the gauche-trans
and (trans-gauche forms are observed in
crystals (16, 17) (see Table 2). The observed
hydrogen bonding of O(4) - - -H—N(CH;),—
CH.— (Fig. 3) is unlikely to exist in physio-
logical solution, but in a nonpolar environ-
ment, with the amino group deprotonated,
hydrogen bonding of the type O4)H---
N(CH;);:CH,— could exist.
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